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GRINDING TEMPERATURE MODEL SIMPLIFICATION FOR THE OPERATION
INFORMATION SUPPORT SYSTEM

Annotation. Grinding temperature mathematic models need for the designing, monitoring and diagnosing the grinding
operation to boost the operation throughput without burns of the surface to be ground. This is fully relevant, for example, for CNC
gear grinding machines. Once the problem of mentioned mathematic models development is solved, it becomes possible to develop
appropriate computer subsystems to optimize and control the grinding operation on CNC machines at the stages of both production
and its preparation. The urgency of solving this problem is confirmed by the large number of relevant publications, most of them are
connected with Jaeger moving heat source. At the same time, the idea of replacing the fast-moving source with the time of action of
the corresponding unmoving one, formulated for the first time by Jaeger, has not yet found a proper practical application. This
article justifiably shows that the proximity of the results of calculating the maximum grinding temperature and the depth of its
penetration by the two- and one-dimensional solutions practically takes place when the fast-moving heat source is characterized by
the Peclet number which is more than 4. For this interval of the Peclet number change, a simplified formula for grinding temperature
was first obtained for determining the temperature on the surface and on the depth of the surface layer. Then this simplified formula
was investigated by comparing it with the well-known analytical solution of the one-dimensional differential equation of heat
conduction for various values of the Peclet number. It is shown that in the range of the Peclet number from 4 to 20, which is the case
for most modern grinding operations (flat, round, profile, and others), the difference in determining the grinding temperature by
exact and approximate solutions does not exceed 11%. At the same time, the simplified solution obtained in the paper has an
important new quality. The mathematical formula that describes this solution makes it possible to express explicitly the penetration
depth of any given fixed temperature. If this fixed temperature leads to structural-phase transformations in the surface layer of the
workpiece, then it becomes possible to determine the defective layer depth during grinding. In turn, the grinding stock for the
grinding operation should be greater than the mentioned defective layer depth. New information on the state of the grinding system
can be the basis for monitoring and diagnosing of the operation, as well as for designing this operation at the stage of production
preparation. This, in turn, is a technological prerequisite for the development of appropriate computer subsystems that can be
integrated into the CNC system of modern grinding machines.
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Introduction and boost its productivity, it is necessary to have

The problem of the grinding productivity in-
creasing can often be solved by adapting the grind-
ing system elements to higher productivity, taking
into account the temperature in the contact zone, i.e.
between the grinding wheel and the workpiece [1-2].
To do this, an appropriate methodology has to be
created. The analysis and study of thermal phenom-
ena during grinding is part of this methodology
which concerns the development of embedded sub-
systems for designing, monitoring and process diag-
nosing of the profile grinding operation on CNC
machines. The development of such subsystems is
an example of the information and communication
technologies strategy implementation in the franhel
work of the fourth industrial revolution in discrete
and process manufacturing named “Industry 4.0”.

The temperature in the grinding zone is one of
the main factors limiting the performance of grind-
ing operation [1-3]. To optimize a grinding process
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true information about the grinding temperature
which can be obtained by the methods observed in
the literature. There are many works which are de-
voted to the study of thermal phenomena in grind-
ing. In terms of applied research methods the ana-
lyzed literary references can be divided into the fol-
lowing groups: theoretical methods [4-7]; the theo-
retical ones with experimental verification [8-10];
theoretical ones with computer simulation of the
temperature field [11-13]; computer simulation
methods with experimental testing [13-18]; the only
computer simulation ones [19-21].

