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Abstract. The article is devoted to the problem of hard ores, in particular of ferruginous quartz-
ites, thermodynamic destruction with the help of new environmentally friendly and saving-resource
technologies of blasting operations in the Kryvyi Rih basin. Until now, no more effective methods
have been developed for making underground chambers for explosive substances, than the plasma
method, though control of plasma torch thermodynamics remains a live problem. This method allows
making chambers of any configurations. The article presents results of theoretical studies of how
plasma impacts on the iron ore mass. The dependencies of distribution of temperature loads and nor-
mal and tangential stresses in the rock on time and coordinate are specified. It is stated that tensile
stresses of magnetic quartzites being treated by plasma is ten times greater than compressive stresses.
Calculations, which take into account rock pressure, convective and radiant heat transfer from the
plasma jet specify essentially more exactly geometry of stress distribution, time of stress diffusion,
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density of thermal field in the surface sector of the borehole. Scientific novelty of the presented results
lies in justification of models of plasma-flow impact on the iron ore mass in the pre-fracture zone at the
borehole expansion. The results can be used in technological processes of breaking hard ores into the
camera, during sinking the raise workings and during construction of the cutting slots and other work-
ings for domestic purposes.

Keywords: chamber cavity, plasma, temperature loads, tensions.

Introduction

At the turn of the twenty-first century low-temperature plasma has shown itself as
an important element of the new industrial technologies. Plasma technology allowed
us to implement processes, not occurring in the usual classical conditions. The sim-
plest way to obtain plasma is in thermal ionization in electric discharge. The plasma
temperature of monatomic gases does not exceed 13000 K, diatomic — 8000°K.

Due to the high temperature and electrical conductivity, plasma has an extremely
powerful energetic impact on the treated material, in its role as a universal coolant and
reactant. Using plasma can be performed practically any exothermic reaction [1].

Over the last 30-35 years in various industries around the world, the wide applica-
tion of plasma technology have been found — hardening the surface layer of the prod-
ucts [2], welding and cutting of metals [3], the processing of superhard materials [4,
5], coating [6], the burning of low-grade coals [7].

After a period of formation and development, plasmotron engineering has become
an independent branch. Scientific researches in the field of gas dynamics and electro-
physics, study of the principles of the plasma torch operation, the interaction of the
electric arc with the gas flow, as well as the search for new design schemes and tech-
nical solutions have no borders [8].

Problem and communication with scientific and practical tasks

The practice of underground mining of magnetite quartzite in Kryvyi Rih basin
have shown the complexity of drilling and blasting complex of works at breaking
strong ores. Preparation of cavities for placement of explosives in the rock mass is an
important technological component during the roadway. The energy blast emitted by
the rock mass of strong ores transforms using the chamber cavity in comparison with
the explosion of the cylindrical charge. Nowadays it is possible to create the chamber
cavity thermally method using plasma generators. Plasmatrons as a working part on
mining machines have found their applications in technologies for mining and ore pro-
duction, as the breaking of strong ores to the camera, sinking raising and horizontal
workings, the creation of cutting slots, draw holes, and other workings for household
purposes. Theoretical estimation the changing of the explosion energy, that was emit-
ted in the rock mass during creation a chamber extensions in borehole previously
drilled by mechanical means is given in paper [9].

After a period of formation and development of plasma technologies in mining en-
terprises of Kryvyi Rih basin, needed to produce analytical studies of stress fields in
iron ore extended rock mass around the borehole.

A stress state of the rock mass, conditioned by pressure in rocks, affects essential-
ly on process of rock destruction by means of thermal method in technology of the
underground borehole reaming. The efficiency of this process is determined by the
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nature of thermoelastic stresses distribution, originating in surface layer of borehole.
To estimate it and to select the operating conditions of the plasma generator was
solved a problem by definition of temperature fields and thermoelastic stresses in
borehole walls with allowance for thermal (radiant and convective) and mechanical
(forces of a rock pressure) affecting.

Formulation and solution a problem

To determine a field temperature and elastic stresses and their time dependence
outside of area, restricted walls of a cylindrical section cavity with radius r=R (fig. 1),
inside which one constant temperature T, is maintained. The cylindrical surface is
exposed to radiant and convective affecting. At the initial moment temperature on a
wall equals to zero degrees. Temperature on infinity equals to zero degrees.

