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MATHEMATICAL MODELING OF THE GAS
DYNAMIC PARAMETERS OF IMPINGING HEAT-TRANSFER
MEDIUM JET IN BOREHOLE THERMAL REAMING PROCESS

Introduction. As compared with other ways of thermal destruction of rocks, the rock destruction by low temperatu-
re plasma jet has advantage in terms of distribution of cracks in rock at a considerable depth, high heat transfer coefficient
and high specific heat flux, simplified system of automation and remote control, and compactness of thermal tool.

Problem Statement. Thus, the possibilities of analytical determination of optimal parameters of thermal effect on rocks
are limited by solution of thermoelasticity equations and contact problems of strength theory. Such formulation of the prob-
lem is unacceptable due to complication of taking into account substantial changes in the physical and thermos-physical
rock properties while heating and applying mechanical load. Due to abovementioned facts it is obviously necessary to de-
velop a mathematical model that enables to define basic gas dynamic jet parameters of heat-transfer medium in the pro-
cess of borehole thermal reaming.

Purpose. The purpose of this research is to develop a mathematical model for calculating the gas dynamic characteris-
tics (pressure, density, and velocity) of the heat-transfer medium while it is moving along the surface of the borehole in the
thermal reaming process.

Materials and Methods. Mathematical modeling of the flow process for free and impact jets of heat-transfer medium
using a PC.

Results. Experimental studies have confirmed adequacy of the developed mathematical model for calculation of gas
dynamic characteristics (pressure, density, and velocity) of the heat-transfer while it is moving along the surface of the
borehole in the process of its thermal reaming.

Conclusions. The obtained results can be used for modeling the gas dynamic characteristics in the case of applying a
thermal tool with electric discharge in other technologies of heat treatment and destruction of materials.

Keywords: mathematical model, thermal reaming, borehole, and heat-transfer jet.

At the present time, the problems related to | increasing the amount of such boreholes [1]. The
environment aspects of oil, gas, and geothermal | use of plasma jet method enables to decrease rock
well drilling in urban area are basic limitation for | hardness, which increases drilling velocity and

reduces the costs.
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well and it has been described in several publica-
tions [2—4].

In the modern mining, the thermal spallation
reaming of rocks is used for quarrying, forming
cavities and stimulating oil and gas production
[5-7].

The latest domestic experimental and theore-
tical researches concerning the problems of dest-
roying crystalline structures by plasma jets have
been described in [8, 9].

The thermal reaming processes are used in
other branches of engineering and industry.

In particular, developing mathematical models
of thermal reaming and determining the service
life of thermal barrier coatings used for manufac-
turing turbine blades, combustion chambers of
turbo-engines, pipes of the boilers and other
equipment are urgent tasks [10—13].

Theoretical and experimental research of rock
thermal destruction by spallation is useful also
for solving the problems in aerospace industry,
particularly, for mathematical modeling of abla-
tion processes during supersonic plasma jet inte-
raction with the surface of solid bodies [14].

Among the known devices for thermal dest-
ruction of rocks the most advantageous are ther-
mal tools with an arc electric discharge i.e. plas-
matrons.

As compared with other ways of thermal de-
struction of rocks, the rock destruction by low
temperature plasma jet has advantage in terms
of distribution of cracks in rock at a considerab-
le depth, high heat transfer coefficient and high
specific heat flux, simplified system of automa-
tion and remote control, and compactness of
thermal tool.

Mathematical description of analytical me-
thods of thermal destruction and determination of
optimal parameters of impact on rock have some
specific features that must be taken into account
for successful solution of the following problems
of analytical thermal destruction theory:

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

+ determination of the thermal stress field based
on certain temperature field in the rock;

+ determination of the total field of thermal and
mechanical stresses with the influence of the
borehole taken into account;

+ determination of destruction surface and
amount of destroyed rock as a result of thermal
impact on it;

+ choice of optimal parameters of heat genera-
tor, heat exchange and operating conditions of
thermal tool.

