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Abstract

Objectives. Animportantand urgenttaskofthe oil producing industryis the identification of patterns of thermophysical
processes in reservoirs. One approach to improving the efficiency of oil recovery in conditions of hard-to-recover
reserves involves thermal action on the reservoir. The construction of mathematical models for describing such
processes to optimize production technologies is based on the formation of nonstationary heat flows in the reservoir
when a stopped well is heated. The application of mathematical modeling methods considered in the work forms
a basis for calculating the distribution dependencies of nonstationary fields of thermophysical characteristics in the
reservoir when heating the well to its parameters and the properties of the environments.

Methods. The work is based on heat- and mass-transfer theory along with mathematical physics, analytical and
numerical methods, as well as algorithms, computer modeling approaches, and the development of applications
using modern programming languages and their libraries.

Results. A formation saturated with oil, water, and a steam-gas mixture is theoretically described. A closed
system of heat and mass transfer equations is obtained taking into account diffusion-droplet and heat flows and
phase transformations. A formulated mathematical statement of the model comprises an initial-boundary value
problem for equations relating the temperature, saturation, and pressure of the components of the saturating fluid
in the formation. Numerical algorithms for solving are developed and their software implementation carried out. An
application developed for computer implementation of the model provides convenient visualization of the calculation
results consisting of several components (modules). Numerical experiments were carried out using the developed
software to study how various factors, such as the properties of the formation sketch and the saturating liquid phase
and heater characteristics, affect the thermophysical processes in the formation.

Conclusions. The developed model can be used to clearly describe nonstationary distributions of thermophysical
characteristics formed by thermal and diffusion-droplet flows in the reservoir during heating of a shut-up well. The
obtained results expand current understandings of the regularities of thermophysical processes and the properties
of the saturating phase in the reservoir under thermal influence.
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Peslome

Llenu. BeisiBneHve 3aKkOHOMEPHOCTEN Tenodn3nyecknx NpoLLEecCoB B NiacTax ABASETCS BAXHOM 1 akTyasibHOW 3a-
nadveli HeptenobbiBatower otpacan. OgHMM N3 cNocob0B NOBbILLEHUS 3P DEKTUBHOCTU HEDTEOTAAUN B YCITOBUSIX
TPYOHOM3BIEKAEMbIX 3aMacoB SIBNSETCS TEMIOBOE BO34ENCTBUE Ha nnacT. MNpu HarpeBe OCTaHOBIEHHOW CKBaXW-
Hbl B nacte GOpMUPYIOTCS HECTALMOHAPHbIE TEMJIOBLIE MOTOKW, MO3TOMY B BONMPOCax ONTMMU3auunmn 4o6bIBaoLLmMX
TEXHOJIOMMIA TakMxX NPOLECCOB LLUMPOKO MPUMEHSIETCS MOCTPOEHME aeKBaTHbIX MaTeMaTNU4ecknx mogenen. Llenb
paboThbl — pa3BUTME BO3MOXHOCTEN NMPUMEHEHNS METO40B MaTEMATUYECKOrO MOAENMPOBAHNS 1 YCTAHOBNIEHWE HA
MX OCHOBE 3aBUCUMOCTEN pacnpefefieHns HECTaLMOHAPHbIX NoNel TennouanNYecknx XxapakTepucTuK B niacre
npwv HarpeBaHn CKBaXWHbI OT €€ NapaMeTPOB 1 CBONCTB cpen,.

MeToabl. Vicnonb3oBaHbl TEOPUS TEMIO- U MAacCONepeHoOca, MeTOAbl MaTeMaTUYECKON PU3NKN, aHaUTUYECKNE
M YNCIIEHHbIE METOb!, aITOPUTMbI, METOZbI KOMMBIOTEPHOrO0 MOAENNPOBAHNS U Pa3paboTKM NPUIIOXKEHUIA, COBPE-
MEHHbIE 13bIK/ MPOrPaMMMpPOBaHUS 1 X BUBINOTEKMN.

PesynbTatbl. [1poBEAEHO TEOPETUHECKOE ONUCAHWE M1ACTa, HACLILLEHHOrO HEDTLIO, BOAON 1 Napora3oBoi CMe-
cblo. [MonyyeHa 3aMkHyTas cMcTemMa ypaBHEHUI TEMNO- U MacconepeHoca npu yvyete anddy3noHHO-KanenbHbIX
1 TEMNOBbIX MOTOKOB 1 (Ga30BbIX NpesBpaLleHnin. ChopmynmpoBaHa MaTemaTnyeckas NnocTaHOBKa MOLENU, NPea-
cTaBnsiollas coboi HayvaNbHO-KPAEBYD 33a4ady 4S9 YPaBHEHWUM, CBS3bIBAIOLMX TeEMNepaTtypy, HaCbILLEHHOCTb
1 0aBNEeHNEe KOMMOHEHTOB HACKILLAIOLLEN XNAKOCTM B nNnacte. Pa3paboTaHbl YACNEHHbIE aNropuUTMbl PELLEHNS Ta-
KOW 3aa4m 1 NpoBeLEeHa UxX NporpaMMmHas peanndauus. PaspaboTaHo NpunoxeHue Ass KOMMNbIoTEPHOW peanm3aa-
LMM Mogenu ¢ yonobHol Bu3dyanmsaumei pesynbTaToB pacyeToB, COCTOSILLEN U3 HECKOJIbKMX KOMMOHEHTOB (MOAY-
neit). C ncnonb3oBaHneM pa3paboTaHHOro NporpaMMHOro o6ecneyeHns NPoBeaeHbl YACTEHHbIE SKCMEPUMEHTbI
ONS1 U3YYEeHUst TOro, Kak pasnnyHble GakTopbl, TakMe Kak CBOMCTBA CKeTya nnacTa M HachILWaloLWwen Xnakom gasbl,
XapakTepUCTUKM HarpeeaTtens, BIMSIOT Ha Tennopranyeckme npoLecchl B niacTe.

BbiBoAbl. PaspaboTaHHas Moaenb NO3BOMSET HArNSAHO ONMcaTh HECTALMOHAPHbIE pacnpeneneHns Tennodunam-
YeCcKUX XapakTepucTuk, GopMnpyemMblix TEMIOBbIM N ANDEDY3MOHHO-KaNeNbHbIM NOTOKaMK B NiacTe B NpoLecce
nporpesa OCTaHOBJIEHHOM CKBaXMHbI. [ony4eHHble pe3ynbTaThl PacLUMPSIOT NPEACTaBNEHMS O 3aKOHOMEPHOCTAX
Tennodun3nyecknx NPoLLECCOB 1 CBOMCTBax HachlwatLLel dasbl B naacTe npu TENJI0BOM BO30ENCTBUN.
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Kniouesbie cnosa: Tennoduanyieckme npoLecchl, TEMI0NePeHoc, MacConepeHoc, TEMI0BOM NoToK, AUddY3NOHHO-
KanesbHbIl MOTOK, YPaBHEHNE TEeryionpoOBOAHOCTM, YPaBHEHME TEMJIoNepeHoca, TerIonpPoBOAHOCTb, TEMIOBOE BO3-

[eNcTBNE Ha NacT, NPOrpeB CKBaXMHbI

Onsa uutupoBaHua: CasotyeHko C.E., 3axapos B.A. MogenupoBaHue Tennoduanyeckmx npoLeccoB B HedTs-
HOM MnacTe Npu NPOrpeBe B OCTAHOBJIEHHOW CKBaxwuHe. Russian Technological Journal. 2025;13(5):104-118.
https://doi.org/10.32362/2500-316X-2025-13-5-104-118, https://www.elibrary.ru/ZTAAYP

Mpo3spavyHocTb hUHAHCOBOW AeATENIbHOCTU: ABTOPbI HE UMEIOT GMHAHCOBOW 3aMHTEPECOBAHHOCTM B NMPEACTaB/IEH-

HbIX MaTepunanax nin MmetTogax.

ABTOpbI 329BNSIOT 06 OTCYTCTBUN KOHDNNKTA MHTEPECOB.

INTRODUCTION

The development of mathematical models of
thermophysical processes in the reservoir as a means
of increasing the efficiency of oil recovery, especially
in conditions of hard-to-recover reserves, remains one
of the urgent tasks in the oil producing industry [1].
Since thermal stimulation of the reservoir is one of the
most efficient means to increase oil recovery under such
conditions [2—4], the use of mathematical models to obtain
various kinds of information on the heat transfer patterns
in the reservoir is an important area of research [5, 6].
Nonstationary heat flows in the reservoir are formed
during heating of a shut-in well. When the thermal
stimulation ends, the reservoir begins to cool. The need
to describe such processes is associated with economic
imperative of maximizing oil production [7, 8]. To
develop effective strategies, it is necessary to understand
the dynamics of changes in temperature, saturation, and
pressure in the reservoir [9]. Mathematical modeling
is the main tool used in such research due to the
need to consider the complex interaction of physical
processes [10, 11]. The formulation of mathematical
models of thermophysical processes is based on a system
of heat transfer equations used in many thermophysical
problems and heat conduction theory [12, 13].

