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Abstract

Purpose is the development of a mathematical model to study and describe thermal processes within the borehole wall in
terms of plasma-based rock breaking.

Methods. The following has been applied: theoretical analysis in the framework of a theory of brittle thermoelasticity
breaking, methods of mathematical modeling, and computational experiment.

Findings. Brief information on the results of the development of advanced plasma-based technology for borehole reaming
for hard mineral mining has been represented. The results of industrial tests of plasma plant of 150-200 kW-s power with
plasma-generating gas in the air for hard rock breaking have been represented. The plant and plasma-based technology of
borehole reaming were tested in underground conditions of Kryvbas mines while reaming a perimeter hole to drive a venti-
lation rise in silicate-magnetite quartzites. A mathematical model has been proposed to analyze heat and mechanical fields
in the rock during the plasma-based action on the borehole walls. Numerical studies of the temperature dynamics and ther-
mal stresses within the borehole-surrounding rock layer have been carried out. It has been demonstrated that if low-
temperature plasma is used (7 = 3500-4000°C), thermal compressing stresses are induced within the thin rock layer; the
stresses may exceed the boundary admissible ones. It has been identified that plasma-based effect on the borehole wall
makes it possible to create the conditions for intense rock fracturing and breaking.

Originality. Solution of a new problem of thermoelastic state of a borehole wall in terms of plasma action has been ob-
tained. The proposed mathematical model has been formulated in a cylindrical coordinate system and considers convective
and radiation heat exchange between a plasma jet and a borehole wall.

Practical implications. The obtained results make it possible to assess the rock state depending on the plasma jet parame-
ters. The proposed methods of calculations will help carry out research to evaluate breaking parameters (the required heating
time, thickness of the heated layer, and approximate spall dimensions) and develop different methods for the breaking pro-
cess control.
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1. Introduction

Modern progress in the methods and technologies to de-
velop mineral deposits and geothermal resources means the
necessity of deep-depth operations in hard and very hard
rock [1],[2]. To increase the breaking efficiency of such
rock, it is expedient to apply the action of various physical
fields apart from the mechanical breaking methods. In par-
ticular, use of high-intensity heat flows is one of the most
promising methods to increase the drilling velocity of brittle
rock. Paper [3] demonstrates that the use of concentrated
flows of heat energy for rock breaking makes it possible to
increase considerably the value of specific breaking energy
comparing to the rotary drilling.
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Heat action is used as a main or additional factor of rock
weakening in terms of thermal drilling technologies: spallation
drilling [4], laser drilling [5], some combined drilling meth-
ods [6] etc. It is known that a heat factor allows intensifying the
breaking processes while using traditional rotary drilling [7], [8].

Recently, certain interest has been observed in the appli-
cation of low-temperature plasma action of rock [9]. Such
contactless drilling method helps reduce considerably the
time spent for technological operations; it is also more eco-
nomically expedient comparing to the flame drilling method.

However, a technology of deep-well plasma drilling has
not been widely used today, being at the stage of experi-
mental studies. That is due to certain technical reasons, the
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necessity to develop special methods for breaking products
removal from the bottomhole surface etc. At the same time, the
mentioned type of action may be an efficient breaking tool in
terms of hole-reaming technologies, i.e. for making under-
ground cavities during the drilling-and-blasting operations [10].

Development and implementation of plasma-based techno-
logical processes aimed at brittle crushing of hard rock require
overall studies of physical and chemical processes occurring in
terms of heat action on the sock surface [11]. That will help
reveal the breaking mechanisms and substantiate rational pa-
rameters of the plasma-based action. Thermal stresses in the
rock should be one of the issues to be analyzed in the frame-
work of those studies. In this case, mathematical modeling is
quite an efficient research tool. Objective of the research is
the development of a mathematical model and study of heat
and mechanical fields within the borehole wall being under
the high-intensity plasma jet action. Following tasks have
been formulated and solved to achieve the objective:

—analysis of physical processes within the rock in terms
of high-intensity heat action;

— development of a mathematical model of thermome-
chanical processes within the borehole wall in terms of plas-
ma action;

—numerical study and analysis of thermomechanical
fields within the borehole walls.