Thus, the possibilities of analytical determina-
tion of optimal parameters of thermal impact on
rocks are limited by solution of thermoelasticity
equations and contact problems of strength theo-
ry. Such a formulation of the problem is unac-
ceptable due to complications related to consi-
deration substantial changes in the physical and
thermo-physical rock properties while heating
and applying mechanical load.

Because of fundamental differences in the results
of the known publications and the limitations of
studied parameters of heat-transfer medium i.e. so-
nic or supersonic plasma jet that interacts with the
borehole surface, it is obviously necessary to deve-
lop a mathematical model that enables to define ba-
sic gas dynamic jet parameters of heat-transfer me-
dium in the process of borehole thermal reaming.

The following parameters are required as in-
put data for the development of mathematical
model for calculating gas dynamic properties of
both free and semi-bounded gas jet:

+ the Mach number M in the nozzle outlet, in
the case of calculation of sonic and supersonic
plasma jet flow (velocity of plasma jet outflow
u, from nozzle);

+ diameter of nozzle outlet d,;

+ distance from the plane of the nozzle outlet to
the plane of the borehole £, where gas dynamic
properties of the jet are calculated,;

+ angle between the nozzle axis and the axis of
the through ducte.

The linear dimensions are expressed by diame-
ters of the thermal tool nozzle outlet 4 that is
marked with a hyphen above characters.
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The parameters of heat-transfer medium at the
nozzle outlet are as follows: static pressure P,,
braking temperature 7', velocity of jet outflow
from the nozzle u, and jet pressure ratio » are de-
termined based on the dependences [15]:

P
P, = : : (1

st
k1
(1+ LM

_k_
-1

where M is the Much number at the nozzle out-
let; P, is heat-transfer medium pressure at the
nozzle outlet; & is ratio of specific heats of the heat
transfer medium;

n=p o 2)
where P, is atmospheric pressure.

The braking temperature of the heat-transfer
medium at the nozzle outlet is determined from
the ideal gas law, assuming the equality of bra-
king temperature at any plane [15]:

.__ P,

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

Velocity from the nozzle outflow is calculated
by the following formula [15]:

u0=%-R-TO’“. (4)

The axial velocity distribution at the super-
sonic area of free jet flow is calculated [16] using
the formula below:

1342 —1 (%ﬁ) ”
U, = — : ()
x— S
where M, is the Mach number at the axis of jet in
its “effective” p_lane; d,;is diameter of the jet “ef-
fective” plane; x is relative instantaneous coordi-
nate along the axis of the cross duct; S is relative
length of initial (gas dynamic) area of the jet.
The distribution of axial velocity at the sub-
sonic area of free jet flow has been proposed by
Mozhayeva [17]:
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The Mach number at the axis of jet in its “effec-
tive” plane is calculated by the formula [16]:

1

). @

where F| is the area of nozzle outlet; F, is the area
of the jet “effective” plane; o is angle between
the gas absolute velocity at the nozzle outlet and
the axis of gas jet.

The diameter of jet “effective” plane has been
expressed by Antsupov [18]:

d, = d,-n, (8)

Length of initial (gas dynamic) area of the jet
is known from [19]:

€

F, _
M =\ij/~(M§'n~c0520c0+nk

S=(42+1.1-M?)-d,. 9)

Maximum pressure at the inner surface of the
through duct [20] is:
2

p _ Paim - U,

max @ 2

- sin o, (10)
where p,,, is heat-transfer medium density at the
atmospheric pressure.

The critical point location (point of the maxi-
mum pressure at the inner surface of the cross
duct) for 2 > 6.2 [21] is:

A§=o.6-;706-cos% 9. (11)

Thus, distance along the inner surface of the
through duct x starts from the critical point ta-
king into account its displacement to the plane
of the through duct along its lateral surface at a
value a x.

