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Nowadays, there are significant heavy high-viscosity oil reserves in the Russian Federation with oil recovery
coefficient not higher than 0.25-0.29 even with applying modern and efficient methods of oil fields development.
Thermal methods are the most promising out of the existing ways of development, main disadvantage of which is
large material costs, leading to the significant rise in the cost of extracted oil. Thus, creating more efficient thermal
methods and improving the existing ones, is the task of great importance in oil production.

One of the promising trends in enhancing thermal methods of oil recovery is the development of bottomhole
electric steam generators. Compared to the traditional methods of thermal-steam formation treatment, which involve
steam injection from surface, well electrothermal devices can reduce energy losses and improve the quality of steam
injected into the formation. For successful and efficient organization of oil production and rational development of
high-viscosity oil fields using well electrothermal equipment, it is necessary to take into account the pattern of heat
propagation, both in the reservoir and in the surrounding space, including the top and bottom. One of the main values
characterizing this process is the heat conductivity A of oil-bearing rocks.

The article describes composition of typical oil-saturated sand soils, presents studies of heat and mass transfer
in oil-saturated soils, reveals the effect of various parameters on the heat conductivity of a heterogeneous system,
proposes a method for calculating the heat conductivity of oil-bearing soils by sequential reduction of a multicompo-
nent system to a two-component system and proves the validity of the proposed approach by comparing acquired cal-
culated dependencies and experimental data.
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Introduction. The most priority task in the field of oil production today is the rational devel-
opment of heavy high-viscosity oils (HVO) deposits. Explored reserves of HVO on our planet reach
700 billion tons, and the main regions by the volume of reserves are the following: Canada ~
300 billion tons; Venezuela ~ 200 billion tons; USA ~ 25 billion tons; Russian Federation ~ 9 billion
tons, more than 50 % of which are in the North-West region of the Russian Federation. In the natu-
ral regime of wells exploitation oil recovery usually equals 5-10 %, therefore, in conditions of oil
horizons' depletion in oil producing regions, as well as the gradual exhaustion of extensive oil field
resources, serious attention in industrialized countries is paid to the development of methods for
enhanced oil recovery [1, 2, 5, 7]. To date, non-alternative methods of enhanced oil recovery, rec-
ognized by modern experts, are thermal impact on productive HVO reservoirs [2, 3, 6, 11, 19, 24].

In Russia, the thermal methods are mostly used in the production of HVO at Usinskoe (Komi
Republic) and Gremikhinskoe (Udmurt Republic) fields, which makes up no more than 3 % of all
deposits in the Russian Federation. The limited use of thermal methods is explained by their main
drawbacks: high material and capital intensity of heat and power equipment, heat losses in the
distribution pipeline system and well, reduced efficiency, determined by burning part of the ex-
tracted oil or gas in steam generators, and significant environmental degradation in oil production
areas [2, 10, 16].

The development of bottomhole steam generators is by far one of the most promising trends for
the development of thermal production methods, which, in contrast to the traditional methods
of steam and thermal treatment of formations, do not require steam pumping from the surface.
Bottomhole electrothermal devices can reduce energy losses and improve the quality of steam
injected into the reservoir [4, 8-10, 17]. For the successful and efficient organization of oil produc-
tion and the rational development of high-viscosity oil fields using bottomhole electrothermal
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equipment, it is necessary to take into account the nature of the distribution of thermal impact both
in the reservoir and in the surrounding area, including the top and bottom of the reservoir, and also
have a clear understanding of the formation structure and the thermal and physical properties of the
rocks composing them.

Ways to solve the problem. It is known that the oil reservoir rocks are mainly comprised by
sandstones with carbonate or clay cement, carbonate rocks and unconventional reservoir rocks,
called Bazhenov formation. Therefore, to assess the physical and reservoir properties of oil forma-
tion rocks, to generalize existing experimental data and to establish a correlation between different
physical properties, it is advisable to consider theoretical research methods.

