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INFLUENCE OF MODE AND DESIGN FACTORS ON THE
TEMPERATURE CONDITION OF AUTOMOBILE DRUM BRAKES

Summary. The current state of the highway pavement makes it possible to implement prompt
transportation operations. These circumstances lead to the movement of vehicles at high speeds,
which is impossible without a braking system capable of ensuring high braking efficiency and
optimal flow of the process from the standpoint of stability and controllability.

One of the main requirements for a modern automatic transmission braking system is the
stability of the initial parameters, that is, parametric reliability. Therefore, it is important to have
data on the brakes' operating modes and energy consumption. Only with such data is it possible to
create a braking system whose output characteristic will be sufficiently stable under conditions of
high energy load.

Therefore, it is no coincidence that the international methodology for testing the effectiveness
of vehicle brakes (UNECE Rule 13) provides for Test I, which is characterized by cyclic braking
(urban conditions), and Test I, which is characterized by prolonged braking (mountain conditions).

The brake mechanism is the most unstable link of the brake system; one way to increase its
efficiency is to ensure sufficient energy capacity, which is limited by the temperature of the friction
surface.

The object of the study is the question of the equivalence of the change in the drum radius and
the width of the friction belt of the brake, taking the invariance of the temperature of the friction
surface under the selected test mode as the criterion of equivalence. It is shown that the role of the
drum's side wall on the brake's temperature mode under different test modes can also be evaluated
on grid thermal models with the involvement of the "Fourier-2 x,y,z" software complex.

The effect of the heat transfer coefficient on the temperature mode of the brake due to the
consideration of the gap between the drum wall and the wheel rim is shown. Derived formulas for
determining the friction belt's equivalent width under the equality of heat flows, masses, and cooling
surfaces.

Keywords: motor vehicle, drum brake mechanism, structural parameters of the drum, test
modes | and Il, thermal model.

1. INTRODUCTION
Improvements in the quality of materials and improvement of tire designs provide the possibility of
reducing their sizes with the same loads on the wheel. As a result, the volume of space in which the brake
mechanism must be inserted decreases [1, 2]. At the same time, the energy load of braking mechanisms is
continuously increasing [3, 4], and the task of choosing their design parameters, considering the need to
ensure sufficient energy capacity [5, 6], is becoming increasingly important.
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One of the most heavily loaded modes of the brakes is the long one, typical for the operation of
vehicles in mountain conditions [7]. Still, it should be noted that the cyclic mode of their operation (urban
conditions) is also characterized by significant temperature gradients that affect the friction coefficient of
the brake counterbodies [8]. Therefore, the modes mentioned above are provided by the international
method of testing the effectiveness of automotive vehicle brakes [9] —test I (cyclic) and Il — long. Test | of
the automotive vehicle for the M3 category involves 20 “acceleration-braking” cycles up to a speed of 60
km/h with a deceleration to 30 km/h with a subsequent check of the braking efficiency, which should not
be lower than 20 % of the initial (main stage). Test Il involves the movement of the automotive vehicle on
a road 6 km long with a gradient of 6 % at a speed of 30 km/h with a subsequent check of the braking
efficiency, which should not be lower than 25 % of the initial (main stage).

The test modes are taken as the basis of their influence on the design parameters of the brakes from
the point of view of the temperature state of the friction pairs [10], which is of actual importance.

2. RESEARCH STATEMENT
The purpose of the study is to identify the influence of the design parameters of the drum brake on
its temperature mode during tests I and 11.

The following tasks should be solved to achieve this goal:

— to create a thermal model of a drum brake mechanism;

— to simulate the test | and Il of automotive vehicle brake mechanisms in the “Fourier-2 x,y,z”
software environment;

— to determine the patterns of influence of structural and mode parameters of drum brakes on their
temperature state;

— to create practical recommendations regarding research results.

3. THERMAL MODEL OF A DRUM BRAKE
The nonlinear thermal conductivity equation describes the temperature distribution in space and time
in braking mechanisms in the presence of internal heat sources and the independence of thermophysical
coefficients from temperature [11].
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where X, y, z — current coordinates; A(x, y, z) — thermal conductivity coefficient; T — temperature;
Q(X, Yy, z) — heat flow density; ¢ p(X, y, z) — volumetric heat capacity; z — time.

