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ABSTRACT

Purpose. Investigation of various heat-exchange conditions influence of the tower liquid on the deep wells ther-
mal conditions.

Methods. Methods of heat-exchange processes mathematical modeling are used. On the basis of the developed
scheme for calculation, the thermal condition in a vertical well with a concentric arrangement of the drill-string was
investigated. It was assumed that the walls of the well are properly insulated, and there is no flow or loss of fluid.
The temperature distribution in the Newtonian (water) and non-Newtonian (clay mud) liquid along the borehole was
simulated taking into account changes in the temperature regime of rocks with depth. To verify the calculation meth-
od and determine the reliability of the results, a comparative analysis of the calculated and experimental data to de-
termine the temperature of the drilling liquid in the well was performed.

Findings. A mathematical model for the study of temperature fields along the well depth was proposed and verified.
A steady-state temperature distribution along the borehole is obtained for various types (Newtonian or non-
Newtonian) tower liquid, with a linear law of change in rocks temperature with depth. It has been established that the
temperature of the liquid flow at the face of hole and at the exit to the surface depends on the type of liquid used and
the flow regime. It has been established that due to thermal insulation of drill pipe columns, heat-exchange between
the downward and upward flow is reduced, which leads to a decrease in the temperature of the downward flow at the
face of hole, providing a more favorable temperature at the face, which contributes to better destruction of the rock
and cooling the tool during drilling.

Originality. The nature of temperature distribution and changes along the borehole under the steady-state mode of
heat-exchange in a turbulent and structural flow regime for both Newtonian and non-Newtonian circulating liquid
are revealed.

Practical implications. The proposed mathematical model and obtained results can be used to conduct estimates of
the thermal conditions of wells and the development of recommendations for controlling the intensity of heat-
exchange processes in the well, in accordance with the requirements of a specific technology.

Keywords: heat-exchange processes in wells, mathematical modeling, tower flow, geothermic gradient, Newtonian
and non-Newtonian liquid

1. INTRODUCTION

Heat-exchange processes are the main factors deter-
mining the effectiveness of the main technological pro-
cesses related to the exploration and development of
mineral deposits, the operation of underground infra-
structure projects, the technologies development for the
use of renewable energy sources, etc.

In particular, heat-exchange between the drilling
fluids and rock is taken into account during deep-drilling
in the development of coal deposits, as well as oil and
gas. It is known (Makovei, 1986) that providing the ne-

cessary head and rate specification of pumping appliance
that supports the circulation of drilling fluid in the well,
makes up to 80% of the total drilling process energy cost.
Water-base drilling fluid retains technological properties
up to 230 —250°C. Under the action of high tempera-
tures, due to the presence of a geothermal gradient, the
geological and technological characteristics of the dril-
ling fluid change, which must be taken into account
when determining the required energy consumption (Ha-
san & Kabir, 2010). At higher temperatures, it is neces-
sary to switch to the oil base of the fluid and apply more
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complex mixtures. Traditional approaches to drilling do
not allow drilling deep wells at high temperatures for a
long time, since the heat resistance of existing drilling
equipment does not exceed 300°C. At temperatures
above 150°C, there are significant problems with instru-
mentation, especially with electronics.

Therefore, when designing drilling technology, spe-
cial attention is paid to factors affecting the efficiency of
the well flushing process, both during exploratory drill-
ing (Kozhevnykov & Dreus, 2018) and in production
wells during oil production (Cazarez-Candia & Vasquez-
Cruz, 2005).

The thermal condition of a well largely determines
the efficiency of gas hydrate development technologies
(Bondarenko & Sai, 2018), technologies for well equip-
ment with some types of gravel filters (Kozhevnykov,
Sudakov, Dreus, & Lysenko, 2013) and well insulation
(Sudakov, Dreus, Ratov, & Delikesheva, 2018), for con-
trolling thermal conditions in underground bodies design
and operation (Falshtynskyi, Dychkovskyi, Lozynskyi, &
Saik, 2012; Lozynskyi et al., 2018). Heat-exchange pro-
cesses play the key role in the development of geother-
mal resources (Toth & Bobok, 2015; Morozov, 2017)
and other alternative energy technologies, in which the
well performs the function of a heat exchanger (Sarbu &
Sebarchievici, 2014; Wight & Bennett, 2015).

