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Abstract. The modern state and trends in the development of technologies 
for mining the heavy oil and native bitumen deposits have been analyzed. It 
has been set that presently known technologies for heavy oil and natural 
bitumen extraction do not cover the entire depths range of their occurrence. 
The main possibility of the development of heavy oil and natural bitumen 
deposits on the basis of technology by hydraulic mining by boreholes has 
been substantiated. The peculiarities of this technology are analyzed. The 
ways of its main elements adaptation for mining the natural bitumen from 
bituminous sands deposits are offered. The principal scheme has been 
substantiated for a method of mining the natural bitumen on the basis of 
hydraulic mining by boreholes. The thermodynamic processes occurring in 
the productive formation during its drilling with the simultaneous 
circulation of the heat-transfer medium have been analyzed. A 
mathematical model has been developed of the thermal penetration process 
into the productive formation for the time interval from the beginning the 
borehole drilling to the beginning the rock disintegration. Also, it has been 
solved the task of stationary mode in the borehole at the stage of its 
drilling. 

1 Introduction 
Easily available oil and natural gas reserves are constantly being exhausted. At the same 
time, the demand for gas and oil products is growing rapidly. The development of 
technologies and the growth of energy prices allow companies to make profitable extraction 
of non-traditional hydrocarbons. According to preliminary estimates, the resources of non-
traditional sources of energy raw materials much exceed the resources of traditional 
hydrocarbons deposits. One of the strategic reserves of hydrocarbons are heavy oil and 
natural bitumen [1, 2]. 

Oil sand, also known as bituminous sand or tar sand, is composed of bitumen (heavy 
viscous oil), water, sand and clays. The formation of bitumen is believed to relate to the 
aerobic biodegradation and gradual transformation of lighter crude oil [3]. Highly viscous 
oils and natural bitumens are colloidal systems which have an amorphous structure. A 
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typical composition of an oil sand ore is about 10 wt% of bitumen, 85 wt% of solids (sands 
and clays) and 5 wt% of water.  

Takamura (1982) proposed a model for the microscopic structure of Athabasca oil sands 
[4]. The three components are all intermixed, with a thin 10 nm water film between the 
bitumen and sand particles, see Fig. 1.  

 

 
Fig. 1. The classical model of the microscopic structure of Athabasca oil sands proposed by [4]. 

 
About 600 deposits of oil sands in 23 countries are known. The largest world deposits 

are in Canada, Venezuela, Madagascar, USA and Russia [5]. According to the ERCB report 
(2011), the Canadian deposits of oil sands contain an estimated 1.7 trillion barrels (initial 
volume in-situ) of crude bitumen. About 1.3 million barrels of oil are produced every day 
from Athabasca oil sands. 

Today, the development of bituminous sands deposits is carried out in the fields of 
Canada. However, the methods and approaches used in the extraction of traditional oil 
cannot be directly implemented on high-viscosity oil and natural bitumen deposits. For 
successful recovery, bitumen is to be purified from the sand grains and water matrix. The 
previous researchers have shown that a multitude of parameters are equally important for 
the bitumen recovery [6, 7]. 

This process requires a significant amount of energy consumption. Nevertheless, taking 
into account the present oil prices, this production is profitable. 

The current industrial practice for bitumen recovery is based on two methods: surface 
and in-situ mining. Given the physical and chemical properties of natural bitumen, the 
application of methods that maximally reduce its viscosity, is the most rational. Reducing 
bitumen viscosity would make bitumen layer much easier to recess from sand grains, thus 
facilitating bitumen purification. 

Among such methods, thermal and thermochemicals ones occupy a special place. 
However, a previous study has shown that the energy consumption for 1 ºC increase per 

a tonne of oil sand ore is 5 million Joules [8]. With it the energy intensive process 
unavoidably emits greenhouse gases which are an environmental concern. 

Deposits located at a depth of less than 75 m can technically be surface mined, although 
most deposits are located at a depth of less than 50 m below grade. After mining, bitumen is 
separated from sand using a hot water extraction process that was patented in 1928 by 
Dr. Karl Clark.  

