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Annotation. Purpose of the work is to develop a mathematical model for calculation of gas-
dynamic characteristics (pressure, density, speed) of the heat-transfer medium at its movement
along the surface of the borehole in the process of its thermal reaming. For this purpose, technique
and algorithm were developed for calculation of gas-dynamic characteristics of the free and semi-
bounded jet of the heat-transfer medium at its movement along the surface of the borehole.
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Advantages of application of the thermal tools with electric discharge are shown in comparison
with other ways of thermal destruction of rocks, as well as a number of features of mathematical
description of analytical methods for solving problems of the rock thermal destruction. Results of
the experimental study confirm adequacy of the developed engineering model. Relative error of
calculation of gas-dynamic characteristics for the heat-transfer medium along internal lateral
surface of the cross duct channel, i.e. along the surface of the borehole, is quite acceptable for such
class of problems. The obtained results can be used for modeling gas-dynamic characteristics for
cases when thermal tool with electric discharge is used in other technologies of thermal treatment
and destruction of materials.

Keywords: mathematical model, thermal expansion, borehole, heat-transfer stream, gas-
dynamic characteristics.

Introduction. Among the known devices of thermal destruction of rocks thermal
tools with an arc electric discharge i.e. plasmatrons are advantageously distinguished.

In comparison to another ways of thermal destruction of rocks the destruction of
rocks by means of low temperature plasma stream differs in distribution of cracks in
rock in a considerable depth, high values of heat transfer coefficient and specific heat
flux, simplified system of automation and remote control, compactness of thermal
tool.

Mathematical description of analytical methods of thermal destruction and
determination of optimal parameters of influence on rock has some specific features
that must be taken into account for the successive decision of next tasks of analytical
thermal destruction theory:

- determination of the temperature field induced by the heat generator, i.e.
plasmatron in rock during its heating;

- determination of the thermal stress field by the certain temperature field in rock;

- determination of the total field of thermal and mechanical stresses taking into
account influence of the borehole;

- determination of destruction surface and amount of destroyed rock as a result of
thermal influence on it;

- choice of optimal parameters of heat generator, terms of heat exchange and
modes of operations of thermal instrument on the whole.

Thus, possibilities of analytical determination of optimal parameters of thermal
influence on rocks are limited by solution of thermoelasticity equations and contact
tasks of durability theory.

Such task formulation is unacceptable due to complication of taking into account
of substantial change of physical and thermophysical rock properties in the processes
of its heating and mechanical loading.

Due to an existence of fundamental differences among the results of the known
publications and limitations of investigational parameters of heat transfer medium i.e.
sonic or supersonic plasma jet that interacts with the borehole surface, it is obvious
necessity of engineering model development that allows to define basic gasdynamic
jet parameters of heat transfer medium in the process of borehole thermal reaming.

Methodology of gasdynamic parameters calculation of heat transfer medium.

As an initial information given for development of engineering model of
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calculation of gasdynamic properties of both free and semibounded gas jet it is
necessary to have next parameters:

- mach number M, in the outlet orifice of nozzle for the case of calculation of
flow of sonic and supersonic plasma jet (velocity of plasma jet outflow u,from a
nozzle);

- diameter of outlet orifice of nozzle d,;

- distance from the plane of the outlet orifice of nozzle to the plane of borehole h,
where gasdynamic properties of jet are calculated.

Linear sizes are expressed by the diameters of the outlet orifice of nozzle of
thermal tool d, and it is marked a hyphen above a symbol.

Parameters of the heat transfer medium at the nozzle outlet: static pressure P,

braking temperature TB, jet outflow velocity from a nozzle u, and pressure ratio of
the jet n are determined by the known dependences [1...3]:

po=— (1)

st

SERON

where M, is a Much number in the outlet orifice of nozzle; P, - pressure of the heat

transfer medium at the nozzle outlet; k- ratio of specific heats of the heat transfer
medium;

PSI
n= P (2)

atm

The braking temperature of the heat transfer medium at the nozzle outlet is
determined from equation of the state of ideal gas, assuming the condition of equality
of braking temperature at any plane [4...6]:

Ty=—>" (3)

where p, - heat transfer medium density at the nozzle outlet; R - the gas constant.

