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Abstract. This paper investigates in detail the aspects of supersonic gas jets application in
the process of thermal destruction of rocks. The main attention is paid to various aspects of heat
transfer, which is key in the use of such methods. The main thermodynamic parameters of a high-
intensity gas heat carrier in interaction with rocks are considered. Important characteristics are the
heat transfer coefficient from the gas jet to the rock, the effective gas temperature at the rock
surface and the specific heat flux. In order to achieve a more accurate mathematical description of
the process of thermal destruction of rocks, the authors present a model of the interaction between
the gas jet and the rock. They draw attention to the importance of the correct choice of geometric
and thermal modeling parameters. Particular attention is paid to the stress-strain state of the rock
under the influence of the gas jet heat flow, which is a key aspect in analyzing the efficiency of
the fracture process. Various methods and parameters affecting the efficiency of heat exchange
between the gas jet and the rock are also analyzed. An elastic half-space, which is a rock interacting
with an external high-temperature medium, is considered. Heat exchange occurs according to the
law of convection, and the maximum parameters of heat exchange from the jet to the rock are in
the vicinity of the central point of its spreading at braking on the rock surface. The stress-strain
state of the rock under the influence of the gas jet heat flow is investigated.
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Introduction. The study of practical use of high-speed supersonic gas jets in various
technological processes of destruction of rocks and other materials, as well as the creation
of a new class of thermodynamic tools for gas-flame spraying of metals confirms the
relevance of the development of intensive technologies based on supersonic heat flows.

In the process of thermal and combined rock destruction, a high-temperature gas jet
moving at high speed is used. A jet burner is usually used as a heat generator. The supersonic
gas jet discharged from the nozzle of the jet burner forms a complex structure with
compaction jumps and varying cross-section. After the compaction jumps, the static
pressure in the jet is compared with the ambient pressure, which leads to the cessation of
periodic parameter changes and the beginning of the main jet section.

Materials and methods of research. From a physical point of view, the heat transfer
parameters depend on the density of the coolant, its velocity, temperature and the condition
of the rock surface. For rocks prone to thermal brittle fracture, the downhole during fire
drilling is almost a hemisphere with a smooth surface. The temperature of the coolant

161


mailto:amina.bukaeva@yu.edu.kz

YESSENOV SCIENCE JOURNAL Ml (46)-2024 /// YESSENOV SCIENCE JOURNAL 2024, Vol.46 (1)

primarily depends on the type of fuel used or on the voltage at the electrodes. Thus, the
controlled parameters of the gas jet are its density and velocity. The product of density by
velocity is called the mass velocity of the jet. This indicator is the most important, as it
allows you to control the heat transfer parameters when changing it.

With a change in the thermodynamic parameters of the gas jet along its length, its heat
transfer properties also change, which ultimately affects the rate of thermal brittle
destruction of rocks. Therefore, the distance from the burner nozzle cutoff to the rock
surface must be strictly defined, satisfying the conditions for ensuring the maximum linear
rate of destruction and the formation of the bore diameter of wells.

The complexity of the heat transfer process in the presence of chemical reactions and
the lack of necessary data on the rate of their flow under thermal drilling conditions do not
allow the use of computational and theoretical methods to determine the heat transfer
properties of gas jets with sufficient accuracy.

For example, the heat transfer coefficient can be estimated approximately by the
formula

a = StC,pW, (1)

As can be seen from formula (1), in order to determine the heat transfer coefficient,
experimental data on the velocity, density, and heat capacity of the gas stream at the place
where it meets the rock are needed. Determining the indicators is much more difficult than
directly measuring the heat transfer parameters of gas jets.

For the experimental evaluation of such parameters of supersonic gas jets as specific
heat flux, heat transfer coefficient and effective temperature, special heat receivers with
specified thermophysical properties have been developed, allowing to simulate to a certain
extent the heat transfer process in relation to the thermal destruction of rocks [2,3].

To mathematically describe the process of brittle thermal destruction of rocks, which
occurs during fire drilling of boreholes and wells, well expansion, cutting and processing
of rock blocks, it is necessary to choose the right geometric and thermal models, justify
the boundary conditions and introduce some assumptions, without which the solution of
the problem is impossible today, and if possible, it is so difficult that it is unacceptable
for practical use.

The choice of geometric and thermal models must be made as a whole, taking into
account the spatial interaction of the rock with the coolant and its heat transfer parameters.