2. Brief characteristics of the advanced
plasma-based technology for well reaming

The Institute of Geotechnical Mechanics named by
N. Poljakov of National Academy of Sciences of Ukraine
(IGTM of NAS of Ukraine) has developed a high-efficiency
combined underground drilling-around technology for blocks.
The technology involves drilling of a pioneer well of 105 mm
in diameter with the help of mechanical rigs with further
reaming by 3-6 times by means of plasma-based technique.
Greater advantage of the proposed technology is in its possi-
bility to form cavities of the specified configuration.

Nowadays, we can tell with good reason about low-
temperature plasma as about the important element of new
industrial technologies for deposit development. Owing to
high temperature, plasma demonstrates considerable energy
deposition on the substance being treated, acting booth as a
universal heat carrier and as a reagent.

Several modifications of plasma plants have been made
with 150-200 kW-s power and with plasma-generating gas in
the air aimed at hard rock breaking. Simple design of plas-
motrons makes it possible to manufacture them at any mine
in a mechanical workshop. Plasma-based well-reaming plant
(PBWRP) is in the form of self-propelled semi-automatic
drum-type aggregate with a mechanism of multilayered lay-
ing of a flexible feed device (cable-hose), being 75 m long,
connected with an electric-arc plasmotron and a power sup-
ply unit. Electric-arc plasmotron is aimed for transformation
of electric energy into heat one with flame temperature of
3500-4000°C to break hard ores. Figure 1 shows one of the
PBWRP modifications.

A plant is powered by direct current supplied from a
semiconductor power transformer at about 10° V voltage; it
can move within a mine working with the incline up to 10°.
The plant operates from the mine network of compressed
air. Figure 2 represents a schematic of PBWRP plant in
position in the face.
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Figure 1. General view of the PBWRP plasmotron [11]
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Figure 2. Schematic of PBWRP in mine

Plants and technology of plasma-based borehole reaming
were tested underground in terms of Kryvbas mines while
reaming a perimeter borehole to drive a ventilation rise in
silicate-magnetite quartzites (M.M. Protodiakonov hardness
scale is f = 15-18) and magnetite-martite quartzites (hardness
is f = 16-18). The Table 1 shows the results of industrial tests
of reaming of 105 mm pioneer borehole.

Table 1. Experimental results of PBWRP-1 using [11]
Penetration

Diameter of reamed

borehole, up to, mm rate, m/hr
200-250 41-2.8
300-350 2.5-11
450-500 0.45-0.4

The results obtained after industrial tests [10], [11] indi-
cate high efficiency of a plasma-based rock-breaking tech-
nique. It has been proved that a thermal method (plasma-
based) is expedient to be used while breaking hard ores and
different metasomatosis. Moreover, use of plasma plants for
borehole reaming allows reducing considerably the number
of boreholes, eliminating sublevels, accelerating preparation
of blocks for their development etc.

Today, there are sources of overheated steam (up to
4000°C) developed at the IGTM of NAS of Ukraine; the
sources make it possible to apply steam as a plasma-
generating gas and obtain environmentally friendly plasmo-
trons and technologies.

The IGTM of NAS of Ukraine carried out the laboratory
analysis of thermal-destruction products obtained during the
industrial experiments. Thermogravimetric studies with the
help of a derivatograph have shown that rock is broken at the
temperature of 320-350°C though, during the borehole rea-
ming, the temperature may reach up to 1200-600°C. Calcula-
tion of the activation power has shown that in 20 minutes of
plasma jet action, activation energy increases twofold within
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the zone of heat destruction in terms of maximum plant effi-
ciency. Petrographic studies have demonstrated that the heat
effect results in physicochemical transformations, gaseous
phase outgoing, porosity increase, rock softening etc. A frac-
ture formation process experiences its intensification within
the pre-breaking zone due to intense heat action. In general,
one can state that plasma-based action on the rock results in
the multifactor complex effect on a physical state being not
revealed completely up to now; that stipulates the necessity
of carrying out the corresponding studies.