In order to determine the type of semi-boun-
ded jet flow along the inner surface of the through
duct, it is necessary to calculate the length of the
area of accelerating flow for 2z > 6.2 [17]:

x, =034-707-(1+0.25-9) - d,. (12)

Maximum velocity at the outer boundary of
the wall boundary layer is determined for z > 6.2
[21];

u, =3.68-h 8.y - (1+cosg). (13)
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Verification of the mathematical model adequacy of the pro-
cess of the heat transfer medium jet interaction with the lat-
eral surface of the through ductthat imitated the surface of
the borehole for conditions as follows: P, = 1.1 MPa, & =12,
¢ = 45° (triangles depict experimental data, squares depict
calculation results)

Velocity of the jet at the outer boundary of the
wall boundary layer is determined by the follo-
wing formulas:

for the area of accelerating flow [21]:

1.5 -(@—0.5-(99;*)3

where x is spatial coordinate;
for the transient and the self-similar flow areas
[21]:

u:
m

u., (14)

cu,.  (15)

u:
m

1.8 - (1 + cos o) - (%)0‘5

The boundary between the transient and the
self-similar flow areas is determined by the exp-
ressions [21]:

for the branch with a higher gas flow rate:

— _ 324-(1+coso)?,
X bna = ’
u,\2
(i)
for the branch with a slower gas flow rate:
— _ 3.24-sin%

bnd =~ —— -

(i)

(16)

(17)

Gauge static pressure along the lateral surface
of the through duct has been determined by Yu-
dayev et al. [21]:

2

pt.u (-7 )2
— atm a .e(cx),

P.S‘I‘, g 2

where ¢ is coefficient. B
The coefficient ¢ in equation (18) for 4 > 6.2
accordingly to [21] is equal to:

c=504- h 07, (19)

Dynamic pressure of the heat-transfer medium
along the lateral surface of the through duct is:

L2

dyn 2 ’

(18)

p

where p is instantaneous density of the heat-
transfer medium that is determined by static pres-
sure of the heat-transfer medium.

Braking pressure of the heat-transfer medium
along the lateral surface of the through duct is:

P,=P,+P,,. 21)

The measured and the calculated values of
gauge pressure of the heat-transfer medium on
the lateral surface of the borehole depending on
pressure of the heat-transfer medium at the noz-
zle outlet of thermal tool and on the distance from
the plane of the nozzle outlet to the plane of the
borehole is presented are compared in Fig. One
can see that the results of experimental research
have confirmed the adequacy of developed mathe-
matical model.

The relative error of calculations of complete
pressure of the heat-transfer medium on the la-
teral surface of the cross duct, i.e. on the rock sur-
face does not exceed 22%.

Mathematical modeling of gas dynamic pro-
perties of plasma jet interaction with the lateral
surface of the borehole has been done.

The mathematical model that enables to calcu-
late velocity of the heat-transfer medium along
the lateral surface of the borehole as well as the
distribution of density and pressure of the heat-
transfer medium on the lateral surface of the
borehole has been proposed.
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MATEMATMYHE MOJEJTIOBAHHA TASOANHAMIYHNX
HAPAMETPIB IMIIAKTHOT CTPYMWHU TEIJIOHOCISI
B IIPOLIECI TEPMIYHOI'O PO3INMPEHHA CBEPAJIOBMHU

Beryn. [TopiBHSHO 3 iHIIMMU CrIOCOOAMU TEPMIYHOTO PYHHYBAHHS TIPCbKUX IOPi/], PyWHYBaHHS II0OPO/IH 32 J0MOMOTO0
CTPYMUHM HU3bKOTEMIIEPATYPHOI MJIa3MK BiIPI3HAETHCS MOMUPEHHSIM TPIlIMH B HOPOJi HA 3HAYHY TJIUOUHY, BUCOKUMU
3HaYeHHAMM KoedillieHTa TeIIoBiy[adi Ta MUTOMOTO TEIJIOBOTO MOTOKY, CIIPOIIEHOI0 CHCTEMOIO aBTOMATH3allii Ta uc-
TAHI[IHOTO YTIPABJIiHHS, KOMITAKTHICTIO 3aCTOCOBYBAHOTO TEPMOIHCTPYMEHTY.