Z'k *
0= 2K R 4
© Vk+1 ° (4)

Axial velocity distribution at the supersonic area of flow of free stream is
calculated in accordance to Lukhtura [1993]:
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2 def
13- M2 —1-£d]-u0
uH = )_(_§ - (5)

where M, - Mach number at the axis of stream in its “effective” plane; d,, -diameter

of “effective” plane of stream; X- relative current coordinate along the axis of the

cross duct channel; S relative length of initial (gasdynamic) area of the jet.
Distribution of axial velocity at the subsonic area of free jet flow is proposed by
Mozhayeva [1978]:

8-u,
u. = _ 6
® 3.3+h (6)

Linear sizes are expressed by the diameters of the outlet orifice of nozzle of
thermal tool d., and it is marked a hyphen above a symbol.

Mach number at the axis of stream in its “effective” plane is calculated in
accordance to Lukhtura [1993]:

E _

M, :\/F—O'[Mg'n'COSZOlO-I-nle (7)

ef

where F,- an area of outlet orifice of the nozzle; F, an area of “effective” plane of

the jet; &, - an angle between direction of gas absolute velocity at the outlet orifice of

nozzle and axis of gas jet.
In turn, the diameter of “effective” plane of the jet is expressed by Antsupov
[1974]:

dyi =dy -0 (8)

Relative length of initial (gasdynamic) area of the jet is known from Abramovich
[1984]:

S= 42+11-M% -d, (9)

For determination of the mode of flow of a semibounded jet along the lateral side
of the cross duct channel it is necessary to calculate the extent of areas of flow from
next expressions at h>6.2 [Mozhayeva, 1978]:

- an extent of area of accelerating flow:
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d 0.034
X, =1.09-£—°] -d, (10)

uO
Maximal velocity of the heat transfer medium on the external boundary of the

cross duct channel wall’s boundary layer at h>6.2 is determined by an expression
[Yakovlevskiy et al., 1964]:

U, == (11)

Velocity of the heat transfer medium on the external boundary of wall boundary
layer at h>6.2 is determined by Mozhayeva [1978]:

U, =U, -(16.1-51'54 X _a7.p® .ij (12)
X )

Excessive static pressure along the lateral side of the cross duct channel is
determined by Yudayev et al. [1977]:

Pgo= P50 (13)

where c- coefficient in equation; p,.- density of the heat transfer medium at

atmospheric pressure.
Coefficient ¢ in equation (13) at h>6.2 accordingly to Yudayev et al. [1977]
equals:

75

¢=504-1 (14)
Dynamic pressure of coolant-moderator along an obstacle:
p-U;
Py, ="—" (15)

where p- current density of the heat transfer medium, that is determined by static
pressure of the heat transfer medium.
The braking pressure of the heat transfer medium along the lateral side of the
cross duct channel:
P, =P, +P

st ex dyn

(16)

Verification of the mathematical model adequacy. Comparison of experimental
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Figure 1 - Verification of the mathematical model adequacy of the process of the heat transfer
medium jet interaction with the lateral side of the cross duct channel that imitated the surface of the

borehole
—h— - experimental data;
—A— - computational data.

and calculative values of excessive pressure of the heat transfer medium on the lateral
side of the borehole depending on pressure of the heat transfer medium at the nozzle
outlet of thermal tool and distance from the plane of the outlet orifice of nozzle to the
plane of the borehole is presented, that testifies the results of experimental investiga-
tion confirm adequacy of the elaborated engineering model.

Relative error of calculation of complete pressure of the heat transfer medium on
the lateral side of the cross duct channel, i.e. on the surface of rock does not exceed
22%.

Conclusions. The engineering modeling of gasdynamic properties of process of
plasma jet interaction with the lateral surface of the borehole is executed.

An engineering model is proposed by means of that the velocity of the heat
transfer medium along the lateral surface of the borehole is determined, and also
distribution of density and pressure of the heat transfer medium on the lateral surface
of the borehole.

REFERENCES

1. Emanuel, G. (2016), Analytical fluid dynamics, CRC Press, Boca Raton, USA.

2. Johnson, R.W. (2016), Handbook of fluid dynamics, CRC Press, London, United Kingdom.

3. Rieutord, M. (2015), Fluid Dynamics. An introduction, Springer, Heidelberg, Germany.

4. Ruban, A.l. and Gajjar, J.S.B. (2014), Fluid Dynamics: Part 1: Classical fluid dynamics, Oxford
University Press, Oxford, United Kingdom.

5. Fernando, H.J. (2012), Handbook of Environmental Fluid Dynamics: Volumel: Overview and
Fundamentals, CRC Press, New York, USA.

6. Cushman-Roisin, B.-C. and Beckers, J.-M. (2011), Introduction to Geophysical Fluid Dynamics:
Physical and Numerical Aspects, Academic Press, Cambridge, USA.