An elastic half-space with rock properties and an external high-temperature medium
with a certain temperature distribution law on the heating surface can be used as a process
model (Figure 1). The heat exchange of an external high-temperature medium with an
elastic half-space occurs according to the law of convection.
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Figure 1 - Thermodynamic model of the coolant-rock system
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The assumptions that must be made when describing the process are as follows: the
rock is considered as an isotropic and elastic solid; the properties of the rock do not depend
on temperature and are assumed to be equal to the average in the range from the initial
temperature to the fracture temperature; the high-temperature medium (coolant) is
chemically inactive. The fracture temperature is understood as the average thickness
temperature of particles separated during thermal drilling [2,3].

For the accepted model, taking into account the stated assumptions, the equations
describing displacement and stress state are known [5] and have the form:
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where S is the coefficient of linear thermal expansion; To and T are the initial and
current temperatures of the elastic half-space.

The determination of the current temperature of the half-space is reduced to solving
a differential equation of thermal conductivity of the form.

2 = aver, (5)

where a is the thermal conductivity of the rock; 72 is the Laplace operator;

, 92 92 | 92
Ve = Py + W + 3z (6)

The system of equations (2) is a dynamic problem that takes into account movements
in the rock, taking into account the propagation of elastic waves under boundary conditions
of the first kind, taking into account dynamic components is mandatory.

As the results of measurements of the parameters of high-speed gas jets of
thermowells [3,4] have shown, the temperature in the coolant spreading spot is distributed
according to the Gauss error law and can be described by the dependence
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The system of equations (2) is a dynamic problem that takes into account movements
in the rock, taking into account the propagation of elastic waves under boundary conditions
of the first kind, taking into account dynamic components is mandatory.

As the results of measurements of the parameters of high-speed gas jets of
thermowells [3,4] have shown, the temperature in the coolant spreading spot is distributed
according to the Gauss error law and can be described by the dependence

0 = Gyexp (— g), (7)

where 6, is the temperature in the center of the spreading spot; r is the distance from
the center of the spreading spot; ¢ is the parameter of the temperature distribution curve.

In relation to the processes of thermal and combined destruction of rocks, heat carriers
can be very diverse: chemical fuel combustion products, plasma, air, steam, steam-gas
mixtures, etc.

Heat transfer from the coolant to the rock can be carried out by radiation or convection.
For the most part, heat transfer during thermal destruction of rocks is carried out by
convection through a certain boundary layer between the coolant and the rock.

The amount of heat transferred by the coolant to the rock depends on many factors,
the main of which are: temperature pressure (the difference between the temperature of the
coolant and the rock), the speed and nature of the movement of the coolant at the rock
surface, the nature of the heated surface, the thermophysical properties of the coolant and
the rock, and a number of others.

Convective heat transfer between the coolant flow and the rock surface is called heat
transfer by convection or contact.

The specific heat flux entering the rock during convective heat exchange is determined
by the expression

q=a(l, —Tp), (8)

where a is the coefficient of convective heat transfer; (T, —T,) is the difference
between the temperature of the coolant and the surface of the rock.

When exposed to a gaseous or liquid coolant on a rock near its surface, the coolant
velocity drops from maximum to zero. The thin layer of the coolant inside which this is
carried out is called the dynamic boundary layer 6. The thickness of this layer depends on
the dynamic viscosity u of the coolant and increases with its growth [5,6].

The temperature in the boundary layer varies from the temperature of the rock T, to
the temperature of the coolant T,. The thickness within which the specified temperature
change occurs is called the thermal boundary layer, which for gases and water is equal to
the thickness of the dynamic layer.

Since the velocity of the coolant in the boundary layer decreases to zero, it can be
assumed that heat transfer to the rock is carried out according to the law of thermal
conductivity, i.e.

oT
q=—Ar5, (11)
where A is the thermal conductivity of the coolant.
The magnitude of the temperature gradient in the boundary layer can be expressed as

T _ Tp-Ty

on 6b (12)

Then, taking into account (12), the heat flow entering the rock will be
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q= -5 (T ~T) (13)

From the comparison (8) and (13) it can be seen that the coefficient of convective heat
exchange

Ar
a = 5 (14)

Since A is greater for liquids than for gases, it should be expected that the use of
liquid coolants for the purpose of thermal destruction of rocks will be more effective than
the use of gaseous coolants (provided all other parameters are equal). However, in most
cases, a high-velocity gas stream is used as a coolant [7,8].