Thus, the design and creation of steady-state deep
wells, their effective operation is not possible without
studying the thermal conditions in the wells, which re-
quires the development of appropriate models and meth-
ods for calculating the processes of drilling fluids heating
in the wells.

2. A SHORT PROFILE
OF THE STATE OF THE ART

In the second half of the 20" century, active work
on drilling deep wells began throughout the world. The
experience of such works has shown that it is impossi-
ble to limit oneself to the consideration of hydrody-
namic processes in wells without taking heat-exchange
into account (Es’man & Gabuzov, 1991). One of the
first bulky fundamental studies of thermal conditions in
wells are monographs (Bulatov, 1971; Pudovkin, Chu-
gunov, & Salamatin, 1977), where various factors af-
fecting the temperature of heat conductor in the well
are analyzed, mathematical models are developed and
analytical solutions are obtained for various problems

of convective heat-exchange in wells. Due to the
complexity of conducting experimental studies in oper-
ating wells, it is mathematical modeling that is the
main tool for studying heat-exchange in the corre-
sponding technologies.

To date, there are a sufficient number of works de-
voted to the study of heat-exchange processes in wells.
So, for example, in the works (Fomin, Hashida, Chu-
gunov, & Kuznetsov, 2005; Li et al., 2016; Zhang et al.,
2018) mathematical models are presented and semi-
analytical solutions are obtained for determining the
thermal interaction between the flow of the tower liquid
and the rock massif. Changes in liquid temperature along
the borehole may affect the stability of the well walls.
The effect of heat-exchange on the stress state of the well
walls is considered in (Wu et al., 2017). The mathemati-
cal model and calculation method for determining the
temperature distribution along the borehole of production
wells of complex structures are presented in works
(Yang, Li, Deng, Meng, & Li, 2015; Sui, Horpestad, &
Wiktorski, 2018), computer modeling of hydrodynamic
and thermal processes in the located near a face well was
performed in works (Gorman, Abraham, & Sparrow,
2014; Dreus & Lysenko, 2016).

Analysis of the known works shows that the heating
of motive fluids is affected with many factors: the
magnitude of the geothermal gradient and the depth of
the well; heat flow generated with pumps and drilling
tools operation; heat from electrical cables; the heat of
cement hydration used to isolate wells, etc. Among
these factors, the most significant is the temperature of
the rocks surrounding the well. It is known that the
temperature of rocks increases with depth in accor-
dance with the value of the geothermal gradient, which
is largely determined by specific geological conditions
(Zhou, Xiong, & Tian, 2015; Sevillano, De Andrade, &
Sangesland, 2017). Most models used in practice as-
sume a linear dependence of the rock temperature dis-
tribution on depth. However, the actual law of tempera-
ture distribution in wells may deviate from the linear,
and with a well depth of more than 2 km, often there
are no data, both on geothermal gradient value, and on
rock temperature. Table 1 shows the known data
(Dreus, Kozhevnikov, & Chayka, 2007) on the rocks
temperature in some deep and geothermal wells, which
indicate the ambiguity of the temperature distribution
of rocks in depth.

Table 1. Rock temperature in some deep and geothermal wells (Dreus, Kozhevnikov, & Chayka, 2007)

Well Region Depth, m Bottom hole temperature, °C
Bertha-Rogers Oklahoma, USA 9583 260
Montgomery Texas, United States 7132 244
Athlete-1 (geothermal) Southern California, USA 1440 357
River Reni (geothermal) Southern California, USA 2469 371
Kola Kola Peninsula, Russia 12261 212
Pauzhetska (geothermal) Kamchatka, Russia 600 195
Great Bath Sources (geothermal) Kamchatka, Russia 425 174
Tyrnauz (geothermal) North Caucasus, Russia 4001 223
Saatli Azerbaijan 8324 148
Kryvyi Rih Kryvyi Rih, Ukraine 5382 85
CTB-Oberpfaltz Bavaria, Germany 9901 300
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Thus, the design of drilling technologies or the ex-
ploitation of deep wells often requires variable calcula-
tions. The type of flushing fluid affects the heating of the
stream circulating in the well. As it is well known, de-
pending on the purpose of the well, environmental condi-
tions and the type of rock, various types of drilling lig-
uids can be used (Luo, Xu, & Jiang, 2014; Alimonti &
Soldo, 2016; Bulat et al., 2016). Consequently, the effi-
ciency of heating liquids depends on both their thermo-
physical properties and the conditions of heat-exchange
with the rock.