In addition to the basic equation, the mathematical model of the phenomenon of thermal conductivity
should also describe the initial distribution of temperatures and ratios, which indicate the nature, magnitude and
place of application of extreme thermal influences [11]. The latter takes place on the surfaces of brake friction
pairs, where the generated energy is absorbed in tests (boundary conditions of the 2nd type) and their outer
surfaces, which are evaluated by heat transfer coefficients o (boundary conditions of the 3rd type).

Regarding the generated energy on the friction surfaces of the brakes, the dependencies that consider
the differences in conducting tests | and Il can be used [12].

Values « for brakes given in the literature and obtained analytically are characterized by significant
discrepancies. The most reliable way to obtain values o is by solving the inverse problem of thermal
conductivity [13] by mathematical modeling based on the results of full-scale test vehicle brakes, where
the average values a= 34.8 W/m? degrees [10].

Since this goal concerns non-stationary contact thermal problems in regions of non-classical shape
under heterogeneous limit and complex initial conditions, it does not have an exact analytical solution and
requires mathematical modeling.

Therefore, the calculation module [10] created based on the software complex “Fourier-2 x,y,z” was
used to solve equation (1). It allows for solving two-dimensional and three-dimensional heat transfer
problems in dialog mode and obtaining results conveniently and visually.
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For this purpose, the sector of the drum brake is
modeled on the finite-difference grid (Fig. 1) along

the Z coordinate, the materials for the counterbodies .
of which are cast iron (drum) and asbopolymer aZ \‘\‘ﬂﬂﬂgg
overlays [10]. It makes it possible to solve the drum ﬂﬂﬂﬁ"H’
volumetric problem using the abovementioned -H””'
prgnisy
method [14]. Y ”' -'
overlay '-H"=
4. SIMULATION OF THE INFLUENCE vad [N '==-'=’
OF MODE AND DESIGN FACTORS H”"
ON THE TEMPERATURE STATE i
OF DRUM BRAKES Q
It is known that the brake mechanism designer can #
vary within appropriate limits by the radius of the X

drum ry, the width of the friction belt b, the thickness Fig. 1. Sector of the grid model of the drum brake

of the drum wall h, and the size of the cooling mechanism

surface Feool. In addition, the heat transfer coefficient

o can be changed by the appropriate organization of air flows. Therefore, when designing a brake
mechanism, it is essential to compare the temperatures of the friction surfaces at different values of the
heat fluxes Q, b, r, A o, and Feo. It allows the application of the method mentioned above of
mathematical modeling, which allows the simulation of long-term braking and braking, the duration of
which is measured in seconds. In addition, the method allows the simulation of repeated short-term modes
observed during the preliminary stage of test | by the method of cyclic braking. It should be noted that this
mode is quite stressful due to the occurrence of significant temperature gradients that affect the friction
coefficient of the brake counterbodies [10]. It made it possible to evaluate the influence of the design
parameters of the braking mechanisms on the temperatures of the friction surfaces.

On cars of subcategories N2 and N3, M2 and M3 are widely used pad-drum brake mechanisms, the
drum radius of which is within 180-220 mm. Therefore, the range specified above was chosen to evaluate
the influence of the drum radius on the temperature mode. According to the simulation results, graphs of
the dependence of the average temperature of the friction surface at the end of the preliminary stage of test
I in a function from the radius of the drum were built. If we assume that the change in the radius of the
drum does not significantly affect the heat transfer coefficient, then with an increase of ry, the temperature
of the friction surface drops noticeably (Fig. 2).
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Fig. 2. Dependence of brake drums temperature at the end of the preliminary stage
of test | from rp (b=80 mm): | — without considering changes in a,; Il — considering a=f(S)
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In particular, the increase of r, from 180 to 220 mm will decrease the temperature at the end of the
preliminary stage of test I from 352 to 290 °C, that is, by 17 %. However, this conclusion cannot be
considered as strict. Under other different conditions, a change in the drum radius leads to a change in the
gap S between the drum and the wheel rim, resulting in a change in the heat transfer coefficient. The
preliminary stage of test I, carried out by the method of cyclic braking, is long enough (15-20 min). As a
result, the heat transfer conditions significantly affect the surface and volume temperatures. The simulation
results are shown in Fig. 3. For the brake mechanism with r,= 180 mm (b = 80 mm, h = 12 mm), as a
increases, the temperature of the friction surface decreases quickly enough according to a law close to
linear.