Physical and reservoir properties of the formation include thermal conductivity A, dielectric
permittivity €, electrical conductivity o, gas permeability k, etc., which can be combined with the
concept of generalized conductivity A, because they are all described by a phenomenological equa-
tion of the form:

A=-AVB,

connecting the specific flow 4 with the potential gradient VB of one kind or another in nonequilib-
rium thermodynamic systems. For example, the laws of Fourier and Darcy are usually represented as:

- VP
g=-wvr, v=-VP

n
where g — specific heat flow; v— velocity of a liquid (gas) flowing through a porous material;

VT, VP — temperature and pressure gradient; A, k£, n — heat conductivity, permeability and viscosity

of the flowing fluid.

Finding a temperature field in an oil-bearing soil, where all the mechanisms of heat transfer
operate, is an extremely complex task, and its only correct solution is to compile and solve for each
particular case a system of four initial equations: heat transfer by conduction, convection, radiation,
and moisture.

Moreover, the creation of an equivalent thermal conductivity model [12, 13, 15, 21] can serve
as an effective tool to avoid these difficulties and successfully solve many practical problems. This
is an equation describing the process of effective heat conductivity in an inhomogeneous material.
In this case, the material is considered as some quasihomogeneous substance, to which the heat
conductivity equation is applicable. Due to the processes of radiation, convection and transport of
matter in porous media, the heat transfer parameters will be characterized by effective values. Thus,
for the analysis and determination of the temperature field in heterogeneous materials, it is possible
not to use the system of equations of conductive, radiation, and mass transfer conductivity, but to
refer to only one heat conductivity equation with the dependence of the coefficients complicated by
all these factors.

It should be also considered that the processes of transfer through the liquid and gas phases are
complex and, in addition to convective transfer, include a number of mechanisms, the main of
which is heat transfer due to: diffusion vapor transfer, thermal diffusion, thermal sliding, thermos-
mosis effect, film flow of liquid under the influence of propping pressure. A numerical analysis
showed that the contribution of these heat transfer mechanisms to the effective thermal conductivity
is 2-3 orders of magnitude smaller than other heat and mass transfer mechanisms and, accordingly,
they can be neglected [12, 14, 18, 23].

The objective of this study is to analytically determine the generalized conductivity A and, in
particular, the effective heat conductivity A of oil-saturated soil, depending on the minimum and
available information about the properties of the formation and its constituent components.
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The methodology for calculating the effective heat
conductivity of oil-saturated soils is based on the as-
sumption that it is possible to distinguish a frame of
particles in the system and moisture located in the
places of particles' contact (in case the liquid wets the
grain surface), or air (in the case when the liquid does
not wet the grain surface). The remaining part of the
pore space, which may be a single-phase or two-phase
system, together with the selected frame, can be con-
sidered as a structure with interpenetrating components.
Thus, the technique is based on the following calcula-
tions: first, heat conductivity of the frame is deter-
mined; next — heat conductivity of the remaining frac-
tion of the pore space; and finally, it becomes possible
to determine the effective heat conductivity of the en-
tire system as a whole.

The most typical oil-bearing soils are sedimentary
rocks such as spar, mica, represented in figure 1 by par-
ticles 1, cemented mainly by carbonaceous and clay
cement 2. Grains, in combination with cement, form
a solid skeleton, the pores of which contain liquid 3
(water, oil) and its vapors 4.

At analyzing oil-bearing rock samples, the follow-
ing parameters and properties are being determined:

1. The total porosity (the ratio of the pores’ vol-
ume to total volume m = V,/V), and the effective poros-
ity mr (the ratio of the pores’ volume with flowing lig-
uid inside the pores, when they are completely satu-
rated with this liquid, to the total volume) m = V), .//V;

2. The granulometric composition — medium sizes
of grains d; and their weight concentrations g;;

3. The saturation of rocks with liquid (oil, water,
gas) o = V;/V, — the ratio of the volume of liquid to the
total volume of pores.