The purpose of this work is a theoretical study of var-
ious tower liquid heat-exchange conditions influence on
the thermal conditions of deep wells.

3. MATHEMATICAL STATEMENT OF PROBLEM

Consider the thermal condition in a vertical well with
a concentric arrangement of the drill-string. Suppose that
the well walls are properly insulated, therefore, both the
inflow and fluid loss are absent. The diagram of the fluid
circulating in the well is shown in Figure 1.

Flud flow

Uull ] Out

Annular

Formation

H

Drill pipe

Figure 1. Scheme to the calculation of the thermal condition
in the well

Based on the heat balance condition, the system of
differential equations describing the steady-state temper-
ature distribution of the fluid flow along the borehole is:

Gc ﬁ—k - %Qli ;

P 17 ( =)+ T 0
G dt, %sz
cpz—kz”(fz—fl)—O’w”D(fz—fw)Jr I7a @)

where:

G — mass flow rate;

¢p — liquid heat capacity;

t; — downward flow temperature;

t, — upward stream temperature;

t,, — well wall temperature, which is a function of the
current depth;
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k; — heat-transfer coefficient through the drill-string
between the downward and upward flow;

o, — heat exchange coefficient on the well wall;

H — well depth;

O1i, O»j—heat sources in the downward and upward
flows, respectively.

The heat-transfer coefficient k; is determined from the
expression:

1
(;+Llnd_z+;] ,
ody 24 dy d,

k= 3)

where:

d) — internal diameter of the drill-string;

d» — external diameter of the drill-string;

A1 — thermal conductivity coefficient of the drill-string
pipes;

a1 — heat exchange coefficient on the inner surface of
the drill-string;

o> — heat exchange coefficient on the outer surface of
the drill-string.

System (1) — (2) is supplemented with initial conditions:

at h=0, H=t,; 4)
achH, t22t1+At, (5)
where:

t1 = t;» — the temperature of the downward flow on the
surface;

t, = At — the bottom-hole temperature increment, due
to the operation of the drilling tool in the processes of
drilling wells.

Important parameters affecting heat-exchange be-
tween the tower liquid and the surrounding rock are heat-
exchange coefficients. As it is known, these coefficients
are not physical properties and depend on the type of
fluid, flow regime, surface state, etc. To determine such
coefficients, semi-empirical criterion equations are used
in practice. In papers (Santoyo, Garcia, Espinosa, San-
toyo-Gutiérrez, & Gonzalez-Partida, 2003), the analysis
of such expressions used to calculate convective heat-
exchange in wells during the flow of Newtonian and non-
Newtonian liquids is performed. Table 2 presents the
basic equations for determining heat-exchange coeffi-
cients in wells in drilling technologies.

It should be noted that with prolonged circulation of
the flushing fluid in the well, the temperature distribution
on the walls of the well will differ from the natural tem-
perature of the rock. In general case, it is necessary to
solve both the problem of temperature distribution in the
fluid and the surrounding rock massif (Fomin, Hashida,
Chugunov, & Kuznetsov, 2005; Wu, Zhang, & Jeffrey,
2014). In engineering calculations, to take into account the
history of non-stationary heat-exchange between the rock
and drilling liquid, it is advisable to apply the concept of
non-stationary heat-exchange coefficient (Willhite, 1967):

s
Y-ty

ke (6)

where:
t. — the natural temperature of rocks.
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Table 2. Criterion equations for calculating heat-exchange coefficients in wells