1. Theoretical Background

1.1. Two-dimensional Solution

One of the grinding heat criterion indicators is

the Peclet number H =z—h, which is determined by
a

the velocity of the part being ground V' (m/s), the
half-width of the moving contact zone / (in m) and
the thermal diffusivity @ (in m?/s). For most grind-
ing operations there is the condition of H >4 [10;
22-24] and this condition is the basis for determining
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the grinding temperature based on solving the one-
dimensional differential equation of heat conduction
[10; 22; 23; 25], since at H >4 the results of calcu-
lating the maximum grinding temperature by the
two- and one-dimensional solutions (both for the
workpiece surface and along the depth of the surface
layer) differ by no more than 5-10 % [22; 23]. That
is why the criterion H >4 may be used to choice the
one-dimensional  solution instead of two-
dimensional one for determining the grinding tem-
perature. In this regard, let’s consider the two-
dimensional solution in terms of determining the
temperature and depth of the defective layer during
grinding.

According to the work [24] a heat exchange
scheme for surface grinding without forced cooling
is represented as follows. A band heat source with
the width of 2hmoves over the flat surface of a
semi-infinite body along and in the positive direction
of the z -axis and is infinitely long in the direction of
the y -axis (Fig.1, a). The heat flux density ¢ (in

W/m®) over the entire surface of the moving contact
is assumed uniform, i.e. ¢ =const. The coordinate
system is referenced to the moving heat source (Fig.
1, a).
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Fig.1. Moving zone A, (a) and unmoving A,
(b) and Aj; (¢) zones in which there is the heat flux
g at the stage of heating

The transition from the two-dimensional ther-
mophysical scheme with a moving heat source
(Fig.1, a) to the corresponding one-dimensional

schemes with unlimited (Fig. 1, ») and limited
(Fig.1, ¢) unmoving flat sources is performed by
replacing the velocity parameter of the heat source V’
(in m/s) by the time of its action.

The two-dimensional solution for determining
the grinding temperature, as it is adopted in works
[4; 22; 24; 25], has the following form

2ga
Typ(X,Z,H)y=——x
2n( )=

xZ}H exp(-§)K, (\/m)dﬁ

Z-H

(1

In the equation (1) the following designations
are used: Ais the thermal conductivity in W/(m-K)

z—2
of the workpiece material; §=¥; V'is the
a

heat source velocity, m/s; X, Z are dimensionless

(i.e. relative) coordinates which correspond to di-
mensional coordinates Xx,zin m; H is the Peclet
number or dimensionless heat source half-width
which correspond to the dimensional half-width 4
(in m) (Fig. 1, a); Ky(s) stands for the zeroth-order
modified Bessel function of the second kind. In
equation (1) the following designations are used:
X = 43 WAS E; _Vh .

2a 2a 2a

Dividing both parts of equation (1) by the factor
of2qga/7\V, we obtain the following two-
dimensional solution in a dimensionless form, e.g. in
the interval of -20H < Z <+5H i.e.

Z+H

O(XzZH)= | exp(—f)KO(s/Xerg"z)dé. @)
Z-H

Let’s introduce the notation

s =ew(-Ok (V178 Jas. )

Using the property of a definite integral, expression
(2) can be written as [24]

Z+H
[ exp(=&)Ko|EldE=T(Z+H)-J(Z+H).
Z-H

That is, the dimensionless temperature is equal to the
difference between the values of the integral (2)
found at its upper and lower limits. The surface tem-
perature can be formally found from equation (2) at
X =0, 1.e.

Z+H
®1p |X:0 =0(0.ZH)= [ exp(-&)K, |§|d§- 4)

zZ-H
Here|§|:\/§_2.

In this case, the expression (3) will be
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JW)] xo —I exp(—¢) K, [¢]dg. (5)

In turn

J(u)lxo—Jexp E)KolEldE = 2mful =1 ()

Thus, in the moving coordinate system (Fig. 1,
a), the surface temperature under the heat source, i.c.
at the stage of heating in the interval-H < Z < H ,
can be determined by the formula

Oy (0,H,2)=2n|H - Z|,if ~-H<z<H.

In turn, behind the source, i.e. at the stage of
cooling in the interval of Z < —H , according to the
formula [24] we have

Oc(0,H,Z)=~/2n x

x(F—J|H+Z|),ifZ<—H.