Hupka et al. studied the importance of bitumen viscosity when processing U.S. oil sands 
by the addition of kerosene [6, 9, 10]. Their study concluded that the amount of kerosene 
added depends on processing temperature, original bitumen viscosity and oil sands grade. 
The authors showed that there is a good agreement between bitumen recovery and its 
viscosity. To achieve a bitumen recovery, greater than 90% of bitumen viscosity must be 
reduced to 0.5~2 Pa∙s at the temperature of digestion, regardless of oil sands type, grade or 
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origin, shown in Figure 2. In fact, if bitumen viscosity was to be controlled below 6 Pa∙s, 
bitumen recovery could keep by 80% or higher. 

To achieve satisfactory separation in the water-based process, bitumen viscosity needs 
to be lowered to a critical value of 2 Pa∙s, regardless of the oil sands origin and 
characteristics [11]. 
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Fig. 2. Bitumen viscosity importance on bitumen recovery for water-based bitumen extraction process 
[6, 9, 10].  

 
With bitumen and water having similar densities, a difference in density is required in 

order to separate released bitumen from the slurry. The difference in density can be 
achieved by lowering the apparent bitumen density by aeration. Flotation has long been 
considered the single most important method in mining to separate minerals from ores 
hence. Dai and Chung have shown that the hydrophobicity of sand plays an important role 
in bitumen recession and liberation, with flotation efficiency increasing with decreasing 
hydrophobicity [12]. Hydrophobic solid particles tend to aerate more easily than 
hydrophilic particles hence; hydrophobic particles have an adverse effect on froth quality. 
Nguyen et al. confirmed the results of Chung showing that the interaction between an air 
bubble and a hydrophilic surface is repulsive, while the interaction between an air bubble 
and a hydrophobic surface is repulsive at a long distance and attractive at a short distance 
depending on the particle hydrophobicity [13]. Hupka et al. has shown that a more 
hydrophobic bitumen surface will readily attach to an air bubble and consequently improve 
flotation quality [6].  

Miller and Misra have shown that the hot-water extraction process is influenced by 
many physical and chemical variables [14, 15]. Variables such as bitumen viscosity, sand 
particle size distribution, temperature, pH, time of digestion, flotation and degree of 
agitation, all influenced processability. The authors have concluded that the best flotation 
response is measured between pH 7.8 to 9.0, relating to a maximum in the contact angle 
between an air bubble and bitumen surface. 

Schramm et al. have shown that a reduction in viscosity by increasing the processing 
temperature or through the addition of diluents enhances bitumen separation for Athabasca 
oil sand ores [16].  

Lelinski et al. have shown that for high bitumen viscosities, recession and liberation 
from the sand grain occur slowly, lowering the transfer rate between the sand and air 
bubble hence, lowering the efficiency of bitumen separation [17]. Overall, recoveries by 
temperature increase exceed those associated with solvent addition, which is in agreement 
with the study of Schramm et al. [17], who measured better recoveries from temperature 
increase compared to the addition of kerosene. 
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2 Technologies of natural bitumen extraction 
Surface mining describes an open-pit mine operation where the oil sands are excavated and 
transported by trucks to an extraction facility. At the extraction facility the oil sands are 
mixed with hot/warm water (temperature from 35 to 80 ºС [19]) containing sodium 
hydroxide (usually NaOH). Traditionally, conditioning drums are used to release bitumen at 
80 ºC. At a temperature of 35 – 50 ºC and a pH slurry between 8.0 – 8.5, bitumen recedes to 
form droplets that are separated from sand grains under fluid shear.  

Fig. 3 shows a typical scheme of bitumen extraction for an open mine operation. 
 

 
Fig. 3. Flow chart for the commercial water-based bitumen production process [3]. 
 

In order to enduce separation, air is drawn into the slurry to aerate the released bitumen. 
The combination of hot water and agitation releases bitumen from the oil sand, and causes 
tiny air bubbles to attach to the bitumen droplets. Aerated bitumen droplets have an 
apparent density less than water and hence float to form a ‘rich’ froth layer in bitumen. 
These droplets come to the reservoir surface. The recovered froth usually contains 60 wt% 
of bitumen, 30 wt% of water, and 10 wt% of solids. This process recovers about 90% of the 
bitumen. Coarse solids settle down to form tailings.  

Further processing removes residual water and solids. Вitumen normally requires 
dilution with lighter hydrocarbons to make it transportable through pipelines. The bitumen 
is then transported and eventually upgraded into synthetic crude oil. (Bitumen upgrading to 
synthetic crude oil is comparable to conventional crude oil treatment using thermal and 
catalytic processing steps, such as coking, cracking or hydrotreating.) The synthetic crude 
oil is then piped to a refinery for further physical and chemical processing. 