Drilling fluid Formula Flow regime Source
0.25
Water a, = 0.021Re"8 pr043 Pr A Turbulent Dzhuraev & Merkulov,
Pr,, D 2016
A
Air a,, =0.0178R, e0.8 -~ Turbulent Dzhuraev & Merkulov,
D 2016
A .
Water a, = 4.36— Laminar Incropera & DeWitt,
1990
01l solution =0.027 ReO .8 PI'O .33 i ﬂ* Turbulent Sieder & Tate,
y. 1936
Mud =0.018Re"® P43 [—P ) 4 Turbulent ~ CPermyak ‘f‘ggglmmnkoa
D
0.35 0.17
Mud (pipe flow) a, =2 9( Pe % ) Re” 01 [ M j i* Structure Chernyak cfzggglotorenko,
Hy D
0.31 0.17
Mud (annular flow) a, =4.7| Pe dy Re” 01| A i* Structure Chernyak fzggglotorenko,
H Hyy
Wl)>!< W2 w. D*
Re:p—; Re’=£ ; Pe ; pr=*-
Y7, 7 a pa

p — liquid density; w

— liquid flow rate; D* = D — for flow inside the drill- string; D* = D — d» — for flow in the annulus of the well;

4 — coefficient of dynamic liquid viscosity; 7o — shearing stress of a non-Newtonian liquid; a —liquid thermal diffusivity; 4 — heat-

@ 9

conduction coefficient of the fluid; the subscript “w
be used when drilling deep wells in permafrost or dry areas.

The definition of this coefficient is a separate com-
plex task. Moreover, a universal analytical expression for
this coefficient cannot be obtained. For drilling wells
with prolonged circulation of the flow, you can use the
approximate formula proposed in (Pudovkin, Chugunov,
& Salamatin, 1977):

1
k, =« (7
‘ 1+ Biln(1+2Fo )
where
lo4 . .
Bi =—%— — Biot criterion;
Fo= % Z'C — Fourier criterion;
D 2
Ar— heat-conduction of rock;
— heat diffusivity of rock.

After the appropriate transformations, system (1) — (2),
(4) — (5) can be reduced to a second-order ordinary dif-
ferential equation with one unknown function and the
corresponding boundary condition:

d’t dt
d—zl—A—Zl—Btl—CtW(z)+Q=O; (®)
A
d
t1|z=0 = tin’g oy =lin » )
where:

means that the parameter is taken at wall temperature: ™
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— compressed air can

4= k.xD
Ge, ’

2
kz-ﬂ' Dk[ .

(Ge, )
C=8B,;

B=

20y
H

a1 %sz

:Z ch

k[ﬂ'
+ T
(ch)
The temperature distribution in the annulus upstream
is determined from the expression:

A (10)

=84+
2 ! klﬂ' H

klﬂ' dz

In the particular case, with constant liquid flow
rates, constant thermophysical properties and heat po-
wer sources, as well as for the linear distribution law,
formulae (8) — (9) has an analytical solution. However,
in the general case, to solve a differential equation with
boundary conditions (8)—(9), it is advisable to use
numerical methods.

To verify the calculation method and determine the
reliability of the results, a comparative analysis of the
calculated and experimental data to determine the tem-
perature of the drilling liquid in the well was performed.
As experimental data, we took data (Shcherban’ &
Chernyak, 1974) obtained during the drilling of deep
wells by the Nadvornenskyi management of drilling
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activities (Ivano-Frankivsk, Ukraine). The temperature
mode of the well was studied using a deep autonomous
temperature recorder. The experiments were carried out
at the well 20, the depth of which was 4069 m. The tem-
perature measurements were carried out at depths of 500,
1000, 2000 m, as well as at the surface. Clay mud was
used for flushing the wells. Measurements were per-
formed after 2 — 3 hours of washing, i.e. at steady-state
temperature. Characteristics of the liquid: p = 1160 kg/m®;
A=0.71 W/(m-°C); ¢, =3.45kl/(kg-°C) averaged thermal
and physical characteristics of the rock A-=2.21 W/(m-°C);
a-=0.308-10% m?/s; 7o =7.07 N/m?. The average depth
of the borehole diameter is D = 0.21 m; the clay mud rate
is G =20 I/s; and the temperature gradient is o= 0.025 K/m.
The discrepancy of experimental data was estimated with:

£5XD _ tcalc

5= -100% . (11)

£6XP

Table 3 shows the results of experimental measure-
ments and calculation of drilling liquid temperature for
the given conditions.

