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The features of the turbine steam line sealing unit stress-strain state are examined
on the basis of the usage of a three-dimensional design model of the construction
and contacting surfaces. The considered unit consists of the pipeline, a crimp cas-
ing consisting of two halves with an outlet in one of them, and a gasket. A mathe-
matical model that takes into account the mechanical loads caused both by the
internal steam pressure on the steam line wall and by the casing fasteners tighten-
ing has been formed. This model also includes contact interaction in the sealing
unit on the contact surface of the pipeline, the upper and lower halves of the cas-
ing. This contact problem solving method, based on the application of the finite
element method, is proposed. The finite element model is based on twenty-unit
three-dimensional finite elements with three degrees of freedom at each unit.
Eight-unit contact finite elements were used to describe contact and sliding be-
tween surfaces. Contact conditions are taken into account with the penalty method
usage. The verification of the model and the software that implements the proposed
method is carried out by comparing the calculation results and experimental data
obtained on the physical model of the pipeline. The physical model was made from a
low-modulus material with full geometric similarity and the same ratio of the elastic
moduli of materials as in a real object. The stress-strain state of the sealing unit of a
real pipeline in a three-dimensional setting was determined and the most stressed
zones in the unit, which require increased attention during the design and opera-
tion of pipelines and their connections, were identified. The developed approach
and software make it possible to determine the contact pressure for the horizontal

joint flanges of highly stressed cylinder bodies of powerful steam turbines, which

helps to avoid a large number of expensive experimental studies.

Keywords: turbine, pipeline, flange connection, contact problem, stress-strain state,
contact.

One of the most important and common elements of modern thermal power plants are pipelines of

various diameters and configurations, designed for transportation of steam, water, oil, gas, air, fuel oil and
other media. Pipelines connect the main units of the power plant and auxiliary equipment. As a result of
thermal equipment combining with a system of pipelines, a single construction that performs the main tech-
nological process of electricity production is formed.

The reliability and efficiency of a thermal power plant operation is largely determined by the reliable
and economical operation of its pipeline system. The pipelines damage may lead to the need to reduce the
power of the units or even to their complete stop.

Pipelines in modern thermal power plants represent a complex spatial system that consists of both
pipes themselves and means that connect them together [1].

The object of research in this paper is a sealing unit for a branch inset into a steam line that operates
under the influence of internal steam pressure.

The purpose of this work is a development of methodology, based on the use of three-dimensional
models, for solving a contact problem for a pipeline sealing unit, its verification by comparing the calcula-
tion results with experimental data, as well as identification of the most stressed zones in the unit that require
increased attention during the pipelines and their connections designing and operation.

The assessment of the stress-strain state (SSS) of the sealing unit for the branch inset into the steam
pipeline is a very urgent problem, according to the foresaid.

This work is licensed under a Creative Commons Attribution 4.0 International License
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Formulation of the problem

The problem of the sealing unit SSS determina-
tion will be considered in an elastic formulation, with-
out taking into account the influence of temperature
stresses and deformations. The pipeline connecting unit
under study is shown in Fig. 1. There is also a loading
scheme that takes into account:

—internal pressure on the wall of the steam
line, which is 7.5 MPa (loads of "A" group);

— tightening of the casing fasteners, which is
6.25 MPa (loads of "B" group);

In addition, the considered problem takes into
account the contact interaction in the sealing unit on
the contacting surface of the pipeline.

Boundary conditions that simulate the fastening
of the sealing unit in the calculated three-dimensional
model are constructed proceeding from the limitation of
the unit displacement along the vertical axis (Fig. 1).

The physical and mechanical properties of ma-
terials (Young's modulus FE, Poisson's ratio v, den-
sity p) used during the sealing unit manufacture are
given in table 1 [2, 3].

Finite element model and additional conditions of
the contact problem

The problem of the pipeline sealing unit SSS
determination was solved on the basis of a three-
dimensional model, which is an assembly of the main
pipeline, the upper and lower halves of the casing seal
and the seal itself — paronite.