The process of interaction of a high-intensity gas coolant with rocks takes place in
almost all cases associated with their thermally directed brittle destruction.

Most often, a supersonic high-temperature jet generated by jet burners acts as a
coolant, which is formed as a result of the release of combustion products from the
combustion chamber through the nozzle. Near the surface of the rock, the flow is inhibited,
while a surge of compaction takes place.

The density of the flow and its temperature increase sharply in the surge of
compaction. After the seal jump, the flow velocity becomes subsonic.

Along the axis of the jet, at the point where it meets the rock, the flow is completely
inhibited, and in the vicinity of this point, a partial deceleration of the flow and the
formation of a boundary layer are observed. In the center, the thickness of the boundary
layer is zero, and as you move away from it, the thickness of the layer increases and the
flow in it passes from laminar to turbulent.

Since the intensity of heat transfer depends on the mass velocity pW of the coolant,
the maximum heat transfer parameters from the jet to the rock will be in the vicinity of the
central point of the spreading spot of the jet when it decelerates on the rock surface. As you
move away from the center, the thickness of the boundary layer increases, which is an
additional resistance that prevents heat transfer of the coolant with the rock. In this regard,
the heat transfer parameters of the coolant will decrease.

The results of the study. The main thermodynamic parameters of a high-intensity gas
coolant when braking it against the surface of a destructible rock are: the coefficient of heat
transfer from the jet to the rock «, the effective temperature of the coolant in the immediate
vicinity of the surface of the Te rock and the specific heat flux g.

The second type of heat transfer when using supersonic high-temperature gas jets as a
coolant is radiation. Thermal radiation is the transfer of energy by electromagnetic waves
from more heated bodies to less heated ones, even if there is a vacuum between them. Thus,
the intensity of heat exchange by radiation depends on the temperature difference between
the coolant and the rock, as well as on the ability of the latter to absorb electromagnetic
waves.

The radiant energy incident on a rock, depending on its electromagnetic properties,
shape and surface condition, is partly absorbed and converted into heat, and partly passes
through it or is reflected. Bodies that have the ability to completely absorb radiant energy
are called completely black. There are no such bodies in the nature of notes, and real rocks
absorb only part of the energy in relation to an absolutely black body:

E = Eog, (15)

where E is the radiating (or radiating) ability of a rock; Eo is the radiating ability of a
completely black body; ¢ is the degree of blackness of the rock (for most minerals € = 0,5+0,9).
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The radiation absorption capacity of a rock, depending on the temperature difference
between it and the A T source, can be determined from the Stefan—-Boltzmann equation

E = ¢C, (£)4, (16)

where C, is the emission coefficient of a completely black body.
If the heat carrier is a gas, then the specific heat flux entering the rock due to radiation
absorption is determined by the formula

@ = erCo (22)", (17)

!

+1 .
where g,, = &'eep; €' = 87; gcn 1S the degree of blackness of the gas

In practice, the formula is used
ql = alAT) (18)

where a; s the heat transfer coefficient by radiation.
It follows from (17) and (18):

Sp-rCOATs

a =
L 1004

(19)

The amount of heat entering the rock due to radiation absorption from a high-
temperature gas jet of thermal tools, for example during fire drilling, is more than an order
of magnitude lower than due to convective heat transfer. This is primarily due to the low
value of the degree of blackness of the gas jet and the relatively small value of its
temperature.

The heat transfer parameters of a high-temperature gas jet depend on the angle of its
encounter with the rock. With an orthogonal meeting in the central part of the spreading
spot, the heat transfer parameters are maximal and decrease sharply as they move away
from the center. When the jet meets the rock at an angle (all other things being equal), the
heat transfer parameters in the central part of the spreading spot will be lower, and their
rate of decrease with distance from the center is lower than with an orthogonal meeting [9].

The criterion for choosing the optimal angle of encounter of the jet with the rock
during its cutting and processing is the total amount of heat entering the heated surface per
unit of time.

Conclusion. Analyzes the features of heat transfer using supersonic gas jets in the context
of thermal destruction of rocks. It also examines in detail the main thermodynamic parameters of
the high-speed gas flow that play a key role in this process.

As part of the study, a model has been presented and described that allows the computational
parameters of the thermal flow-rock interaction to be carried out. This model represents an
important tool for analyzing and optimizing the rock fracture process using supersonic gas jets.