IIpoGaemaTuka. MOKINBOCTI aHAJITUYHOTO BUBHAYEHHS ONTUMAJIBHUX MAPAMETPIB TEPMIYHOTO BILIMBY Ha TiPChKI
OpPo/iu 0OMEsKEH] PO3B’SI3aHHM PIBHSIHB TEPMOIIPYKHOCTI Ta KOHTAKTHUX 33124 Teopil MiltHocTi. Taka 1ocTaHoBKa 3a/1a4i €
HEMPUIHSATHOIO Yepe3 CKIAMHICTh BPAXyBAHHs CYTTEBOI 3MiHN (Di3UYHUX Ta TeIJIO(Pi3UUHUX BIACTUBOCTEHN TiPCHKUX TTOPI/T
B IIPOIIeCi TX HArpiBaHHs Ta MEXAHIYHOTO HABAHTAKEHHS. 3BAKAIOUU HA 1€, OYEBH/IHOIO € HEOOXIHICTh PO3POOKK MaTe-
MaTHYHOI MOJIEJI, SIKa JI03BOJISIE BU3HAYNTH OCHOBHI Ta30/IMHAMIYHI XapaKTepUCTUKU CTPYMUHHU TEIJIOHOCIS B 1polieci Tep-
MIYHOTO PO3IINPEHHS CBEP/JIOBUHU.

Mera. Po3po6ka MaTeMaTU4YHOI MOJIEJIi PO3PAXYHKY Ia30[IMHAMIUHUX XapAKTEePUCTHUK (TUCK, TYCTUHA, IBUIKICTD Py-

Marepianu it MeToau. MaremaTudne MOJIEJIOBAHHS [POIECY Teuii BiJbHOI Ta IMIAKTHOI CTPYMUHU TEIIOHOCIS 3
Bukopuctanusam [TEOM.

Pesyabsratu. ExcriepuMeHTaTbHIMI JOCTKEHHAME THATBEPIKEHO afleKBaTHICTh PO3POOJIEHOI MATEMAaTHYHOT MOIET]
PO3PaxyHKY Ta30IMHAMIYHUX XapaKTepUCTUK (TUCK, TYCTHHA, MBHU/IKICTH PyXY ) TETIJIOHOCIS TPY HOTO PYCi B3/I0BK MOBEPXHi

BucnoBku. Otpumani pe3ysibrati MOy Th Oy TH BUKOPUCTAHI JIJIsi MOJEJIFOBAHHS Ta30{NHAMIYHUX XaPAKTEPUCTHK T1PU
3aCTOCYBaHHI TEPMOIHCTPYMEHTA 3 [YTOBUM €JIEKTPUYHUM PO3PSIAOM B iHIIMX TEXHOJIOTIAX TePMidHOI 06POOKHM Ta PyiiHY-
BaHHA MaTepiaiB.

Kntouosi crosa: MaTeMaTuuHa MOJICJIb, TEPMiYHE PO3MINPEHHS, CBEP/JIOBUHA, CTPYMUHA TEIIIOHOCIS.
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MATEMATMYECKOE MOAEJINPOBAHME TASOJIMHAMNYECKUX
[MTAPAMETPOB UMIIAKTHOM CTPYU TEIZIOHOCUTEJISA
B IIPOIHECCE TEPMUYECKOI'O PACIHMPEHNM S CKBAKIIHDBI

Beenenue. [1o cpaBHEHUIO ¢ APYTUMU CIIOCOOAMU TEPMUUYECKOTO PA3PyLUIEHHs TOPHBIX TI0OPOJI, Pa3PyIIeHKe OPOJIbI
C TIOMOIIBIO CTPYN HU3KOTEMIIEPATYPHOH MJIa3Mbl OTJIMYAETCS PACIPOCTPAaHEHNEM TPEIINH B ITOPOJie Ha 3HAYNTEIbHYIO
ryOuHY, BBICOKUMU 3HAYE€HUSIMU KO3 (MUIIMEHTa TEIIOOTAaYM M YAEJbHOIO TEIIOBOI0 IIOTOKA, YIIPOIEHHOH CHCTeMOI
aBTOMATH3AIUU U IUCTAHIIMOHHOTO YIIPABJIEHUS, KOMIIAKTHOCTHIO TEPMOUHCTPYMEHTA.