tv DC —
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T ~ Fig. 3. The influence of a. on the temperature of the
200 _ | ' H brake drum at the end of the preliminary stage of test |
100

30 50 70 o, W/m?h-degrees

In particular, an increase of a from 30 to 70 W/(m?-h-degree) reduces the temperature at the end of
the preliminary stage of test | from 352 to 268 °C, that is, by 24 %. Therefore, the influence of the drum
radius on the size of the cross-sectional area of the gap S and, consequently, on the value a cannot be
neglected.

Studies show that as the gap increases,
its influence on a decreases. Using these data, t,C
it is possible to obtain curves of the
dependence of the temperature at the end of
the preliminary stage of test | from the radius
of the drum, taking into account the change in
o due to the change in the gap between the
drum and the rim. Analysis of the graphs
shown in Fig. 2 showed that reducing the
radius of the drum from 210 to 180 mm does 200
not significantly increase the temperature at
the end of the preliminary stage of the test; :
that is, the effect of reducing r, is compensated
to some extent by an increase in a. 160

The question of the impact of the radius

of j[he drum O_n the change in temperature Fig. 4. Temperatures of the friction surfaces of the rear
during the main stage of the test becomes prake mechanism of bus A-091 during the main stage of test
essential. Based on the results, it is possible to I: | = without considering the change in a;

conclude about the sufficiency of the energy Il - considering a. = f (S).
capacity. Research conducted on the model of

the rear brake mechanism of bus A-091 showed (Fig. 4) that the improvement of heat transfer due to the
reduction of the radius of the drum reduces the temperature of the friction surface at the end of the
preliminary stage and, as a result, at the end of the main stage of tests.

The difference between the temperatures of the friction surface at the end of the main stage of the
test with drum radii of 200 and 210 mm is insignificant (270 and 274 °C). Thus, the reduction in the mass

240
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-t r,= 210 mm
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and cooling surface because of reducing the radius of the drum to 200 mm is primarily compensated by the
increase in the heat transfer coefficient.

Recently, there has been a tendency in the automotive industry to reduce the drum's radius and
increase the friction belt's width. Therefore, it is advisable to consider the equivalence of the change in the
drum's radius and the friction belt's width, choosing the invariance of the temperature of the friction
surface under the selected test mode as the criterion of equivalence.

It is known that when changing the radius of the drum Ay, or the width of the friction belt, the mass
of the drum, the cooling surface, and the relative heat flow are changed. Elementary considerations allow
us to obtain the following formulas for determining the equivalent width of the friction belt be= b,+ Ab in
the condition that the heat flows (Ab)q, mass (Ab)m and cooling surfaces (Ab)r are equal.

b
Ab) =— " A ,
(8)g == A 2
b
Ab)_=—— TN A ,
( )F rb.n—Arb+h G (3)
b
(Ab). . Al (4

2rb.n - 2Arb +h
where ron., by — nominal (initial) values of the radius of the drum and the width of the friction belt; (Ab)q,
(AD)r,(Ab)m — equivalent changes in the width of the friction belt, provided that the heat flow, cooling
surface, and mass respectively are constant; h — drum wall thickness.
It follows from formulas (2)—(4) that with an equivalent change in the drum's radius and the friction
belt's width, there is no complete correspondence between the equality of heat flows and the equality of the
cooling surface and mass. This can be judged by the coefficients:

(4b)
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17 (ab), ®)
2 (Ab) - | ©
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Taking into account the above dependencies, received:
-t
1. (7)
hn —Arb
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Ky = n .
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The graphs shown in Fig. 5 show that the values of these coefficients depend on the values of ry,
and Arp,. Coefficient Ky differs relatively little from 0.95, and the coefficient K, from 0.92. Since the
coefficients K; and K; are relatively close to one, the following variation in the values of r, and b can be
accepted as an initial premise for modeling, at which heat flows will remain unchanged. The radius of the
drum can be varied within 180-220 mm, and the width of the friction belt within 80-160 mm (h=12 mm =
const).