Mathematical modeling of thermophysical processes
in oil-producing wells and formations is described in
many works [14-16]. Such studies have been actively
continued in recent years using numerical methods and
computer modeling [17, 18]. In particular, Tupysev [19]
studied the regularities of non-isothermal gas filtration
in a well during the creation of low-temperature gas
deposits when the thermobaric conditions of the
formation approach the equilibrium conditions of
hydrate formation. The described method can be used to
predict the exploration and operation of wells during the
development of low-temperature gas deposits, as well as
to determine the dynamics of possible hydrate formation
in the bottomhole zone and the influence of this process
on the operation of wells.

Sharafutdinov et al. [20] carried out a numerical
study of the temperature field in a multi-layer well during

the movement of gasified oil taking the Joule-Thomson
effects and heat of degassing into account. The possibility
of estimating the position of the boundary of the oil
degassing region in the wellbore using the calculated
temperature distribution was demonstrated.

Ramazanov and Parshin [21] proposed and
analytically investigated a model describing the
formation of a temperature field in the reservoir with
a combined inflow of formation water and gassed oil
to the well. The time of observation of the maximum
temperature decrease was shown to be determined by the
radius of the degassing zone and the speed of convective
heat transfer (which depend on the specific flow rates
of oil and water), and this time can be used to estimate
such parameters. It was confirmed that, with an increase
in water saturation, the influence of the cooling effect of
oil degassing regularly decreases.

Ramazanov and Parshin [22] also determined the
conditions for observing a non-monotonic change in
temperature over time when the temperature at the outlet
of a gas—liquid mixture from a porous medium initially
decreases for some time and then increases.

Shagapov  and  Tazetdinov  [23]  propose
a mathematical model describing the formation of
a temperature field in a radially symmetric heated
formation with high-viscosity oil through a horizontal
well. The authors demonstrated the possibility of further
exploitation of the well for the production of oil with
reduced viscosity. A mathematical statement based
on a system of equations is used to describe the heat
transfer process for assessing the characteristic ranges
of penetration of filtration and temperature waves for the
time periods under consideration.

Ramazanov et al. [24] presented an algorithm and
software package for calculating and modeling the
process of oil displacement during hot water injection
to obtain temperature fields in the formation at different
points in time, as well as to determine the oil recovery
of the formation taking into account the influence of the
thermal characteristics of liquid-saturated rocks.

Gil’manov et al. [25] propose a mathematical
model of cyclic—steam treatment of a formation taking
into account the mass fraction of steam in the coolant
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and the equation of state for water. The model is based
on the use of heat balance relations at each stage of
cyclic steam treatment. The described model is used
to determine the steam temperature in the productive
interval along with the initial formation temperature.
Here, the heat flow calculations are based on the data
of short-term dynamic temperature studies, while the oil
consumption was determined using the Dupuit formula
for a zonally heterogeneous formation. The model was
also used to determine the optimal times of the stages of
cyclic—steam treatment and the maximum cumulative oil
production. The optimal time for pumping the coolant
into the formation and the well holding time for steam
condensation were shown to increase with an increase in
the thickness of the formation, the coolant consumption,
and the mass fraction of steam in it.

The importance of the ongoing studies of
thermophysical processes in formations and wells
is due to the need to understand their patterns for
developing technologies based on the thermal impact on
the formation aimed at increasing the efficiency of oil
extraction. Numerical methods and computer modeling
are widely used to describe nonstationary distributions
of the temperature field and pressure in formations and
wells. However, despite the significant development of
this problem already undertaken, a number of issues
require more detailed study by methods of mathematical
modeling.

The present work presents the results of the
development and computer implementation of
a model that describes the nonstationary process of
heat flow distribution in a reservoir under constant
thermal impact in a shut-in well (in which production
is temporarily stopped). Based on the developed
computer implementation of the model, the patterns
and mechanisms of the influence of the thermophysical
parameters of the reservoir on the nonstationary
distribution of temperature, saturation, and pressure
parameters in it are studied.

1. THEORETICAL BASIS OF THE MODEL

In the volume element of a formation saturated with
oil, water, and a steam-gas mixture in thermodynamic
equilibrium, the temperature 7, pressure p, and
saturation O are distributed uniformly at the initial
moment of time. If we neglect the compressibility of
the formation skeleton and gravitational effects, then the
continuity equation for each component of the saturating
liquid phase can be written in the form [16, 26-30]:

m@z—div]e+l, ()

where m is the porosity of the average, p is the component
density; ¢ is time, 0 is the volumetric saturation of the

mixture component of the element of the formation
volume.
oV
mV,

where V' is the volume of the saturating liquid phase
component in the formation volume element; V_ is the
volume of the formation element; J, is the diffusion-
droplet component of the mass density of the flow
transferred by the molecular thermal conductivity of
the formation volume element; and / is the volumetric
power of the source of the liquid component.

In accordance with Fick’s law, the diffusion-droplet
component of the mass flux density can be represented as

Jg =—a(VO+8VT), )

where a is the coefficient of diffusion-droplet mass
transfer of the component of the saturating liquid phase,
0 is its thermogradient coefficient, and V is the nabla
symbol (VO is the saturation gradient and VT is the
temperature gradient).

The power of the source can be represented as

00
I =epm—, 3
pm— 3)

where ¢ is the phase transition coefficient, representing
the ratio of the increment in saturation of a liquid
component obtained during a phase transition to the
total increment in saturation of the liquid component
taking into account diffusion, droplet, and convective
processes.

The heat and mass transfer equation, taking into
account Eq. (3), can be written in the form [16, 26-30]

or . 00
c— =—divJ + egpm—, 4
Py gpm— “4)

where ¢ is the specific heat capacity of the volume
element of the formation; J is the heat flux density; g is
the specific heat of phase transition.

According to Fourier’s law, the heat flux density can
be represented as

J=-\VT, (5)

where A is the effective thermal conductivity of an
element of the formation volume.

To the given equations, the equation of state of the
mixture should be added [16, 26-29]:

_pM
po = o7 (1+6), (6)

V4

where M is the molar mass of the mixture; R is the
universal gas constant; z is the correction factor that
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takes into account the deviation of the vapor—gas mixture
from an ideal gas.
Accurate to terms of the first order of smallness [16],

op
V(pO) =~ -,
(PB) peﬁat

where [ is the coefficient of elasticity of the vapor—gas
mixture; p, is the density of the formation skeleton. The
continuity equation that closes the system of equations
for temperature and saturation can be written in the form:
BT =e ™)

[§]

The system of Eqs. (1)—(7) forms the theoretical
basis for modeling thermophysical processes in the
reservoir.

It should be noted that the values of the above-
introduced coefficient of diffusion-droplet mass
transfer, thermogradient coefficient, and phase transition
coefficient are determined from experiments. In the
general case, these coefficients may depend on both
temperature and saturation. However, in experimentally
established ranges of temperatures and saturations for
a number of water-saturated specific media (sands,
sandstones, clays, ceramics), the indicated coefficients
are found to be practically constant.

For example, in the temperature range of
293-423 K, the phase transition coefficient & is
constant [16]. With increasing saturation in the range
of 0.3—-0.4, its value decreases linearly from 1.0 to 0.3,
but with a further increase in saturation, it remains
constant. The thermogradient coefficients & behave
completely similarly to the phase transition coefficient
depending on temperature and saturation; in
particular, its stabilized value in a number of media
is (0.2-0.5) - 103 K1,

Although the coefficient of diffusion-droplet mass
transfer a in the temperature range under consideration
increases by approximately 1.5 times in some media
(sands, sandstones), in a number of others (ceramics,
clays), it is temperature-independent. Its stabilized
values in sandy media are (1.8-8.8) - 10~* kg/(m-s),
while in ceramics and clays, the corresponding figure
is (4.4-8.9) - 107 kg/(m"s).

The assumption of the constancy of these
coefficients in theoretical modeling is valid in the case
of low-intensity processes in which the temperature and
saturations change insignificantly over short periods
of time. For the purposes of constructing a model,
an approach is also possible in which the heat and
mass transfer processes under study are divided into
separate sections in each of which the coefficients under
consideration are considered constant.