Ipo6aemaTuka. Bo3sMoKHOCTH aHATUTUYECKOTO ONPEAETCHUSA ONTUMAJIbHBIX ITAPAMETPOB TEPMUYECKOTO BIUSHUS Ha
TOPHBIE TIOPOJIBI OTPAHUYNBAIOTCS pellieHNneM YPaBHeHWH TepMOYTIPYTOCTH I KOHTAKTHBIX 33/[a4 TEOPUH IIPOYHOCTH. Takas
TTOCTAHOBKA 33/I1a4 U SIBJISIETCST HETTPUEMJIEMOIT BCIIEICTBHE CJIOKHOCTH yUeTa CyIeCTBeHHOTO M3MeHeHUsT (GPU3NIeCKUX 1 TeTl-
JI0U3NIECKUX CBONCTB FOPHBIX TIOPOJL B IIPOIECCe UX HATPEBAHUS 1 MEXaHUYECKOTO HATPY KeHUsI. B ¢Bs3U ¢ 9TM oueBHUIHA
HEOOXOAMMOCTD Pa3paboOTKN MaTeMaTHYeCKOW MOZIEIN, KOTOPask MO3BOJISIET OIPEAeJUTh OCHOBHBIE Ta30{NHAMUYECKIE Xa-
PaKTEePUCTHKN CTPYH TEIJIOHOCUTEJIS B TIPOTIecce TEPMIUECKOTO PACITNPEHNS CKBAKIHBL.

Ilean. PazpaboTka MaTeMaTHYECKON MOJE/IN pacueTa rasoAnHaMUIeCKUX XapaKTepUCTUK (JaBjieHune, IIOTHOCTb,
CKOPOCTb JBUKEHUS ) TEIJIOHOCUTEJIS TIPU €Tr0 TeYeHUU B/IOJb TTOBEPXHOCTH CKBAKUHBI B IPOIECCE €€ TEPMUUECKOTO
paciiupeHus.

Marepuassl 1 MeTO/IbI. MareMaTtuueckoe MOIECIMPOBAHKE TIPOIIECCa TeUeHUsT CBOOOAHON U MMITAKTHOW CTPYU TEIIo-
HOCHUTEJd ¢ ucroyb3oBanneM [I19BM.

PesyubraThl. JKCIEPUMEHTATBHBIMI UCCIEOBAHUSMH MOATBEPIKICHA alleKBaTHOCTH pa3paboTaHHON MaTeMaTniec-
KOIi MOJIeJIM pacyeTa ra30/{JMHaMUYeCKIX XapaKTepUCTuK (JlaBjieHune, II0THOCTh, CKOPOCTb JABUKEHMS ) TENJIOHOCUTEJIS TPU
€r0 IBUKEHUN B/IOJTh IOBEPXHOCTU CKBAKUHBI B TIPOIECCE €€ TEPMUUECKOTO PACIIUPEHMUS.

BeiBopl. [TosryueHHble pe3yabTaThl MOTYT ObITh MCIIOJIb30BAHBI /IS MOIEIUPOBAHNUS Fa30JUHAMIYECKUX XapaKTe-
PUCTHUK TIPU TIPUMEHEHUH TEPMOMHCTPYMEHTA C YTOBBIM 3JIEKTPUUECKUM Pa3Ps/IOM B APYTUX TEXHOJOTUSX TEPMHUECKON
06pabOTKU 1 pa3pylieHuss MATEPUATIOB.

Kniwouesvie cnoea: mareMaTnyeckast MO/1€J1b, TEPMUYECKOE paClIupeHne, CKBaKHa, CTPyA TEIJIOHOCUTEJIA.
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