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APPROXIMATE ANALYTICAL MODEL OF ROCK THERMAL CYCLICAL
DISINTEGRATION UNDER CONVECTIVE COOLING

Purpose. Development of an approximate analytical method for calculating strength reduction of different rocks under thermal
cycling effects, taking into account the intensity of convective heat transfer.

Methodology. To solve the problem, an analytical approach based on the thermoelasticity theory was used within the frame-
work of the Griffiths model of fragile fracture.

Findings. It is demonstrated, that cooling of the previously heated rock formation stipulates for intensifies of the rock decom-
position process, due to developing fractures zone and decreasing rock strength. Methods for calculating were developed and effect
of the intensity of convective heat transfer on crack opening processes in the rock was studied. The results of calculation of destruc-
tion time lag for various rocks are presented. It is shown that the efficiency of thermal cyclic decomposition depends on the type of
rock.

Originality. A new approximate analytical approach to the investigation of the development of initiated cracks in mining rocks
under thermal cyclic load and cooling applied to the surface is proposed. An analytical expression has been obtained for the rela-
tionship between the parameters of the fracture process and the parameters of the cooling process. Theoretical substantiation of
the use of variable thermal effects on the rock to improve the efficiency of rock destruction during drilling has been carried out.

Practical value. The outcomes of the study can be used to estimate of the parameters of the heat exchange processes to provide
effective rock disintegration during drilling. The studies carried out confirmed the possibility of control of the temperature mode
on the working face and thermal softening of the rock by changing the flow rate of the drilling fluid.

Keywords: thermal disintegration of rocks, thermal impact, thermoelasticity, Griffith theory, crack opening, drilling efficiency

Introduction. Thermal impact on rock is one of the most
effective ways of rock weakening and disintegration. High
temperatures induce a number of physical effects in the rock
including the thermal expansion and polymorphic transitions
[1], changes in mechanical properties [2], changes in acoustic
properties [3], the surface cracking intensification [4], etc.
Thus, the thermal impact on the rock provides the basis for
various contactless technologies used for rock decomposition:
spallation drilling [5], laser drilling [6], plasma drilling [7] and
plasma reaming of boreholes [8].

An effective way of thermal strength degradation in rocks is
to use the alternation of “heating-cooling” cycles [9]. When
the heated surface is shock cooled, thermal shrinkage produc-
es tensile stresses, which could lead to opening microcracks.
This effect is intentionally used to create promising alternative
techniques for rock disintegration [10]. At the same time, as
demonstrated in [11], thermal cyclic impact on rock also oc-
curs in traditional drilling techniques, where there is a tem-
perature difference between the flushing liquid and the heated
surface of the rock. The experimental data [12] indicate that
thermal cyclic impact is an additional factor that intensifies
the process of rock destruction and is a reserve for increasing
the mechanical drilling speed.

The theory of thermal cyclic disintegration of rocks was de-
veloped by A.N.Moskalev, Ye.Yu.Pigida, L.G.Kerekelitsa
and Yu. N. Vakhalin (Institute of Geothechnical Mechanics,
Dnipro, Ukraine). In [13], the approach was proposed to theo-
retically substantiate strength reduction of rock in the diamond
core drilling process. However, the models considered are lim-
ited to the case of shock cooling corresponding to the thermal
boundary conditions of the first type. But in practical drilling
technologies, the intensity of convective heat transfer between
the rock face and the circulating fluid shall be considered.

The purpose of the present work is to develop an analyti-
cal model for mining rock loosening under thermal cyclic
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impact with consideration of the intensity of convective heat
transfer.

Physical Backgrounds. We shall deal with the problem of
mining rock loosening under cyclic impact of hot and cold
temperatures on the working face area. The problems of this
kind are called heat shock problems in the theory of thermo-
elasticity [14].

For the processes of mechanical rotary drilling, this im-
pact is provided by alternating contact of the mining rock with
the heated indenters of the rock cutting tool and the circulat-
ing drilling mud. In particular, when drilling with diamond
heads, the time of contact between the working face and cold
liquid is hundredths of a second. The experimental data [15]
and theoretical estimation [16] demonstrate that normally the
nominal washing modes provide intensive cooling of the work-
ing face during rotary drilling. Thus, under normal flushing
conditions, the temperature difference at the bottom is up to
300 °C, which is not enough to effectively realize the thermal
cyclic effect. However [17], the use of pulsed flushing modes
allows a temperature difference of 600 °C to be reached.

