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_ solving the problem, the theory of elastic-plastic deformations is used. The prob-
STRESS-STRAIN lem is solved using two different approaches to specifying plastic deformation
STATE curves. The applicability of using a simpler bilinear approximation instead of the
OF STEAM TURBINE classical multilinear one is estimated. Based on the example of solving this prob-
lem, the time required to perform the calculation with the use of the bilinear and

LOCK JOINT multilinear approximations is shown. Comparison of the results obtained in the
UNDER PLASTIC form of the distribution of plastic deformations, equivalent stresses, and contact
DEFORMATION stresses over support pads made it possible to assess the difference when the two

types of approximation are used. The obtained result error value when using the

bilinear approximation made it possible to draw conclusions about the applica-
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Introduction

In unsteady operating modes, individual elements of the flow path
of powerful steam turbines can be subject to plastic deformation, as a result
of which stress redistribution occurs in them. When under plastic deforma-
tion, the material undergoes structural transformations which lead to a viola-
tion of the conditions of normal operation of assemblies. These changes
must be taken into account in the calculations of the operability and load-
bearing capacity of structures.

Currently, JSC Turboatom is concerned with the development of a
new generation of 500-750 MW steam turbines with steam parameters in
front of the turbine of about 29 MPa / 600 °C. The prototype for the creation
of such a series of turbines is the existing serial K-500-240 turbine, during
the long-term operation of which there were violations of the integrity of the
rotor blade lock joint (Fig. 1) [1]. ':

A photograph of the damaged disk (Fig. 1) gives us an idea of the Fig. 1. The state of the disk
nature of the damage: there is a separation of a part of the disk in the area of |  @fthe first stage rotor blades
the rotor blade lock joint. A preliminary analysis of the damaged surface in the area of the lock joint
makes it possible to speak of insufficient load-bearing capacity of this unit after a breakdown

under the influence of certain power loads. This circumstance is primarily due to the imperfection of the calcu-
lation base and difficulty of taking into account the maximum number of factors. Among them are complex
geometric design, high operating temperatures (about 535 °C), existence of a temperature gradient along the
disk width, spatial loading from centrifugal forces due to steam loading, contact interaction of elements in the
lock joint, work outside the elastic region.
To identify the causes of such breakdowns and de- Gps MPa
velop recommendations for their prevention, more accurate s
computational studies of the stress-strain state (SSS) of the ro- m
tor blade lock joint were required. Consistent consideration of =
these factors, when solving the problem of determining and il
analyzing the stress state of the lock joint, made it possible to -
determine the degree of influence of one or another factor on its n
strength [2-5]. Thus, carrying out the computational studies of w
the stress state of the three-support mushroom-shaped lock i
joint [2-4] made it possible to assess the applicability of the "
technique chosen. The stress state of the lock joint was deter- ' /
mined using the finite element (FE) method [6, 7]. The solution / f
to the problem was carried out taking into account the contact
interaction of lock joint elements [6-9]. The calculation results
were com.pa.Lred with the test datg pf t.he expenmqntal model qf d - adjacent blade (with the lower pin);
this logk joint [.10]'. Fu;ther clarification of the plCtl}r?, associ- ¢ — adjacent blade (with the upper pin);
ated with the distribution of stresses over the lock joint struc- f — locking pins
ture, required that the temperature field effect on the stress state
of lock joint elements be assessed [5]. The thermal contact problem was solved taking into account the effect of
heat transfer on the transfer of forces in the lock joint [11, 12]. Based on the results of solving the problem, it
was noted that in the place of the cutout in the rotor disk for the locking blade there are zones of maximum
stresses, the magnitude of which significantly exceeds the yield point of the disk material at operating tempera-
ture (Fig. 2) [13]. It is natural to assume that the high level of stresses is due to the occurrence of additional tem-
perature stresses in the lock joint structure, which, in turn, is associated with the presence of structural elements
with different coefficients of thermal linear expansion [13]. Thus, the KhN70VMYuT alloy (pins) has the largest
thermal expansion coefficient, and the EI-415 steel (disk) has the smallest one. During heating, the thermal ex-
pansion of some lock joint elements exceeds the expansion of others in magnitude, which ultimately causes the
appearance of additional temperature stresses.