At creation of sedimentary rock model following
assumptions were adopted:

* granulometric composition of the rock, on the ba-
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Fig.1. Structure of oil-bearing sandstone

1 — particles of SiO,, 2 — binding cement, 3 — liquid
(water, oil), 4 — vapors of liquid, gas

Fig.2. The model of oil-bearing sandstone structure
1 — grains, 2 — porous cement, 3 — liquid, 4 — vapor-gas phase

sis of data analysis, is limited to grains of two sizes — d; and d» and corresponding weight concen-

trations g; and g»;

 cementing binder is not monolithic, but porous, and the volume of pores in the binder — the
volume of cracks V., — is equal to difference in volumes between the volume of all pores, and the
volume of pores, taken into account for the effective porosity (Ve, = V-V, ¢p);

* porous cementing binder is distributed between grains of large and small diameter propor-

tionally to their specific surface areas;

* liquid in a form of jacket surrounds the contacts of large grains, envelops small grains and
fills a part of the cracks in the binder, leaving the remaining cracks dry.
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L Based on the mentioned above, sandstone model
can be seen as a form of a polydisperse structure, con-
sisting of grains 1 of two diameters, bound together by
- porous cement 2. The pores, depending on moisture
and oil content, contain both liquid 3 and gas 4 (Fig.2).
, The effective heat conductivity A.r analysis of this oil-
L , bearing rock model is disclosed in [12], using the av-
eraged element method with conductivity and basic
geometric parameters equal to the corresponding pa-
rameters of the model.

Studying the influence of various parameters on

the heat conductivity of an inhomogeneous system,

\ﬁ}v N such as the oil-bearing soil, has shown the possibility

L~ i of its further simplification. Oil-bearing soil can be

viewed as a multicomponent system with the follow-

Fig.3. Binary system structure with interpenetrating  ing interpenetrating components: a solid skeleton (vol-

components 7 and j .

ume V), formed by grains (1), cemented by the ce-

menting binder (2), and pores filled with liquid ¥; and

a vapor-gas mixture V,,. Consider heat conductivity 4; of a two-component system with interpene-
trating components i and j, the heat conductivity is equal to 4; and 4;, correspondingly (Fig.3)

At present, the intention to find rather simple analytical expressions for the effective heat con-
ductivity of inhomogeneous media resulted in the occurrence of numerous approximate methods for
solving the problem. The Rayleigh cross-section method [12, 17], which turned out to be the most
effective, consists of the following: an inhomogeneous system elementary cell, which heat conduc-
tivity is equal to the effective heat conductivity of the system as a whole, is divided by auxiliary in-
finitely thin surfaces, some of which are isopotential surfaces (isotherms), and others are imperme-
able for streamlines (adiabats). Such a division allows localizing the initial potential field, signifi-
cantly simplifying the problem solving. It is possible to choose a combination of cell division by
two types of planes, wherein the obtained effective heat conductivity will slightly differ from the
true one.

As shown in [12], for a combined method of an elementary cell division, heat conductivity of
such a binary system can be derived from the formula:

A, C? +v,C(1-C) C(1-C)+v,(1-C)

vy _

= 2+Vij 2) °
b v,C1-C)+(1-C+C*) " C1-C)+v,(1-C+C

1

A

w

7

(D)

where vi;= A/hi; mi=Vii(Vit Vy); my=Vi(Vit+ V) mi+ m;=1; C = C(m)).
Parameter C = A/L — relative size of the component «beam» 7 in the elementary cell (Fig.3), is
derived from the solution of the cubic equation

2C° -3C2 +1=m, (2)

and can be found according to the formula

arccos(2m; —1)+m
C=0.5-cos 3’ : (3)
With a high degree of approximation, one can determine heat conductivity of a multicompo-

nent system, by sequential reducing it to a two-component system. It was experimentally proved
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that the heat conductivity of moisture-containing materials depends on the pattern of liquid distri-
bution in the pore space. The wetting contact angle, formed at the boundary of the solid body, lig-
uid, and gas, usually serves as surface wetting characteristic. The heat conductivity of the same
material with the same liquid content can differ by several times depending on the pattern of liquid
distribution in the material [20, 22]. In the case when a granular, weakly bounded system is con-
sidered, and heat conductivity is greatly influenced by the contact thermal resistance between
grains, it is feasible, at the first stage, to calculate the solid skeleton heat conductivity, taking into
account wetting by liquid and the formation of liquid jackets at the contact points of grains. At the
second stage, heat conductivity of the entire moistened granular system is calculated according to
formulas (1)-(3), wherein heat conductivity of the vapor-gas mixture A; = A, + A, in the pore space is
equal to the sum of the heat conductivity of gas A, and the heat conductivity A, caused by diffusive
vapor transfer in the pore space under a pressure P and temperature 7. The value of A, is derived
from the formula [12]
SZ%._P .d_P,,’ 4)
WRT P—P. dT