The temperature of the friction surface is significantly affected by the side wall. Therefore, it is
advisable to consider the issue of the stability of the temperature mode of the drum separately when
reducing r, and the equivalent increasing b without taking into account the effect of the side wall and then
taking it into account. The heat generated during each acceleration-braking cycle in the preliminary stage
of test | and during emergency braking (the main stage) depends on the car's mass and the speed at the
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beginning and end of braking. If we assume that Ga = 8000 kH, fs= 0.46, V,= 60 km/h, V= 30 km/h, then
the amount of generated heat for one cycle of the preliminary stage will be equal to 180 kJ, and during the
main stage — to 240 kJ.
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Fig. 5. Dependencies of coefficients K; and Kz from ry

An increase or decrease in G, leads to a corresponding change in Q.. Therefore, three heat values per
cycle were chosen for simulation: 100, 200 and 400 kJ. The design and mode factors taken for modeling
are given in Table. 1.

Table 1

Design and mode factors of brakes for modeling

Drum radius Nominal width of | '€ eauivalentwidth | oo oo oot flow Equivalent relative
fo, MM friction belt by, mm of the friction belt be, q, W/(mz-h) heat flow g,
' ' mm : W/(mz-h)
80 - 43.74 43.74
220 160 _ 21.74 2187
200 80 88 48,20 43.74
160 176 24.10 21.77
180 80 97.8 53.47 43.74
100 195.6 25.70 21.87

Fig. 6 shows the curves of the temperature dependence of the friction surface of the drum from Ary,
without a side wall. Analysis of these curves allows us to state that an increase in Ary leads to an increase
in the temperature of the friction surface of the brake drum (curves I). If at the same time as the radius of
the drum decreases, the width of the friction belt increases by the value calculated according to formulas
(2)-(4), then the invariance of the temperature at the end of the preliminary stage of test I (curves Il of
quadrants a and d) is ensured. Under the same conditions, the temperatures at the end of the main stage of
the test increase slightly. In particular, at Arn= 40 mm and b,=160 mm, the temperature rises from 254 to
266 °C, i.e. by about 5 %. It gives us the right to assume that if we do not take into account the role of the
side wall as a heat-accumulating and heat-dissipating element of the brake drum, the fulfillment of
dependence (2) will ensure an almost constant temperature mode of the brake mechanisms. The simulation
results of test Il also confirm it. When reducing r, and equivalently increasing b, the temperature at the end
of the preliminary stage remains unchanged. At the end of the main stage, it is almost unchanged (a slight
increase in temperature with the increase in Arpis within the measurement accuracy).

Fig. 7 shows the research results conducted on models of real brake drums [10]. Reduction of ry and
an equivalent increase in b leads to some increase in temperature at the end of the preliminary step. This
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seemingly paradoxical phenomenon is explained by the fact that as the width of the friction belt increases,
the amount of heat transferred to the side wall by heat conduction decreases.
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Fig. 6. Dependences of temperatures of the friction surfaces of brake drums without a side wall
at the end of the preliminary (a and d) and main (b and c) stages of test I from Arp and b
(o = 30W/(m*h-degree, h=12mm): I —b = const; Il — b =be=var.
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Fig. 7. Dependences of the temperatures of the friction surfaces of real brake drums at the end of the preliminary (a
and d) and main (b and c) test stages from Arp and b (a = 30W/(m*h-degree, h=12mm):1 — b,=80 mm;
2 —bn=160 mm; I —b = const; I — b =be=var,; III — tsaart = const

Since the primary condition for the main test stage is the temperature characteristic of the brake
drum at the end of the preliminary stage, these conditions also affect the temperature at the end of the main
stage (Fig. 7). In particular, at Q.= 200 kJ reducing the drum radius by 40 mm and increasing the width of
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the friction belt by an equivalent value of 17.8 mm causes an increase in the temperature at the end of the
main stage by 46°C compared to the temperature at r,, and by.