2. FORMULATION OF THE MODEL AND
STATEMENT OF THE PROBLEM

In this paper, we consider the stationary thermal
effect of a borehole heater on a reservoir. We consider
the reservoir as a continuous, homogeneous, thermally
isotropic medium having constant effective values
of thermophysical coefficients for calculating heat
propagation in the reservoir during heating of a shut-
down well. If the reservoir heterogeneity, evaporation
processes, and diffusion-capillary mass transfer of the
saturating medium are not taken into account when
describing  thermophysical —processes, significant
discrepancies may be found between the observed data
taken from the wells and the calculated values. Noticeable
discrepancies were noted between the calculated
temperatures at the well bottom and the values recorded
at the fields. The observed differences in the well flow
rate and the formation cooling period after treatment
between the calculated and actual values generally turn
out to be greater than the calculated ones. Consequently,
the influence of phase transitions and diffusion-capillary
effects on heat propagation throughout the heated
reservoir is significant in a number of cases.

A model of a homogeneous thermally isotropic
reservoir with infinite thickness and extension is proposed
to which access is provided through a borehole of zero
diameter. We assume that a heater with zero diameter
and finite length 4 is placed in the borehole. Let a single-
component liquid in thermodynamic equilibrium with
the vapor contained in it and a gas insoluble in the
liquid be used to fill the reservoir to saturation. The
borehole is considered to be stopped when its initial
temperature (7},), pressure (p,)), and liquid saturation (6,))
are uniformly distributed.

On the wall of the heater at the initial moment of
time ¢ =0, the specific heat flow N is abruptly formed and
its value maintained at constant. Due to the formation
of such a stationary flow, the temperature 7 increases
and the liquid begins to evaporate. The increase in
temperature and intensification of evaporation in turn
lead to an increase in the partial and total pressure p and
a decrease in the saturation of the liquid phase .

When formulating the model, the following
assumptions are also taken into account. The reservoir
has a high degree of saturation. Since diffusion-capillary
mass transfer of liquid and vapor prevails significantly
over convective transfer, the latter can be neglected. The
coefficients of diffusion-capillary mass transfer can be
considered constant during the entire heating time and
uniformly distributed everywhere in the considered
region of heat flow formation. We will also assume
that heat losses above and below the heater installation
interval can be neglected due to their smallness compared
to the power of the supported heat flow. The length of
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the heater is considered to be so large that its dimensions
affect the distribution of heat in the middle part of the
heating interval. The formulated assumptions imply
the heating of a fine-pored collector. The considered
thermophysical characteristics in the middle part of
the heating interval can also be assumed to be radially
and axially symmetrically distributed in the plane. This
reduces the mathematical formulation of the problem to
a one-dimensional problem in which it is necessary to
determine their nonstationary radial distributions.

This model allows for more accurate prediction of heat
distribution in the reservoir, including phase transitions
and diffusion-capillary effects. As a result, it is possible to
more accurately estimate the temperature field, well flow
rate after treatment, and duration of formation cooling.

As a result of such assumptions, the thermophysical
characteristics of the formation can be considered
as dependent on the radius » and time #: T = 1(r, f),
p = p(r, 1), and O = O(r, f). Their values at the initial
moment of time are considered constant: 7(r, 0) = T,
p(r, 0) = p,, and 6(r, 0) = 0,,.

For the convenience of the mathematical formulation
of the model, we introduce such dimensionless
parameters as dimensionless temperature:

- T-T, ;
T

dimensionless saturation of the liquid phase:
e* — 60 -6 .
60
dimensionless pressure resulting from the evaporation
of the saturating liquid:

>

dimensionless radius:

dimensionless time (Fourier number):

_ X
Fo = W
where y is the thermal diffusivity (considered a constant
value):

r=—"-
cp,
Taking into account the above assumptions, the
system of heat and mass transfer equations (1), (4),
and (7) can be written in dimensionless form

or* 9’1"

107" 00"
+— +ell] —,
R OR OR

8
0Fo  OR? ®)

La_e*— aze* +la_e*+ _OZT* +la_T* (9)
LudFo oR2 RAR 2\ oR2 ROR )
o o0*
L=_i_’ (10)
oFo H3 oFo

where Fo > 0 and R > 0 are the dimensionless time
and radius, respectively; and I1, II,, I1;, and Lu are
the dimensionless coefficients described below. These
quantities characterize the effect of mass transfer on the
distribution of heat flows and vice versa, i.e., the effect of
temperature on the saturation distribution. In particular,
the Lykov criterion, defined as

Lu:i

XPe

characterizes the intensity of diffusion-droplet mass

transfer relative to diffusion heat transfer. If Lu > 1, then

the thermal field due to diffusion-droplet mass transfer

spreads faster than due to molecular thermal conductivity.

In water-saturated sand and clay environments, its values

are in the range of 0-3; in oil-saturated sands, Lu ~ 1.
The coefficient I1; defined as

I, = mqpA0
cAT

characterizes the relationship between the amounts of

heat spent on evaporation of the saturating liquid and on

heating the formation (AT and A0 are small changes in

temperature and saturation in the volume element of the

formation, respectively). In water-saturated sandy and

clayey environments, its values are in the range 0.3—12.
The coefficient I1, defined as

characterizes the increase in saturation AO due to
a change in temperature by an amount A7, In water-
saturated sandy and clayey environments, its values are
in the range 0.1-0.9.

The coefficient I1; defined as

PAP
pAD

characterizes the increase in saturation A® due to
a change in pressure by an amount Ap. In water-saturated
sandy and clayey environments, its values are in the
range 0.2-0.7.

Equations (8)—(10) are supplemented by the initial
conditions:

M, =B

*

T =0, 0 Fo:0=0’ P =0,

0

(11

Fo=0
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as well as boundary conditions on the well axis:

or* N 00
—_— =, — =0, (12)
R |, 2nk OR|,_,
and at infinity:
r R R—0 =0.»p R—0 =0 (13

Here, since the heat flux on the heater axis is
considered constant, N/ = const (12); moreover, the
condition for the derivative of saturation corresponds
to a constantly preserved maximum value of saturation
being maintained on the well axis.

Thus, initial boundary value problem (8)—(13)
is a mathematical formulation of the model of
thermophysical processes in an oil reservoir during
heating of a shut-in well. In order to solve this
problem, a numerical algorithm and software package
implementing it were developed.

3. DEVELOPMENT OF A COMPUTER
IMPLEMENTATION OF THE MODEL

For the computer implementation of the
model, an algorithm has been developed for
solving the initial-boundary value problem for
the system of equations (8)—(10) under boundary
conditions (11)—(13) using finite-difference
approximations of partial derivatives. Both explicit and
implicit schemes with stability condition analysis were
implemented.

The computer implementation of the model was
carried out in the Python programming language using
the NumPy (for working with data arrays and solving
systems of equations) and Dash (for visualization of
calculation results). The developed application consists
of the following main components: data input module,
equation system solution module, output and solution
visualization module.

The module for solving a system of differential
equations describing the thermal effect on a reservoir is
implemented using finite-difference schemes.

The application also contains a data processing
subsystem required to transform the data obtained
from the equation solving module. First, explicit and
implicit objects are generated to represent the equation
solving strategies. Then, a solution method is called
for each object using an appropriate technique to solve
the system of equations. The program has the ability to
output graphs displaying the results of calculations using
explicit and implicit schemes. Each graph shows curves
of temperature, saturation, and pressure. By switching
between studying the curves and comparing data for
the schemes, the user is able to better understand the

processes occurring during thermal stimulation of the
reServoir.

The application controls allow the user to view and
analyze the results of solving equations using explicit
and implicit methods in real time. Such controls allow
setting several constants, including steps and integration
limits for time and space variables. Using a drop-down
list, the user can select output functions (temperature,
saturation, and pressure), while the values of the control
parameters are adjusted via interactive sliders. A specific
value for another variable can be selected along with
the variable (temporal or spatial) to build a graph of
the distribution of thermophysical characteristics. The
program provides the user with flexibility in setting up
parameters by placing a panel with control elements
on the left side of the main page and concentrating all
settings in one screen location.

The set of sliders and drop-down menus is
a component of the settings panel. A variable (temporal
or geographic) can optionally be specified to serve as
the basis for the abscissa axis of the graphs. Sliders may
be used to change the numerical values of the 3 control
parameters that affect the process. Another slider allows
one to select the value of the spatial or temporal variable
for visualization. The application interface tool is used
to study the behavior of the distribution (temperature,
saturation, or pressure) based on time or spatial variables.
To achieve this goal, a graph can be produced with the
values of the function under study plotted on the ordinate
axis and the time or spatial variable plotted on the
abscissa axis. In this case, the slider in the settings panel
can be used to fix a certain value of the other variable.
The resulting graphs display changes in the pressure,
saturation, and temperature functions as a function of
the spatial variable when the time variable is fixed. This
focuses attention on how one variable, such as time
or spatial coordinate, affects fixed parameters that are
determined by another.