CITMCOK JIITEPATYPU

1. Emanuel, G. (2016), Analytical fluid dynamics, CRC Press, Boca Raton, USA.

2. Johnson, R.W. (2016), Handbook of fluid dynamics, CRC Press, London, United Kingdom.

3. Rieutord, M. (2015), Fluid Dynamics. An introduction, Springer, Heidelberg, Germany.



38  I1SSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexniyna Mexanika. 2017. Ne 137

4. Ruban, A.l. and Gajjar, J.S.B. (2014), Fluid Dynamics: Part 1: Classical fluid dynamics, Oxford
University Press, Oxford, United Kingdom.

5. Fernando, H.J. (2012), Handbook of Environmental Fluid Dynamics: Volumel: Overview and
Fundamentals, CRC Press, New York, USA.

6. Cushman-Roisin, B.-C. and Beckers, J.-M. (2011), Introduction to Geophysical Fluid Dynamics:
Physical and Numerical Aspects, Academic Press, Cambridge, USA.

About the authors

Voloshyn Oleksii Ivanovych, Corresponding Member of the National Academy of Sciences of Ukraine,
Doctor of Technical Sciences (D. Sc), Professor, Deputy Director, M.S. Polyakov Institute of Geotechnical
Mechanics under the National Academy of Sciences of Ukraine (IGTM, NASU), Dnipro, Ukraine,
worldlab.eg@gmail.com

Potapchuk Iryna Yuriivna, Master of Science, Junior Researcher in Department of Vibropneumatic
Transport Systems and Complexes, M.S. Polyakov Institute of Geotechnical Mechanics under the National
Academy of Sciences of Ukraine (IGTM, NASU), Dnipro, Ukraine, potapchuk@ua.fm

Zhevzhyk Oleksandr Vladyslavovych, Candidate of Technical Sciences (Ph.D), Associate Professor,
Senior Researcher in Department of Vibropneumatic Transport Systems and Complexes, M.S. Polyakov
Institute of Geotechnical Mechanics under the National Academy of Sciences of Ukraine (IGTM, NASU),
Dnipro, Ukraine, teploenergopro@gmail.com

Yemelianenko Volodymyr Ivanovych, Candidate of Technical Sciences (Ph.D), Associate Professor,
Senior Researcher in Department of Vibropneumatic Transport Systems and Complexes, M.S. Polyakov
Institute of Geotechnical Mechanics under the National Academy of Sciences of Ukraine (IGTM, NASU),
Dnipro, Ukraine, vladivem@gmail.com

Teplyi Valerii Petrovych, Master of Sciences, Chief Project Designer in Department of Vibropneumatic
Transport Systems and Complexes, M.S. Polyakov Institute of Geotechnical Mechanics under the National
Academy of Sciences of Ukraine (IGTM, NASU), Dnipro, Ukraine, VPTeplyi@nas.gov.ua

Kholiavchenko Leonid Tymofiiovych, Candidate of Technical Sciences (Ph.D), Associate Professor,
Senior Researcher in Department of Rock Breaking Problems, M.S. Polyakov Institute of Geotechnical
Mechanics under the National Academy of Sciences of Ukraine (IGTM, NASU), Dnipro, Ukraine,
dsl77@ua.fm

Shniakin Sergii Volodymyrovych, Master of Science, Principal Engineer in the Department of
Vibropneumatic Transport Systems and Complexes, M.S. Polyakov Institute of Geotechnical
Mechanics under the National Academy of Sciences of Ukraine (IGTM, NASU), Dnipro, Ukraine,
SVShnyakin@nas.gov.ua

IIpo aBTOpIB

Bonowun Onexcin leanosuu, un.-xop. HaionaneHoi akaznemii Hayk YKpaiHH, TOKTOp TEXHIYHUX HayK,
npodecop, 3aCTymHHK AuUpeKkTopa, IHCTUTYT TeoTexHiuHoi MmexaHiku iM. M.C. Ilomskoa HarioHanbHOT
akagemii Hayk Ykpaiau (IT'TM HAH VYxkpainu), Jainpo, Ykpaina, worldlab.eg@gmail.com

Ilomanuyxk  Ipuna IOpiiéna, wmarictp, MOJONIINK HAayKOBUH  CHiBpOOITHMK y  Binaimi
BiOPOITHEBMOTPAHCIIOPTHUX CHCTEM 1 KOMIUIEKCiB, [HCTUTYT reorexHiunoi mexaniku iM. M.C. IonskoBa
HarionaneHoi akagemii Hayk Ykpainu (IF'TM HAH VYkpainu), [Ininpo, Ykpaina, potapchuk@ua.fm