3. Studying a thermoelastic state of the borehole
walls while plasma-based rock breaking

3.1. Physical statement of the problem

Rock breaking under heat action is stipulated by the irre-
versible structural changes and effect of thermal stresses.
Thermodynamic aspects of the rock breaking process are
considered in [12]. Basics of the theory of rock breaking
under heat action were developed in [13]. The approach is
based on classic thermoelasticity. Brittle rock breaking is
substantiated in terms of the first theory of strength. At the
expense of heating, thermal compression stresses are induced
in the rock; those stresses favour intensification of a fractur-
ing process. The model has been developed practically in
experimental [14]-[16] and theoretical [17] works dealing
with the substantiation of thermal methods of drilling.

That model was developed in paper [18] to study fractur-
ing processes in terms of sign-variable heat action. Study [19]
represents a mathematical model of spalling of the bottom-
hole plane under the effect of compressing thermal stresses.

Note that a plasma-based well reaming has certain fea-
tures. Taking into account high temperature of plasma jet, it
is necessary to consider radiation heat flow while modeling
heat transfer. Moreover, one should remember that mechani-
cal properties of the rock depend on temperature as well; and
the model itself requires using not plane but cylindrical coor-
dinate system.

Represent the rock around borehole with radius R as a cy-
lindrical elastic semi-space with the coordinate origin in the
borehole centre (Fig. 3a). A scheme of rock spalling under
the heat action is represented in Figure 3.

At some initial moment of time, the borehole wall starts
being warmed-up under the plasma jet action (Fig. 3b). Due
to the induced thermal stresses, there is a start of microfrac-
tures growth and surface buckling (Fig. 3c). When a spall is
formed, it separates from the rock mass (Fig. 3d).

3.2. Mathematical statement of the problem

In general, it should be considered that the heating pro-
cess is accompanied by the changing parameters of jet-wall
heat exchange due to the surface distancing from the source.
However, consider that the heat exchange parameters are
constant for the initial period of time. The first approxima-
tion will involve examination of the processes of heat trans-
fer only in radial direction. We will take into consideration
the radiation heat exchange on the wall surface as the plasma
temperature reaches rather high values.

Thus, a mathematical model of heat transfer in the rock
will be as follows:
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Figure 3. A physical model of thermal rock disintegration: cold
rock (a); wall heating and growth of microcracks (b);
buckling of the surface and formation of a new
spall (c); spall deataching (d)
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where:
T- temperature;
7 —time;

r — radial coordinate;

¢ — heat capacity of the rock;

p — rock density;

A — heat conductivity of the rock;

To — initial temperature of the rock depending on the depth;

o.— heat transfer coefficient on the surface;

C - reduced coefficient of radiation heat exchange.

The initial rock temperature is a function of the borehole
depth and depends on specific geological conditions [20].

The reduced coefficient of radiation heat exchange is de-
termined as follows:

Co

1+1—l

C=

€plasma  €rock

where:
Co=5.67-10"° W/(m2.K%;
&plasma — radiation emissivity of a plasma jet;
erock — radiation emissivity of the rock.
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Determining the plasma emissivity factor is a separate
nontrivial problem. The current research takes the data from
paper [21] to calculate the emissivity factor for high-
temperature air in terms of atmospheric pressure. Such an
approach is reasonable as it is the air plasma that is used in
mine plasmotrons.

Results of paper [22] were used to determine the heat ex-
change coefficient.

Despite the fact that the available analytical solutions of a
problem on heat transfer in the borehole-surrounding
rock [23], problem (1)-(4) was solved by numerical method
due to nonlinearity of equation (1) and condition (3).