Varying the radius of the drum and the width of the friction belt following dependencies (2) — (3), as
research has shown, ensures the practical invariance of the temperature of the friction surface at the end of
the preliminary and the end of the main stages of test II.

Thus, for a real drum, according to formulas (2)-(3), it is impossible to solve the problem of an
equivalent increase in the width of the friction belt with a decrease in the radius of the drum. The
equivalence conditions are fulfilled for long-term braking (test 1) and are not accurately fulfilled for the
re-short-term mode carried out during test I.

The results of the experiments shown in Fig. 8 allow us to determine the necessary increase in b
during the reduction of r,, which ensures that temperatures remain practically unchanged at the end of the
preliminary stage of test I. Suppose we imagine that the brake mechanism of a motor vehicle generates 200
kJ of heat in one cycle of the preliminary stage of test I. In that case, the temperature of the friction surface
of the brake drum with b=80 mm, r,=200 mm and h=12 mm will equal 240 °C. When reducing the radius
of the drum to 180 mm, it is necessary to accept the width of the friction belt of 105 mm to maintain the
same temperature.

t,C /’:/ i \ )
200 i I \»_

/
/O///j//+ r=180mm | T <
’:’;///—x— r.= 200 mm Vi x
150 = ,
a) |~ r.=220 mm b)
b, mm 120 80 180 200 r.,mm

Fig. 8. Dependence of the temperatures of the friction surfaces of the brake drums at the end
of the previous stage of tests | from b (a) and from r, (b) (Qc=200 kJ, a = 30 W/(m?h-degree),
h=12mm): I -b =80 mm; Il —b = 120 mm; Il —=b = 160 mm.

An analysis of drum designs whose radius falls within the above limits shows that the wall thickness
is within 12-20 mm. To assess the degree of influence of the drum wall thickness on its thermal state under
various design parameters, we introduce an indicator that characterizes the temperature decrease per unit of

thickness AyAh' According to the results of research using the modeling method, it can be concluded that

the accepted indicator of the change in the friction belt's width and the drum'’s radii do not significantly
affect it. In particular, during tests | and 11, the increase of wall thickness by 4 mm for drums with r,=180,

200 and 220 mm leads to a decrease in the indicator AyAh at the end of the preliminary stage of the test by

17-22 % both at b = 80 mm and b = 160 mm.

Thus, the method of mathematical modeling allows us to study the thermal state of brake
mechanisms, taking into account changes in structural and mode factors and conditions of heat exchange
with the environment.

5. CONCLUSIONS
1. A finite-difference grid model of the drum brake was created in the “Fourier-2x,y,z” software
environment, which allowed obtaining the flow of temperature curves in friction pairs during
typical tests of the bus A-091 Bohdan.
2. An equivalent relationship between the drum's radius and its friction belt's width is obtained,
provided their temperature mode does not change during typical vehicle tests. Reducing the
radius of the drum by 40 mm and increasing the width of the friction belt by an equivalent



Influence of mode and design factors on the temperature condition of ... 73

amount of 17.8 mm causes an increase in the temperature at the end of the main stage by 46°C
compared to the temperature at rp,» and bn. (at Q.= 200 kJ).

3. The difference between the temperatures of the friction surface at the end of the main stage of
test 1 with drum radii of 200 and 210 mm is insignificant (270 and 274 °C). Therefore, the
decrease in the mass and cooling surface due to the reduction of the drum radius to 200 mm is
compensated mainly by the increase in the heat transfer coefficient due to the rise in the gap
between the outer surface of the drum and the wheel rim.

4. The influence of the side wall and the drum wall thickness on the temperature mode of the brake
during typical vehicle tests was evaluated. An increase in wall thickness by 4 mm for drums

with r,=180, 200 and 220 mm leads to a decrease in the indicator AyAh at the end of the

preliminary testing stage by 17-22 % both at b = 80 mm and at b = 160 mm.