Below it will be shown that the formulas (7) and (8)
completely coincide with the corresponding formu-
las for determining the dimensionless surface grind-
ing temperature obtained from the one—dimensional

(®)

o (number) > ©,, (0,2, H ) =

©,,(number) =O(X,,.Zy, H)= |

Zy-H

where: Zyand Z, are dimensionless coordinates in
the moving coordinate system (Fig. 1, ), on the sur-
face, X =0, and at depth of X =X ,., respectively,
in which the dimensionless temperature takes the
maximum value.

These coordinates, fixed in each specific case,
are located in the region of the heat source trailing
edge (Fig. 1, a). For example, for an interval at least

of 5<H <20, the coordinate Z;, of the point of
maximum temperature varies in the range of
0.88H <|Zy|<0.96H , and at H =0.5 this coordi-

nate is |ZO| =0.54. Here, the coordinate Zis taken
modulo for convenience of explanation, since in the
adopted coordinate system (Fig. 1, a) the value Zis
negative, i.e. Z; <0. When the inequality in the sys-

tem (10) is satisfied, it is possible to determine the
temperature rise coefficient

j exp (-
Zo-H

Zy+H

solution of the differential equation of heat conduc-
tion. If the temperature on the surface is equal to the
critical value, then from equation (3) we obtain the
condition (or criterion) of the heat damage appear-
ance, 1.e

©,, (number) =0, (0,Z,,H)=
ZO+H 9)
| exp Ko |§| dk,.
Zy-H
Here O, (O,ZO,H ) is the maximum surface tem-

perature, depending on the coordinate Z for a given
value H . If O, (O,ZO,H) =0

critical grinding temperature penetration depth is

. (number) then the

equal to zero, i.e. X, =0. If the current temperature
according to equation (2) is greater than the critical
value ®,, (number), then the depth X, can be found

taking into account equation (4). So we have

£)Kog[dE
(10)

exp(-5)Ky (X, 2 + &7 g

Zy+H

j exp KO|§|d§

Zo-H
Z +H 2 5 :
I exp(-6) oV 0] £ iz
Zy-H

In this case, the maximum temperature on the
surface O, (O,ZO,H ) is greater than the maximum
(along the coordinate Z ) temperature at the depth
X, (n)to which the temperature ®,, (number) pene-
trates i.e.

Zy+H
[ exp(- K0|E;|d§—

Zo—H (11)
Zy+H

=T exp(-2) o\ 0] + €7 Jae
Zy-H

From the equation (11) it is possible to find the
dimensionless depth of the defective layer X ,.(n), to

_ Opnax (0,29, H) which the critical temperature © . (number) pene-
o (number) trates, if the maximum surface grinding temperature
.Taking into account equgtions. (2) and (4), we O 1ax (0, Zy,H ) is n times  greater  than
obtain a transcendental equation with one unknown ®. (number)
X,.(n),ie. “
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1.2. Converting the Temperature Grinding
Equation for the One-Dimensional Solution

Along with the dimensionless two-
dimensional solution (2), the one-dimensional
solution is also obtained under boundary condi-
tions of the second kind. This solution for de-
termining the maximum dimensionless tempera-

ture O (X,Hy )with the notations mentioned
above is [1; 26]

Oy (X,Hy )=2nHy ierfc—— F

The expression (12) can be represented as
@, (X,H,)=2n/H x

{ lnexp{[ \/_JJ_zx/)I(‘I_f[Z\/);I_J] (13)

We have shown in [22; 23; 27] that when de-
termining the maximum grinding temperature both
on the surface and depth of the surface layer using
equations (1) and (13), the results differ by no more
than 5-10 %, if the calculations are made in the in-
terval of Peclet numbers change of H > 4.