Assuming that a rule of superposition is true for mechan-
ical fields, we will consider only thermal stresses in the rock.
To model the fields of thermal stresses around the borehole,
a solution of the corresponding thermoelasticity problem [24]
was applied. According to that solution, thermal stresses and
deformations are determined by following expressions:

PE [ r2-R2 Rr r _
op = (1—y)r2 _RTZ—RZ é r@(r,r)dr—g{r@(r,r)dr}, (5)
BE | r24R2 Rr
= e(r,r)d
oy )| R2_R2 ér (r,7)dr+ o
+}r@(r,r)dr—r2@(r,1)};
R
o, =U¢+O'r; (7)
g9 ==L ®)
g =1_ﬂ2 o,—-—t o +B(1+u)0(r,7) 9)
T E TPt e
where:

/3 — coefficient of heat expansion of the rock;

E — Young’s modulus;

1 — Poison’s ratio;

o — stresses;

& — deformations;

u — displacements, indices;

r, ¢ and z— correspond to the coordinate directions of a
cylindrical coordinate system;

o(r,7) =T(r, ) — To;

Rt —radius of heat action.

Value Ry determines dimensions of the excited heat
field [25]. Thus, if r = Ry, following condition is taken:

or=0;,=04=0.
Value Ry is identified from the solution of problem (1)-(4).

4. Calculation results and discussion

Consider the example of the calculation of temperature
fields and stresses within the granite mass surrounding the
borehole in terms of low-temperature plasma jet acting on the
plant surface. There are following specified initial data for the
calculation: To = 298 K; Tpiasma = 3000 K; & = 100 W/(m? K);
C =0.0024 W/(m? K#*; c¢=922J/(kg-K); p=2720 kg/m?;
and R =0.05 m.
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Changes in thermophysical and mechanical granite prop-
erties depending on the temperature were approximated ac-
cording to the experimental data [26]:

474
350+T

+1.18;

E = (11.09T -0.012)-10%;
B = (3.569.10‘3T —0.792).10‘5 .

Figure 4 represents the results of calculation of tempera-
ture field within the borehole-surrounding rock.

%950 0.060 0.065

r,m

Figure 4. Changes in temperature T along radius r for different
moments of time z: 1 -25;2-55;3-85;4-9.8s

As the data in Figure 4 show, a high temperature region
localizes within a thin layer (=5-10 mm) adjoining the bore-
hole wall. In about 9.8 s after the start of heating, surface
temperature reaches 773 K that corresponds to the value at
which most thermally drilled rocks start spalling.

Figure 5 shows distribution of temperature stresses in
azimuth direction. Figure 6 shows that in axial direction/
And Figure 7 demonstrates that in radial directions.

r,m

50 0.052

4

G 10", N/m’

Figure 5. Distribution of azimuth thermal stresses op along radius

r for different moments of time 7. 1-2s; 2-55;
3-8s5;4-98s

As it is seen from the data representing different mo-
ments of timez (1 -25;2-55;3-8s;and 4 —-9.85), tem-
perature increase in the rock is accompanied by the develop-
ing thermal compressing stresses. According to the data [27],
absolute values of boundary thermal compressing stresses for
granite are 1.66-108-2.59-108 N/m?.
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Figure 6. Distribution of axial thermal stresses oz along radius r for

different moments of time r: 1 -25;2-55;3-85;4-9.8s
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Figure 7. Distribution of radial thermal stresses or along radius r for
different moments of time 7: 1 -2s; 2—-55;3-85;4-9.8s

Axial and azimuth stressses have the highest values; they
are close in values and distribution being two-order more
than the radial ones. In turn, values of radial stresses are
comparable with the boundary ones. Thus, in case of plasma
action, values of thermal compressing stresses may exceed
the indicated values.

According to formula (8), thermal stresses result in the
starting process of surface distortion (buckling) and new
spall formation. Values of surface buckling h can be deter-
mined as the displacement in radial direction. Figure 8 shows
value h = u, calculated according to ratio (8).