The quarry method is wide spread in Canada, where up to 20% of proven reserves of 
bitumen occur in sandy collectors at a depth of 50 m. The remaining 80% of the bitumen is 
too deep to be mined. For deeper (> 75 m) bitumen stocks, in-situ recovery methods are 
used. Most in-situ bitumen and heavy oil production comes from deposits occurring more 
than 400 meters below the earth surface. 

The Steam-Assisted Gravity Drainage (SAGD) technology is believed one of the most 
effective and applicable [20]. To implement SAGD, two horizontal wells are drilled (one 
above the other at a distance of 3 – 7 m). The steam is fed during 90 days into the wells and 
creates a heated-up zone, reducing the viscosity of bitumen (oil) and increasing mobility. 
The force of gravity directs condensed water and mobile hydrocarbons (bitumen) to the 
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lower mining well. In the second phase, the extraction of bitumen (high viscosity oil) is 
carried out from the recovery well and steam is pumped into the inqection well. The heat 
exchanging process is constantly observed on the surface of division between the steam 
chamber and the cold stratum. As a result, the steam is being condensed and together with 
the heated oil flows down to the mining well under the gravity force action. SAGD has 
demonstrated that its operations can recover as much as 60% of the bitumen in-situ. SAGD 
wells operate at low steam pressure. But at the same time the roof of the productive 
formation should be a reliable barrier to prevent the loss of steam. 

The сommercial efficiency of the extraction method using solvents in a vapor state 
(VAPor EXtraction – VAPEX) has been also substantiated. This method is also 
implemented using two horizontal wells. Hot ethanes and propane-butane are pumped into 
the well located at the top of formation. Bitumen is being dissolved and under the gravity 
force action flows into the lower recovery well. This technology allows significantly reduce 
energy costs. It also allows to successfully develop collectors with a high clay content (the 
method using the steam in such conditions is unacceptable). The method allows to recover 
up to 60% of bitumen, but the rate of extraction is extremely low. 

The new technology, N-Solv, is a modification of the VAPEX method. The technology 
uses propane heated to 50oC. It requires at least 80% of energy, and propane can be reused. 
The solvent dissolves bitumen, and the heaviest components remain underground. The 
resulting product is obtained less viscous and can be transported immediately through the 
oil pipeline. The efficiency of the process has been greatly increased by removing of the 
methane admixture from propane. (Methane in the formation significantly degrades the heat 
exchanging process at the boundary of ‘bitumen – solvent’). 

The processes co-injection of steam and solvent are also used: improved steam-gravity 
effect by the solvent – Expanding Solvent SAGD (ES SAGD) Process with addition of the 
solvent (SAP), alternating of injection of solvent and vapor– Steam Alternating. CHOPS 
technology [1] involves the ‘cold’ extraction of heavy oil along with sand. For this purpose, 
depression is created in the layer. So-called ‘wormholes’ are formed due to the destruction 
of weakly cemented rocks. Oil and sand come to the well through them. But the oil 
recovery ratio does not exceed 20% [1]. 

The ‘cold’ methods also include the VAPEX method. It involves the use of solvents 
[21 – 23]. A solvent (hydrocarbon solvents including ethane or propane) is pumped into the 
upper well instead steam. The bitumen is rarefied due to the solvent diffusion in it and 
flows to the recovery well under the action of gravitational forces. This method requires no 
water and is by 25% less in capital costs than the SAGD process. Operating costs are half 
than that of the SAGD process [20]. Two horizontal wells, placed one above the other, are 
used for this. The chamber-solvent is formed when the solvent is pumped into the upper 
well. The bitumen is rarefied and under the gravity action flows into the recovery well. This 
method does not require the use of water and is by 25% less in capital costs and by 50% 
less in operating costs compared with the process of SAGD [20]. The method, although it 
allows to achieve oil extraction up to 60%, but the extraction rate is very low. 

Currently, CSS (in CSS the steam is injected into the oil sands formation through a 
vertical well, recovering through the same well) and SAGD are the two methods used 
commercially in the Alberta oil sands industry. 