Keeycuxk Onexcandp Bnaducnaeoséuu, xanauaar TEXHIYHUX HAyK, IOLEHT, CTApIIMH HAayKOBHI
CHiBpOOITHHK Y BiAMiii BiIOPOMHEBMOTPAHCIIOPTHUX CUCTEM 1 KOMIUIEKCIB, [HCTUTYT Tre0TeXHIYHOI MEXaHIK1
iMm. M.C. TonskoBa HarionaneHoi akanemii Hayk Ykpainum (I'TM HAH VYkpaiam), [uinpo, YkpaiHa,
teploenergopro@gmail.com

Emenvanenko Bonooumup leanosuu, xanmuaaT TEXHIYHMX HAyK, AOLEHT, CTaplIMd HAayKOBUH
CHIBPOOITHHK Y BiJTiI BIOPOITHEBMOTPAHCIIOPTHUX CUCTEM 1 KOMILIEKCIB, [HCTUTYT T€OTEXHIYHOT MEXaHIKH
iMm. M.C. TonskoBa HarionaneHoi akanemii Hayk Ykpainum (I'TM HAH Vkpaiam), [uinpo, YkpaiHa,
vladivem@gmail.com

Tennuii  Banepin Ilempoeuu, MaricTp, TOJOBHUHA KOHCTPYKTOpP TIPOEKTYy y  Bimmiii
BiIOpOTTHEBMOTPAHCITIOPTHUX CHUCTEM 1 KOMIUIEKCiB, IHCTHTYT TeorexHiunoi mexaHiku iM. M.C. Ilomskosa
HanionanesHoi akanemii Hayk Ykpainu (I'TM HAH VYkpainu), Jrinpo, Ykpaina, VPTeplyi@nas.gov.ua

Xonaeuenko Jleonio Tumogpitiosuu, KaHouIaT TEXHIYHMX HayK, [OOLEHT, CTaplIMd HAayKOBHH
CIIBPOOITHHUK y BIIALTI MpoOJIeM pyWHYBaHHS TipChKHX Mmopia, [HCTUTYT reotexHiunoi Mexaiku iMm. M.C.
[NonsxoBa Hamionansuoi akagemii Hayk Ykpainu (I'TM HAH VYkpainn), ninpo, Ykpaina, dsl77@ua.fm



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eotexHiuna Mexanika. 2017. No 137 39

HlInaxin  Cepeii  Bonooumupoeuuw, wMarictp, TPOBITHUH  1HXKEHEp y  BiaALm
BiOpPOMTHEBMOTPAHCIIOPTHUX CHUCTEM 1 KOMIUICKCiB, I[HCTUTYT T€OTEeXHIYHOI MeEXaHIKH IM.
M.C. ITonskoBa HarmionansHoi akaaemii Hayk Ykpaimm (I'TM HAH Vkpainu), M. [lnimnpo,
VYkpaina, e-mail: SVShnyakin@nas.gov.ua

AHoTauisg. Metoro pobOTH € po3poOKa MareMaTHYHOI MOJENI PO3paxyHKY ra3oJnHaMiuHUX
XapaKTEPUCTUK (THUCK, TYCTHHA, IBUAKICTh PyXY) TEIUIOHOCIS MPHU HOTO pyci B3JOBXK MOBEPXHI
CBEP/UIOBHHHM B TIpOIeCi 1i TEpPMIYHOTO pO3MUpeHHs. [ 1boro po3po0JIeHO METOIUKY Ta
AITOPUTM PO3PaxyHKy Ta30JMHAMIYHHX XapaKTEPHCTUK BUIBHOI Ta HANMiBOOMEXKEHOI CTPyMUHU
TEIUIOHOCIS TPU HOro pyci B3JOBXK MOBEpXHI CBEpAJIOBHHHU. HaBelneHo mepeBaru BUKOPUCTAHHS
TEPMOIHCTPYMEHTIB 3 JYTOBUM CIICKTPHUYHUM pPO3PSAOM B TOPIBHSHHI 3 IHIIUMH CIIOCOOaMH
TEPMIYHOTO PYHHYBaHHS TipPCBKHUX TOPiJ, a TAKOXK HU3KY OCOOJIMBOCTEH MAaTeMaTHYHOIO OIHUCY
AHATITHYHUX METOIIB PO3B’SI3aHHS 3a/1ad TEPMIUYHOTO PYHHYBaHHS TipChbKUX mopin. PesymbraTu
eKCIIEPUMEHTAIBHOTO JOCIIDKEHHS MiATBEPIUKYIOTh aJEKBATHICTH PO3POOJICHOI 1HXEHEPHOI
Mojeni. BinmHocHa moxmOka po3paxyHKY ra3oJMHAMIYHUX XapaKTEPUCTHUK TEIUIOHOCIS B3IIOBXK
BHYTPIIIHBOI OIYHOI MOBEPXHI HACKPI3HOT'O KaHaTy, TOOTO B3J0BX NOBEPXHI CBEPUIOBHHH, €
[IJIKOM MPUHHATHOIO AJISL TAaKOro Kiacy 3aaad. OTpuMaHi pe3yabTaTH MOXKYTh OyTH BHUKOpPUCTaH1
IUIE MOJENIOBAaHHS Ta30[MHAMIYHUX XapaKTePHCTUK NPU 3aCTOCYBaHHI TEPMOIHCTpyMEHTa 3
IYTOBUM €JEKTPUYHUM pO3PSAOM B IHIIUX TEXHOJOTISX TepMiuyHOI OOpOOKH Ta pyHHYBaHHS
Marepiais.