Table 3. Comparative analysis of calculated and experimental

data
Downstream Upstream
temperature, °C temperature, °C
Depth, 5 8 g 8
m g s g =
= = ) g = )
g 5 S 5
& S s S
0 27 27 — 37 40 7.5%
500 30 28 7% 39 41 5%
1000 32 29 10% 41 42 3%
2000 34 31 9% 43 44 2%

As we can see from the results of the test calculation,
the discrepancy between the experimental data and the
numerical calculation using the considered model does not
exceed 10%, which can be considered entirely satisfactory.

4. CALCULATION RESULTS AND DISCUSSION

On the basis of the mathematical model proposed
above, steady-state temperature regimes were investiga-
ted in a well with a depth of 2000 m and a diameter of
0.19 m, under various heat-exchange conditions. The
inner and outer diameter of the drill pipe is d; = 0.096 m
and d>=0.1143 m, respectively, the heat-conduction
coefficient of steel drill pipe is 4, =34 W/(m'K), the
water flow is G =70 I/min, which provides a turbulent
flow regime, and G = 18 1/min for clay mud that provides
a structural flow regime. The temperature at the entrance
to the drill pipe is set to 10°C, in the first approximation
we neglect all sources of heat, except for the heat of the
surrounding rocks:

Y0 =30 =0. (12)
i J

The value of the geothermal gradient is taken to
0.03 deg/m, which is most often used in practical calcula-
tions (Alkhasov, 2017). Note that, in accordance with
Table 1, the heat-exchange in the turbulent flow of clay
solutions, oil-based solutions and water differs slightly.
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This effect is explained by the fact that during turbulent
flow there is an intensive mixing of the flow, the flow
structure of clay or oil solutions is destroyed, and they
become close to Newtonian liquids.

Figure 2 shows the temperature in the downward (in-
side the drill pipe) and upward (in the annular) flows of
water and clay mud in the well in the absence of thermal
insulation coatings for various liquids.

Temperature distribution (), °C
10 20 30 40 50 60 70

500 1

1000 4

—_

(¥

[

[=]
!

Depth of the well (z), m

2000

Figure 2. Steady-state temperature distribution (%), over the depth
of the well (z) in the water flow (1) and clay mud (2)

Analysis of the results presented in Figure 2 shows that
under steady-state conditions, the temperature distribution
in the Newtonian liquid flow (water) takes almost linear
character, while the temperature difference in the down-
ward and upward flows is insignificant along the entire
borehole, due to intense heat-exchange between these
streams. In the clay mud, with structural flow, heat-
exchange between the rock and the upward flow, as well as
between the upward and downward flows is less intense,
due to an increase in the convective components of thermal
resistance. Thus, the maximum temperature value decreases
as compared with the flow of a Newtonian liquid, but the
temperature difference between the downward and upward
flows increases. On the surface, this difference is about 7°C.

It was theoretically and experimentally shown in
(Dreus, Kozhevnikov, Sudakov, & Vakhalin, 2016) that
in order to increase the efficiency of well drilling, it is
desirable to ensure a low temperature of the downward
flow at the face of hole. This is possible by insulating the
drill-string pipes and, thus, reducing the intensity of heat-
exchange between the downward and upward flows. In
Figure 3 shows the results of thermal conditions calcula-
tion in wells in the presence of thermal insulation coating
on drill pipes, where the equivalent heat-conduction
coefficient of drill pipes is 4, = 0.14 W/(m-K).

Temperature distribution of water and clay mud
flows, presented in Figure 3 shows that due to thermal
insulation, heat-exchange between the downward and
upward flow is reduced, which leads to a decrease in the
temperature of the downward flow at face of hole. Thus,
it is possible to provide a more favorable temperature at
the bottom, which contributes to a better destruction of
the rock and cooling of the tool during drilling. At the
same time, it should be remembered that a decrease in
the temperature of liquids leads to an increase in its vis-
cosity and, consequently, an increase in the energy costs
of its transportation to the face.
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Figure 3. Steady-state temperature distribution (1), over the
well depth (z) in the water flow (1) and clay mud (2)
during the thermal insulation of drill pipes

It should also be noted that in the technologies of
using the heat of the Earth, it is necessary to ensure the
highest possible temperature of the upward flow at the
outlet, that is, on the surface. The above calculation
results show that in this case it is preferable to use non-
Newtonian liquids under the structural flow regime.
However, if we apply the technologies of borehole
walls thermal insulation, for example, thermal insula-
tion of core-shells, as follows from the results obtained
above, the use of Newtonian fluids will allow to obtain
a higher difference between the downward and upward
flow on the surface.