0.12

0.10

0.0

10

Figure 8. Displacement of surface h in radial direction depending
ontimer

The data represented in Figure 8 demonstrate that the
wall distortion reached 0.11 mm in 9.8 s.
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The value of thermoelastic distortion of the surface pro-
file, thickness of the heated layer, position of the point of
radial stresses maximum — those parameters characterize
indirectly the sizes of rock spalls and may be used for theo-
retical evaluation of the rock breaking parameters.

5. Conclusions

High-temperature plasma jet helps heat up a thin layer of
the rock adjoining the borehole wall. Heating time up to the
breaking temperature is about 9.8 s at the plasma jet tempera-
ture of 3500-4000°C; in this context, heated layer thickness
is less then 10 mm.

Thermal compressing stresses occur within the heated
rock layer. While analyzing the parameters of plasma effect
on granite, radial thermal stresses reach boundary values of
compression stress while axial and azimuth values exceed the
radial ones by two orders. During the action time of 9.8 s, the
borehole wall profile experiences more than 0.1 mm distor-
tions, being comparable with the spall thickness. Thus, a pro-
cess of rock fracturing is provided both on the borehole wall
(at the expense of profile distortion) and within the volume of
heated-up layer (at the expense of radial thermal stresses).

The represented model may be proposed to study a process
of borehole wall breaking in terms of intense heat action.
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Meta. Po3poOka MmaTeMaTHIHOI MOZIEINI I JOCTI/PKEHHS 1 OINCY TePMIUHHX IPOLECiB B CTIHII CBEPUIOBUHH IIPH IUIA3MOBOMY pYHHY-
BaHHI TIPCHKOT TOPOAH.

MeToanka. 3aCTOCOBaHO TEOPETHYHHUI aHaNi3 B paMKax Teopii KPUXKOTO PyHHYBaHHS TEPMOINPY)KHOCTI, METOJH MAaTEeMaTH4YHOTO MO-
JICITFOBaHHs Ta 00YUCITIOBANIbHHUIN EKCIIEPUMEHT.

PesyabTatn. [IpencrasieHa kopoTka iHpopMalis 3a pe3yabTaTaMy pPO3poOKH MEPCIEKTUBHOI MIIa3MOBOT TEXHOJIOTI] pO3IIUPEHHS CBEP-
JUIOBHH TIpH BUAOOYTKY TBEpAMX KOPUCHUX KomanuH. [IpeacraBneHi pe3ynpTan MPOMHUCIOBUX BHUNPOOyBaHb Mm1a3MoBoi yctaHoBkH (YIIC)
notyxHictio 150-200 kBT 3 mma3MoyTBOPIOIOYHMM ra30M Ha MOBITPi JUIS pyHHYBaHHS MIIJHUX ITOPiM. YCTaHOBKA 1 TEXHOJIOTIS IIa3MOBOTO
PO3IINPEHHS CBEPAJIOBUH Oy BUMPOOYBaHi B MiI3EMHUX YMOBaX pynHHUKIB KpuBOacy npu po3mmpeHHi KOMIEHCAIIHHOT CBEpATIOBUHHE IS
MIPOXO/IKN BEHTHJIALINHHOI ITOBCTae BUPOOIEHHS B CHIIIKaTHO-MarHETUTOBHUX KBAPLUTIB. 3alPOIIOHOBAHO PO3POOIIEHY MaTeMaTHYHY MOJETb
JUISL TOCTI/DKEHHSI TEIUIOBUX 1 MEXaHIYHUX TOJIIB B TipChKil MOPOJI IPH IIa3MOBOMY BIUIMBI Ha CTiHKY CBEpAJIOBHHH. BHKOHaHO uyceNbHi
JOCII/DKEHHS ANHAMIKH TeMIIepaTypy i TepMIYHUX HANpy)XKEeHb B HABKOJIMIIHEOMY CBEPJUIOBHHY Iapi ripcbkol mopoau. [TokaszaHo, mio npu
BUKOpHUCTaHHI HU3bKoTeMmmepatypHoi miasmu (7= 3500-4000 K) B ToHKOMYy I1api TripChKol MOPOIH iHAYKYIOTBCS TEPMidHi HANpyrd CTHC-
HEHHS, SIKi MOXYTb IEPEBUILYBATH IPAHMYHO JOMYCTUMI. BU3Ha4eHO, 1110 BIUIMB IJIa3MOBOTO CTPYMEHs Ha CTIHKY CBEPJUIOBHHH JI03BOJISE
CTBOPHUTH YMOBH JUISl iHTEHCHBHOTO PO3TPICKYBaHHS 1 pyHHYBaHHS T1PCHKOT IIOPOIH.