From the expression (13) it can be seen that the
maximum dimensionless grinding temperature on
the surface ( X =0) is determined by the expression

©(0,H, )=2nH,

(12)

Let’s study the function
Oy (X JHy ) X . .
f= =ierfc contained in equa-
2nHy 2(Hy

tion (12) using the MathCAD. With regard to the
equation (13) we have

il ]}

(14)

Let us determine the intervals of change of both
the dimensionless depth Xand the argument

X

2'\ HH
intervals, we take into account that for most different
grinding schemes, the Peclet number H varies with-
in the interval of 4< H <20 [22; 27]. Therefore, in
further studies it is necessary to study the interval of
H change that will be not less than the one of 4
< H £20. Let us assume that the depth of the heated
surface layer during grinding (dimensional coordi-

Jof the function (14). In determining the

nate X) varies in the interval 0 <x <1- 107° m.

For a large number of grinding schemes, the ve-
locity of the heat source moving (a part being
ground velocity) varies in the range of 0.1<) <20
m/min. The coefficient of thermal diffusivity a for
tool, carbon, alloyed and heavily alloyed steels var-
ies in the range of 4107 <a<10-10"%m%s [22;
27]. Taking into account the specified velocity inter-
vals, we define the maximum and minimum values
of the dimensionless parameters of the X and

i )

J, to wit: 0< X <41.7 and Os(

96. Thus, we can construct a graph (Fig. 2, a) using
equation (14).
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Fig. 2. Functions f =ierfc and

X
R L
f=—=10 A (a) and the relative difference 6
Jn
between them in percentage (b) in relation to the
function f
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It can be seen from the f curve (Fig. 2, a), that
X

2JH,,

changing the argument of the function being studied
X
<Jn

JH
(Fig. 2, a) or even by a narrower interval of

X
H
Because the exponentially damped nature of the
X
WH'

1

the theoretical interval 0 < [ J <96 for

can in fact be replaced by interval of 0<

0<

<1(Fig. 2, a).

function (X, H) =ierfc let’s select the param-

—BX
eters of the exponent f*(X,H, ) = BX ,b

means of which we can approximate the dependence

X
f =ierfc
2H,

the coefficients in the equation f* = a.exp mUES
2H,,
The value of the o coefficient is found from the
condition X = 0. We get the equation

0
ity

Taking into account the (14) we have

. To do this, it is necessary to define

f(0,H,)=1erfc

=f(0,H,)=a.

1

ierfc

0
——=| —e€X
2JH, | n P

Coefficient Bcan be found from the condition
of the smallest mean square error between the func-

tions f and f*. It is found that B=2.3026. At the
same time it is known that IL =1n10=2.3026. That
ge
is why, we have (Fig. 2, @)
Jro lge 2H, )
Considering that
L
exp =X _10 \WHu ’ (16)
lIge 2\ Hy

we finally get

O (X.H)=2nVH = 710

o (X, H)= 25| Y7107 _

Conclusion

1. The problem of the grinding productivity in-
creasing can often be solved by adapting the grind-
ing system elements to higher productivity, taking
into account the temperature in the contact zone, i.e.,
between the grinding wheel and the workpiece. To
do this, an appropriate methodology is created.

2. The analysis and study of thermal phenome-
na during grinding is part of this methodology which

(] =l

05 o<n<n,,

( x ]
—HHIO[z H=Ha )N H,, <H.

=a.

R

fr= ﬁw_u{ﬁ)

Thus, the obtained dependence (17) can approx-
X
21 HH

100%, which is no more

(17)

imate the dependence f =ierfc with a rela-

r-r
I

than 10.92%, i.e. O, <11% (Fig. 2, b).
Multiplying the obtained dependence(17) by the
same factor2m,/H, , we obtain the following two

alternative equations for determining the dimension-
less grinding temperature at the heating(with the
index “H”) and cooling (with the index “C”) stages:

tive “error”’ 6 =

(18)

(19)

concerns the development of embedded subsystems
for designing, monitoring and diagnosing of the
grinding operation on modern CNC machines. The
development of such subsystems is an example of
the information and communication technologies
strategy implementation in the framework of the
fourth industrial revolution in discrete and process
manufacturing.
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3. An universal generalized indicator for the
theoretical justification of the continuity and ap-
plicability of solutions of the Fourier differential
equations of heat conduction is the Pecletnumber,
which simultaneously characterizes the dimension-
less time of the heat source during grinding, dimen-
sionless half-width and dimensionless velocity of the
moving heat source.