5. CONCLUSIONS

As a result, of thermal condition studies performed
using the proposed mathematical model established the
following.

In the steady-state heat exchange and turbulent mode
of both Newtonian and non-Newtonian tower liquids, the
temperature distribution along the borehole is linear,
corresponding to the linear law of change in the tempera-
ture of rocks, with a slight difference between the down-
ward and upward flows. In the case of the structural flow
of non-Newtonian liquids, the maximum temperature
decreases, and the difference between the downward and
upward flows increases.

Thermal management in wells is possible by creating
thermal insulation coatings on drill pipes and/or well
walls. Thus, thermal insulation of drill pipes can reduce
the temperature of the downward flow and increase the
temperature difference between the downward and up-
ward flows.

The simulation results suggest that it is possible to
control the temperature of the tower liquids at the face of
the well and at the exit to the surface.
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MOJAEJIOBAHHA TEIIJIOBOI'O PEXKUMY I'NIMBOKHUX CBEPAJIOBUH

A. bynart, b. bmtocc, A. Jlpeyc, b. Jlio, C. [I3100a

Merta. JlocipkeHHsS BIUIMBY PI3HMX YMOB TEIUIOOOMiHY IMPKYIJIOIOYOI PIAMHM HA TEIUIOBHH DPEXHM TIIMOOKHX
CBEp/JIOBHH.

Metonuka. BukoprctaHo METOIM MaTeMaTHYHOTO MOJETIOBaHHS MpoleciB TeruioooMiny. Ha ocHOBI po3poOieHoi
CXEMH JI0 PO3PaXyHKY IOCIIKYBaBCS TEIUIOBUH PEXXUM Y BEPTUKAIbHIN CBEPJIOBHHI 3 KOHIIEHTPHYHUM PO3TAILYBaHHAM
OypmiieHOI KoJioHH. [lepenbadanocs, o0 CTIHKM CBEpAJIOBUHH HAJIGKHUM YHHOM 130JI6OBAaHi, TIPUILIUB 1 BTPATH PiIHHA
BiZIcyTHI. MoIenoBaBcsi po3MOALT TEMIIEPaTyp Y MOTOKaX HbIOTOHIBCHKOI (BO/IM) Ta HEHbIOTOHIBCHKOI (TJIIMHUCTOTO PO3-
YHHY) PIIMH Y3Z0BX CTOBOYpa CBEPIJIOBHHHM 3 ypaxyBaHHAM 3MiHH TEMIIEPATYPHOIO PEXHMY TIPCBKHX IOpif 3 TIHMOH-
Hoto. Jlist Bepudikariii METOIMKN pO3paxyHKy 1 BU3HAYEHHS JIOCTOBIPHOCTI pe3ysibTaTiB OyB BUKOHAHWI MOPIBHSIbHHIA
aHaJIi3 pO3paxyHKOBUX Ta EKCIIEPUMEHTAIbHUX JaHUX 3 BU3HAUCHHSI TEMIIEpATypH IIPOMUBHOI PiZIMHH Y CBEPAJIOBHHI.