where the diffusion resistance coefficient p = D/D,, is equal to the ratio between the vapor diffusion
coefficients with the molar mass M in air D and in the porous body D,, R — universal gas constant,
P, — partial vapor pressure at given temperature, and » — heat of vaporization.

To calculate the diffusion resistance coefficient p in wet porous materials based on a model of
a structure with interpenetrating components of a solid frame and pore space with a liquid, the fol-
lowing formula can be recommended, showing good agreement with experimental data for both
granular materials and porous systems with interpenetrating components:

C

p=1

Thus, to calculate heat conductivity of oil-bearing soils, the method of sequential reduction
of a multicomponent system to a two-component system can be used, namely: at the first stage,
the thermal conductivity of the pore space, containing liquid and vapor-gas mixture is derived
from formulas (1)-(5); at the second stage, heat conductivity of the entire material, represented by
a system with interpenetrating components: frame — pore space, is determined via using the same
formulas.

Discussion. Effectiveness of this approach can be explained by the fact that even in view of
moisture content low values, by virtue of percolation phenomena in the pore space, the liquid phase
can form, due to interflow of separate isolated inclusions, extended clusters and, as a result, a struc-
ture with interpenetrating components is being formed. In addition, if the thermal effect distribution
at temperatures, close to the vaporization temperature of the liquid phase is considered, it will be the
diffusion component A, that makes key contribution to the heat conductivity of the pore space and,
thereby, the distributional pattern of the liquid phase in the pores is not significant.

In particular, by using the formula (1) and the Odelevski formula for a structure with isolated
inclusions

it can be shown that for A; >> A; and for m; <0.3, the divergence in the calculation results does not
exceed a few percent.
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Fig.4. Dependence of the effective heat conductivity of foam concrete for m = 0.8 (a) and porous glass for m = 0.4 (b),
saturated with kerosene, on moisture content

1-2 — calculation for CoHyp at 7= 120 and 110 °C; 3 — calculation for C;7Hss; 4,5 — the experimental results at 7= 120 and 110 °C

To simulate heat and mass transfer in oil-bearing soils, simulation experiments were carried
out, using the comparative A-calorimeter method, on samples of foam concrete and porous glass
that were saturated with kerosene. The experimental results for different temperatures are shown
in Figure 4.

Due to the complex fractional composition of kerosene, the uncertainty relative to the choice of
parameters characterizing the heat transfer via the diffusion of kerosene vapors have arose during
performing of calculations. To assess effective heat conductivity «from above» and «from below»,
the calculations were carried out for the most low-boiling hydrocarbon and hydrocarbon with the
highest boiling point of kerosene, whereas boiling point of kerosene is within the range of 150-300 °C.
Saturated hydrocarbons (alkanes) form the largest part of the fractional composition of kerosene.
For performing calculations, n-nonane CoHjy (7voii=150.8 °C) and n-heptadecane C;7Hj3¢
(Twoit = 302.6 °C) were chosen. Figure 4 shows calculation dependences for CoHy at temperatures
120 °C and 110 °C (curves 1, 2). The dependences of effective heat conductivity for C;7H3¢, also
represented therein, are merged into one curve 3, because the diffusion component value for
n-heptadecane at the given temperatures is extremely low.

Each of the curves for CoH» at the appropriate temperature in combination with the curve 3 for
Cy7Hs6 limits the range of values for the effective heat conductivity of samples, which includes the
experimental values. Thus, it can be seen that the experimental results are in good agreement with
calculation dependences obtained for the low-boiling component of kerosene CoHyo, since it makes
the key contribution to the diffusion component of heat transfer in the pore space.