Additionally, the paper examines the stress-strain state of the rock under the influence of the
heat flux. This provides insight into how rocks respond to high velocity gas jets, which is essential
in the planning and execution of rock fracture operations in mining and other fields.
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Bykaesa A.3.1, Huy-Tuan Pham?
YII Ecenos amvindasger Kacnuii mexHono2uanap scane uHICUHUPUHS YHUBEPCUMEM,
Kaszaxcman, Axkmay
2Xo IIIu Mun mexnono2uansix sxcane 6iniv 6epy ynusepcumemi, Boemuam
TAY KBIHBICTAPBIH B¥3Y YIIIH JIBIGBICTAH )KOFAPBI I'A3 AFBIH/IAPBIH
KOJIJIAHY

AHoamna. byn makanaga Tay >KbIHBICTApPBIHBIH TEPMHUSIBIK BIABIPAY MPOIECIHIE
NBIOBICTAH  JKOFapbhl Ta3  aFblHIApPhIH  KOJAAHy  acleKTUIepl  ersKel-Terkeui
KapacThIpbuianbl. MyHaal oficTep/i KOMIaHy Ke3iHae MaHbI3bl OO TaOBLIATHIH KBITY
alIMacyJblH OpPTYpJi acmeKkTijiepiHe Hazap ayJaapbiiaabl. Tay XBIHBICTApBIMEH 6©3apa
opeKeTTecy  Ke3iHJae  KOFaphl  KApKBIHABI  ra3  CalKbIHIATKBIIIBIHBIH  HEri3Ti
TEepMOJUHAMHUKAIBIK MapaMeTpiiepl KapacThlpbliafbl. MaHBI3Abl cUNATTaManap-ras
aFbIHBIHAH KBIHBICKA XKBITY O0epy KodpuUHMEHTI, KBIHBIC O€TiHE >KaKbIH Ta3JblH THIM/II
TeMIIepaTypachl )KOHE MEHIIIKTI )KbUTY aFbIHBI. Tay *KbIHBICTAPBIHBIH TEPMUSIIBIK bIIbIpAy
NPOLECiHIH Ao MaTeMaTHKaJbK CHUIATTaMachblHa KOJ JKETKi3y YIIIH aBTopiap ras
aFbIHBIHBIH Tay JKbIHBICTAPBIMEH ©3apa 9peKeTTecy MOJENiH YChbIHaAbl. Mojenbaeyaiq
FeOMETPHSIIBIK JKOHE JXKBUIY MapaMeTpiepiH AYPhIC TaHIAayAblH MaHBI3JbIIBIFRIHA Ha3ap
ayJaapbliraH. ['a3 arbIHBIHBIH JKbUTY aFbIHBIHBIH 9CEPIHEH Tay JKbIHBICTApPbIHBIH KEpHEYII
nepopmanusiaHFaH KyWiHe epekile Hazap ayAapbuiagbl, Oys Oy3buly MpPOLECIHIH
THIMIIUIITIH TalJayablH HEri3ri acmekrtici Oonbim Tabwbimansl. ['a3 arblHBI MEH Tay
KBIHBICTAPBl apachIHJAFbl XbUTy alMacy THIMIUTITIHE 9Cep €TETiH 9pTYpIi dJicTep MEH
napameTpiaep Ae TanaaHaabl. ChIPTKBl XKOFapbl TeMIepaTypalibl OpTaMEH 9PEKETTeCEeTiH
Tay KBIHBICHI OOJBIN TaOBUIATHIH CEPHIMAI KapThllall KeHICTIK KapacThIpbliansl. JKbpury
aJMacy KOHBEKLHMS 3aHbIHA COWKec JXKypell, al aFrblHHAH XbIHBICKA J>KBUIY alMacyJblH
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MaKCHMaJJbl TTapaMeTpiepl KbIHBIC OETIHIE TeXEy Ke31HJI€ OHBIH TapajdybIHBIH OPTaJbIK
HYKTECiHIH MaHbIHIa Ooyiaabl. ['a3 aFbIHBIHBIH JKBITY aFBIHBIHBIH OCEPIHEH KBIHBICTHIH
KepHeyJi nedpopManusiaHFal Kyii 3epTTemnai.

Kinm ce30dep: b1y Kypabl, 11Kl KICBIM, OTKa TO31M 1 OY3bLTy, Tay KBIHBICTAPHI.