Figurel — Transverse section of borehole and fragment of the rock mass with the distribution
of tensions

It is necessary to solve two differential equations:

o°T(r,t) N 1 oT(r,t) 1 oT(r,t)
or? r  or a Ot

-ﬂ,%j}t) = H(T, ~T(R.1))+ o, T} ~T*(R.1)).

according to following initial and boundary conditions:
T(r,t=0)=0; T(r = 0,¢)= 0.

In this equations a — thermal diffusivity coefficient, 4 — thermal conductivity co-
efficient, H — heat transfer coefficient, oy — Stefan-Boltzmann constant.
Solving a problem, the nonlinear boundary conditions are reduced to a linear dis-
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turbance method, then the solution is represented in the way of series with rising de-
grees and the problem is disintegrated on a sequence of boundary-value problems.
After that the method of an integral Laplace transformation will be used and the field
of solution is applied to a closed contour due to the functions of a complex variable.
After integrating, having taken advantage asymptotic disintegrating of the Bessel
functions, the final solution for thermal affecting is obtained.

For definition of a stress tensor around of bore hole with round cross-section in a
homogeneous isotropic elastic massif with allowance of thermal affecting and forces
of a rock pressure we use a polar coordinate system with the beginning at center of
hole. To determine three stress tensor components o,, ,, T, and three strain tensor
components &, &y, &, IS NEcessary to decide a set of equations, including two equilib-
rium equations:

or o,.—O or oo 2T
00, 1% | Or =0, o 1

or r 0@ r or r Op r

r

the equation of strain compatibility:

62<7'€¢) 282(r5r¢) o¢,
o2 orop | or

and three equations, depicting a Hooke law with allowance of thermal expansion:

6, =L (1= o, - o, )+ (1+ )T
£p = HTﬂ((l—ﬂ)% — po, )+ (1+ p)pT
& —1+'u2'

In these equations x — Poisson’s ratio, £ — isothermal modulus of elasticity, £ —
linear thermal expansion coefficient, 7 — function, obtained as a result of a solution
of the first part of the problem.

As boundary conditions we take into consideration: with removal from the hole
stresses aim to those values, which one act in an undisturbed massif. It was comfort
to transform them in Cartesian coordinate system:

Im o, =-A)H, Im o, =—)H,

7 —>0 r—>0
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where YH — characterizes the quantity of a rock pressure, A — side thrust coefficient.
On the contour of hole, where =R, it is satisfied the condition c,= 1,, = 0.

For a solution of this set of equations was used the method, which well-known in
theory of elasticity, when three stress tensor components express through one re-
quired stress function F:

r

10F 10°F 0°F o(1 oF
=——+——; - =
ror r agpz ¢ or?

Having substituted last three expressions in the equations, depicting a Hooke law,
and obtained values ¢, and g, in the equation of strain compatibility, finally we shall
receive a partial equation for function F:

2 2
VAV2F(r, (p,t)+£V2T(r,t)= 0, rmeV’= 8—2 19 +lza_2
1-u or ror r°op

The general solution is represented in the way of sum of general solutions of a bi-
harmonic equation and particular solution of original equation.

Results

The example of calculation of a thermal field for initial temperature To= 1500 °C
is reduced in a fig. 2.

In fig. 3 are shown consequently dynamics of variation of values a stress tensor
components &, and G, for initial temperature T, = 1500 °C at a different valid time of
this temperature.

In fig. 4 are shown the stress distribution in a near-surface layer of borehole dur-
ing plasma exposure for different depth.

Conclusions and recommendations

The solution algorithm of the problem about distribution of temperature and dy-
namic stresses in mining rocks is developed by means of boreholes expansion by
thermal method with allowance for rock pressure and radiant heat change. It is estab-
lished, that the value of tensile stresses for magnetite quartz in plasma processing is
10 times more than magnitude of compression stresses that confirms the results of the
paper [9]. Moreover, the compression stresses are mainly massed in surface heating
zone, and tensile stresses are affected further deep into the rock mass. The magnitude
of the stresses is influenced by the pressure of rocks. Its contribution may reach 12-17
% in comparison with the values of the stresses in the unstressed rock mass.
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Figure 2 — Distribution of thermal field in a near-surface layer of borehole during plasma exposure
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Figure 3 — Stress distribution in a near-surface layer of borehole during plasma exposure
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Figure 4 - Stress distribution in a near-surface layer of borehole
during plasma exposure for different depth