Kawu4oBi cioBa: MaTeMaTU4Ha MOJEIb, TEPMIYHE PO3IIMPCHHS, CBEP/UIOBHHA, TEILIOHOCIH,
ra30JMHAMIYHI XapaKTEPUCTHKH.

AHHoTauus. Ilenbro paboThl sBIsSeTCS pa3pabOTKa MaTeMaTHYECKOM MOJENH pacyera
ra3o0lMHaMUYECKUX XapaKTEPUCTHUK (JaBJIEHHE, INIOTHOCTb, CKOPOCThH JBMKEHUS) TEIJIOHOCUTENS
IIpH €10 ABMKCHUHN BAOJIb MOBCPXHOCTHU CKBAXKUHBI B ITPOLECCE €€ TCPMUUICCKOTO PpACIIUPCHUA. I[J'IFI
3TOro pa3paboTaHa METOAMKA M AJITOPUTM pacdeTa ra30MHaAMUYECKUX XapaKTepUCTUK CBOOOTHON
n HOHyOFpaHquHHOﬁ CTpYHU TCIIOHOCHUTCIIA IIpHU €0 ABHUIKCHUH BAOJIb IMOBEPXHOCTU CKBAXKHWHBI.
IIpuBeneHbl NPENMYILECTBA HCIIOJIB30BAHUS TEPMOMHCTPYMEHTOB C JYIOBBIM JJIEKTPUYECKUM
paspsaoM IO CPAaBHEHUIO C JIPYTUMHU CHOCO0aAMHU TEPMUYECKOTO pa3pylICHHs TOPHBIX MOPOA, a
TaKXke psiJl OCOOCHHOCTEH MaTeMaTHYeCKOro OMMCAaHUS aHAIUTHYECKUX METOAOB peIleHUs 3ajaad
TEPMHUYECKOTO0 Pa3pylIEHHUs] TOPHBIX NOPOJ. Pe3ynpTarbl 3KCIEPUMEHTAIBHOTO HCCIIEIOBaHUS
MOJTBEPXKAAIOT  aJeKBaTHOCTh  pa3paOOoTaHHONW  WMHXKEeHepHOH  wmojenu.  OTHoOcHUTeNbHas
MOrp€IIHOCTL pacye€Ta Tra30AMHAMHUYCCKHUX XapPaKTCPUCTUK TCIUIOHOCUTCIIA BAOJIb BHYTpeHHef/'I
OOKOBOH MOBEPXHOCTH CKBO3HOTO KaHaJla, T.€. BJIOJb MOBEPXHOCTU CKBAXKUHBI, SBJISIETCS BIIOJIHE
MpUeMJIEMOM Ui TaKoro Kiacca 3aaay. [lonmydyeHHble pe3ynbTaThl MOTYT ObITh MCIOJIB30BaHbI IS
MOJIETTMPOBAHUS Ta30JMHAMUYECKUX XapaKTEPUCTHUK IPU NPUMEHEHUH TEPMOMHCTPYMEHTA C
IYTOBBIM DJIEKTPUYECKUM pa3psioM B JIPYTUX TEXHOJOTHSX TEPMHUYECKON 00paboTku u
pa3pylLIeHUs] MaTepHaJIOB.

KualoueBble cioBa: MareMaTuyeckass MOJENb, TEPMHUECKOE paclIMpeHue, CKBaKHHa,
TEIJIOHOCUTEND, Ta30AMHAMUYECKUE XapaKTEPUCTUKH.
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