4. RESULTS AND DISCUSSION

Asaresultofnumerical modeling using the developed
software package, radial distribution curves were
obtained (Fig. 1) along with time dependencies (Fig. 2)
of temperature and saturation (by virtue of Eq. (10).
A separate analysis of pressure does not make sense,
since the corresponding dependencies are similar to
saturation).

The dependencies of these quantities on the
radius (Fig. 1) can be used to identify features of the
spatial distribution of thermophysical characteristics.
In particular, with increasing distance from the center,
the temperature, saturation, and pressure decrease with
a gradual slowdown. However, these radial dependencies
of temperature and saturation are of different natures.
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The temperature drops fairly quickly at small radii. Then
its decrease slows down and gradually stops, reaching
an equilibrium value already at relatively small values
of the ratio of the radius to the length of the heater.
Saturation (and pressure, by analogy) at small radii
begins to decrease slowly, then quickly fall, and finally,
at large distances, it reaches an equilibrium value and
stops changing. This difference is due to the fact that the
heat flow on the heater axis is maintained constant, and
there is no saturation gradient on this axis.

The time dependencies of these quantities (Fig. 2)
are used to identify the kinetic features of
thermophysical processes. In particular, over time,
temperature, saturation, and pressure increase with
a gradual slowdown. However, at different radii, these
dependencies are of a different nature. At small radii and
short times, a sharp increase in temperature, saturation,
and pressure is observed, followed by a rapid decline
in the growth rates of these quantities. At large radius
values, temperature, saturation, and pressure at first
remain practically unchanged and then begin to grow
slowly, gradually gaining growth speed. Such patterns
correspond to upward convex sections of kinetic
curves (at R = 1) and concave sections (at R = 2 and 3)
on Fig. 2.

The parameters I1; and I1, are the most important in
the model under consideration. They affect the saturation
functions 0" and temperature 7. Varying these parameters
implies actually going through different environments of

the bed. Therefore, they are selected as the controlling
thermophysical parameters of the model to evaluate the
characteristics of processes in different soils.

If we accept II; = II, = 0, then this corresponds
to the absence of mass transfer in the thermal physics
problem. Vakhitov and Simkin [16] indicated that
the mass transfer accounting leads to an increase in
the radius of thermal influence, which, in turn, leads
to higher calculated values of the formation cooling
duration and an increase in flow rate after treatments.
In accordance with the condition of maintaining thermal
balance, an increase in the radius of thermal influence
leads to a decrease in temperature on the wall and in the
immediate vicinity of the well.

Heat transfer through a porous medium is controlled
by the parameter II,, which reflects the effect of
the saturation gradient on temperature change. This
parameter is involved in Eq. (8), which describes the
temperature change. As indicated by a higher value
of II;, an increase in the rate of temperature change
can be the result of an increase in the heat flow passing
through the porous medium. The effect of the saturation
gradient on temperature change is stronger the higher
the value of IT,.

The value of saturation is more significantly affected
by the parameter I1,. In addition, I, affects temperature
changes. The coefficient I1, associated with the influence
of the temperature gradient on the change in saturation is
included in the equation for saturation (9). The influence
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Fig. 1. Radial distributions of (a) temperature and (b) saturation
atn,=10,M,=0.1,M;=0.5,Lu=1,e=0.28, 1= 2.49W/(m -K), and N = 1000 W/m
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Fig. 2. Curves of (a) temperature kinetics and (b) saturation at parameter values as in Fig. 1
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of the temperature gradient on the change in saturation
is greater the higher the value of T1,.

Thus, in the model, the parameters II; and II,
determine the degree of relationship between
temperature 7" and saturation 0*. When modeling
cooling after switching off the heater, these parameters
can be used to adjust the degree of relationship between
these two variables.

The results of the conducted series of numerical
experiments were used to identify patterns of influence
of control parameters on spatial distributions and kinetics
of thermophysical characteristics. The influence of
parameter I, on temperature and saturation is illustrated
in Figs. 3 and 4. An increase in the value of I1; leads to
a more noticeable change in the saturation distribution
along the radial coordinate than in temperature. From
the point of view of the model structure, this is due
to the fact that I1; is part of the coefficient in Eq. (1)
for the derivative of saturation 0" along the radial
coordinate R. The radial distribution of saturation shifts
more smoothly at large distances from the well and more
steeply near it (small values of the radial coordinate R)
as II, increases. The saturation gradient has a greater
effect on temperature fluctuations with an increase in I,
which can lead to a more rapid change in temperature
in areas with a strong saturation gradient. From the

physical point of view, sorting through the values of IT,
corresponds to that of various fields in which the density
and porosity of the soil and oil differ.

The simulation results shown in Fig. 3 show that
a thousand-fold increase in the value of the parameter I1,
leads to a very slight decrease in temperature (Fig. 3a) and
a slight increase in saturation (Fig. 3b), which depends
on the distance from the heater axis at a fixed point in
time. Consequently, the obtained results indicate that
the porosity and density of the soils and the liquid phase
of the formation have little effect on the spatioradial
distribution of temperature, saturation, and pressure in
the formation.

The kinetic curves obtained as a result of
modeling (Fig. 4) show that a thousand-fold increase in
the value of the parameter I1, leads to an insignificant
decrease in temperature (Fig. 4a) and an insignificant
increase in saturation (Fig. 4b) at a fixed distance
from the heater axis. Since this difference increases
with increasing time, the influence of the porosity and
density of soils and the liquid phase of the formation on
the kinetics of temperature, saturation and pressure in
the formation also begin to be noticeable at long time
durations.

Physically, the enumeration of the values of II,
corresponds to the enumeration of various values of
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o 0.06
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Fig. 3. Radial distributions of (a) temperature and (b) saturation at different values
of the parameter I, and fixed Fo = 2 (the other parameter values are the same as in Fig. 1)
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Fig. 4. Curves of (a) temperature kinetics and (b) saturation at different values
of the parameter I, and fixed R = 2 (the other parameter values are the same as in Fig. 1)
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the thermogradient coefficient d, which characterizes
the transfer (flow) of moisture in the liquid phase of
the oil-bearing formation. The modeling results (Fig. 5)
show that a thousand-fold increase in the value of the
parameter II, leads to a very insignificant decrease in
temperature (Fig. 5a), but to a significant increase in
saturation and pressure (Fig. 5b) depending on the
distance from the heater axis at a fixed point in time.
An increase in the value of I, leads to more rapid
changes in the radial distribution of temperature 7*
and saturation 0", The distributions of 7" and 0" shift
more smoothly at large distances from the well and
more sharply near it as II, increases. While saturation
changes slightly at small I1,, the saturation of the liquid
phase of the oil formation begins to depend strongly
on the distance from the heater axis at values of the
thermogradient coefficient corresponding to water-
saturated sands and clays.

Figure 6 illustrates the influence of the thermogradient
coefficient, which can be used to evaluate the effect of
moisture transfer in the liquid phase of the formation
under the action of a temperature gradient in non-
isothermal conditions on the kinetics of temperature and
saturation. The growth of the thermogradient coefficient
in the interval corresponding to water-saturated sands
and clays leads to a noticeable decrease in temperature

O = N W~ o N

and an increase in the saturation of the liquid phase of
the oil formation in such soils.

The influence of the elasticity coefficient of the
vapor—gas mixture in the reservoir and the ratio of the
skeleton and liquid phase densities are both characterized
by the variation of the value of the parameter II,.
This influence is particularly significant with regard
to pressure (Fig. 7). The simulation results show that
an increase in the value of the parameter I1; leads to
a decrease in pressure in general. Although this decrease
is almost imperceptible at short times, it becomes very
noticeable at long times given a fixed distance from the
heater axis (Fig. 7a). The same significant decrease with
an increase in the elasticity coefficient of the vapor—gas
mixture is observed at short distances from the heater
axis at a fixed point in time (Fig. 7b). At large distances
from the heater axis, a change in the parameter I1, ceases
to affect the pressure in the reservoir.