To carry out this calculation on a 1:1 scale in
the CAD package Autodesk Inventor [4], a steam line
connector geometric model, which was further imported
into software package ANSYS based on the finite ele-
ment method (FEM), was created. As a result, a compu-
tational finite element model of the sealing unit was
created. By splitting the original model, about 490,000
finite elements were obtained (Fig. 1).

When creating a finite element model, a
twenty-unit three-dimensional element with three de-
grees of freedom at each unit, depicted in Fig. 2, was
used [5]. This element has a quadratic representation of
displacements and can be used both in regular and ir-
regular grids, which is important when building

. Bearing

Fig. 1. Computational model of the connecting unit
of the turbine steam line

Table 1. Physical and mechanical properties of sealing

unit materials
. Physical and mechanical properties
Material E-10° , MPa v | p, kg/m3
Steal 15CrMoV3-10 217 03| 7.800
(pipeline, casing)
Paronite FA-MN13-O 12 03 2,000
(gasket seal)

Fig. 2. Geometry of twenty-unit FE

Related target surfaces

\_/\b_/_/ ~
Contact elements _/_/x\_/_/

Solid/shell element surface

Fig. 3. Geometry of the eight-unit contact FE

computational finite element models for objects of a sufficiently complex geometric structure that were im-

ported from various software systems for designing.

For a more accurate determination of the stress-strain state, the used three-dimensional model
includes a symmetrical contact interaction of two halves of the casing, the gasket seal and the main pipeline.
In this case, several zones of contact interaction were considered.

In the contact zones, which mainly affect the transfer of forces between the interacting elements, the
grid thickens with a decrease in the size of the finite element to 1 mm. When modeling contact interaction,
an eight-unit contact finite element was used to describe contact and sliding between surfaces (Fig. 3).
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According to [6], the boundary contact problem is characterized by the presence of a contact zone of
a known (stable) or unknown (unstable, variable) configuration. In this zone, there is no interpenetration of
the surfaces of bodies, and the forces transferred as a result of contact cannot be tensile (taking into account
the forces of surface adhesion in the contact zone, a certain level of "negative pressure” is allowed). Accord-
ing to the consequence of the general conservation law (the law of surface interactions), the contact forces on
two contact surfaces must be equal in magnitude and multidirectional. In this case, the force contact can be
carried out both with friction and without friction. As a result, the formulation of the boundary contact prob-
lem includes additional contact conditions and constraints, which can be described by the following equa-
tions, on the contact surface Sj.

On the general surface S; of elements with conditional numbers 1 and 2, the following coupling con-
ditions must be satisfied:

— force for stresses G

(o o) v,y =0. mn=123, j=12; (1)

— kinematic during adhesion (displacement of U in the same basis as the coordinates x)
lx, U0 = (X + U0y |V, =0, m=12.3, )
|cx, + 0,00 = G + U0 1, =0, m=123, 3)

where v,,, T, respectively, vectors components of the outer normal to contact surface and tangent to this surface.
During slipping (with or without friction), condition (3) is not used.

Among the set conditions are:

— negative values of normal components of contact forces

(Gmnvmvn)(j) <0, Jj= L2; “)
— mutual non-penetration of bodies
lx, +UD 0 = (5 + U0y |V, <0 (5)
Inequalities (4), (5) are the basis for the determination of the current contact surface configuration.
The force interaction of surfaces in the contact zone S; can occur under conditions of adhesion or
slippage.
In the case of adhesion, that is, with |GT| < min {p|(5v |, ((5 s )mjn /3 } (o5 is actual material yield strength),

)

6, =0"v,v,| =k, (6)
6. =[ 26"V, ="V, | | =F )
n=1

or

U, =U,.- (8)
During slipping, that is, when |0T| > min{u|0v|, (o < )min /143 } we have

c,=0""v, v, o= F &)

or
UV = Ul‘ﬂvl‘ﬂ Sk = UV ’ (10)

and also, at p£0

G, =-|F|-signU,), (1)

where U, =(U,,;,—U,,») T, 1s projection of the vector of mutual displacements, tangent to the contact surface.
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If there is no need to take friction into account (if the coefficient of friction p is equal to zero) during
the calculation, then these conditions are simplified to

0,. (12)

G, =0""V,v,| =F or U, = U,Valg
Solution method

In the process of minimizing the target FEM functional, additional constraints (1)—(12) are usually
taken into account by one of two methods: penalty method (PM) and Lagrange multiplier (LM). PM is dis-
tinguished by its economy of memory and time resources and has become quite widespread when solving
frictional contact problems. In turn, LM is known for its accuracy [7]. However, it may lead to incorrect
convergence of the solution.