Fig. 2. Distribution of equivalent stresses, MPa:
a — lock joint; b — disk; ¢ — locking blade;
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Problem Formulation

The purpose of this paper is to determine the SSS of the lock joint of the rotor blades of the first
stage of the medium-pressure cylinder (MPC), taking into account the influence of the plastic deformation of
lock joint elements.

To describe the SSS of the lock joint of the rotor blades of the first stage of the MPC, taking into ac-
count the influence of plastic deformation of elements in the joint, this paper uses the theory of elastic-plastic
deformations.

In the case of the rotor blade lock joint, there exists a simple type of loading in which the theory of elas-
tic-plastic deformations is in good agreement with the experimental data in [14—17]. In this case, the total defor-
mation of materials in the lock joint is the sum of elastic, plastic, and temperature deformations [17]

e=g,+¢,+¢,,

where g, is the elastic component of total deformation; g, is the plastic component of total deformation; &, is
the temperature component of total deformation.

When describing the deformation curves of
materials in the lock joint, this paper uses two types kﬂs’
of approximation (Fig.3): multilinear (Fig. 3, a) -
and bilinear (Fig. 3, b) [13]. -

The multilinear approximation (Fig. 3, a) ,,};
makes it possible to most accurately set, as initial Fu
data, the plastic deformation characteristic — the de- &
formation curve of the material. However, the issue | 2
of free access to the available deformation curves of
materials of interest is often problematic. In such a b
cases, a more simplified technique for specifying the
characteristics of plasticity can be used with the use
of the bilinear approximation (Fig. 3, a).

CLitga=E
' Or /E -

)

Fig. 3. Approximation of the material deformation curve:
a — multilinear; b — bilinear

When the bilinear approximation is used, the gradient of the first section of the deformation curve is

determined based on the elastic characteristics of materials [13].
tgo=F,

where E is Young's modulus.

The gradient of the second section is determined by using the material's yield point 67 and the tan-
gent modulus E7 .

E.=tgo; =035-m-E

where m is the strain hardening index

In(S, /o;)

1 100 .’

= In )

02-10"+0,/E 100-wy

m=0.75

In(

where S, is the true tensile strength
S, =0,(1+1.40y/100),

where v is the relative contraction; 6, is the material ultimate strength.

Table 1 shows the mechanical properties of the materials used in the lock joint [14].

As the load that determines the SSS in the lock joint were taken the centrifugal forces occurring dur-
ing the rotation of the rotor around the axis with an angular velocity of 314.16 rad/s. In connection with the
symmetry of the system, not the entire bladed disk was considered, but only its sector with the corner angle
¢=20°, at the ends of which the symmetry conditions were set.

To assess the effect of plastic deformation on the redistribution of stresses in the lock joint, a finite
element model was built, consisting of 371,498 finite elements (FE) (Fig. 4).
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Table 1. Physical and mechanical characteristics of the materials

Material E, MPa or, MPa | o,, MPa Y, % Sy, MPa m E;, MPa
7=500 °C | 1.840x10° 470 520 57.0 934.96 0.0988 6,360
15Kh12VNMF
T=600 °C | 1.750x10° 350 370 48.5 621.23 0.0844 5,020
7=500 °C | 1.800x10° 520 540 68.3 1007.44 0.0962 5,860
20Kh3MFA
7=550 °C | 1.740x10° 500 515 58.1 976.24 0.0916 5,770
7=500 °C | 1.965x10° 640 1020 29.0 1434.12 0.1449 9,960
KhN70BMYuT
7=600 °C | 1.900x10° 600 985 23.0 1302.17 0.1480 9,850

The FE mesh was created using the twenty-node Solid226. This element has degrees of freedom in
displacement and temperature, allowing one to obtain a solution to a simultaneous thermal contact problem
taking into account the influence of plastic deformation (Fig. 5).

By calculating the stress state of a number of FE models of the lock joint, the optimal FE size was de-
termined, equal to 3 mm, from the condition that with a further decrease in its size, the calculation results
change by no more than 3% (see Fig. 6). In this case, a further decrease in size leads to a rapid increase in the
number of FEs and an increase in calculation time.