The account in calculations of a rock pressure and radiant heat change from the
plasma jet has allowed essentially updating geometry of the stress distribution, time
of their propagation, density of temperature field in a surface band of borehole. Us-
ing the proposed algorithm of solution for each specific geological conditions it 1is
possible to select thermal and structural parameters of the plasma torch ensuring the
creation in the rock, the maximum thermal stress and higher productivity of the pro-
cess of destruction. The obtained results were used in researches of boreholes plasma
expansion. The installations have been tested in conditions a series Kryvyi Rih region
mines.
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AHoTanig. CtaTTs npucBsyeHa npodsieMi TEPMOJMHAMIYHOTO pyHHYBAaHHS MILHUX PYH, 30K-
peMa 3aTi3UCTUX KBApPIMTIB 13 3aCTOCYBAHHSM HOBHX €KOJIOTIYHUX PeCcypco30epiraloumx TEXHOJIO-
riii BeneHHs miapuBHUX poOiT y KpuBopizbkomy Oaceiini. J{ns mia3eMHUX YMOB 10 TENEPIIIHbOTO
qacy He po3po0IieHO OUTbI epEeKTHBHUX METO/AIB YTBOPEHHS KOTJIOBHX IMOPOKHUH IJISi PO3MIIIEH-
HSl B HUX BUOYXOBMX PEYOBUH, HK IJIa3MOBUH. AKTYalbHOIO € Mpo0iieMa yrpaBIliHHS TepMOIUHA-
MIKOIO TUIa3MOBOTO (hakena. 3aBIsSKH IbOMY MOYKHA CTBOPIOBATH KOTJIOBI MMOPOKHUHM PI3HUX KOH-
¢birypartiii ans po3MilleHHS BUOYXOBUX PEYOBHH. Y CTATTI HaBEJEHO PE3YJbTaTH TEOPETUUHUX JO-
CIII/DKEHB TUIa3MOBOTO BIUIMBY Ha 3aji30pynHUil MacuB. OTprMaHi 3aJ€KHOCTI PO3MOJIUTY TeMIIe-
paTypHOr0 HaBaHTAXEHHSI, HOPMAJIbHUX 1 TAHTEHLIaJbHUX HANIPYKeHb Y T1PCHKIii MOPOAl Bij yacy i
10 KOOpJMHATI. BCTaHOBIIEHO, IO BETMYMHA PO3TATYBAIBHUX HANPY>KEHb JJISI MarHETUTOBUX KBa-
PLMTIB MPH IUIa3MOBIH 00pOOIIi B 1eCATh pa3iB OUIbIIE BEIMYMHU CTUCKYIOUMX HampyxkeHb. OO0k
B PO3paxyHKax TipCbKOTO0 THUCKY, KOHBEKTHBHOI'O 1 MPOMEHUCTOrO TEIUIOOOMIHY BiJl MJIa3MOBOIO
CTpYMEHS JTO3BOJIMB ICTOTHO YTOYHHMTH T€OMETPiI0 PO3MOJLTY Hamlpy>KeHb, 4Yac iX MOIIMPEHH,
HIUTHHICTH TETIOBOTO TIOJISI B MOBEPXHEBINM 30HI CBepAoBMHU. HaykoBa HOBHM3HA HAaBEJICHHUX pe-
3yJIbTaTiB MOJISTa€E B OOTPYHTYBAaHHI MoJiesiell BIUIMBY IUIa3MOBUX MOTOKIB Ha 3a1i30pYAHUNA MacuB
B 30HI NepeApyHHYBaHHS IPU PO3LIMPEHH] CBEepAIoBUHU. HaBeneHi pe3ynbraTé MOXKYTh OyTH BH-
KOPHCTaHi B TEXHOJIOTIYHUX Ipoliecax BiJOMBaHHS MIIHUX pYJ Ha KaMmepy, MPH MPOXO/AL IiTHSAT-
TEBUX BUPOOOK, MPH CIIOPYAKEHHI BIIPI3HUX LIUIMH Ta 1HIIMX BUPOOOK rocrofapChKOro Mmpu3Ha-
YEHHS.