Taking into account the need to quickly solve contact problems that arise during the production and
operation of power equipment, the PM was adopted to solve the considered problem. In contact problems,
the penalty term includes the stiffness matrix of the contact surface. This matrix stems from the concept that
one imaginary body penetrates into another [8].

Model experiment

To verify the proposed model and solution technique, an experimental study of the stress-strain state
was carried out with the use of strain gauging [10] of the pipeline unit on a physical model made of a low-
modulus material — plexiglass [11] at a scale of 1:2.5 with full geometric similarity (Fig. 4). As primary
transducers, paper-based strain gauges with a 5 mm base were used. The scheme of the strain gauges location
was taken according to [12].

rubber plexiglass

L casing
main pipeline

Fig. 4. Experimental stand:
a — physical model of a plexiglass pipeline assembled with glued strain gauges;
b — theoretical drawing of the sealing unit

The physical model of the pipeline is a cylindrical pipe 400 mm in diameter and 4 mm thick. Flat plexi-
glass sheets served as billets. After heating in the furnace, the billets were crimped on a specially made cylindri-
cal mandrel, and took the required shape. A cylindrical tube was formed from the obtained elements. Plugs were
installed from the ends. One of the plugs was welded, and the second one, removable, was bolted to the flange.
The removable plug has a special device for the wires removal from the sensors located on the inner surface.

As seen from Fig. 4, the main pipe is covered by a casing with a branch, which is also made of plexi-
glass. The casing consists of two halves for which there are horizontal joint flanges. For rigidity, annular
flanges are welded on the ends of the casing. The two halves of the casing were pulled together with metal
studs. The space between the casing and the main pipeline was filled with thick soft sheet rubber, which con-
tributes to a more uniform transfer of force to the surface of the main pipeline during crimping by the casing.
The stiffness (elastic modulus) ratio of plexiglass and rubber is the same as in a full-scale structure.

The stresses were measured mainly in the circumferential section at a plane passing through the cen-
ter of the hole perpendicular to the pipe axis, i.e., in the direction along which the contact pressure was
measured. Since the stresses were measured along the direction of the main curvatures of the pipe (in
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circumferential and axial directions), it would be enough to use double sockets. Nevertheless, to determine
possible misalignments during loading, sensors were also installed along the bisector of the angles between
the axial and circumferential directions. Considering possible unevenness of stress distribution in the hole
area, the sensors were installed as often as possible [9, 13]. To do this, we had to abandon the location of
strain gauges in the form of traditional triple sockets and use to the so-called "chain" scheme, which consists
of three groups of sensors. The sensors of the first group are oriented in the axial direction, the second group
— in the circumferential direction, and the third group — at an angle of 45° to the first two directions. Al-
though the directions of the sensors of the first and second groups coincide with the directions of the main
curvatures and, due to symmetries, one would expect them to coincide with the directions of main stresses,
sensors of the 3rd group were used to fix possible distortions.

The test procedure was carried out as follows. The pressure, which was transmitted through the rub-
ber gasket from the casing seal, was created on the pipe surface. It was created by the tightening force of the
studs tightening the flanges of the horizontal joint of the casing. Due to the fact that the forces transmitted by
the casing to the pipe, hereinafter referred to as contact pressure, are uneven along the pipe surface, it be-
came necessary to measure the pressures at several points. For this, a narrow slot in the annular direction was
cut in the tee casing and in the rubber layer, which made it possible to position both indicators from the outer
surface: the needle of one rested against the pipe, the needle of the other — against the tee casing [9]. Thus,
by the change in the thickness of the rubber gasket, one can estimate the contact pressure value. The meas-
urements were carried out according to the scheme shown in Fig. 4. The value of rubber compression was
determined as the difference between displacements measured by indicators A and B. For the transition from
the value of rubber compression to the value of the contact pressure, calibration has been carried out. For
this, a rubber sample 20 mmx20 mmx8 mm was subjected to uniform crimping. The rubber gasket deforma-
tion (thickness reduction) was measured depending on the applied force.