The FE model under consideration has several zones of contact interaction: contact of the pins with
the disk, with the locking blade, with the adjacent blades; support pads of adjacent blade roots, and the disk
shaft end. In the contact zones, which mainly affect the transfer of forces between interacting elements, there
is a thickening of the mesh with a decrease in the FE size to 1 mm, which increases the calculation accuracy.
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Fig. 4. Breakdown of the rotor blade lock joint model into FEs

Fig. 5. FE Solid226
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Fig. 6. Determination of the optimal FE size:
a — by quantity; b — by equivalent stresses
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Iterative Problem Solution Foee ) —— Comyegecs Catesion Bisecton Sustep Convarged
The total calculation time was 16 h 3 min for s i il k h |l i |
the variant with the use of the multilinear approxima- ) \E % 1 L i f‘ ""& ‘1 J\ ( } J\ |
tion (Fig. 7). In this case, the time for calculating the a8 \\Mw&,lui\‘d\ \ J Ul H UN \{U&J‘UJ\J J\\ l‘
variant of solving the problem with the use of the bi- 13 A
linear approximation was 5h 4m. To get the conver- e & @ ur L o wy o ;;a
gence of the problem required 35 iterations. In both g e |
cases, an i7 processor computer with 24 GB RAM T S T S
was used. e
Numerical Analysis of the SSS of the Lock Joint Fig. 7. Iterative process of solving the problem with the
Under Plastic Deformation use of the multilinear approximation

To assess the effect of plasticity on the SSS of the rotor blade lock joint, one should, first of all, ana-
lyze the distribution of equivalent plastic deformations (Fig. 8). These results, together with those obtained
earlier, when solving the thermoelasticity problem (Fig. 2) [5], make it possible to identify the zones subject
to plastic deformation.

Fig. 8 shows the calculation results in the form of distributing equivalent plastic deformations, using
the bilinear and multilinear approximations. To carry out a qualitative assessment of the nature of the distri-
bution of equivalent plastic deformations over the lock joint, the same color level scale was used. Analyzing
the results obtained, we can see that the nature of the distribution of equivalent plastic deformations, both in
the first and second cases, are very close, and equally represent the zones with the maximum level of defor-
mations. Moreover, the upper level of deformations themselves is somewhat different. When using the multi-
linear approximation, the resulting upper limit is 0.051 mm/mm, which is higher than the upper value ob-
tained using a bilinear approximation of 0.043 mm/mm. In both cases, the maximum level of residual plastic
deformations is observed at the holes in the disk for the installation of the pins that fix the locking blade
(Fig. 8, g). Let us recall that the level of equivalent stresses, when solving the problem of thermoelasticity in
this zone, reached 2,800 MPa. We can see that with increasing distance from the holes, the level of plastic
deformations decreases unevenly, clearly demonstrating the tension of the part of the disk under the locking
blade. So, the most deformed areas are the areas between the holes, the area of the upper part of the disk un-
der the locking blade, as well as the fillet transitions at the base of the disk and flanges. In the rest of the disk
and the entire lock joint, the level of plastic deformations is low, not exceeding 0.002 mm/mm.

€pl, mm/mm apl, mm/mm
0.043 0051
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0035 0035
0.033 022
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o 025 a
1.022 3332
g.gzs 001
1 o0t f d
0.01 0003
1,006 o003
0,003 o //
g e

With the use of the bilinear appr0x1mat10n With the use of the multilinear approximation

Fig. 8. Distribution of equivalent plastic deformations, mm/mm:
a — lock joint; b — locking blade; ¢ — adjacent blade with the lower pin; d — adjacent blade with the upper pin;
e — locking pins; f — rotor blade; g — disk

As a result of the computational studies, the distribution of equivalent stresses over the lock joint
was obtained (Fig. 9).

As in the case of plastic deformations, the results are presented for two calculation variants: using
the bilinear and multilinear approximations.