PesyabTaTh. 3anpornoHoBana i BepudiniioBaHa MaTeMaTHYHA MOEIb JUIs TOCIIKCHHS TEMIICPATyPHUX IOJIIB 3
rIMONHOI0 cBepAIoBUHU. OTpUMaHO CTalllOHAPHUK PO3NOALT TEMIEpaTyp y3/I0BXK CTOBOYpa CBEPIUIOBHHH IJISl PI3HUX
THUIIB (HPIOTOHIBCHKHUX 200 HEHBIOTOHIBCHKHX) UPKYJIIOIOUMX PiUH IIPU JiHIHHOMY 3aKOHI 3MIHHM TEMIIEPATypH TipCh-
KHX TIopia 3 riaubuHOoM. BusBieHO, Mo Temmneparypa MOTOKY PiIMHM Ha BHOOi CBEpUIOBHHM 1 HAa BHXOJI Ha JAECHHY
TIOBEPXHIO 3aJI€XKUTh BiJI THILy BAKOPHCTOBYBAHOI PiIMHM 1 pexuMy Tedil. BctaHoBNIEHO, 1110 3a paxyHOK TEPMOi30IIsLil
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KOJIOHH OypHIIBHUX TPYO 3HIKYETHCS TEIUIOOOMIH M HHU3XITHMM 1 BHCXIIHMM MOTOKaMH, IO NMPU3BOAUTH JIO 3HH-
XKEHHS TeMIIepaTypH HU3XiTHOTO IOTOKY Ha BUOOI CBEpAIOBHHH, 3a0e3Medyoun OiIbll COPUATIMBHI TeMIIepaTypHUH
PEXUM Ha BHOOT, IKUH CIIPHUsie KpaloMy pyHHyBaHHS IIOPOAU Ta OXOJIOKEHHIO IHCTPYMEHTY P OypiHHI.

HayxoBa HoBu3HA. BusiBieHo xapakTep po3noJily Ta 3MiHH TEMIIEpaTypHy B3I0BXK CTOBOypa CBEPUIOBUH IPH CTa-
LIOHAPHOMY PEXHMI TEIUIOOOMIHY B TypOyJIEHTHOMY i CTPYKTYpPHOMY pEXHMax Teuil K JUIsl HbIOTOHIBCHKHX, TaK i
HEHBIOTOHIBCHKUX LUPKYJIIOIOYHX PiINH.

I[pakTHyHa 3HAYUMICTh. 3aIIPOIIOHOBAHA MAaTEMaTHYHA MOJIEJNb 1 OTPUMaHI Pe3yJbTaTH MOXYTh BUKOPHCTOBYBa-
THCS JJIsl IPOBEJCHHS OLIIHOYHHMX PO3PaXyHKIB TEIJIOBUX PEKUMIB CBEPAJIOBUH Ta PO3pOOKM pEKOMEHJaLil 3 yrpas-
JIHHS IHTEHCUBHICTIO TEINIOOOMIHHUX IIPOLECIB Y CBEPUIOBHHI BIIIOBIAHO 0 BUMOT KOHKPETHOI TEXHOJIOTII.

Knrwouoei cnosa: npoyecu meniooominy y c8epoioguHax, mamemamuyne MoOen08anHs, YUpKYIoUull Nomix, 2eo-
mepMIiyHUll 2pAdi€HM, HbIOMOHIBCHKI MA HEHbIOMOHIBCHKI PIOUHU

MOJEJUPOBAHUME TEIIJIOBOI'O PEXKUMA I''IYBOKHNX CKBAKHWH
A. bynart, b. biiroce, A. peyc, b. JIro, C. [I3106a

Heap. MccnenoBanne BIUSHUS PAa3IMYHBIX YCIOBHHA TEIIOOOMEHa IUPKYJIHUPYIOMEH >KUAKOCTH Ha TEIUIOBON
PEKHMM TITyOOKHX CKBaXKHH.

MeToauka. Vcnonbp30BaHbl METOIbI MATEMAaTHIECKOTO MOJEINPOBAHUS MPOLEecCcOB TemooomeHa. Ha ocHoBe pas-
paboTaHHOMN CXEMBI K pacdeTy HUCCIIEOBAJICS TEINIOBOH PEXHUM B BEPTHKAIBHON CKBAKHHE C KOHIEHTPHYECKUM PacIIo-
JIOXKEHUEM OypHIIbHOM KoJsoHBI. [Ipeanonaranock, 4To CTEHKH CKBR)KUHBI HA/JIEXKalIUM 00pa3oM H30JMPOBaHbI, PU-
TOK U MOTEPH KHUJIKOCTU OTCYTCTBYIOT. MoenpoBanock pacnpeaeieHue TeMiepaTyp B MOTOKaX HbIOTOHOBCKOH (BO-
JIbl) ¥ HEHBIOTOHOBCKOH (TJIMHUCTOTO PacTBOpa) JKUIKOCTEH BJIOJb CTBOJIA CKBaKHMHBI C YU€TOM M3MEHEHHs TeMIepa-
TYPHOT'O peXHMa FOPHBIX IOpoJ ¢ IiyOuHOW. [yt Bepu(UKaIMKM METOIUKH pacdera W ONpeesieHUs IOCTOBEPHOCTH
pe3yJbTaToOB OBUI BBINOJHEH CPAaBHHUTENBHBIM aHAJIM3 PACUETHBIX M AKCIIEPUMEHTAIBHBIX JAHHBIX 110 ONPE/IEICHHIO
TEeMITEpaTypbl IPOMBIBOUYHOH KHKOCTH B CKBaYKHHE.