The thickness of the casing - gasket - pipe system was found from the expression

8= (! —m? )+l —mp),

where m — the coordinate of the sensor needle, the subscripts "u" and "I" mean the upper and lower sensors
respectively, the superscripts 1 and 0, respectively, the moment after and before crimping.

Since the elastic modulus of rubber is several thousand times less than the one of plexiglass, we be-
lieve that the change in the gap occurred only due to the compression of the rubber.

Deformation measurements of the rubber gasket were carried out for various crimping forces of the
seal. Fig. 5 shows the experimental points and the curve that approximates them. Based on the obtained re-
sults, compression calibration was carried out with the determination of the rubber seal thickness dependence
on the applied load. Thus, using the dependence shown in Fig. 5, it is possible to find the value of the contact
pressure in the system, as well as the dependence between the applied force and contact pressure

+¢, r’-R%sin’¢ +¢, Vr?=R?sin’ ¢ +0;
P, = j jqo coSPCoSQdF = jqo cos? ORd v[dx =2q,R j \/}"2 —RSiIlz(pCOSZ(pd(P,

P2 —\/r>—R?sin> 0} 02 —\r?=R?sin? 0} P2

where P, is the value of force that would act on the gasket, which has the shape of a circle of radius r, the
center of which lies in the vertical plane of symmetry; g, is the amplitude value of the contact pressure (in
the plane perpendicular to the connector), kg/cm’; R is the radius of the middle surface of the shell, cm; r is
the hole radius, cm; @, is the angle shown in Fig. 4, b, can be easily found on the basis of the geometric di-
mensions of the considered pipeline element.

Along with the contact pressure, stresses were also measured. In order to separate bending and ten-
sile stresses, strain gauges were glued to inner and outer surfaces. At the same time, a strict match was ob-
served: each sensor on one surface has a corresponding sensor on the other. Due to the fact that the shells
under study are essentially thin-walled (the ratio of the wall thickness to the radius of curvature is

0-4cm :i in main pipeline and 0-4cm =i0 in the branch), with a high degree of accuracy, the law of

6cm 15 20cm
stress variation across the wall thickness can be considered linear. Hence it follows that bending stresses
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o, —0C ) ) G +0
c, =% and tensile (membrane) stresses are determined by the formula 6, = —"—=L  where Gy

and oy, are the stress on the external and internal surface of some direction, respectively.

2
szk?fc—rg,okg
2.08125 ;//
1.66—20 ’//,/’

/

1.25 15 S :
0.83—10
041 5

0 05 10 15 20 25 30 35 cmm

Fig. 5. The rubber gasket calibration. Sample 20 mmx20 mmx8 mm

Verification of the calculation model and software
To prove the adequacy of the proposed
model, the methodology for solving the considered
contact problem and the software that implements the 8 -
proposed approach, the obtained experimental results Material Phys1ca;§)ndrrgz§hamcal
were compared with the results of calculation per- 7 MPa " /D
. L : , p: kg/m
formed with the initial data corresponding to the Organic glass S
physical model described above. The physical and (pipeline, casing) 2.7785x107 1035 | 1190
mechanical properties of the materials of the physical  Soft porous rubber (seal) 1 030 | 1800
model are presented in table 2.
Just as in the tests on the physical model, the stress-strain state of a pipeline element was simulated under
loading by pressure created by the tightening force of the studs — 0.016 MPa, and by internal pressure on the steam
line wall, that is 0.02 MPa. The general diagram of the application of the boundary conditions is shown in Fig. 1.
Comparison of the results of the physical experiment and the model calculation of the pipeline seal-
ing unit showed that the deflection values (absolute deformation of the rubber gasket in the direction of pres-
sure from the casing seal, Fig. 6, a) and contact pressures on the contacting surface of the pipeline under the
upper half of the casing (Fig. 6, b), as well as the values of axial and circumferential tensile and bending
stresses, have a very good agreement in the investigated sections.