The influence of the intensity of diffusion-capillary
mass transfer relative to the diffusion heat transfer in
the reservoir is characterized by the variation of the
Lykov criterion Lu. Figure 8 shows the dependencies
of the kinetics and radial distribution of saturation with
variation of this criterion. The modeling results show
that an increase in the value of the Lykov criterion
leads to a sharp increase in saturation even at short

Fig. 5. Radial distributions of (a) temperature and (b) saturation at different values of the parameter I,
and fixed Fo = 2 (the other parameter values are the same as in Fig. 1)

o N O~ OO 00 O

100

Fig. 6. Curves of (a) temperature kinetics and (b) saturation at different values of the parameter I,
and fixed R = 2 (the other parameter values are the same as in Fig. 1)

Russian Technological Journal. 2025;13(5):104-118

113



Modeling of thermophysical processes
in an oil reservoir during heating in a stopped well

Sergey E. Savotchenko,
Vasily A. Zakharov

2.0 My=0.01 0.30
0.25

1.5
0.20
'21.0 2 0.15
0.10

0.5
n,=10.00 M= 2.00 0.05

e
0 —_ 0
0 1 2 3 4 5 8 10
Fo
(a)
Fig. 7. Curves of (a) kinetics and (b) radial pressure distribution at different values
of parameter 5 and fixed (a) R = 2 and (b) Fo = 2 (other parameter values as in Fig. 1)
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Fig. 8. Curves of (a) kinetics and (b) radial distribution of saturation at different values of the parameter Lu
and fixed R =2 (a) and (b) Fo = 2 (the remaining parameter values are the same as in Fig. 1)

times (Fig. 8a). An increase in the intensity of diffusion-
capillary mass transfer relative to the diffusion heat
transfer in the reservoir leads to an increase in saturation
at a fixed point in time at short distances from the heater
axis (Fig. 8b). At large distances from the heater axis,
a change in the intensity under consideration does not
affect saturation.

It should be noted that the variation of the Lykov
criterion has virtually no effect on the temperature
profiles. A slight decrease by fractions of a unit (in
dimensionless temperature units 7”) was observed only
at fairly long times (about 5 units in dimensionless time
units of Fo).

Such a model parameter as the heat flow on the
heater axis, as determined according to Eq. (12) by the
ratio N/A, also affects the value of the thermophysical
characteristics but only as a numerical multiplier,
i.e., temperature, saturation, and pressure are directly
proportional to the specific heat flow on the heater axis.

CONCLUSIONS

The paper examines a mathematical model that
describes the patterns of thermophysical processes in
a formation during heating while taking into account
the diffusion-capillary mass transfer of liquid and steam.
The model, which provides a description of the occurring

physical phenomena, takes into account the complex
interaction of heat transfer processes and changes in the
saturation of the liquid phase and pressure.

Software for the computer implementation of the
model was developed using Python libraries (Pandas,
Dash, NumPy) to provide convenient visualization
and analysis of the modeling results. The inclusion
of various modules for the numerical solution of the
thermophysical initial-boundary value problem allows
the selection of solution algorithms according to explicit
or implicit schemes, along with discretization steps
and other parameters for optimizing the computational
procedure. The software contains a convenient user
interface for entering parameters, displaying results in
the form of tables and graphs, and exporting data.

Usingthedeveloped software, numerical experiments
were conducted to study how various factors, such as
reservoir properties, heater characteristics, and initial and
boundary conditions, affect the reservoir cooling process.
The analysis and interpretation of results showed that the
spatial temperature distribution profile decreases quite
quickly at small radii, followed by a slowdown in the
decrease to an equilibrium value. The spatial saturation
and pressure distribution profiles decrease at small radii
and reach equilibrium values at large distances. Over
time, the considered thermophysical characteristics
monotonically increase.
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It is shown that the porosity and density of soils and
the liquid phase of the reservoir have a weak effect on
the spatial distributions of temperature, saturation, and
pressure in the reservoir. The influence of the porosity
and density of soils and the liquid phase of the reservoir
on the kinetics of these thermophysical characteristics is
clearly noticeable at long time durations.

Theresults of the modeling showed that the saturation
changes slightly at small values of the thermogradient
coefficient; however, at values corresponding to water-
saturated sands and clays, the saturation of the liquid
phase of the oil reservoir begins to depend strongly on
the distance from the heater axis. The growth of this
coefficient in this range leads to a noticeable decrease
in temperature and an increase in the saturation of the
liquid phase of the oil reservoir in such soils.

It is confirmed that an increase in the coefficient of
elasticity of the steam—gas mixture leads to a decrease
in pressure at short distances from the heater axis, but
that at long distances, the pressure stops changing. An
increase in the intensity of diffusion-capillary mass

transfer relative to the diffusion transfer of heat in the
reservoir leads to a sharp increase in saturation at short
distances from the heater axis; however, at longer
distances, the saturation stops changing.

The results of this work may be useful for the
oil industry when it is necessary to understand
the patterns of thermal physical processes in the
formation during heating to create more effective
methods of managing the production process as
a means of increasing its profitability. The proposed
model and its analysis also expand the understanding
of the possibilities of using mathematical and
computer modeling of processes in the oil industry.

Authors’ contributions

S.E. Savotchenko—problem statement, formulating
the model, deriving equations, analyzing the results, writing
the text of the article.

V.A.Zakharov—discretization ofthe model, developing
the algorithm for a numerical method, developing the
software for the model, computer experiments, and
visualization.

REFERENCES

1. Gilmanov A.Ya., Kovalchuk T.N., Skoblikov R.M., Fedorov A.O., Khodzhiev Ye.N., Shevelev A.P. Analysis of the
influence of thermophysical parameters of the reservoir and fluid on the process of cyclic steam stimulation. Vestnik
Tyumenskogo gosudarstvennogo universiteta. Seriya: Fiziko-matematicheskoe modelirovanie. Neft’, gaz, energetika =
Tyumen State University Herald. Physical and Mathematical Modeling. Oil, Gas, Energy. 2023;9(3—35):6-27 (in Russ.).

https://doi.org/10.21684/2411-7978-2023-9-3-6-27

2. Zagrivnyi E.A., Rudakov V.V,, Bataev S.N. Electro thermal complex for thermal methods of extraction of high-viscosity oil.
Zapiski Gornogo instituta = Journal of Mining Institute. 2004;158:226-229 (in Russ.).

3. Aminev D.A., Kravchenko M.N. Methods of thermal impact on the reservoir at the stage of well heating with pressure
reduction. In: SNK-2020: Proceedings of the Anniversary 70th Open International Student Scientific Conference of the

Moscow Polytech. Moscow. 2020. P. 198-201 (in Russ.).

4. Dumanskii Yu.G., Khlebnikov P.A., Mokropulo I.P., Gilaev G.G. Production of highly viscous oils by the method of thermal
impact on reservoirs at the Okha field. In: Development of Resources of Hard-to-Recover and High-Viscosity Oils: Conference

Proceedings. 1997. P. 142—165 (in Russ.).

5. Lapatin V.V. Analysis of the efficiency of thermal impact on a reservoir with highly viscous oil using a pair of simultaneously
operating horizontal wells. Aktual’nye problemy sotsial no-gumanitarnogo i nauchno-tekhnicheskogo znaniya = Actual
Problems of Social, Humanitarian and Scientific-Technical Knowledge. 2023;4(35):18-20 (in Russ.).

6. Usmanov A.R. Thermal methods of influence on the formation. Akademicheskii zhurnal Zapadnoi Sibiri = Academic Journal

of West Siberia. 2018;14(6-77):141-142 (in Russ.).

7. Gizzatullina A.A. Thermal impact on highly viscous oil in the reservoir using a pair of horizontal wells operating
simultaneously. In: /2th All-Russian Congress on Fundamental Problems of Theoretical and Applied Mechanics: Conference
Proceedings in 4 v. V. 2.2019. P. 1178-1179 (in Russ.). https://www.elibrary.ru/qfwigl

8. Salavatov T.Sh., Mamedov F.F. The prospects of using devices of alternative energy sources towards thermal treatment of
formation and bottomhole zone. Azerbaidzhanskoe neftyanoe khozyaistvo = Azerbaijan Oil Industry. 2019;4:37-44 (in Russ.).