4. A simplified model for determining the
grinding temperature is obtained, which differs from
the corresponding analytical solutions of the two and
one-dimensional differential equation of heat con-
duction by no more than 11 % for the Peclet number
which is more than 4.
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CITPOLIEHHA TEMHEPA'I?JYPHOi MOJEJII HVII®YBAHHS VIS CACTEMUA
IH®OPMAIINMHOI'O 3ABE3IIEYEHHS OIIEPAILII

Anomayin. Mamemamuuni Mooeni 015 6USHAYEHHS MeMNepamypu WiiiQ)yeants HeoOXIOHI npu NPoeKmy8anHi, KOHmMpoi i diae-
Hocmuyi onepayii winighyeanns 05 nioguujeHHss npoOyKmusHocmi yiei onepayii’ 6e3 npunixie noeepxHi, wjo NioisA2ae WLiQ)y8anHio.
Lle nosnorw mipoio 8ioHocumbCs, HanpuKnao, 00 3ybounighyeanvrux eepcmamis 3 YIIK. Hx minvku npodrema po3pooKu 3a3Ha4eHux
MamemamuyHux mooenell BUPiuend, CIae MONCIUBUM PO3POOUMU 8ION0GIOHI KOMN tomepHi nidcucmemu O onmumizayii Ui pezyio-
eanns onepayii winigpysanns na eepcmamax 3 YIIK na emanax eupobruuymea i 11020 nidcomoexu. Akmyanvricme piwenns yiei npo-
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Onemu niOMBEEePONCYEMbCA 3HAYHOI KINbKICMIO 8I0N0GIOHUX NyOaiKayill, Oiibwicmy i3 AKUX N08'I3aHaA i3 Odcepelom menia, sKe py-
Xaemucsi, meopis sik02o po3poodnena €zepom. Y moti snce uac ioes 3aminu 0xcepena, KUl WUOKO PYXAEMbCA, 4aAcoM OIi i0N06ioHo-
20 Hepyxnueoeo Odcepend, ynepuie copmynvosana €2epom, we He 3HAUWAA HANEHCHOLO NPAKMUYHO20 3ACMOCY8anHs. Y OaHiil
cmammi 0OTPYHMOBAHO HABEOEHO, W0 OIUILKICIb Pe3yIbMAmie po3paxyHKy MAKCUMANbHOI meMnepamypu waigyyeanns i 2nubunu iv
NPOHUKHEHHS 30 0808UMIPHUM U OOHOMIPHUMU PIUEHHAMY NPAKMUYHO MAE Micye, KOAU 0xcepeno menia, sKe weUuoKo pyxXacmucs,
xapaxmepusyemucs yuciom Ilexne, wo oinvue nigwe 4. /s yvozo inmepeany sminu yucna Ilexne enepuie 6yna ompumana cnpoujena
@opmyna 015 6USHAUEHHS MeMnepamypu WaighyeanHs Ha noeepxui i Ha enubuni nosepxneeo2o wapy. Ilomim ya cnpowena gopmyna
6y1a 00Ci0dCeHa WASAXOM 1T 3ICMABIeHHA 3 GI0OMUM AHATIMUYHUM PIUEHHAM 0OHOMIPHO20 OUGhepeHYianbHO20 PIGHAHHS MENIONPO-
gionocmi npu pisnux 3uauvenuax uucaa Ilexne. Iloxkasano, wo 6 dianasoni uucna Ilexne 6io 4 0o 20, wo mae micye ons 6invuiocmi
cyyacHux onepayii wiighyyeanus (n10ckoeo, Kpyenoeo, npo@iteHo2o ma iHuux), pO3X00JHCeHH s Y BUSHAYEeHHT memnepamypu wiigy-
6aHHs 3a MOYHUM I HAOUdICEHUM piwennamu He nepesuwye 11%. Y moii oce uac, ompumane y cmammi, cnpoujene pivienuss mMae
HO8Y 6avicaugy sxkicmv. Mamemamuuna ghopmyna, wo onucye ye piuients, 003601A€ GUPAZUMU 6 AGHOMY UL 2IUOUHY NPOHUKHEHHS
KOOJICHOT Haneped 3a0anoi ¢ikcosanoi memnepamypu. Axuo ya pikcosana memnepamypa npuzeooums 00 CMPYKmMypHo-pazosux
nepemeopers y N06epXHe8OMy wiapi 06poOIO8aHOI 3a20MO6KU, MO 3'AEIAEMbCA MOHCIUBICING BUSHAYEHHS 2IUOUHU OeheKmHO20
wapy npu winigpysanni. ¥V ceoto uepey, npunyck na onepayiro wnighyéants nosuren 6ymu 6inviue 3a3Havenoi enubunu oepexmuozo
wapy. Hosa ingpopmayis npo cman mexnonoziunoi cucmemu mooice 6ymu 0CHOB0I0 051 MOHIMOPUHZY MA MEeXHON02IYHOI diazHocmu-
Ku onepayii, a makooic 01 NPOeKmysans yici onepayii na emani nioeomoexu eupodonuymea. Lle y ceoro uepey, € mexHono2iuHoo
nepeoymosoro 0 po3poOKU 8i0NOBIOHUX KOMN tTomepHuX niocucmem, Axi ModcHa inmezpysamu 6 cucmemy YIIK cyuacnux winighysa-
JIbHUX 8epcmamis.