Conclusion. One of the values characterizing the process of heat effect propagation in oil-
saturated formation is effective heat conductivity A of oil-bearing rocks, which are multicomponent
inhomogeneous system. If data about structure, fractional and granulometric composition is avail-
able, the method of sequential reduction of a multicomponent system to a two-component system
can be quite efficient. At the first stage, efficient heat conductivity of the structure with interpene-
trating components of a solid frame and water-oil mixture is defined, at the second stage, heat con-
ductivity of the oil-saturated soil as a whole is calculated considering diffusion component of air-
vapor mixture heat conductivity. The validity of proposed methodology is confirmed by comparing
the acquired calculation dependencies and experimental data.

448

Journal of Mining Institute. 2019. Vol. 238. P. 443-449 e QOil and Gas



49, Jerzy Sobota, Vadim I. Malarev, Alexandra V. Kopteva DOI: 10.31897/PMI.2019.4.443
“.# Calculation of Oil-saturated Sand Soils’ Heat Conductivity

REFERENCES

1. Abramovich B.N., Sychev Yu.A. Problems of ensuring energy security of raw mineral resources enterprises. Zapiski Gor-
nogo instituta. 2016. Vol. 217, p. 132-139 (in Russian).

2. Antoniadi D.G., Garushev A.R., Ishkhanov V.G. Handbook of thermal oil production methods. Krasnodar: Krasnaya Ku-
ban'. 2000, p. 464 (in Russian).

3. Gil'manov A.Ya., Shevelev A.P. Physical and mathematical modeling of steam-assisted gravity drainage of heavy oil depos-
its based on the material balance method. Vestnik Tyumenskogo gosudarstvennogo universiteta. Fiziko-matematicheskoe modeliro-
vanie. Neft', gaz, energetika. 2017. Vol. 3. N 3, p. 52-69. DOI: 10.21684/2411-7978-2017-3-3-52-69 (in Russian).

4. Zagrivnyi E.A., Kozyaruk A.E., Bataev S.N. Electrothermal system based on a well electrode heater with a power of more
than 500 kW for thermal treatment of a high-viscosity oil reservoir. Elektrotekhnika. 2003. N 5, p. 61-69 (in Russian).

5. Alekseev A.D., Zhukov V.V., Strizhnev K.V., Cherevko S.A. Study of hard-to-recover and non-traditional objects according
to the principle of «reservoir factory in the formation». Zapiski Gornogo instituta. 2017. Vol. 228, p.695-704.
DOI: 10.25515/PM1.2017.6.695 (in Russian).

6. Kudinov V.I. Improving thermal methods for the development of high-viscosity oil fields. Moscow: Neft' i gaz, 1996, p. 284
(in Russian).

7. Molchanov A.A., Ageev P.G. The introduction of new technologies is a reliable way to extract the remaining reserves of
hydrocarbon deposits. Zapiski Gornogo instituta. 2017. Vol. 227, p. 530-539. DOI: 10.25515/PM1.2017.5.530 (in Russian).

8. Zagrivnyi E.A., Kozyaruk A.E., Malarev V.1, Mel'nikova E.E. Prospects for using bottomhole electrothermal systems to
enhance oil recovery of heavy high-viscosity oil formations. Elektrotekhnika. 2010. N 1, p. 50-56 (in Russian).

9. Proskuryakov R.M., Kopteva A.V. Non-destructive methods for monitoring the quality and quantity of oil flows. Zapiski
Gornogo instituta. 2016. Vol. 220, p. 564-567. DOI: 10.184541/PMI2016.4.564 (in Russian).

10. Zagrivnyi E.A., Malarev V.1, Lakota O.B., Zyrin V.O. Ecological and economic prospects for the use of electrothermal
systems for the production of high-viscosity oil. Nefiyanoe khozyaistvo. 2012. N 11, p. 118-121 (in Russian).

11. Khisamov R.S. Analysis of the development efficiency of super-viscous bituminous oil reserves with steam gravity treat-
ment. Nefiyanoe khozyaistvo. 2014. N 7, p. 24-27 (in Russian).