9. Yangirov R.R. Dynamics of the temperature field in the reservoir during thermal impact on the productive reservoir on the
example of the Russian field. In: West Siberian Oil and Gas Congress: Collection of Scientific Papers of the 13 International
Scientific and Technical Congress of the Student Section of the Society of Petroleum Engineers (SPE). 2019. P. 181-183

(in Russ.). https://www.elibrary.ru/zgqxbb

Russian Technological Journal. 2025;13(5):104-118

115


https://doi.org/10.21684/2411-7978-2023-9-3-6-27
https://www.elibrary.ru/qfwigl
https://www.elibrary.ru/zgqxbb

Modeling of thermophysical processes Sergey E..Savotchenko,
in an oil reservoir during heating in a stopped well Vasily A. Zakharov

10. Igtisanova G.R., Gabdullina G.I. Calculation of the parameters of the kust pump station with autonomous energy
provision and heat, water-gas reservoir stimulation. In: Actual Issues of Higher Education — 2020: Proceedings of the
All-Russian Scientific and Methodological Conference (with International Participation). 2020. P. 230-237 (in Russ.).
https://www.elibrary.ru/dfeidr

11. Gizzatullina A.A., Fatkullin A.A., Abdulmanov A.A. Mathematical modeling of heat influence on a high-viscous oil in a
layer through a horizontal well. In: Contemporary technologies in the oil and gas industry — 2020: Collection of Works of the
International Scientific and Technical Conference. 2020. P. 45-49 (in Russ.). https://www.elibrary.ru/fvllkz

12. Kartashov E.M., Kudinov V.A. Analiticheskaya teoriya teploprovodnosti i prikladnoi termouprugosti (Analytical Theory of
Heat Conduction and Applied Thermoelasticity). Moscow: URSS; 2018. 656 p. (in Russ.).

13. Kartashov E.M. Model representations of heat shock in terms of dynamic thermal elasticity. Russ. Technol. J. 2020;8(2):
85-108 (in Russ.). https://doi.org/10.32362/2500-316X-2020-8-2-85-108

14. Sayakhov F.L., Fatykhov M.A., Dyblenko V.M., Simkin E.M. Calculation of the main indicators of the process of high-
frequency heating of the bottomhole zone of oil wells. Izvestiya vysshikh uchebnykh zavedenii. Seriya Neft’i gaz = Oil and
Gas Studies. 1977;6:15-21 (in Russ.). https://elibrary.ru/nzemgp

15. Surguchev M.L., Simkin E.M., Zhdanov S.A. Influence of methods of thermophysical impact on bottomhole zones on
increasing oil recovery. Neftyanoe khozyaistvo = Oil Industry. 1977;10:48-50 (in Russ.).

16. Vakhitov G.G., Simkin E.M. Ispol zovanie fizicheskikh polei dlya izvlecheniya nefti iz plastov (The Use of Physical Fields to
Extract Oil from Reservoirs). Moscow: Nedra; 1985. 231 p. (in Russ.).

17. Durkin S.M., Menshikova I.N. Assessment of the impact of method of accounting of non-reservoir rocks in the
process of thermal stimulation by numerical simulation. Inzhener-neftyanik. 2017;3:38—41 (in Russ.). https://elibrary.
ru/zhneuf

18. Dieva N.N., Kravchenko M.N., Nabiullina A.A. Justification based on numerical modeling of the choice of thermal impact
methods on kerogen-containing reservoirs. In: Actual Problems of Oil and Gas Geology in Siberia: Proceedings of the
2nd All-Russian Scientific Conference of Young Scientists and Students Dedicated to the 85th Anniversary of Academician
A.E. Kontorovich. 2019. P. 37-39 (in Russ.). https://elibrary.ru/mukjjh

19. Tupysev M.K. Dynamics of hydrate formation in near-wellbore zone of wells while the development of low-temperature gas
deposits. Georesursy, Geoenergetika, Geopolitika. 2010;2(2):20 (in Russ.). https://elibrary.ru/sikwul

20. Sharafutdinov R.F., Kanafin 1.V., Khabirov T.R. Numerical Investigation of the temperature field in a multiple-
zone well during gas-cut oil motion. J. Appl. Mech. Tech. Phys. 2019;60(5):889-898. https://doi.org/10.1134/
S0021894419050122
[Original Russian Test: Sharafutdinov R.F., Kanafin I.V., Khabirov T.R. Numerical Investigation of the temperature field in
a multiple-zone well during gas-cut oil motion. Prikladnaya mekhanika i tekhnicheskaya fizika. 2019;60(5-357):125-135
(in Russ.). https://doi.org/10.15372/PMTF20190512 ]

21. Ramazanov A.Sh., Parshin A.V. Temperature distribution in oil-water-saturated reservoir with account of oil degassing.
Neftegazovoe delo = Oil and Gas Business. 2006;1:22 (in Russ.). https:/elibrary.ru/twwnpx

22. Ramazanov A.S., Parshin A.V. Analytical model of temperature variations during the filtration of gas-cut oil. High Temp.
2012;50(4):567-569. https://doi.org/10.1134/S0018151X12040189
[Original Russian Test: Ramazanov A.Sh., Parshin A.V. Analytical model of temperature variations during the filtration of
gas-cut oil. Teplofizika vysokikh temperatur. 2012;50(4):606—608 (in Russ.). https://elibrary.ru/kovvto |

23. Shagapov V.Sh., Tazetdinov B.I. Modeling the dynamics of formation and decomposition of gas hydrate particles during their
surfacing in water. Vestnik Samarskogo gosudarstvennogo universiteta. Estestvennonauchnaya seriya = Vestnik of Samara
University. Natural Science Series. 2013;9-2(110):133—139 (in Russ.). https://elibrary.ru/rxwiiv

24. Ramazanova E.N., Aliverdiev A.A., Grigor’ev E.B., Zarichnyak Yu.P., Aliev R.M., Beibalaev V.D. Temperature field of an
oil reservoir considering the effect of thermal methods of impact and thermal conductivity of rocks. Vesti gazovoi nauki.
2023;2(54):68-73 (in Russ.). https://elibrary.ru/wrwewp

25. Gil’'manov A.Y., Shevelev A.P., Lagunov P.S., et al. Influence of the Thermophysical Properties of the Reservoir and
Fluid on the Technological Parameters of the Cyclic Steam Stimulation. J. Eng. Phys. Thermophy. 2023;96(5):1311-1319.
https://doi.org/10.1007/s10891-023-02797-8
[Original Russian Test: Gil’manov A.Ya., Shevelev A.P., Lagunov P.S., Gulyaev P.N., Petukhov A.S., Lyutoev P.A. Influence
of the Thermophysical Properties of the Reservoir and Fluid on the Technological Parameters of the Cyclic Steam Stimulation.
Inzhenerno-fizicheskii zhurnal. 2023;96(5):1323—-1331 (in Russ.).]

26. Efimtsev S.V., Nustrov B.C., Okhezin S.P., Podoplelov V.V. Some problems of filtration in deformable media. Izvestiya
Ural skogo gosudarstvennogo universiteta. Seriya Matematika i mekhanika. 2003;5(26):66—76 (in Russ.).

27. Makarychev S.V., Mazirov M.A. Teplofizika pochv: metody i svoistva (Thermal Physics of Soils: Methods and Properties).
Suzdal; 1996. V. 1. 231 p. (in Russ.).

28. LaptevA.G., Nikolaev N.A., Basharov M.M. Metody intensifikatsii i modelirovaniya teplomassoobmennykh protsessov (Methods
of Intensification and Modeling of Heat and Mass Transfer Processes). Moscow: Teplotekhnik; 2011. 287 p. (in Russ.).

29. Goldobin D.S., Krauzin P.V. Saturation of aquifers with two-component gas mixture. Vestnik PNIPU. Mekhanika =
PNRPU Mechanics Bulletin. 2013;4:33—41 (in Russ.).

30. Goldobin D.S., Krauzin P.V. Formation of bubbly horizon in liquid-saturated porous medium by surface temperature
oscillation. Phys. Rev. E. 2015;92(6):063032(1-8). http://dx.doi.org/10.1103/PhysRevE.92.063032

Russian Technological Journal. 2025;13(5):104-118
116


https://www.elibrary.ru/dfeidr
https://www.elibrary.ru/fvllkz
https://doi.org/10.32362/2500-316X-2020-8-2-85-108
https://elibrary.ru/nzemgp
https://elibrary.ru/zhneuf
https://elibrary.ru/zhneuf
https://elibrary.ru/mukjjh
https://elibrary.ru/sikwul
https://doi.org/10.1134/S0021894419050122
https://doi.org/10.1134/S0021894419050122
https://doi.org/10.15372/PMTF20190512
https://elibrary.ru/twwnpx
https://doi.org/10.1134/S0018151X12040189
https://elibrary.ru/kovvto
https://elibrary.ru/rxwiiv
https://elibrary.ru/wrwewp
https://doi.org/10.1007/s10891-023-02797-8
http://dx.doi.org/10.1103/PhysRevE.92.063032

Modeling of thermophysical processes Sergey E. Savotchenko,

in an oil reservoir during heating in a stopped well Vasily A. Zakharov
CMUCOK IUTEPATYPbI
1. Tunsmanos A.S1., Kosansuyk T.H., Cko6nuxos PM., ®énopos A.O., Xomkues E.H., [llesenés A.IT. AHanu3 BIMSAHHS TEIIO-

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

(u3MYEeCKHX MapaMeTpoB IuacTa U (urronaa Ha MpOoLece MapOUUKINIECKOTo BO3AEHCTBIUS HAa HE(DTSIHBIC TIACTHL. Becmuuk
Tiomencxoeo eocyoapcmeenno2o ynusepcumema. Cepus: Qusuko-mamemamuieckoe mooenuposauue. Hepmo, 2as, snepee-
muka. 2023;9(3-35):6-27. https://doi.org/10.21684/2411-7978-2023-9-3-6-27

. 3arpuBHblil D.A., Pynaxos B.B., bataes C.H. DnexrporepMuueckuii KOMILIEKC [yl TEIIOBBIX METOIOB 100BIUYU BEICOKOBSI3-

koii HeTu. 3anucku Ioproeo uncmumyma. 2004;158:226-229.