Obtained as a result of solving the problem, the distribution of equivalent stresses in the rotor blade
lock joint has a complex spatial nature. The presented picture is the result of stress redistribution due to the
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plastic deformation of the 20Kh3MFA steel as the disc material. We can see that despite a significant decrease
in the level of equivalent stresses in the rotor blade lock joint, there are zones with the stress level close to the
value of the yield point at the operating temperature c1=450 MPa (Fig. 10). In both solution variants, this is the
area around and above the pin installation holes, as well as the area of fillet transitions of the flanges and base
of the disc. The maximum level of equivalent stresses for the variant using the bilinear approximation reaches
448 MPa, and the variant using the multilinear one reaches 443 MPa. We can see that the numerical values of
the maximum equivalent stresses for the two calculation variants are quite close, the difference being less than

5 MPa. At the same time, attention
should be paid to the difference in the
nature of the distribution of equivalent
stresses over the lock joint. Thus, com-
paring the results obtained, we can see
that for the case with the use of the bi-
linear approximation, a less pronounced
gradient of the level of equivalent
stresses is observed. This is most clearly
seen when comparing the results of the
distribution of equivalent stresses over
the disk. At the same time, in the case
with the use of the multilinear approxi-
mation, a distinct boundary between the
most stressed and less stressed zones in
the disk is noticeable. The resulting dis-
crepancy in the nature of the distribu-
tion of equivalent stresses of the two
calculation variants is associated with
the existing differences in the behavior
of lock joint materials under loading
and deformation. The latter, in turn, is
associated with errors in defining the
plastic deformation curves, using the
bilinear and multilinear approximations.
Analyzing the results obtained, we can
assume that for this particular case, the
greatest errors are associated with the
difference in the deformation curves in
the average load zone, namely, around
values close to the yield point on the
deformation curve.

The proximity of the level of
residual stresses in the disk to the speci-
fied value of the yield point is appar-
ently associated with the impossibility
of further deformation and constraint of
deformations due to the design features
of the rotor blade lock joint.

Fig. 11 shows the distribution
of contact stresses over the rotor blade
support pads in the lock joint for the
case of using the multilinear approxi-
mation of deformation curves. When
considering the results obtained, the
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Fig. 9. Distribution of equivalent stresses in the lock joint, MPa:
a —lock joint; b — disk; ¢ — locking blade; d — adjacent blade with the lower
pin; e — rotor blade; f — adjacent blade with the upper pin; g — locking pins
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Fig. 10. Dependence of the level of the EI-415 steel yield point
from temperature
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support pads are numbered as follows. MPa
The upper pair of support pads is the 190,45
first pair, the middle pair is the second N
pair, the lower pair is the third pair, and 119,03
the lateral support surfaces of the root ??iﬁ m—
are shoulders. 41.611 " h
We can see that, as in the case ;mﬁ - ‘
of solving the problem of thermoelas- g, a oy
ticity, the nature of the distribution of MPa MPa
contact stresses over the support pads is 287,89 2235
of a complex spatial nature and de- o 19456
pends on the position of the support 17993 \\ 1222';' NN
pads in the lock joint with respect to the o L1118
locking blade. nen i \‘ o0 N D
The presented results of the 35'9‘” ~ o~ 21144 i ‘
distribution of contact stresses over the N b ' =
support pads of blade roots (Fig. 11) MPa c
make it possible to evaluate the change 18053
in the nature of the contact interaction 160.47
of these blades with the disk in the lock 0as ~ N
joint in comparison with the results ob- e ~
tained earlier [S]. As expected, the 60,175 ™~
highest level of contact stresses is ob- :301:; ~ N
served on the third pair of the rotor 0 Min
blade support pads. As in the case of N d
solving the problem of thermoelasticity, . o
the maximum value of contact stresses Fig. 11. Distribution of contqct stresses .m.'er the rotor blade
is achieved from the side of the holes o sup p ort pads in the lock joint: -
for additional pins and mainly depends - loc(liqng bkfle’db o ﬂjiﬁerln blade.w‘? the up;:lr gln,
on the position of the pins in height. ¢~ acjacent blade with the fower pin: € —rotorblade

The change in contact stresses on the adjacent blades is characterized by a pronounced gradient along all the
support pads. In this case, the most significant difference between the results obtained is the level of contact
stresses over the rotor blade support pads. We can see that the maximum value of contact stresses at the edge of
the third support pad reaches about 200 MPa, which is almost four times higher than the maximum values of
contact stresses obtained earlier when solving the thermoelasticity problem [5]. The average level of contact
stresses over the support pads also increased significantly and is about 80 MPa at 35 MPa in the case of solving
the problem of thermoelasticity.

Table 2 shows the results of the distribution of contact stresses over the rotor blade support pads in
the lock joint for various calculation variants.