Kniouosi cnosa: memnepamypa wini)yeanus, memMnepamypHi Mooeui; 6e3po3mipHa memMnepamypa, pyxausuil 0xcepeio menia, po3nooii me-
mnepamypu; opma mennoso2o Oxcepena, uucio Ilexie
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YOPOIEHUE TEMIIEPATYPHOM MOJIEJHU HIJIM®OBAHUS J1JIsI CACTEMBI
NHOOPMAIIMOHHOI'O OBECIIEYEHUMS OIIEPALIMN

Annomayua. Mamemamuueckue mooenu 0 onpeoeienus memnepamypvl Wiugoeanus HeodXo00uMbvl npu NPOEKMUPOBAHUL,
KOHmMpOTe U OuacHOCmuKe onepayuu WU oeanus O NOBbIUEHU NPOU3BOOUMENTbHOCIU JMOU onepayul 6e3 NPultCo208 NOBEPXHO-
cmu, nooaexcaujeil waugosanuio. Imo 6 NoaHoU Mepe OMHOCUMC, Hanpumep, K 3yoounugosarvivim cmankam ¢ 911Y. Kax mono-
KO npobaema pazpabomKu YKa3aHHbIX MAmMeMamuiecKux mooenell pewienda, CmaHo8umcs 603MOJICHbIM pa3pabomams coomeent-
cmeyioujie KOMnblomepHsle NOOCUCTEMbL Ol ONMUMUZAYUU U Pe2YTUPOsanUs onepayuu waugosanus na cmaunkax ¢ 4I1Y na sma-
nax npou3eoo0Ccmea u e2o N0020MoeKU. AKmyanbHOCMb peuterus Smotl npoodiembl NOOMBEPHCOaemcs OONLULUM KOTUUECNEOM COOM-
6emcmeyiowux nyonuxayuil, OOIbUUHCIMBO U3 KOMOPLIX CEA3AHbL C OBUNCYUUMCS UCTOYHUKOM Menid, meopus Komopoz2o paspabo-
mana Ezepom. B mo dice epems udes samenvl 6b1cmpoOsUICYe20Ccs UCIOYHUKA 8peMeneM Oeliciaus COOmaemcmeayiouje2o Heno-
08UICHO20 UCMOYHUKA, 8nepsble chopmynuposannas Ezepom, ewje ne nawna naonedlcaweco npakmuiecko2o npumenenus. B oannoii
cmamve 000CHOBANHO NOKA3AHO, YMO OIUZ0CHb Pe3YIbmamos pacuema MakCUMaibHol memMnepamypsl Waugosanus u anyounst eé
NPOHUKHOBEHUS NO OBYMEPHOMY U OOHOMEPHOMY DeuleHUsM NPAKMU4ecky umeen Mecmo, Ko2oa OblcmpoOBUICYWUICS UCOYHUK
menna xapaxmepusyemcs uuciom Ilexne, komopoe 6onvue wem 4. J[na smozo unmepsana usmenenus uucia Ilexne enepgvie bvina
nonyueHa ynpowjeHnas gopmyna 015 onpedeienus memMnepamypvl Wiugosanus Ha NOBEPXHOCMU U HA 21yOuHe NOBEPXHOCHO2O