From the technological point of view, steam is more efficient compared to hot water. 
Moreover, to reduce the thermal energy dissipation, it is more efficient to inject the steam 
into strata of considerable thickness. However, the steam injection creates a significant 
thermal load on the equipment. This causes additional risks of technical and technological 
complications. But the main problem of injection of water steam or hydrocarbon solvents is 
the heterogeneity of productive formations. This certainly leads to their breakthrough into 
the recovery wells and the need to apply diverter technologies (blocking gels, sediment-
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forming compositions). 
Thus, the presently known mining technologies do not cover the entire depth range of 

natural bitumen deposits. Quarry mining can be carried out to a depth of 75 m. The 
methods for extracting bitumen in site of its occurrence by injecting steam are applied 
starting at a depth of 200 m due to the danger of a breakthrough of the working agent on the 
surface. There are also problems of high energy consumption when using existing 
technologies and the negative impact on the environment. In this regard, the important task 
is to develop an effective method for this interval of bedding the bituminous sands. 

3 Technology of natural bitumen extraction through hydraulic 
mining by boreholes 
Well drilling is preceded by an in-situ extraction process. The hydrodynamic method is one 
of the ways to destroy mine rocks. It is carried out by a jet of high-speed liquid. By this 
method, significant thicknesses can be transferred to the bottom of wells. The mine rocks 
destruction by a jet of fluid containing abrasive particles in a suspended state is even more 
effective [24, 25]. However, the disadvantage of this method is the increased wear of 
equipment, the need for a large amount of abrasive material, a high probability of blocking 
the drill column when the drilling liquid circulation is suddenly stopped. 

Physical and chemical technology of hydraulic borehole mining (HBM) minerals is well 
known in mining. In it, the hydraulic fluid energy is used to loosen the rock and convert it 
into a hydro-mixture (pulp) for extraction on the surface [26]. Penetrating into the massif 
due to filtration through pores and cracks, water reduces the strength of rocks, causing local 
hydrodynamic fractures and destruction [27]. 

The primary cutting mechanism in a HBM system is the conversion of kinetic energy of 
the water jet into impact pressure, acting on the rock. However, the rapid dissipation of the 
energy of the jet occurs in condition a flooded bottom [28]. Therefore, the distance from the 
nozzle to the ground is a determining parameter in the physical mechanism of energy 
transfer from the jet to the rock. 

This requires the use of extended monitors and systems to control them. Also, the 
volume of recovery per well is limited due to the danger of roof decay. All this limits the 
sphere of application of hydraulic borehole mining (HBM) technological scheme. 

In the works [29-32], a method for the development of marine gas hydrates deposits on 
the basis of hydraulic mining by boreholes is proposed. In the work [33], a variant of this 
method adaptation is proposed for the development of bituminous sands deposits. 

The method (Fig. 4) includes the following operations: 
1) uncovering of a bituminous sand seam by horizontal or inclined wells 8 heated by a 

working fluid – water with surface-active substances; 
2) heating up of the well to reduce the bitumen viscosity by the circulation of the heat-

transfer medium through the central pipe and the ring space; 
3) rock disintegration begining with the bottom of the well with a jet of liquid at a 

temperature above 100 ºC (stream III) (With the help of hydraulic monitors 7 on the rods. 
In the working position, they occupy the position 8 perpendicular to the axis of the well. 
Rotating around the axis of the well, the hydraulic monitors gradually move to contact with 
the rock (the front of destruction). As a result, the rock becomes part of hydro-mixture); 

4) gravity separation (behind the zone of turbulent mixing of hydro-mixture by the 
hydraulic monitoring jets) from the formed pulp into the sediment of the main mass of 
rock 2; 

5) removal from the production of pulp (stream I) through the pulp picker 5, located in 
the arched part of the mine working to the separator 12; 
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6) separation in the separator 12 of the solid residue from the pulp and its supply to the 
extraction unit. 

The pressure of water for effective rock crushing is within the range of 5 – 20 MPa. 
Given the phase equilibrium parameters of the system “water – steam”, its temperature 

can be increased to 400 – 500 K. 
 

 
Fig. 4. Scheme of a method for the bitumen extraction from deposits of bituminous sands based on 
the HВM technology: 1 – development; 2 – sand sediment; 3 – pulp enriched in bitumen; 4 – water 
with clay fraction; 5 – a shank with a drilling bit and a pulp picker; 6 – hinge; 7 – device for hydraulic 
monitoring; 8 – well; 9 – pump; 10 – heating block; 11 – block of separation of solid phase; 12 – 
separator; streams: I – sand sediment; ІІ – a pulp enriched in bitumen; III – clay solution; IV – 
bitumen; V – heat-transfer medium. 