K1040Bi ci10Ba: KOTJIOBa MOPOKHUHA, TUTA3Ma, TEMIIEpAaTypHE HAaBAHTAXCHHS, HAIIPYKCHHS

AnHoranus. CTaThsi OCBSIICHA MPOOJIEME TEPMOIUHAMUYECKOTO Pa3pyIICHUSI KPENKUX PYII,
B YaCTHOCTHU JKEJIE3UCTHIX KBAPIIMTOB C MPUMEHEHHEM HOBBIX KOJOTHYECKHX pecypcocOeperaro-
IIMX TEXHOJOTHH BeleHus B3pbIBHBIX padoT B KpuBopokckom Oacceiine. [ moI3eMHbBIX YCIOBUI
JI0 HACTOSIIIETO BpeMEHU He pazpaboraHo Oosiee d(H(PEeKTUBHBIX METOOB 00pa3oBaHMS KOTIOBBIX
MOJIOCTEN NI pa3MEIICHUsI B HEM B3pPBIBYATHIX BEIIECTB, YEM IIJIA3MEHHBIA. AKTYaJIbHOU ABJISETCA
npo0byieMa yrmpaBlieHUs TEPMOAMHAMHUKON TIIa3MEeHHOTO (hakena. biaromapsi 5 ToMy MOXKHO CO3/1a-
BaTh KOTJIOBBIE TMOJIOCTH PA3IMYHBIX KOH(PUTYpaIui UIsi pa3MeIeHUs] B3pbIBUATHIX BEIIECTB. B
CTaTh€ MPUBEJEHBI PE3yJIbTAThl TEOPETUUECKUX UCCIEAOBAaHUM IJIA3MEHHOTO BO3JEHCTBUS Ha Ke-
ne30pyIHbI MaccuB. [lofydeHbl 3aBUCHMOCTH pacTpeeieHUus TeMIEpaTypHOW Harpy3Kd, HOP-
MaJIbHBIX U TAHT€HUUAJIbHBIX HANPsHKEHUH B TOPHOM MOPOJIe OT BPEMEHHU U MO KOOpAUHATE. Y CTa-
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HOBJIEHO, YTO BEJIMYHMHA PACTATMBAIOIIMX HANPSDKEHUN JUIsl MAarHETUTOBBIX KBAPLMTOB IPU ILJIa3-
MEHHOH 00paboTKe B JIeCsITh pa3 OoJIbllIe BEIUYMHBI CKUMAIOIUX HaNpsDKEHUH. Yuer B pacyerax
TOPHOTO JaBJICHUsI, KOHBEKTUBHOT'O U JIYYHUCTOrO TEIUIOOOMEHA OT ITUIA3MEHHOM CTPYH MO3BOJIHII CY-
LIECTBEHHO YTOYHHUTH T€OMETPHIO PACIIPENEIICHUS HANPSDKEHUM, BpeMs MX PacIpOCTpaHEHus, II0T-
HOCTb TEIUIOBOT'O IIOJISI B IIOBEPXHOCTHOM 30HE CKBaKMHBbI. HaydHas HOBHM3HA IIPUBEIEHHBIX pe-
3yJIbTAaTOB 3aKJIOYaeTCsl B 0OOCHOBAaHMHM MOJEJNEH BO3ACHCTBUS IUIa3MEHHBIX IOTOKOB Ha JKelle-
30pyIHBI MacCUB B 30HE IIpepa3pyLICHUs IPU pACUIMPEHUH CKBaKUHbIL. [IpuBeneHHbIe pe3ynbTa-
Thl MOTYT OBITh HCIOJIb30BaHbl B TEXHOJIOIMUYECKHX Mpolieccax OTOOMKU KPENKUX Py Ha Kamepy,
IIPU TPOXOJIKE BOCCTAIOUINX BBIPAOOTOK, IPU COOPYKEHUHU OTPE3HBIX LIETIeH U APYruxX BHIPAOOTOK
XO35IICTBEHHOI'O HA3HAYCHMUS.
KurroueBsble cj10Ba: KOTJIOBAs MOJIOCTh, IUIa3Ma, TEMIIEPATypHAs HArpy3Ka, HAIIPSKECHHUS.
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