Table 2. Physical and mechanical properties of the
pipeline sealing unit materials

0072485
0054364
0036243
0018121

)

-0.0072312 Min

0.368
0.026509
-0.33098
-0,69045
-1042
-14084
-17699
-1.8442 Min

6.5602¢-012 23
5.2985¢-012 23

4.7605¢-002 1

Fig. 6. SSS of the turbine steam line sealing unit:
a — the value of deflection; b — distribution of contact pressures
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Table 3 shows the values of contact pressures at the points of installation of indicators on the surface
of the main pipeline and the deflections of the seal under the action of the load created by the studs tighten-
ing [14]. It is seen from the table that the difference between the calculated and experimental data does not
exceed 6% for contact pressures and 12% for deformations.

Table 3. Summary results of the contact problem study

Measuring point no. Deflection, mm Contact pressure, MPa
Experiment Calculation Experiment Calculation
1,4 1.43 1.6180 0.062 0.0656
2,5 1.38 1.6175 0.050 0.0530
3,6 1.44 1.6168 0.045 0.0476

Based on the obtained results, stress curves presented in Fig. 7 were plotted, where 6/, 65/, 6 1”, 02”
are respectively, axial and circumferential stretching and bending stresses obtained experimentally;
6,'(FEM), o, (FEM), Glb(FEM), (szb(FEM) are respectively, axial and circumferential tensile and bending
stresses obtained by calculation.

These stresses are given at the points of installation of strain gauges on the inner (Fig. 7, a and 7, b)
and outer surfaces of the pipeline (Fig. 7, c and 7, d) in the area of the hole, that is, under the casing seal. In
this area, the sensors were installed as often as possible, due to the uneven distribution of stresses.

p 2
a, lkgfemy
350

5 5
g, kg/cm? ¢
& o3 AN . GI(FEM)
10 25 gi:_r W T GQ!FEL'I)
5

Point no.
0
38 45
-5
-10
-15 -45
a b
o, kg/ent® g, 1~:g--"<:1112
Point no. |
42 1w 11 12 13 14 15 16 26

46 47148 149 500 5115277 53

S

SFEN) 16 GHFEN)

11
-13
-15 3}
17 AEEE 46 47 48 49 50 51 52N\33
’__%IEM) 1 Point no. \
-19 0 10 11 12 13 14 13 16
C d

Fig. 7. Comparison of tensile and bending stresses obtained experimentally and by calculation
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Analysis of calculation results

Verified software for solving the con-
tact problem of the pipeline unit deformation
was used to determine the stress-strain state of
the real pipeline unit. Fig. 8 shows the nature
of the stress distribution, and Fig. 9 — contact
pressure on the surface of the pipeline under
the seal under the influence of the tightening
force of the studs.

The calculation results showed that the
maximum local stresses are observed on the
surface of the pipeline, between the upper and
lower halves of the casing, and are about
250 MPa (see Fig. 8), which is associated with
material deformation from high contact pressure

A: Model, Static Structural
Equivalent Stress
Type: Equivalent (von-hises) Stress
Unit: MPa
Tirne: 1

11.03.2020 12:16

0,0011852 Min

Fig. 8. Distribution of equivalent stresses in the turbine steam
lines sealing unit

on the sealing surface. In the area of the main steam line flange, a surge of stresses is observed only in the welding
zone and is about 60 MPa, on average, the stresses in the area of the body flanges are insignificant — less than
30 MPa, which is fully complies with the regulatory requirements [9]. In the sealing unit, namely, in the section
where the pipe is welded to the casing, the stresses averaged over the wall thickness are about 50 MPa.