Table 2. Distribution of the level of contact stresses

First pair Second pair Third pair

Blade Approximation

MPa % MPa % MPa %

Bili 7 2 11 2 1 4
Adjacent (with the lower pin) ! 1'n.ear 2 3 0 3 35 >
Multilinear 85 24 98 28 170 48
Adjacent (with the upper pin) B111'n.ear 80 18 175 39 190 43
Multilinear 85 18 190 39 210 43
Rotor blade B111'n.ear 100 28 110 31 150 41
Multilinear 110 28 130 33 160 39

The numerical values given in table 2, together with the results in Fig. 11, make it possible to present
a picture of the distribution of contact stresses over the rotor blade support pads in the lock joint during plas-
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tic deformation. In addition, the presented results make it possible to perform a comparative analysis of the
calculation variants when different approaches to the approximation of deformation curves are used. We see
that the results obtained differ slightly. Comparing the absolute values of contact stresses over the support
pads, we have a maximum difference of 30 MPa for the third pair of support pads of the adjacent blade with
the upper pin. On average, over the support pads, the difference does not exceed 10 MPa. At the same time,
the percentage distribution of stresses differs by less than 5%. In both cases, the third pair of support pads is
the most stressed, and the first pair is the least stressed.

Conclusions

The results presented in this article made it possible to characterize the degree of relaxation and redistri-
bution of stresses in the structure in comparison with the results obtained earlier, when solving the problem of
thermoelasticity [5]. It is shown that the maximum level of residual plastic deformations, as expected, is observed
at the holes in the disk for the installation of the pins fixing the locking blade, and reaches about 0.05 mm/mm.

Solving the problem of the SSS of the lock joint in the considered formulation made it possible to
assess the change in the nature of the distribution of contact stresses in the lock joint. The results obtained
showed a significant difference in the level of contact stresses over the rotor blade support pads. Thus, the
maximum value of contact stresses at the edge of the third support pad reaches about 200 MPa, which is al-
most four times higher than the maximum values of contact stresses obtained earlier, when solving the prob-
lem of thermoelasticity. In this case, the average level of contact stresses over the support pads also increased
significantly, and is about 80 MPa at 35 MPa in the case of solving the problem of thermoelasticity. The in-
crease in contact stresses is probably associated with the redistribution of forces in the lock joint due to the
plastic deformation of its elements.

A significant decrease in the equivalent stresses obtained when solving the thermoelastic problem is
observed, from 2800 to 448 MPa. The proximity of the level of equivalent stresses of the deformed part of
the disk in the lock joint with respect to the yield point is associated with the impossibility of further defor-
mation of the considered structure of the rotor blade lock joint. This, probably, later became the reason for
the destruction of the indicated area of the disk.

The results of solving the problem of the SSS presented in this article, with account taken of plastic
deformations, using the example of the lock joint, also allowed us to consider the applicability of the calcula-
tion method using the bilinear approximation. It was shown that the time required to perform the calculation
when using a more accurate multilinear approximation of plastic deformation curves is about 16 hours, while
when using a simpler bilinear approximation, it is about 5 hours. Comparison of the results obtained in the
form of the distribution of plastic deformations, equivalent stresses, and contact stresses over the support
pads showed that there is a slight difference when using two types of approximation. In this case, the error of
the results when using the bilinear approximation does not exceed 5%. This confirms the applicability of this
approach to the processing of plastic deformation curves for solving problems of this kind.

Using the presented methodology for calculating rotor blade lock joints in the creation of new de-
signs of steam turbine rotors operating in the zone of high thermal and power loads, taking into account the
contact interaction of elements in the lock joint, taking into account the various mechanical and physical
properties of materials, as well as their changes depending on the operating temperature, already at this stage
of software development, it allows detecting problem areas in the design and preventing further breakdowns
in the turbine. This calculation method by detecting problem areas and strengthening them can significantly
reduce the economic costs caused by the downtime of the turbine unit during repair work.
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JMHAMIKA TA MILIHICTb MAIINH