5. The research results should be considered when designing brake mechanisms for the preliminary
assessment of the influence of essential factors on the temperature state of drum brakes, which
depend on the braking efficiency of vehicles.
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BIIVIUB PEXKUMHUX TA KOHCTPYKTUBHUX YNHHUKIB
HA TEMIIEPATYPHUIM CTAH ABTOMOBLJIbHUX
BAPABAHHHUX I'AJIBM

Anomauin. CyuacHuii cman O00pPOJCHLO20 NOKpuUmMms asmomazicmpaiei 3abesneuye
MOCIUBICTNG  ONEPATNUGHO20 30IUCHEHHST MPAHCNOpMHUX onepayitl. Taki obcmagunu  CRpUMUHAIOMD
pyx asmompancnopmuux 3aco6ie (AT3) i3 eenukumu wWeUOKOCMAMU, WO CIMAE HEMONCIUBUM De3
2anvMigHOI cucmemu, 30amHoi 3a6e3neuumu GUCOKY eeKMUGHICMb 2abMYBAHHS A ONMUMATLHUL
nepebie npoyecy i3 no3uyill cmilkocmi ma Kepo8aHoCmi.

Ooui€io 13 20108HUX BUMO2 00 2anbMieHOI cucmemu cyyactozo AT3 € cmabinvuicmes uxioHux
napamempis, moomo napamempuyna Haoitnicmo. Tomy 8axciuso mamu OaHi CHMOCOBHO PEICUMIB
pobomu ma enepeoHasanmadxcenocmi eanvm. TibKU 3 YPAXYBAHHAM MAKUX OAHUX MOJCHA
CMBOpUMU 2ATILMIBHY CUCMEMY, BUXIOHA Xapakmepucmuka siKkoi 6yde 00CmamHbo cmabiibHOW 6
YMOBAX BUCOKOI eHepeOHABAHMANCEHOCTI.

Tomy He 8unadko8o MixcHapoOHa memoouka nepegipku egpexmusnocmi eanom AT3 (Ilpasuio
13 €EK OOH) nepedbauae sunpobysanus |, axi xapaxmepuzyomscs YUKIIYHUMU 2ANbMYBAHHAMU
(micoxi ymosu) ma eunpobysanus || — mpusanumu eanbmyeanuamMu (2ipcoki yMosu).

HatinecmabinbHiwow J1aHKO0 2aNbMIBHOI cucmemu € 2a1bMOSUNl MEeXaHisM, OOHUM 3i
cnocobie  niosuweHHs eeKmugHOCmi AKo20 € 3abe3neyeHHss 00CMAMHbOI eHePeOEMHOCH, WO
JAIMIMY€EMbCA MEeMNepamypoio NO8EPXHI mepmsi.

006’ekmom 00CHIONCEHHA € NUMAHHA NPO eK8I8aleHMHIcmb 3MiHU padiyca 6apabaua 1
WUpUHY nosica mepms 2anvma. Ax Kpumepiii ex8igaieHMmHOCHI NPULHAO HEe3MIHHICIb meMnepamypu
NOBepXHi mepms 3a 8UOPAHO20 pexcuMy sunpobysars. Ilokazarno, wo Ha cimKoBUX MeNI08UX MOOENAX i3
3AIYUEHHSIM BPOSPAMHO20 KoMNieKcy ““@yp’e — 2 XY,2”° MOICHA MAKONC OYIHUMU POlb OIYHOI CMIHKU
bapabara Ha MemMnepamypHULl PeXcum 2aibMa 3a PI3HUX PeXCumis unpodyeaHs.

THokazano eniue xoegiyienma mennogiooaui HA MeEMNEPAMYPHUL DEeXCUM 2albMd Yepe3
VpaxyeauHs 3a3opy Mmixc CmIiHKOW Oapabana 1 00600om Koneca. Ompumani @opmynu 0ns
BU3HAYEHHA eKGIBANIeHMHOI WUPUHU NOACA Mepms 3a YMOSBU DPIGHOCMI Meni06ux NOMOKI8, Mac i
NOBEPXOHb OXOJIO0NCEHHSL.

Knrouosi cnosa: asmompancnopmuuii 3acio, OapabanHuil 2a1bMOSUL MEXAHI3M, KOHCIMPYKINUGH]
napamempu bapabana, pexcumu gunpoodysans muny I ma Il, mennosa moodens.