Fig. 9 shows the distribution of the contact pressure transmitted from the casing seal through the
rubber seal to the surface of the main pipeline under the action of the load created by the studs tightening.

A: Model. Static Structural
Prassure

Type: Pressure

Unit: MPa

Time: 1
03.03.2030 10:17

48,219 Max

-1,064Min

A: Model, Static Structural
Pressure

Type: Pressure

Unit: MPa

Tirne: L

03.03.2020 1037

48,219 Max

C

Fig. 9. Distribution of contact pressures in the sealing unit on the contacting surface:
a — of the pipeline under the upper half of the casing; b — of the upper half of the leather;
¢ — of the pipeline under the lower half of the casing; d — of the lower half of the casing

A: Model, Static Structural
Pressure

Type: Pressure

Unit: MPa

Time: L

03.03.2020 10:32

73921 Max

-7,1043 Min

A: Model. Static Structural
Pressure

Typer Pressure
Unit: MPa

Tirmes L
03.03.2020 10:44

65,279 Max

-5,8636 Min

d
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Based on the obtained results, it can be concluded that there are areas with a significant local in-
crease in the stresses of the pipeline body in the sealing unit, as well as zones with a negative level of contact
pressure on the contacting surfaces. This circumstance must be taken into account during the pipelines de-
signing and operation. Thus, the proposed methodology and the developed software will be in demand when
solving such problems.

Conclusions

A mathematical model has been compiled and a methodology for solving the contact problem of the
pipeline sealing unit has been developed. This technique is based on the use of FEM in conjunction with the
penalty method, in which the penalty is organized according to the conditions of the contact.

In order to verify the proposed approach and software that implements this technique, an experimen-
tal and numerical study of the stress-strain state of the model pipeline sealing unit made of a low-modulus
material and representing a test model was carried out. The results obtained on the physical model by the
strain gauge method and with the calculation according to the proposed method showed pretty good agree-
ment (up to 7-10%).

The stress-strain state of the real pipeline sealing unit in a three-dimensional setting was determined,
and the most stressed zones in the unit that require increased attention during the design and operation of
pipelines and their sealings were identified. The following things were established:

— the stress state of the sealing unit is three-dimensional and a complex deformation pattern is observed;

—in general, the level of stresses in the unit walls is low, but there are zones of increased stress on
the surface of the pipeline, between the upper and lower halves of the casing;

— the distribution of the contact pressure transmitted from the casing seal through the rubber seal to
the surface of the main pipeline under the action of the load created by the studs tightening showed the pres-
ence of areas with a negative level of contact pressure on the contacting surfaces.

Application of the developed computational approach makes it possible to determine the contact pres-
sure for the horizontal joint flanges of high-stress cylinder bodies of powerful steam turbines. In most cases, the
experimental data on such connectors are absent due to many factors, such as the complexity of the model manu-
facturing and the large material costs to conduct multivariate experiments for various geometry options. There-
fore, the proposed methodology and the developed software will be in demand when solving such problems.
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KonTakTHe 1eOpMyBaHHSI By3J1a YIIiIbHEHHs TPYGOIPOBOLY
'A. O. Kocrikos, >C. A. ITaabkoB

'THcTHTYT Mpo6ieM MammHOGYAyBaHHs iM. A. M. ITizroproro HAH Ykpainy,
61046, Ykpaina, M. Xapkis, By:1. [Toxxapcekoro, 2/10

* Akmionepre ToBapuctBo «Typ6oaTom», 61037, Ykpaina, M. Xapkis, np. MockoBebkuid, 199