cnos. 3amem dma ynpoujennas popmyna 6uiia uccie006ana Nymém e€é conocmaeieHus ¢ U3eCnHbIM AHATUMUYECKUM peuleHuem
00HOMEPHO20 OUGppepenyuanvHo20 ypasHeHus menionpogoOHOCMY NPU pasiuynblx snavenusx yucna Ilexne. ITokasano, umo 6 oua-
nasone yucna Ilexne om 4 0o 20, komopwlii umeem mecmo 0ist GOIbUUHCMBA COBPEMEHHBIX Onepayuli Wau@osanus (NI0cKo2o, Kpye-
71020, NPOPUNLHO20 U OpY2UX), paziuyue 6 onpedeieHuy memnepamypbl WIUGOSaHUs No MOYHOMY U NPUOTIUNCEHHOMY PeUEeHUsM He
npesviwiaem 11%. B mooice epems, nonyuennoe 6 cmamoe, ynpoujeHnoe peuienue o61adaem Ho8bLM 8adCHbIM Kadecmeom. Mame-
Mamuyeckas gopmyna, Komopas onuceléaem dmo peuieHue, No360sem blpasums 6 A6HOM 6ude 21yOuHy npOHUKHOBEeHUs 10060
Hanepéo 3adannoil gukcuposannoli memnepamypul. Eciu sma guxcuposannas memnepamypa npugooum x cmpykmypHo-ghazoebim
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npespawyeHusmM 6 NOBEPXHOCHHOM Cloe 06pabamuvléaemMoll 3a20MoeKuU, MO NOAGIAENCS 803MONMCHOCHIb ONpedeneHus enyouHbl Oe-
hexmuoeo cnos npu winugosanuu. B c60to ouepedsv, npunyck Ha onepayuio Wiu@o8anus 0oaice 6bims 60abLUe YKAZAHHOU 2Ty OUHbL
Odepexmnoeo cnos. Hosas ungopmayus o cocmosHuu mexHoI0SU4eCKou CUCmembl Modcem Oblmb OCHOBOU 05l MOHUMOPUHEA U
MeXHON02UYECKOT OUAHOCMUKYU ONepayuy, a Makdice 05l NPOEKMUPOBAHUs MOl ONepayuy Ha smane no020MOEKY NPOU3E00CMEa.
Omo 6 c6010 ouepeds, ABNACMCA MEXHONO2ULECKOU NPeONOCHIIKOU Oid pa3pabomKy COOMEEMCMEYIOWUX KOMNbIOMEPHbIX NOOCU-
cmeMm, KOmopble MOXCHO unmezpuposams 6 cucmemy HI1Y cospemennbix waughosaibHbix cmamKos.

Knroueswie cnoea: memnepamypa waugosanusa, sman nazpesa, wucio Ilexne; memnepamypuvie mooenu,; 6e3pasmepuas mem-

nepamypa
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