HaykoBa HoBu3Ha. OTpUMaHO PO3B’ 30K HOBOI 3a7a4i 0 TEPMONPYKHOM CTaHi CTIHKH CBEPUIOBHHH IPH BIUIMBI IJIAa3MOBOTO CTpyMe-
HIO. 3alpoIOHOBaHAa MaTeMaTHYHA MOJETb c(hOPMyIIbOBaHA B IITIHAPHIHIN CHCTEMI KOOpAMHAT 1 BpaxoBye KOHBEKTHBHUM 1 pajiamiifHumit
TETI000MIH MiXK TUTA3MOBHM CTPYMEHEM 1 CTIHKOKO CBEPJIOBUHH.

MpakTnyna 3HaunMicTs. OTpUMaHi pe3yIbTaTH JO3BOJIAIOTH OLHIOBATH TEPMOHAIPYKEHOTO CTaH TiPCHKOI MOPOIH B 3AJISKHOCTI Bij
rapaMeTpiB IUIa3MOBOTO CTPyMEHS. 3alpONOHOBaHA METOAMKA PO3PaxyHKY JIO3BOJHTH IPOBOAUTH JOCIIJDKEHHS JUIS OLIHKH IapamMeTpiB
pyiHyBaHHs (HEOOXiMHMI Yac HarpiBaHHs, TOBLIMHY HPOTpiTOro mapy i npubnusHi po3mipu IllenymkoB) i po3poOUTH METOAN YHpaBIiHHS
MIPOLIECOM PYIHYBaHHS.

Kntouosi cnosa: nnasmosa mexnonoeis, mepmiuni Hanpyau, menionepeoaid, pOUUPeHHs C8epON0GUHIU, MAMeMAMUiHe MO0 8aAHHS

MartemaTndeckoe MOAeJMPOBAHME TEPMUYECKUX HANPSAKeHUI
B CTEHKe CKBa:KMHbI IIPH IMJIa3MEHHOM BO3/1eHCTBUH

A. Bynar, B. Ocennnti, A. JIpeyc, H. Ocennss

Ieas. Pa3paboTka MaTeMaTH4ECKONH MOJEIH JUIS UCCIEIOBAHMS U ONUCAHUS TEPMUYECKUX IMPOLIECCOB B CTCHKE CKBAXKHHBI MPH IIa3-
MEHHOM Pa3pyIIeHUH TOPHOH TIOPOABL.

MeTtoauka. [IpuMeHeH TeopeTH4ecKHuii aHaau3 B paMKax TEOPHU XPYIIKOTO Pa3pyILCHUS TEPMOYIPYTOCTH, METOIbI MaTeMaTHYECKOrO
MOJICITUPOBAHHUS ¥ BBIYMCIIUTEIIBHBIA 3KCIICPUMEHT.