12. Dul’nev G.N., Malarev V.I. Theory of flow in the conductivity problem of inhomogeneous media. Journal of Engineering.
Physics and Thermophysics. 1990. Vol. 59. Iss. 3, p. 1217-1231. DOI: 10.1007/BF00870519

13. Giilsad Kiigiik, Gonzalez Marcial, Cuitifio Alberto M. Effective thermal expansion property of consolidated granular mate-
rials. Materials (Basel). 2017. 10 (11). DOI: 10.3390/ma10111289

14. Verma L.S., Shrotriya A.K., Singh U., Chaudhary D.R. Heat storage coefficient — an important thermophysical parameter
and its experimental determination. Journal of Physics D: Applied Physics. 2000. Vol. 23. N 11. DOI: 10.1088/0022-3727/23/11/009

15. Jaeger H.M., Nagel S.R., Behringer R.P. Granular solids, liquids, and gases. Reviews of Modern Physics. 1996. N 68,
p. 1259-1273. DOI: 10.1103/RevModPhys.68.1259

16. Litvinenko V.S., Kudryashov B.B., Solovjev G.N. Feasibility of high temperature penetrators in improving geothermal
drilling technology. Geothermal Resources Council Transactions. 1997. Vol. 21, p. 113-117.

17. Malarev V.1, Kopteva A.V. Borehole electric steam generator electro-thermal calculation for high-viscosity oil productive
layers development: International Conference on Industrial Engineering, Applications and Manufacturing (ICIEAM). 2017.
St. Petersburg. 16-19 May. DOI: 10.1109/ ICIEAM.2017.8076341

18. Sobota J., Palarski J., Plewa F., Strozik G. Movement of solid particles in vertical pipe: The Proceedings of The Seventh
(2007). ISOPE Ocean Mining (and Gas Hydrates) Symposium. Lisbon. Portugal. 2007, p. 197-207.

19. Nascimento C.M. Design, optimization and operation of SAGD wells using dynamic flow simulations: SPE Western Re-
gional Meeting. 2015. 23-26 May. Anchorage. Alaska. SP-174494-MS.

20. Shrotriya A.K., Verma L.S., Singh R., Chaudhary D.R. Prediction of the heat storage coefficient of a three-phase system.
Journal of Physics D: Applied Physics. 2000. Vol. 24. N 9. DOI 10.1088/0022-3727/24/9/003

21. Siu W.W.M,, S.H.-K Lee. Transient temperature computation of spheres in three-dimensional random packings. International
Journal of Heat and Mass Transfer. 2004. Vol. 47, p. 887-898. DOI: 10.1016/j.ijheatmasstransfer.2003.08.022

22. Vargas W.L., McCarthy J.J. Heat conduction in granular materials. American Institute of Chemical Engineers Journal.
2001. Vol. 47. N 5, p. 1052-1059. DOIL: 10.1002/aic.690470511

23. Yun T.S., Santamarina J.C. Fundamental study of thermal conduction in dry soils. Granular Matter. 2008. N 10, p. 197-207.

24. Zargar Z., Farouq Ali S. Analytical Treatment of SAGD — Old and New: SPE Canada Heavy Oil Technical Conference.
2016. 7-9 June. Calgary. Alberta. Canada. SPE-180748-MS.

Authors: Jerzy Sobota, Professor, jerzy.sobota@upwr.edu.pl (Wroclaw University of Environmental and Life Sciences,
Wroclaw, Poland), Vadim 1. Malarev, Candidate of Engineering Sciences, Associate Professor, malarev@yandex.ru (Saint-
Petersburg Mining University, Saint-Petersburg, Russia), Alexandra V. Kopteva, Candidate of Engineering Sciences, Associate
Professor, alexandrakopteva@gmail.com (Saint-Petersburg Mining University, Saint-Petersburg, Russia).

The paper was received on 22 January, 2019.

The paper was accepted for publication on 23 May, 2019.

449
Journal of Mining Institute. 2019. Vol. 238. P. 443-449 e QOil and Gas