The rock mass surrounding the well and bottom hole area
are in a stressed state under the effect of high values of the rock
pressure [18]. We shall only consider the stresses that arise in
the rock due to the changing temperature regime on the sur-
face. The influence of other mechanical factors will be disre-
garded.

Analysis of outcomes of the research of thermal and ther-
mal-cycling disintegration of rock formation demonstrates
that strength reduction of rock formation in defined by the two
mutually related criteria: thermal gradient between the heated
rock formation and cooling environment, and disintegration
delay time. The time of delay is the interval after beginning of
cooling required to initiate the fracture development process.
Let us assume the mining rock to be an elastic half-space. In
the first approximation, we shall neglect the dependence of the
physical, mechanical and thermophysical properties of the
rock on temperature.
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The state of the surface rock under alternating thermal ef-
fects on the face can be described as follows. In the heating
phase, the rock is heated to a certain depth and normal com-
pressive stresses arise in it. In the cooling phase, the stresses
change the sign, and tensile thermal stresses are induced. The
maximum value of thermal stresses is determined by expression

:B.E'(Thm_Tcoal) (1)
max 1 _ u >

where [ is the coefficient of linear thermal expansion; F is the
rock elasticity modulus; 7, is the heating temperature; 7, is
the cold liquid temperature; p is the mining rock Poisson’s
ratio.

Mining rocks usually contain a network of microcracks
distributed through the rock mass with a certain density, some
of which reach the free face. In addition to these natural
cracks, other cracks are formed when processed by a mechani-
cal rock cutting tool. Some of them will reach the free surface
and will open under thermally induced tensile stress.

It should be noted that, as a result of cooling, the fractures
in the rock do not develop immediately, but after some mini-
mum necessary time interval, which is called the delay time
Tmin and wWhich depends on the difference (7},,, — 7,,/)-

Let us consider the behavior of a single crack in the mining
rock under the influence of a thermal stress field within the
framework of the Griffiths model of brittle fracture, which is
often used to study the processes of rock destruction [19]. The
relationship between c,,,, and the minimum crack length /,,
opened under such stress is determined by the Griffiths rela-

tionship
_K\2
2
. \/7 ()

where K is the rock elastic constant. Constant K is related to
the energy to create new crack surfaces y, Young’s modulus of
elasticity £ and Poisson’s ratio u as follows

n-E-y
I-p

K=

The transition of a crack from an equilibrium state to a
mobile state is determined by the condition [13]

Ny > K, 3)

where N, is the stress intensity factor (SIF) at the crack tip.

Solving Heat Transfer Problem. Let us determine the tem-
perature fields in the rock not considering the presence of mi-
crocracks. Given the above assumptions, the nonstationary
temperature distribution in a rock mass is determined by the
heat conduction problem

T a( oT

x| ox

; 0; 0<x<oo,
‘o ox J e T @

under the initial condition
T|..o=T,, (5)
and boundary conditions
Tlioo= Ty if T b7

290 =nT| -T,,), if tedu; (6)
ox | x=0
a
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X—>0

where p is the rock density; c is the heat capacity of rock; 7 is
time; A is the rock thermal conductivity coefficient; 8t is the

heating phase time; 97, is the cooling phase time; 7j is the rock
initial temperature; /4 is the heat transfer coefficient.

For a one-cycle impact, the solution of problem (4—6) is
as follows

if 0<t<3dt,, then

T(x,0)=T,+T,, -¢,(x,7),
if 61, < 1< 81, +01,, then R 7)
T(x,v)=Ty+T,,  ¢,(x,07)+
HT o = Thor) @2 (x,71-07)

where the functions ¢, and ¢, are determined from the heat
conductivity equation for the first and third type boundary
conditions, respectively

¢ (x,7)= erfc[zj;); (8)
@, (x,7) = erfc[zjaj -

2
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where a is the thermal diffusivity coefficient of the rock.

If we know the temperature distribution, we can then de-
termine the fracture parameters using (1, 2 and 3).

Simulating Thermal Tensile Stresses. The most dangerous
of all the cracks that reach the half-space boundary are those
perpendicular to its boundary (Fig. 1).

Let us consider a two-dimensional problem of stretching a
crack with a rectilinear contour. Let us assume that the crack
surfaces are free from stresses, and the heat flow through the
crack surface is zero. The physical and mechanical character-
istics of the rock within the cooled layer are assumed to be
constant, which is true for a single crack with an infinite recti-
linear contour.