Hocniosceno ocobrusocmi HanpysiceHo-0epopmMoBaHo2o CMany CHOLYYHO20 8y31a NAPONPOBOOY MypOOYCMAHOBKU
HA OCHOBI GUKOPUCIMANHS MPUBUMIPHOI PO3PAXYHKOBOI MOOeNi KOHCIMPYKYIT | NOBEPXOHb, WO KOHMAKMYIONb MidC COO0I0.
Byson, wo posensdacmocs, exnouac 6 cebe enache mpyoonposio, 0ONCUMHUL KOXCYX, WO CKIAOAEMbCSL 3 080X NONIOBUH, 6
OOHIIL 3 SIKUX 6CMAHOGIIEHO 8I08e0eHHsl, I NPOKIAOKy-yuinbHiosay. CEhopmMosaHo MamemMamuyty Mooeib, Wo 6Paxo8ye Mexa-
HIYUHI HABAHMAICEHHS, SIKI GUKTUKAHL K GHYMPIUHIM MUCKOM RAPU HA CMIHKY NAPONPO600Y, MAK i 3aMA2Y8aAHHIM KPINieHb
Kooicyxa. Posensnyma modens makodic 8Km0Uae KOHMAKMHY 83AEMOOII0 8 Y3l YUIIbHEHHS. HA KOHMAKMHUX NOBEPXHIX
mpyoonposody, 6epXHbOI ma HUNCHLOI NOJIOBUH KOHCYXA. 3anponoHOBAHO MEMOOUK)Y PO36A3aHHA OAHOI KOHMAKMHOI 3a0ayi,
KA TPYHMYEMbCA HA BUKOPUCMAHHI MemOoOy CKIHYEeHHUX eleMenmis. B ocHo8y cKinueHHOenreMeHmHOI Mooeni NOKIA0eHo
08a0yamMuBy3106i MPUGUMIPHI CKIHUEHHT eleMeHMU 3 MPbOMA CIYNEHAMU CB0O00U 8 KONICHOMY 8Y3Ti. [IIsi onucy KOHmakmy i
KOB3AHHSL MIdHC NOBEPXHAMU BUKOPUCTNOBYBATUC B0COMUBY3N08] KOHMAKMHI CKIHYEHHI efleMeHmu. Bpaxyeants KOHMAaKmHux
VMO8 30ICHIOBANOCS 3a O0NOMO2010 Memooy wmpagnux Gyuxyii. IIposedeno eepugixayiio modeni i npoepammoco 3abesne-
UeHHsl, Wo peanizye 3anponoHOBAHY MEMOOUKY, WISIXOM NOPIGHIHHS PE3YIbMAMI6 PO3PAXYHKY | eKCNePUMEHMATbHUX OaHUX,
SKI ompumani Ha ¢hizuynii modeni mpyoonposody. Dizuuna modensb 6yia 6USOMOBGIEHA 3 HUZbKOMOOYIbHO20 MAMEPIANY 3
OOMPUMAHHAM NOGHOI 2e0MEeMPUYHOL NOJIOHOCMI | MAK020 JHC CRIBGIOHOWEHHST MOOYIII8 NPYICHOCHI Mamepiauie, 5K i 6 pea-
JbHOMY 00'ckmi. Busnaueno nanpyoiceno-oepopmosanuii cman CHOIYYHO0 8Y314 PeaibHO20 mMpYyOOnpo6ody 6 MpUGUMIPHIL
NOCMAaHo8Yi | 6UABNEHO HAUOLIbUL HANPYICEHT 30HU 6 Y3, WO Nompebyoms RiOsUUeHOT Yéazu nio Yac NPOEKMY6aHHs ma
excnyamayii mpybonpoeodie ma ix 3'eOnans. Po3pobnenuii nioxio i npoepamue 3abe3neuents 0aoms MONCIUBICIMb GUHA-
YUMU KOHMAKMHUL MUCK 0718 (DIAHYI8 20PU3OHMATLHOZ0 PO3'EMY BUCOKOHANPYIHCEHUX KOPNYCI8 YUTIHOPIE NOMYHCHUX NAPO-
BUX MYPOIH, WO 00380JIAE YHUKHYMU 8EIUKOL KLTbKOCE 00POSUX eKCNEPUMEHMATLHUX OOCTIONCEHD.

Knwouosi cnosa: mypboycmanosxa, mpyoonposio, ¢aanyese 3'€OHAHHA, KOHMAKMHA 300a4d, HANPYHCEHO-
deghopmosanuii cmar, KOHMAKMHULL MUCK.
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