. AMuHEB I[A, KpaneHKo M.H. MeTO,Z[I)I TEIJIOBOT'O BO3Z[€I>1CTBH51 Ha IJIaCT Ha 3Talne nporpeBa CKBaAXXWUHbI C TTIOHUXKCHUEM

nmasnenus. B ¢6.: CHK-2020: mamepuanst FO6unetinoti LXX omxpwuimoti mexncoyHapooHoll cnyoeHueckoll HaAy4HoU KOHpe-
penyuu Mockosckozo Ilonumexa. Mocksa. 2020. C. 198-201.

. Hymanckwuit 10.I"., Xneouuxos I1.A., Mokpomnyso W.I1., I'unaer I'.I. JloObiua BBICOKOBSI3KUX HE(TEH METOIOM TEILIOBOTO

BO3/IeIiCTBHUS HA TUIACThl HAa MecTopoxeHnn Oxa. B ¢0.: Ocgoenue pecypcos mpyonouseniekaemvlx u 8bICOKOBA3KUX Hepmell:
cooprux mpyoos koupepenyuu. 1997. C. 142-165.

. Jlanarun B.B. Ananuz 3(1)(1)6KTI/IBHOCTI/I TEI1JIOBOT'O BOSHeﬁCTBHﬂ Ha IJIACT C BHICOKOBS3KOM He(bTI)}O C IIOMOUIBIO IMapbl OAHO-

BPEMEHHO PabOTAIOIINX TOPU3OHTATBHBIX CKBAKUH. AKMyanbhbie npoodiemvl COYUATbHO-CYMAHUMAPHO20 U HAYYHO-TNEXHU-
yeckoeo snanusi. 2023;4(35):18-20.

. YcmanoB A.P. TersioBbie METO/IbI BO3IEHCTBHS Ha TIACT. Akademuueckutl scypran 3anaonou Cubupu. 2018;14(6-77):141-142.
. Tuzzarynnuna A.A. TemnoBoe Bo3JeicTBUE Ha BBICOKOBSI3KYIO HE(Th B IUIACTE C IOMOLIbIO IIapbl TOPU30HTANIBHBIX CKBa-

JKUH paboTaroInX 0MHOBpeMeHHO. B ¢0.: XII Bcepoccuiickuii cve30 no pynoameHmanbHulM npodiemam meopemuiecko
u npuxaaouoi mexanuku: CooprHuxk mpyoos kongepenyuu 6 4 momax. T.2.2019. C. 1178-1179. https://www.elibrary.ru/
qfwigl

. CanaBaToB THI, MamenoB @.D. HepCHeKTI/IBLI HCII0JIb30BaHUs YCTAHOBOK aJIBTCPHATUBHBIX HCTOYHUKOB S3HEPIUU C LCIBIO

TEIIOBOTO BO3/ICHCTBHUS HA TUIACT U MPHU3a00MHYI0 30HY. A3epbatiodcanckoe Hepmsnoe xo3zsiicmeo. 2019;4:37-44.

. HHFI/IpOB P.P. I[I/IHaMI/IKa TCMIICPATYPHOTO I10JI B IUTACTE MPU TCIIJIOBOM BO3)1€ﬁCTBI/II/I Ha HpOﬂyKTHBHLIﬁ IUT1aCT Ha MpuMepe

pycckoro Mectopoxkaenusi. B ¢0.: 3anaono-Cubupcruil negpmezazoswiii konepecc: Coopruk Hayunvix mpyoos XIII Mecoy-
HAPOOHO20 HAYHUHO-MEXHUYECKO20 KOHEPeccd Cy0eHYecKo20 OmoeleHus obuecmsa uHicenepos-Hepmsanuxos — Society of
Petroleum Engineers (SPE). 2019. C. 181-183. https://www.elibrary.ru/zgqxbb

HWrrucamosa I'P., I'abnynmuna ['M. Pacuer napameTpoB KyCTOBOI HACOCHOM CTAHIMM C QBTOHOMHBIM SHEPIO-00€CIeUeHeM U Te-
TJIOBBIM, BOJIOTa30BbIM BO3JCHCTBHEM Ha TiacT. B ¢0.: Akmyanvrble 6onpocel evicuieco obpazosanus — 2020: Mamepuanst Beepoc-
CULICKOUL HAYYHO-Memooudeckotll Kongepenyuu (¢ mexcoyrnapoonsim yuacmuem). 2020. C. 230-237. https://www.elibrary.ru/dfeidr
T'uzzarymuna A.A., @arkymus A.A., AoayiapMaHoB A.A. MaremaTnyeckoe MOJICITMPOBAHUE TEIIOBOTO BO3ICHCTBUSI HA BbI-
COKOBSI3KYI0 He()Th B IJIACTE Yepe3 rOpU30HTAJIbHYI0 CkBaxkuHY. B c0.: Cospemennvie mexnonocuu ¢ nHegpmezazosom oene —
2020: coopHux mpyoos mexncoynapooHol HayuHo-mexnuyecko kongepenyuu. 2020. C. 45-49. https://www.elibrary.ru/fvllkz
Kapramos 2.M., Kynunos B.A. Ananumuueckas meopus mennonposoonocmu u npukiaonoi mepmoynpyeocmu. M.: URSS;
2018. 656 c.

Kapramos 5.M. MopuenbHble NpeNCTaBIeHUs TEIUIOBOTO ylAapa B JAMHAMHMYECKOH TepMmoynpyroctd. Russ. Technol. J.
2020;8(2):85-108. https://doi.org/10.32362/2500-316X-2020-8-2-85-108

Casixos @.JI., @arbixoB M.A., JIpi6nenko B.M., Cumkun 3.M. Pacuer 0CHOBHBIX 1oKa3aresiei nmpoiecca BHICOKOYaCTOTHOTO
Harpena Npu3ab0iHO# 30HbI HEQTIHBIX CKBaXHH. M36. 6y306. Cepusi Hepmo u 2a3.1977;6:15-21. https://elibrary.ru/nzemgp
CypryueB M.JI., Cumkun D.M., Knanos C.A. BiusiHue METO/I0B TEIUIOPU3NUECKOTO BO3ACHCTBUS Ha NPU3a00iHbIC 30HBI
Ha yBenudeHnue HereoTnaun miacta. Heghpmsnoe xossiicmeo. 1977;10:48-50.