We need to solve integral equation to describe the start of
rock crack process. This equation is obtained from (3) and has
form [13]

(&)

J' o(x) (10)

\/lz—x

In general case, the equation (10) does not have a solution
in an analytical form. Thus, an approximate approach to prob-
lem solution will be applied.

After the transition from heating to cooling, tensile stresses
are induced in the surface layer of the rock parallel to the
boundary of the half-space, which are described taking into
account (7— 9) by expression

Cooling Fluid

Fig. 1. Diagram for calculations of thermal stresses
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o(x,7)=0. {[erfc( 2\/% J -

(11)
—exp(Bi& + Bi2Fo)erfc[ 2\;’1:_0 + Bi\/?ﬂ,

at . . .
where Fo=— is the Fourier number; Bi=

hl, . .
B e is the Biot

cr
number; & =x/1,,.
The linear approximations of functions ¢, ¢,, to describe
temperature fields in the mining rock are introducing therein.
Thus, we shall write (9) in the form of a linear dependence on §

1—exp(Bi%Fo)erfc(BivFo)— ¢
(&, Fo) =1 _Biexp(Bi’Fo)erfc(BivFo)-& - (12)
0; &,’ > &0
Approximating a function ¢ by the function ¢: 1 — Fo =
=0.1, Bi=5; 2 - Fo=0.5, Bi=2. Given § < §; (Fig. 2), where
the values &, are determined according to the formula
_ 1-exp(Bi?Fo)erfc(BivFo)
[ . . )
Biexp(Bi*Fo)erfc(BivFo)

the error of this approximation is about 19 %.

The work by prof. Murakami Y. and Hasebe N. (Muraka-
mi, Y., & Hasebe, N. Stress intensity factors handbook, Else-
vier Science) demonstrates that if o(x) can be represented in
the form

o(x) :-cicn [’l“] ,
n=0

where C,, Ci, ..., C), are arbitrary constants, then the stress in-
tensity factor for a single crack can be approximated as

N, =—-0\211(0.7930C, +0.4829C, +0.3716C, +
+0.3118C, +0.2735C, +0.2464C; +0.2260C; +  (13)
+0.2090C, +0.1968C; +0.1858C, ).

Let us limit expansion of (13) to the first two terms. By
equating right-hand members of (10, 11, 12) and (13), we will
find coefficients Cy, C,. Using (2, 3 and 13) we get the equation
relating the parameters Bi, Fo and the dimensionless crack

/
length L =— at the transition of the crack to the mobile-

cr

equilibrium state

\/220.895-A(Fo,Bi)—0.545~B(Fo,Bi)-L, (14)
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Fig. 2. Approximating a function ¢ by the function @:
1—Fo=0.1,Bi=5;2—Fo=0.5Bi=2

where A(Fo,Bi)=1-exp(Bi’ Fo)erfc(BivFo), B(Fo, Bi) =

=—Biexp(Bi%Fo)erfc(BivFo).
We shall write equation (14) in the form

y+py+q=0, (15)
A(Fo, Bi) 1.835
here y=vL: p=—1.642.AFBD. _
where y=VL; p B(Fo.Bi)’ ¢~ B(Fo,Bi)

Equation (15) is the canonical form of the cubic equation.
Note that p < 0, so, if the condition is met,
2 3
.7 . 0,
4 27
then equation (15) has three real roots, which are easily deter-
mined according to the Cardano formula

-p v+2kn
=2 || = |cos| ———— |, 16
Vi ( 3 ] [ 3 j (16)
—q (=p)
h = — |, r=4—= k=1,2,3.
where L arccos[ ZrJ r >

Numerical calculations in the study of rock destruction
showed that one of the three real roots (16) is negative, which

does not meet the introduced condition y=\/Z. Two other
roots can be used to write the solution (14)

4 v 4 v+67
L =—pcos?| = |; L,=—pcos?| ——|.

As we can see, there are two positive values of the crack
length L for one moment of time Fo. These values correspond
to the points on the down and up branches on the graph shown
below.

Results. Let us consider the impact of the heat exchange
rate on the surface of the mining rock on the delay in the onset
of the fracture process. Fig. 3. shows the results of calculating
the Fourier number (dimensionless delay time) depending on
the Biot number, which acts as a dimensionless heat transfer
coefficient.