Posg’si3yembcst 3a0aua npo nanpysiceno-0epopmosanuii Cman 3amMKo8020 3'€OHants pobouux nonamox I-eo cmyne-
HA YUiHOpA cepeOHbO20 MUCKY 8 YMO8AX MIACIUYUHO20 degpopmyeants. I1i0 uac po3e’a3anusa 3a0a4i BUKOPUCHO8YEMbCS
meopis. NPYAHCHO-NIACIUYHUX Oepopmayill. Po3s’sa3anns 3a0aui 30iliCHIOEMbCA 3 BUKOPUCMAHHAM 080X PI3HUX NiOX00i8 00
3A0aHHsL KPUBUX NAACTMUYHO20 Oeghopmysariist. OYiHIOEMbC MONCTUBICIb 3ACIOCYBAHHS OLbl NPOCOT OLTIHIIHOT anpok-
cumayii 3amin KiacuyHoi Mynomuninivnoi. Ha npuxiadi po3e'szanms 0anoi 3a0a4i NOKA3aHo Yac, HeoOXioHuil 05l BUKOHAH-
HSL PO3PAXYHKY NPU 6UKOPUCMAHKT OLIHIUHOT ma MyTbmuninitinoi anpoxcumayii. TIOpiGHAHH OMPUMAnUx pe3yibmamis y
8U2nA0i pO3NOOLTY NAACMUYHUX Oepopmayitl, eKIBANIEHMHUX HANPYHCEHb | KOHMAKMHUX HANPYIHCEHb NO ONOPHUX NIOWAOD-
Kax 0aio MONCIUBICIb OYIHUMU BIOMIHHICb RIO 4AC GUKOPUCMAHHA 080X munie anpokcumayii. Ompumane 3Ha4eHHs: noXu-
OKuU pe3yibmamis nio 4ac 6UKOPUCMAHHSL OLMIHIUHOT anpokcumayii 00360UN0 3p0OUMU BUCHOBKU PO MOJICIUBICHb 3ACMO-
CY8aHHsL Makoeo nioxody 00 00pOOKU KPUBUX HAACMUYHO20 OeQOpMYBAHHS Ol PO36’S3aHHSA NOOIOHO20 pOOY 3a0au.
Po3s6’szanns 3a0aui 30iCHIOEMbCS 30 OONOMO2010 MemOody CKIHUeHHUX enemenmis. [1[oO 06'exkmusHo oyinumu eéniue niac-
MUYHO20 0eOPMYBAHHS HA NEPEPO3NOOIL HABAHMAICEHb 8 3AMKOBOMY 3'€OHAHHI, BUKOPUCIOBYEMbCS MOOETb, OMPUMAHA
nio yac po3e’a3anHs 3a0a4i NPo MEPMOHANPYHCEHUL CMAH 3AMK08020 3'€OHaHHA pobouux aonamok. Iloxkasano po3nodin
KOHMAKMHUX HANPYIHCEHb 8 3aMKO80OMY 3'€OHamHi. 1IpoeedeHo NOpieHAHHA pe3yibmamis 3 OmpuMaHumMu pauiue nio uac
PO36’53aHHs 3a0a4i MEPMONPYICHOCMI. Bidznaueno cymmesi 8iOMIiHHOCII PigH KOHMAKMHUX 3ycuib. Haeoosmuvcs pe3yib-
mamu po3paxyHKo80i OYiHKU HANPYHCEHO-0eOPMOBAHO20 CIMAHY 3AMKO8020 3'€OHAHHA pOOOUUX IONAMOK NEPUIO20 Cmyne-
HA YUTHOPA cepeOHb020 MUCKY Naposoi mypOiHu, wo 00360A10Mb OXAPAKMepusys8amu CImyniib pelaxcayii i nepepo3nooiny
HANPYJHCeHb 8 KOHCMPYKYIL NOPIBHAHO 3 Pe3yIbmamamu, OmpUMAaHUMU paHiue nio Yac po3e’A3anHs 3a0adi mepmMonpyi#CHO-
cmi. 3pobneno 8UCHOBKU WOO0 eKOHOMIYHOT OOYLILHOCE BUKOPUCIAHHS NOOAHOT MEMOOUKU PO3PAXYHKY.

Knrouogi cnosa: mypbina, 3amxoge 3'€OHanHs, poboua JIONAmKa, HANPYICEHUll CMAH, KpUa 0eqhopmMyBanHs, Spanu-
YA meKyyocmi.
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