 
After the jet leaves the nozzle, part of the energy will be transferred to the added pulp 

mass [26].  
It is also assumed that outside the hydraulic system, where the pressure corresponds to 

the formation (reservoir), the level of liquid overheating in the destruction zone will be 
sufficient for its boiling. The formation of water vapor bubbles in the rock pores will 
enhance the process of its disintegration. 

After that, in the formed hydro-mixture, bitumen droplets will attach to the bubbles. 
Similar to processes carried out in extraction plants, the process of bitumen flotation to its 
arched part will occur in the mine working. 

Thus, the method involves: rock conversion to the condition of the hydro-mixture, 
reducing the bitumen viscosity as a result of the thermal energy supply into mine working, 
the gravity separation of the hydro-mixture in the mine working and extraction of bitumen 
concentrate. 

4 Simulation of the rock heating process during well drilling 
At this stage of technology development, it is important to determine the thermodynamic 
parameters of the productive formation. Firstly, the thermodynamic parameters should be 
determined for the time interval from the beginning of the well drilling to the beginning of 
the rock disintegration (mining of bitumen). It is also necessary to solve the problem about 
stationary mode in the well during the well drilling phase. 

So, further on, a mathematical model should be developed of the stationary mode (task 
1) and dynamics (task 2) of the rock heating around the drill column. 
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Formulation of the problem. Consider the process of drilling a horizontal well in the 
bituminous sand formation and its heating before the start of mining the bitumen. We have 
a drill column, which consists of two concentrically arranged pipes with radii R1 = rwat and 
R2 = rwell. The rock destruction device is located at its end. In the drilling process the drill 
column gradually penetrates into bituminous sand formation through a horizontal well. The 
heated water moves through the inner pipe to the rock destruction device. From it, a 
mixture of water and crushed rock (pulp) is returned through the ring (inter-tubular) space 
to the well head. The process is accompanied by heat exchange with the adjoining rock – it 
is heated. As a result, the viscosity of bitumen in this rock is reduced. This, in turn, reduces 
the coupling between its particles, and hence further simplifies its disintegration. We 
simulate the heating process of the rock, adjacent to the drill column (Fig. 5). 
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Fig. 5. Schematic representation of the heating process of rock during drilling of a horizontal well in a 
bituminous sand formation:          – the direction of the fluid motion;             – heat flow. 

 
For this purpose, in a formation with an initial temperature Tin, a specific volume should 

be selected of ВВ1G1G, in which the horizontal well is drilled with length L. The jet of 
warm water with the temperature Twat moves horizontally along the OX-axis through a pipe 
with radius rwat. The device for the rock destruction, gradually disintegrating the rock in the 
volume EE1K1K, forms a horizontal well with radius rwell. The length of the well will be 
x = OA = L. In the drilling process, the part of mechanical energy is converted into thermal 
energy. Its value is neglected. 

The drilling process will be accompanied by heat transfer. The heat in the central pipe 
and in the ring space is transferded by the fluid flow as a result of convective heat 
exchange. The inflow of warm water can be considered as a constant heat source  
([w] = W/m3) acting at the point х1 (beginning of the pipe) during the drilling time τ. 

System of equations. The process of heat transfer in each of three volumes (i = 1, 2, 3) 
can be described by a differential equation in a cylindrical coordinate system: 

( , , ) ( , , ) 1 1( , , ) ( , , ) ( , ),i i
ix i i

i i i i

x r t T x r t
v x r t div Q x r t w x t

t x c c
T

ρ ρ
∂ ∂

+ = − +
∂ ∂

        (1) 

where Ti, ρi, ci are temperature, density and heating capacity of the corresponding medium; 
vi, Qi and wi are velocity, heat flow density and density of external energy sources, 
respectively. 

Boundaries of volumes are determined by the ratios: 
– for the first volume: 0 ≤ x ≤ L, 0 ≤ r ≤ R1; 
– for the second volume: 0 ≤ x ≤ L, R1 ≤ r ≤ R2;  
– for the third, outer, volume: 0 ≤ x ≤ L, R2 ≤ r ≤ R.  
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Here, the value of R determines the effective maximum radius of the outer volume of 
the rock to which the heat is spread. 