All curves describing the relationship between the Fourier
number and the length of the crack have a minimum point.
Proceeding from the definition of /,, it is obvious that cracks
of length / < /.. (L < 1) will not grow. If L > 1, two options are
possible. If 1 < L < L,;,,, then the cooling time is short, and the
rock is stretched without any visible fissuring.

Moskalev A.N. et al. (Moskalev, A.N., Pygida, E.Yu.,
Kerekilitsa, L. G., & Vakhalin, Yu. N. Destruction of rocks by
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Fig. 3. Dependence of the Fourier number Fo on the dimen-
sionless crack length L for various values of the Bi number:
1—Bi=0.5,2—Bi=1;3—-Bi=1.5;4—Bi=2;5—Bi=5;6—
Bi > o
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thermal cyclic impact, Naukova dumka, Kyiv) obtained an
analytical relation connecting the delay time with the crack
length for the case when Bi — oo, in the form

4L
(]

Curve 6 in Fig. 3 describes the dependence (17). The find-
ings show that as the Bi number increases, the solutions ob-
tained using the proposed model, approach the solution de-
scribed by the (17). For Bi > 5, equation (17) can be used to
calculate the fracture parameters.

When Fo = Fo,,, is reached, the crack starts propagating
dynamically and goes to sustained growth. The less is the Bi
number, the more exposure time is required for the mining
rock crack transition to a mobile state. As the Bi number de-
creases, the minimums of the curves shift toward higher values
of L (Fig. 4). Thus, for the effective destruction of the rock,
longer cracks are required.

Let us consider the productivity of thermal cyclic disinte-
gration for various mining rocks whose properties are present-
ed in Table 1.

Table 2 shows the results of calculating the thermal cyclic
destruction parameters of various mining rocks during con-
vective cooling with a heat transfer coefficient of 4 = 3.6 x
x 10* W/(m? K) from the heated surface. The temperature dif-
ference during the transition from heating to cooling is as-
sumed to be 600 °C, which can be reached with conventional
rotary diamond drilling.

The findings prove that the thermal cyclic fracture effect is
different for different mining rocks. For Granite, Ferrous
quartzite and Diorite, the thermal cyclic effect can be seen
even after a short-term pulsed reduction in temperature. Al-
though for Sandstone, a much longer exposure to the cooling
medium is required for the thermal cyclic destruction.

Note, that experimental results of the study [12] show that
in rotary drilling, the temperature difference between the min-

Fo

a7

304
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204
Fo . 151
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54
0 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9
Bi
Fig. 4. Dependence of the Fourier minimum Fo,;, on the Bi
number
Table 1
Physical-mechanical and thermophysical parameters of rocks
E- 10, B-1073, K-10% | a-10°°,
Rock N/m? K! H N/m*? | m?%s
Granite 2.9 1 0.1 1.7 0.89
Ferrous 6.7 1.35 0.21 3.2 1.7
quartzite
Sandstone 4.9 0.25 0.28 2.37 1.22
Diorite 7.4 1 0.33 1.6 0.65

Table 2
Parameters of thermal cyclic destruction of rocks

Thermal The minimum length | The destruction
Rock tensile stress | of the crack that will process delay
Gmaxs N/m? | begin to open Z,, mm time T, S

Granite 1.93- 108 0.035 0.001
Ferrous 2.42-108 0.07 0.004
quartzite

Sandstone 5-107 0.1 0.99
Diorite 3.87-10% 0.007 0.0003

ing rock and the coolant is one of the key factors to increase
the drilling speed.

Conclusion. The model and technique is proposed to study
the process of thermal softening of the mining rock during the
alternation of heating-cooling cycles on the surface.

It is demonstrated that to estimate the delay time of the
onset of the fracture process, the intensity of the convective
heat transfer on the surface should be taken into account.
Based on solving the thermoelasticity problem, an approxi-
mate analytical relationship is obtained relating the parameters
of the fracture process: the fracture start delay time and the
minimum crack length, with the coefficient of convective heat
transfer at the working face.

It is shown that the convective cooling time required for
the intensification of the fracture process depends essentially
both on the intensity of heat exchange between the rock and
the coolant and on the physical, mechanical and thermophys-
ical characteristics of the mining rock. For a number of con-
cerned mining rocks (Diorite, Granite, Ferrous quartzite), the
effect of thermal loosening of the mining rock can be achieved
with rotary drilling, by changing the temperature regime at the
bottom-hole. However, when drilling Sandstone, a longer
bottom-hole exposure to coolant is required.
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Meta. Po3poOka HaOJMXKEHOI aHAJITUYHOI METOAUKU
PO3paxyHKy 3HEMILIHEHHSI TipCbKOi MOPOAM MpU TePMOLU-
KJIIYHOMY BITJIMBI 3 ypaxyBaHHSIM iHTEHCUBHOCTi KOHBEKTUB-
HOTO TETUIOOOMiHY.