Pesyabrarsl. [Ipencrasiena koporkas HHGOpMALMSA [0 pe3yibTaTaM pa3padOTKH NMEPCHEKTHBHON IUIa3MEHHOM TEXHOJIOTMHU pacIlupe-
HHSl CKBOXHMH HPH 00BIYE TBEPIBIX MOJE3HBIX MCKOMAaeMbIX. IIpecTaBieHbl pe3yabTaThl NPOMBIIIICHHBIX UCIIBITAHUH MIa3MEHHOI ycTa-
HOBKH MomHOCTRIO 150-200 kBT ¢ mima3mMoo0pa3yromM ra3oM Ha BO3AYXE IS Pa3pyLICHUs KPEMKUX MOpoJ. YCTaHOBKA M TEXHOJIOTHS
IUIA3MEHHOT'0 PACIIMPEHHsI CKBAXXUH OBLIM ONPOOOBAaHBI B MOA3EMHBIX YCIOBHAX pyIHHUKOB KpuBbacca mpy pacIIMpeHHH KOMIICHCAIMOH-
HOM CKBa)XUHBI JUIS TPOXOAKU BEHTHIIALMOHHON BOCCTAIOMIEH BRIPAaOOTKU B CHIIMKATHO-MarHETHTOBBIX KBapiuTax. [Ipeyioxkena MmareMaTH-
YecKasi MOJIeNIb [UIsl MICCIICIOBAHMs TEIUIOBBIX M MEXaHNUYECKUX MOJIeil B TOPHOH HOpOJie MPH IIa3MEHHOM BO3JICHCTBUM Ha CTEHKY CKBaXKHU-
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HbI. BBITIOJIHEHBI YMCIICHHBIE MCCIIEIOBAHMS AUHAMUKH TEMIIEPATYPbl U TEPMUUECKUX HAIPSDKEHHH B OKPYIKAIOIEM CKBaXXHUHY CJIO€ TOPHOU
noposl. [Toka3aHo, 4TO MPH UCIIONB30BaHUU HHU3KOoTemmeparyproii miasmel (7= 3500-4000 K) B TOHKOM cii0€ TOpPHO#M TOPObI HHAYLHPY-
I0TCSl TEPMHYECKHE HAIIPSDKEHHS CKATUSL, KOTOPbIE MOTYT IPEBBILIATE MPEACIIBHO AomycTHMble. ONpesieNieHo, YTo IIa3MEHHOE BO3/ICHCTBIE
Ha CTEHKY CKBa)KHMHBI II03BOJISICT CO3/aTh YCIOBHS [JIsi HHTEHCHBHOTO PACTPECKUBAHUS U Pa3pyLICHUS TOPHOI HOPOJIBI.

Hayunasi HoBu3Ha. [Toiry4eHo peleHre HOBOH 33/1a4H O TEPMOYIIPYTOM COCTOSHUM CTEHKH CKBa)XKUHBI IIPH IIJIA3MEHHOM BO3JCHCTBHH.
IpeanoxeHHas: MaTeMaTHYecKas MOJielb c(hOpMyIMPOBaHa B IWIMHIPHYECKOH CHCTEME KOOPAMHAT U yYUTHIBACT KOHBEKTUBHBIH U pajua-
LHOHHBIN TEIIO0OMEH MEXy [UIA3MEHHOW CTPYEH U CTEHKOW CKBaXKHHBI.

IpakTHyeckasi 3HAYMMOCTb. [10JTydeHHBIC PE3yNIbTAThI [TO3BOJISIOT OIICHUBATh TEPMOHAIPSIKEHHOE COCTOSHUE TOPHO# TTOPOJIBI B 3a-
BHCHMOCTH OT IapaMeTpOB IUIa3MEHHOW cTpyH. IIpeanoxeHHass METOMKA pacyeTa MO3BOJIMT IPOBOJMUTH MCCIICOBAHHS IS OLICHKHU Iapa-
METpOB pa3pylLIeHus (HeoOX0AUMoe BpeMsl HarpeBa, TONLIMHY MPOTPETOro CI0s U MPHOIU3UTENbHbIE pa3Mephl MIEeNYyIIKH) H pa3padboTaTh
METO/IBI YIIPABICHHS IIPOLIECCOM Pa3pyIICHHS.

Knrouegvie cnoea: niazmennas mexuono2us, mepmMuieckue HanpsaxiceHus, menionepeHoc, PaAcuuperue CKEANCUHbL, MamemMamuieckoe
MooenuposaHue
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