In formula (1), it is taken into account that in this model the fluid velocity v is directed 
along the well (along the OX-axis): 

( , ) ( , , ) ( , , ),ix ix iv r t v x r t v x r t= ≡ ( , ) 0,iyv r t =  ( , ) 0,izv r t =  i = 1, 2, 3,  (2) 

and the heat flow Q is determined by the thermal conductivity k of the corresponding 
medium:  

( , , ) ( , , )i i iQ x r t k grad T x r t= − , i = 1, 2, 3.       (3) 

Differential equations (1) take into account the flow of water in the central pipe ( i = 1) 
and the pulp in the ring space ( i = 2). The velocities of the fluid in these areas v1(x, r, t) and 
v2(x, r, t) depend on the area of their cross section, the liquids viscosity, the pump 
productivity (or external pressure) and are determined by the Navier-Stokes equations for 
corresponding areas: 

( , , ) ( , , )1 1 1( , , )ix ix
i i

i i

v x r t v x r t
P x r t r

t x r r dr
η

ρ ρ
∂ ∂∂ ∂  = − −  ∂ ∂ ∂  

, i = 1, 2,      (4) 

where Pi(x, r, t) is pressure distribution, and ηi is coefficient of the dynamic viscosity of the 
corresponding liquid. In equations (1) and (4), it is taken into account that the liquids are 
incompressible and move at low velocities. Also, in these equations, the dissipative 
coefficients of thermal conductivity and viscosity are generally functions of coordinates. 
This makes possible to use these equations for the case of large temperature gradients, that 
is, to take into account and investigate nonlinear effects. 

Limit and initial conditions. In Problem 1, the stationary solution of the system of 
equations (1) – (4) is considered to explain the main features of this thermophysical 
problem. As the boundary conditions, the following ratios for temperature at the boundaries 
of volumes should be taken: 

1 1 2 1( ) ( )T r r T r r= = =  and 
1 1

1 2
1 2

r r r r

T Tk k
r r= =

∂ ∂
=

∂ ∂
…  (5) 

– at the boundary between the pipe with a smaller radius and a concentrically arranged 
pipe with larger radius: 

2 2 3 2( ) ( )T r r T r r= = =  and 
2 2

32
2 3

r r r r

TTk k
r r= =

∂∂
=

∂ ∂
…       (6) 

– at the boundary between a pipe with a larger radius and an outside area: 

3 3 0( )T r r T= = .     (7) 

– at the boundary of the outside area. Here T0 is the ambient temperature. 
For the velocity of viscous nonideal liquid, the immovability condition is executed at 

the boundaries: 
1 1( ) 0;v r r= =      (8) 

– on the inner wall of the pipe with a smaller radius 

2 1( ) 0;v r r= =      (9) 
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– on the outer wall of the pipe with a smaller radius 

2 2( ) 0;v r r= =            (10) 

– on the inner wall of the pipe with a larger radius. 
The boundary conditions for the temperature and velocity at the beginning of the pipes 

(x = 0) and the ends of the pipes (x = L) will be considered in specific examples. 
In Problem 2, the solution of the system of equations (1) – (4) will be considered, which 

gives a description of the thermal field evolution. As the initial conditions for temperature 
in all areas, the following should be taken: 

1 2 3 0( , 0) ( , 0) ( , 0)T r t T r t T r t T= = = = = = .   (11) 

The boundary conditions describe the ratios (5) – (10). 
The presence of a closed system of equations (1) – (4) and the necessary boundary 

conditions (5) – (11) makes possible to solve the problem, that is to determine the 
temperature distribution in the allocated volume of bituminous sand (rock) during well 
drilling and under the stationary conditions. 

Analytical studies of the physical model of the rock heating process during drilling of 
the horizontal well. 

To solve the Problem 1 of stationary stable heat exchange in the simplest 
approximation, it should be performed the separation of variables and then, the radial 
coordinates of the equation and the results for the liquids velocities should be averaged. 