Metoauka. 17151 po3B’si3aHHsI 3a/1a4i BUKOPUCTAHO aHaJTi-
TUYHMI TiIXiZ HA OCHOBI Teopii TEPMOMPYKHOCTI B paMKax
MoJieJli KpUXKOro pyitHyBaHHS ['pudirca.

PesyapraTn. [TokazaHo, 1110 OXOJIOMKEHHST TONEPEIHBO
HArpiTUX ripChbKUX MOPiJ 103BOJISIE 3HAYHO 3HU3UTHU €HEPTO-
EMHICTb TIpoliecy iX pyiHYBaHHSI 3a paxXyHOK PO3BUHEHHS
30HU MepeApyiiHyBaHHS Ta mocjabieHHsd nopoau. Pospo-
OJieHa METOIMKa PO3PaxXyHKY Ta JOCIIIKEHO BILIUB iHTEH-
CUBHOCTI KOHBEKTMBHOTO TEIJIOOOMiHY Ha IpOLIeCUu PO3-
KPUTTS MIKpOTpiluH y nopoxai. HaBeneHi pesynbraty po3-
paxyHKy 4Yacy 3aTpUMKH PYWHYBaHHSI JIJIsl Pi3HUX TipCHKUX
nopin. [TokazaHo, 1110 e(eKTUBHICTh TEPMOLIMKIIYHOTO Pyii-
HYBaHHSI 3aJIEXUTh BiJl BULLY TipCbKOI MOPOJIN.

HaykoBa HoBM3HA. 3anpONOHOBAHO HOBUI HAOIMXKEHO-
QHATITUYHMI TIAXIA 10 JOCTiIKEHHS TIPOLEeCy pO3BUHEHHS
TPILLIMH Y TipChKill MOpOoai Mpy LUKJIIYHOMY HarpiBaHHI Ta
OXOJIOMKEHHI TToBepxHi. OnepkaHo aHATIITUYHUI BUpa3, 110
3B’513y€ MapaMeTpu MpoLeCy pyiiHYBaHHSI i3 TpoliecaMu 0XO0-
JIoJKeHHs1. BUKoHaHi TeopeTuyHi 0OTpYHTYBaHHSI BUKOPUC-
TaHHS 3MiHHOTO TEIUIOBOTO BIUIMBY Ha TipCbKY MOPOAY ISt
MiIBUILIEHHS e(DEKTUBHOCTI pyiHYBaHHS TIpy OYpiHHI.

IIpakTiyna 3HayumicTh. Pe3ynbraTi pOOOTH CTAHOBJSTH
IHTepecC IS OLIIHKKM MOXKJIMBOCTI YIIpaBJIiHHSI TeMIlepaTyp-
HUM PEKMMOM OypiHHS Ta TEIJIOBOrO 3HEMiLIHEHHS TipChKO1
TOPOMIN 32 PaXyHOK 3MiHU BUTPAT MTPOMUBAILHOI PiTUHU.

KuntouoBi ciioBa: mepmiune pyiinyeanns eipcokux nopio, me-
na0uil 6naue, mepmonpyxicHicms, meopis Ipughimcea, poskpum-
ms mpiwun, egpekmusHicmo 0ypiHHs

IIpubamkeHHas aHaIMTHYECKas MoeJb
TEPMOLMKINYECKOTO pa3pylleHusi TOPHOi
NOpO/bl MPH KOHBEKTUBHOM OXJIAXKIEHUH

A. 10. Jipeyc', [A. A. Koxcesnukosl, Baouane JIo’,
. A. Cyoakoea*

1 — JIHempoOBCKMiI HALIMOHAJIBHBII YHUBEPCUTET WUMEHU
O.Tonuapa, r. Inenp, YkpauHa, e-mail: dreus.andrii@gmail.
com

2 — HanyoHanbHbIM TEXHUYECKUI YHUBEPCUTET ,,JIHeTTpoB-
cKas monuTexHuka“, r. Jlnernp, YkpanHa

3 — CrpoutenbHbIi KoutemK LI3MITMHCKOr0 YHUBEPCUTETA,
r. Yanuynb, Kuraii

Iean. PazpaboTka npubIMKEHHOM aHATUTUYECKON Me-
TOIMKM pacyeTa pa3ylpoOYHECHUSI TOPHOU IMOPOIBI TIPU Tep-
MOLMKJINYECKOM BO3IEHCTBUM C YY€TOM HHTEHCUBHOCTH
KOHBEKTHUBHOTO TEIJIOOOMEHA.