Bykaesa A.3.1, Huy-Tuan Pham?
YKacnuiickuii ynusepcumem mexuonoauti u unacunupunea um. LI Ecenosa, Kazaxcman, Akmay
2Xo IlIu Mun mexnono2uueckuii u 06pazosamenvHulii yuugepcumem, Boemuam
INPUMEHEHWE CBEPX3BYKOBBIX I'A30BbIX CTPY! JIJISI PA3PYIIEHUSA
I'OPHBIX ITOPOJ

Annomayusn. B naHHOW cTaThe TOAPOOHO WCCIEMYIOTCS AaCMEKThl TPUMEHEHUS
CBEPX3BYKOBBIX Ta30BbIX CTPyHl B IMpPOIECCE TEPMHUECKOTO PAa3pYILIECHUS TOPHBIX MOPOJ.
OcHOBHOE BHUMAaHHUE YIENAETCS pa3JIMYHBIM acleKTaM TeliIo00MeHa, KOTOpBIM sBIseTCS
KIFOYEBBIM TPU  HUCIOJIB30BaHWU TMOJOOHBIX METONOB. PaccMaTpuBarOTCSI OCHOBHBIC
TEPMOJMHAMHYECKHE TMapaMeTphl BBICOKOMHTEHCHBHOIO Ta30BOr0  TEIJIOHOCHUTENS MpU
B3aMMOJICHCTBHUH C TOPHBIMHU TIOPOJIaMHU. BayKHBIMU XapaKTEPUCTUKAMH SIBISIOTCS KOA(DPHUIIHEHT
TEIUIOOTa4l OT Ta30BOM CTpPyHU K mopoje, 3pdeKkTHBHAs TemIepaTypa raza y MOBEPXHOCTH
MOpPOJBI W YACTbHBIA TEIUIOBOM moTOK. [[mst mocTukeHus Oojiee TOYHOTO MaTEMaTHYEeCKOTO
OIMCAHUS MpOIecca TEPMUUECKOTO pa3pylIeHUsI TOPHBIX MOPOJ aBTOPBI MPEJICTABISIIOT MOJEIb
B3aMMO/ICHCTBUA Ta30BOi CTpyHu C mopojaoil. OOpamaT BHUIMaHWE Ha BaXHOCTh MPaBHIIbHOTO
BbIOOpa TE€OMETPUYECKUX M TEIUIOBBIX MapaMeTpoB MojenupoBaHusa. Ocob0oe BHHMMaHUE
yAETSeTCs HANPSHKEHHO-1e()OPMHPOBAHHOMY COCTOSIHUIO MTOPOJIBI IO BO3/ICHCTBUEM TEIIJIOBOTO
MOTOKAa Ta30BOM CTPYH, YTO SBJSETCS KIIOUEBBIM acCMeKTOM IpH aHanu3e 3()(PeKTUBHOCTU
npoiiecca pa3pyueHus. AHATU3UPYIOTCS TAK)KE PA3TMUYHbIE METO/IbI U TapaMETPhI, BIUSIONINE HA
3 PEeKTUBHOCTh TEIUIOOOMEHA MEXAYy Ta30BOM CTpyell W ropHOM mopojoil. PaccmarpuBaercs
yIpYyroe MoJyNnpoCTPaHCTBO, MPEACTABIISIONIEE COOOH TOPHYIO TIOPOY, B3aUMOJICHCTBYIOIIYIO C
BHEIITHEW BBICOKOTEMIIEPATYpHOU cpefoi. TermnooOMeH MpOUCXOIUT MO 3aKOHY KOHBEKIIHMH, a
MaKCHMaJbHBIE IMapaMeTphl TEIUIOOOMEHa OT CTPYH K TMOpPOJE HAXOIATCS B OKPECTHOCTH
LHEHTPaJIbHOW TOUKH €€ pacTeKaHUs MpH TOPMOKEHHM Ha MOBEPXHOCTH mopoAsl. MccrienoBano
HANPSDKEHHO-1E(DOPMUPOBAHHOE COCTOSIHHE TOPOABI TOJI BO3JCHCTBHEM TEIIOBOTO MOTOKA
ra3oBO# CTPYH.

Knrouesvie cnoga: TEpMOMHCTPYMEHT, BHYTPUKAMEPHOE JaBJIEHUE, OTHECTpYiHOE
pa3pyluieHue, TOpHbIe TOPOIbI.
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