Pesyabratsl. [Ipemnoxena u BepuduipoBaHa MaTeMaTH4ecKasi MOJIENb U NCCIIEOBAaHHS TeMIIEpaTypHBIX MO-
Jel 1o TIIyOnHe CKBaXKMHBL [10ydeHO cTalMOHAapHOE paclpeAeIeHHe TEMIIEPATyp BAOJIb CTBOJIA CKBAXXKUHBI JUIS pa3-
JWYHBIX THUMOB (HHIOTOHOBCKUX MJIM HEHBIOTOHOBCKHUX) IUPKYJIMPYIOIIUX JKUIKOCTEH P JIMHEHHOM 3aKOHE M3MEHe-
HUS TeMIIepaTypbl TOPHBIX OPOJ ¢ TIyOMHOH. BrIsBIEeHO, 4TO TemmepaTypa MOTOKa UAKOCTH Ha 3a00€ CKBaXXHUHBI U
Ha BBIXOJE Ha JTHEBHYIO MOBEPXHOCTh 3aBHCHUT OT THIIA UCIIOJIb3yEMOHN JKHUAKOCTH M PEXHMMa TE€UEHHA. Y CTAHOBJICHO,
YTO 3a CYET TePMOU3OJIALMU KOJIOHB! OYPUWIBHBIX TPYO CHIDKAeTCS TEINIOOOMEH MEXIYy HUCXOMISIIMM M BOCXOAAIIUM
NOTOKaMH, YTO MPUBOJHUT K CHIDKCHHUIO TEMIIEpaTypbl HUCXOJAIIErO MOTOKA Ha 3a00e CKBaKMHBI, 0OecreunBas Ooee
ONaronpuUsATHBIA TEMIEpPaTypHbIA PeXUM Ha 3a00€, KOTOPBI CHOCOOCTBYET JIy4IIeMy pa3pyLICHHUIO MMOPOJIbI M OXJia-
JKJICHUIO HHCTPYMEHTA TPH OypPCHHUU.

Hayuynasi HoBu3HA. BhIsiBIIEH XapakTep pacrpeesieHns] 1 U3MEHEHHUs] TeMIIepaTyphl BAOJIb CTBOJIA CKBAXHH IPH
CTaIlMIOHAPHOM PEXHME TeIr1000MeHa B TypOyJIEeHTHOM U CTPYKTYPHOM PEXHUMax TeYeHHs KaK IJIsi HBIOTOHOBCKHX, TaK
1 HEHBIOTOHOBCKHUX LIUPKYJIMPYIOIINX JKHJIKOCTEH.

IpakTHyeckasi 3HAYMMOCTD. [IpennorkeHHas MaTeMaTHYecKas MOZIENb U MOJyYE€HHBIE PE3YJIbTaThl MOTYT HCIIOIB30-
BaThCS JUIS IPOBE/ICHNSI OLIEHOYHBIX PACUETOB TEIUIOBBIX PEKMMOB CKBKHH M Pa3pabOTKH PEKOMEHIAINH 110 YIPaBICHHUIO
MHTEHCHBHOCTBIO TEINIOOOMEHHBIX TPOLIECCOB B CKBAKMHE B COOTBETCTBHH C TPEOOBAHMAMH KOHKPETHON TEXHOIOTHH.

Knrouegvle cnosa: npoyeccbi menioodMena 8 CKEANCUHAX, MAMEMAMUUECKOe MOOeIUpOBanue, YUPKyIupyouull
NOMOK, 2e0MepMUYECKULl 2paouenm, HbIOMOHOBCKUE U HeHbIOMOHOBCKUE JHCUOKOCU
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