Meronuka. 1151 pelieHMs: 3aga4M MCIIOJIb30BaH aHaIM-
TUYECKUI TIOOXOI Ha OCHOBE TEOPUM TEPMOYIIPYIOCTU B
pamMKax Mojesiv Xpynkoro paspyiuenust ['pudpurca.

Pesyabrathl. [lokazaHo, 4TO OXJaXIEeHUE IIpeIBapH-
TEJIbHO HArpeThIX TOPHBIX MOPOJ MO3BOJSIET 3HAYUTEIHLHO
CHM3UTDH DHEPrOEMKOCTD IIPOLECCa UX pa3pyILIEHUs 3a CUET
pa3BUTHS 30HBI Mpeapa3pylIeHusT U OCaabJeHUs MOPOIbI.
PaspabotaHa MeTOOMKAa pacyeTa M WCCICIOBAHO BIUSHME
MHTEHCUBHOCTY KOHBEKTMBHOIO TEILJIOOOMEHA Ha IPOoLiec-
Chl PACKPBLITHS MUKDPOTpELIUH B Topoxe. IlpuBemneHbl pe-
3yJIbTAThl pacyeTa BpeMeHH 3a1ePXKKU pa3pyIIeHUs IS pa3-
JIMYHBIX TOPHBIX mopoxd. IlokazaHo, 4TO 3(MGEKTUBHOCTD
TEPMOLIMKINYECKOTO pa3pylieH!s 3aBUCUT OT BUIa TOPHOI
ITOPOJIbL.

Hayunas HoBu3Ha. [1peiokeH HOBBIM MPUOJIMKEHHO-
AHAJIUTUYECKUI TTOIXO/ K MCCIeI0OBAHUIO IIPOLIECCa Pa3BU-
TUSI TPEIMH B TOPHOI MOpoae NMpY LUKJIMYECKOM Harpene
U OXJIAXICHWM ITOBEpXHOCTU. [loydeHO aHAIMTHYECKOE
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BBIpaXKEHUE, CBSI3BbIBAIOLIEE MapaMeTphbl IMpoliecca paspy-
LIEHWSI ¢ TTapaMeTpaMy OXJIaxkIeHus1. BelmoaHeHo TeopeTu-
YeCcKoe OOOCHOBAaHME HCIOJb30BAHUS TMEPEMEHHOTO Te-
TUTOBOTO BO3IECTBUSI HA TOPHYIO MTOPOY IS MTOBBIIIEHUS
3 GEKTUBHOCTU pa3pylleHUs] TOPHOU MOpoIbl MpU Oype-
HUU.

IIpakTyeckas 3HauMMocTb. Pe3ysnbraThl paboThl Mpea-
CTaBJISIIOT UHTEPEC Il OLIEHKU BO3MOXHOCTHU MCIOJIb30Ba-
Hus 3ddeKTa TePMOLUUKINYECKOTO pa3pyllIeHUs] B pa3any-
HBIX TEXHOJIOTUsIX OypeHusi. BrimonHeHHbIe uccienoBaHus

MOATBEPIMIA BO3MOXHOCTb YIPABJICHUsI TeMIepaTypHbIM
pPEXUMOM OYpeHHUsI U TEIUIOBOrO Pa3ylnpoOYHEHUs] TOPHOM
MOPO/IbI 38 CUET M3MEHEHUST PACX0Jia IIPOMBIBOYHOM KXUIKO-
CTH.

KioueBbie ciioBa: mepmuueckoe paspyuleHue 20pHuIX HO-
P00, menaogoe gozdeiicmaue, mepmoynpyeocms, meopus Ipug-
¢humca, packpvimue mpewun, 3pHeKxmueHocms OypeHus

Pexomendosarno 0o nybnixauii Odokm. mexH. HayK
B. I. bondapenkom. Jlama nadxodxucenns pyxonucy 08.12.18.
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