Baxuros I'I", Cumkun D.M. Hcnonvsosanue guzuveckux noneti 0na usenedenus negomu us niacmos. M.: Henpa; 1985. 231 c.
Hypxuna C.M., MenbinkoBa M.H. OrieHka BiusiHuUS cr1oco0a yueTa mopo/i-HEKOJJICKTOPOB Ha MPOIIECC TEIIIOBOTO BO3/ICH-
CTBHSI Ha IJIACT NP YHCICHHOM MoJenupoBanuu. HMuowcenep-neghpmanux. 2017;3:38—41. https://elibrary.ru/zhneuf

Juesa H.H., KpaBuenko M.H., Habuysmuna A.A. O60CcHOBaHKHE HA OCHOBE YMCJICHHOTO MOJICJIMPOBAHHS BEIOOpA METOIOB
TEIUIOBOTO BO3JICHCTBHUS HAa KEPOreHOCOIepKallKe TacTbl. B ¢0.: AkmyanvHvie npobaemvl eeonocuu neghmu u eaza Cubupu:
Mamepuanwv 2-1i Beepoccuiickou HayuHOU KOHGepeHyuu MOI00bIX YUEHbIX U CIYOEHMO0s, NOCEsueHHOl 85-1emuio akademui-
xa A.9. Konmoposuua. 2019. C. 37-39. https://elibrary.ru/mukjjh

TyneiceB M K. [lunamuka ruiparooOpa3oBaHus B PU3a00HOI 30HE CKBaXXHH MPH pa3paboTKe HU3KOTEMIIepaTypHbBIX ra3o-
BBIX 3anexeil. [ eopecypcei, ceoanepeemuxa, 2eononumuxa. 2010;2(2):20. https://elibrary.ru/sikwul

apadpyrauHaor P.d., Kanapun U.B., Xabupos T.P. HucieHHOe HCCIEI0BaHUE TEMIIEPATYPHOTO TIOJISI B CKBAXKMHE C MHOTO-
TUIACTOBOM CHCTEMOW TIpH JIBMXKEHHHM ra3upoBaHHON HedtH. [lpuxnaonas mexanuxa u mexrnuueckan gusuxa. 2019;60(5-357):
125-135. https://doi.org/10.15372/PMTF20190512

Pamazanos A.I11., [Tapmmn A.B. TemneparypHoe rnosie B He()Te-BOJJOHACHIILIEHHOM IIJIACTE C YYETOM pa3ra3upoBaHust HE(PTH.
Heghmezazosoe oeno. 2006;1:22. https://elibrary.ru/twwnpx

Pamazanos AL, ITapmuu A.B. Ananuruueckas MOJENIb TEMIEPATypHbIX W3MEHEHUI Npyu (UIBTPALMU [a3UPOBAHHOM
vepu. Tennogusura evicoxux memnepamyp. 2012;50(4):606—608. https://elibrary.ru/kovvto

[aranos B.III., TazernunoB B.1. MonenupoBanue AMHaMHKHA 0Opa3oBaHHsI U Pa3JIOKEHHs Ta30TMIPATHBIX YacTHI[ MPU UX
BCIUIBITUM B Bozie. Becmuux Camapckoeo eocydapcmeennozo yrueepcumema. Ecmecmeennonayunas cepus. 2013;9-2(110):
133-139. https://elibrary.ru/rxwiiv

Russian Technological Journal. 2025;13(5):104-118
117


https://doi.org/10.21684/2411-7978-2023-9-3-6-27
https://www.elibrary.ru/qfwigl
https://www.elibrary.ru/qfwigl
https://www.elibrary.ru/zgqxbb
https://www.elibrary.ru/dfeidr
https://www.elibrary.ru/fvllkz
https://doi.org/10.32362/2500-316X-2020-8-2-85-108
https://elibrary.ru/nzemgp
https://elibrary.ru/zhneuf
https://elibrary.ru/mukjjh
https://elibrary.ru/sikwul
https://doi.org/10.15372/PMTF20190512
https://elibrary.ru/twwnpx
https://elibrary.ru/kovvto
https://elibrary.ru/rxwiiv

Modeling of thermophysical processes Sergey E..Savotchenko,
in an oil reservoir during heating in a stopped well Vasily A. Zakharov

24. PamazanoBa O.H., Amusepaues A.A., I'puropses E.b., 3apuunsk 10.I1., Anues P.M., Beii6anaes B.Jl. TemneparypHoe nosne
HEe(ATHOTO 1TacTa ¢ Y4eTOM BIIHSHUS TETUIOBBIX METOIOB BO3ICHCTBHUS U TEIIIONPOBOAHOCTH TOPHBIX TIOPOA. Becmu eazosot
Hayku. 2023;2(54):68—73. https://elibrary.ru/wrwewp

25. TunpmanoB A.Sl., lllesenés A.Il., Jlarynos I1.C., T'yisieB T1.H., TleryxoB A.C., Jlrotoes [1.A. Biusiaue Teropu3nueckux
CBOMCTB T1acTa U (IIOMAa Ha TEXHOJIOTHYECKHUE MapaMeTphbl MapoLUKINYECKOrO BOACHCTBYS. HHowceHepHo-pusuueckuil
arcypran. 2023;96(5):1323.

26. Edumnes C.B., Hycrpos B.C., Oxe3un C.I1., [Togonnenos B.B. Hekoropsle 3a1a4un ¢punbTpauu B 1epOpMUPYEMBIX Cpeaax.
Hszeecmus YpI'V. Cepus Mamemamurxa u mexanurka.2003;5(26):66—76. https://elibrary.ru/vliomwf

27. MakapeiueB C.B., MazupoB M.A. Tenrogpusuka noug: memoowt u ceéoticmea. Cyznans; 1996. T. 1. 231 c.

28. JlanreB A.I., Hukonaes H.A., bamapoB M.M. Memoowsl unmencuguxayuu u mMooeruposanus meniomaccooOMeHHblx npo-
yeccos. M.: Terorexuuk; 2011. 287 c.

29. Tonno6un J1.C., Kpay3us I1.B. HacsliieHne 3aToIuIeHHBIX TOYB IBYXKOMIIOHEHTHO# CMeChi0 1a30B. Becmuux I[THUITY. Me-
xanuxa. 2013;4:33-41.

30. Goldobin D.S., Krauzin P.V. Formation of bubbly horizon in liquid-saturated porous medium by surface temperature
oscillation. Phys. Rev. E. 2015;92(6):063032(1-8). http://dx.doi.org/10.1103/PhysRevE.92.063032

About the Authors

Sergey E. Savotchenko, Dr. Sci. (Phys.-Math.), Associate Professor, Professor, High Mathematics Department,
Institute for Advanced Technologies and Industrial Programming, MIREA - Russian Technological University
(78, Vernadskogo pr., Moscow, 119454 Russia); Professor, Department of Higher Mathematics and Physics,
Sergo Ordzhonikidze Russian State University for Geological Prospecting (MGRI) (23, Miklukho-Maklaya ul., Moscow,
117997 Russia). E-mail: savotchenkose@mail.ru. Scopus Author ID 6603577988, RSCI SPIN-code 2552-4344,
https://orcid.org/0000-0002-7158-9145

Vasily A. Zakharov, Postgraduate Student, Department of Higher Mathematics and Physics, Sergo Ordzhonikidze
Russian State University for Geological Prospecting (MGRI) (23, Miklukho-Maklaya ul., Moscow, 117997 Russia).
E-mail: vasilyblack10@gmail.com. https://orcid.org/0009-0008-1978-2993

06 aBTOpPax

CaBoTuyeHko Cepreit EBreHbeBuy, a0.¢.-M.H., 4OUEHT, Nnpodeccop kadenpsbl BbiCcLLer maTteMaTukm, HCTUTYT
NepcrnekTUBHbIX TEXHOIOMMIA 1 MHAYCTPUanbHOro nporpammMmposanus, Pre0Y BO «MUP3A — Poccuinckuia TexHono-
rmyeckniiyHmsepcuteT» (119454, Poccus, Mockea, np-T BepHaackoro, a. 78); npodeccop kadeapbl BbiCLLEN MaTEMa-
Tnkn n pusukn, PreQy BO «Poccuiicknii rocygapCTBeHHbIV reonoropassenoyHbiii yHusepcutet uM. Cepro Opaxo-
Huknaze» (MIPU) (117997, Poccusa, Mockea, yn. Muknyxo-Maknas, g. 23). E-mail: savotchenkose@mail.ru.
Scopus Author ID 6603577988, SPIN-kon PUHL, 2552-4344, https://orcid.org/0000-0002-7158-9145

3axapos Bacunuii AnekcaHpgpoBuY, acnmpaHT, kadeapa Beicluer matematukm n pusnkmn, PreQy BO «Poccnin-
CKUIN rOCYAAPCTBEHHbIV reonoropassenoyHbili yHmsepcuteT um. Cepro OpaoxoHnkunase» (MIPU) (117997, Poccus,
Mocksa, yn. Muknyxo-Maknas, a. 23). E-mail: vasilyblack10@gmail.com. https://orcid.org/0009-0008-1978-2993

Translated from Russian into English by Vladislav Glyanchenko
Edited for English language and spelling by Thomas A. Beavitt

Russian Technological Journal. 2025;13(5):104-118
118


https://elibrary.ru/wrwewp
https://elibrary.ru/vlomwf
http://dx.doi.org/10.1103/PhysRevE.92.063032
mailto:savotchenkose@mail.ru
https://orcid.org/0000-0002-7158-9145
mailto:vasilyblack10@gmail.com
https://orcid.org/0009-0008-1978-2993
mailto:savotchenkose@mail.ru
https://orcid.org/0000-0002-7158-9145
mailto:vasilyblack10@gmail.com
https://orcid.org/0009-0008-1978-2993