As a result of this procedure, an equation for temperatures is obtained: 
1

1 1 1
( , ) ( , );T x r

v T x r
x

χ Δ∂
=

∂
    (12) 

2
2 2 2

( , ) ( , );T x r
v T x r

x
χ Δ∂

− =
∂

     (13) 

30 ( , ).T x rΔ=     (14) 

The coefficients of temperature conductivity are introduced into dependences (12) and 
(13): 

1
1

1 1

k
c

χ
ρ

=  and 2
2

2 2
.k

c
χ

ρ
=       (15) 

For averaged velocity values we have: 
2

1
1

1 1

1 ;
16

rPv
L

Δ
η

=     (16)  

2
1

2
1 1

1 .
16

rPv
L

Δ
η

=     (17) 

It is more suitable to start a solution from the last equation describing the outer area. As 
the simplest solution, the product of functions can be taken that are solutions of the 
corresponding Laplace equation: 

3
2

2
3 0

3

2

ln
( , ) 1 ,

4
ln

b

r
x rrT x r T T D x
L r

r

Δ

 
      = + − + −         
 

   (18) 
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where ΔTb and D are constants that will be determined from the boundary conditions.  
In the second area, the temperature can be written as follows: 

2
2

2 2 22 2 2
( , ) ln 1

4
x r x rT x r A B r C

v v b b
χ

χ
   −

= − + + + +       
,  (19) 

where A, B, C and b2 are constants that will be determined from the boundary conditions. 
In the first area, the temperature is written as follows: 

2
1

1 2 21 1 1
( , ) 1 ,

4h
x r x rT x r T E F
v v a a

χ
χ

  
= + + + +       

       (20) 

where E, F and a2 are constants that will be determined from the boundary conditions. 
The last summands in (16) and (18) represent expansions by a small radius values of 

exact solutions of Poisson equations in a cylindrical coordinate system (Bessel function). 
The computer model of the rock heating process by a horizontal well.  
The numerical solution of Problem 1 about the stationary temperatures distribution for 

the established liquid and heat flows, as well as the solution of Problem 2 about the 
temporal temperature distribution, was initially executed on the basis of the complete 
system of equations (1) – (4), by standard methods. In this case, a stationary solution is 
obtained within a large time interval, when it can be assumed that the system has entered 
the stationary mode. 

For a numerical solution of the system (1) – (4) with boundary conditions (5) – (11), a 
difference scheme was used for a cylindrical system of coordinates. In this case, the same-
type equations in finite differences are specified for all areas. Their solution is made in an 
explicit scheme by the method of consistent calculation of time layers:

  ( ) ( )( 1) ( )
, , 1, 1,

2

t tt t
i j i j i j i jT TT T

v
t xΔ Δ

+
+ −−−

+ =  

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
,1, 1, , 1 , 1 , 1 , 1 , 1
2 2

2 2
,

2

t t t t t t t t
i ji j i j i j i j i j i j i j

j

T T T T T T T T

r rx r
χ

ΔΔ Δ
+ − + + − + −

 − + − + −
 = + +
 
 

        (21) 

where i is index numbering the nodes along the OX-axis; j is index numbering the nodes along 
the radius r; Δt is grid spacing in time; Δx and Δr are corresponding coordinates x and r. 

The coordinates of nodes are specified by the ratio:  

;ix i xΔ=               (22) 

/ 2 .jr r j rΔ Δ= +      (23) 

This provides that the condition of temperature continuity is satisfied.  
The condition for the flows continuity was taken into account in the boundary node as 

follows: 

( )( 1) ( ) ( ) ( )2
, ,, 1 , 1

2

t t t t
i j i ji j i j

kT T T T
k

+
+ −= + − .         (24) 

Examples of calculations of the thermal field evolution are represented in Figs. 6 – 8. 
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Fig. 6. Evolution of the temperature field on the axis of the drill column. 
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Fig. 7. Two-dimensional temperature distribution chart at the beginning of the process. 
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Fig. 8. Stationary temperature distribution. 
 

Thus, the sequence of operations, provided in the method, allows preheating the rock 
adjacent to the well. As a result, the bitumen viscosity and the coupling of the rock particles 
is reduced. As a result, the efficiency of the bitumen separation process will improve and 
the cost of the rock destruction will decrease. 
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5 Conclusions 
The proposed method involves: rock conversion to the condition of the hydro-mixture, 
reducing the bitumen viscosity as a result of the thermal energy supply into mine working, 
the gravity separation of the hydro-mixture in the mine working and extraction of bitumen 
concentrate.  

Analysis of the processes that will occur in the mine working, gives foundation to 
predict the rate of bitumen extraction according to this technology at the quarry method 
level. 

Given the relatively low thermal rock conductivity, the possibility of thermal energy 
recuperation, low water consumption and a potentially high rate of bitumen recovery, this 
technology can be highly competitive. 

Authors express their gratitude to Ivan Zezekalo, Professor, PhD, Director General of the 
Nadraspetstekhnolohii Firm for the help and consultation in performing the work. 
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