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Abstract

The most topical task is further development dfingsmethods of oil and gas industry objects byasibnic guided wave
The aim of research is to develop mathematical oflaltrasonic guided waves propagation in oitlaras pipelines ade
from steel.

The method of research is a computer modellindtadigonic guided waves propagation in waveguidel wriosssection:
of finite size.

Calculations of guided waves propagation have beefopned in two spectral ranges. With the increafsieequency a
algorithm finds the same number of modes in a nmagow frequency spectra. Numerical results of tbunodes wet
estimated by effective mass criterion. The criterslhows that only a few modes from the found setespond with applie
boundary conditions of ultrasonic guided waves pgagtion.

Results of calculations are applied to ultrasonideu waves propagation along the V weld. Weldedtfosizes me
requirements of normative documents about oil aagingain pipelines.

In the paper it is specified that the parametengltohsonic guided waves propagation in a waveguiitle its crosseuts o
finite sizes can be calculated utilizing existelgbathms realising search of eigenvalues, basedmnoshenko beam which i
finite dement typelt has been found out that not all tssofl eigenvalues calculation by the algorithm viitundary conditior
that describes propagation of guided waves witltiipd wavenumber correspond to propagation ofrtiwgles. The results
calculatons have to be filtered out by the criterion okeffve mass. It has been shown that the criterfaffective mass of
mode can be used to determine the type of guideg.wahas been found out that modes, propagatiregwaveguide with i
cross-cuts of finite sizes, can have marked toaidisplacements without additional axial movements

Key Words: finite element method, torsional mode, ultrasoniitlgd wave, ultrasound

Introduction The theory of acoustic guided waves propagation
was summarized by [1]. The author singled out thém
Obtaining of information about parameters ofwvays of theory development and introduced the most
acoustic ways propagation is the main task of @emuscomplete mathematical models describing the
testing. The application of ultrasonic guided waf@s connection between the main characteristics of wave
the analysis of large industrial objects makesigible propagation in elastic medium with its mechanical
to increase quality and speed of testing signifiygan parameters and considered the simplest forms ofaned
Currently theory of waves propagation is beindnterfaces. More complete mathematical descriptibn
extensively developed due to use of computers amdirasonic waves interaction with waveguide-ambient
software which gives the possibility to obtain andnedium interface and algorithm of calculation ofdes
analyse large quantities of information aboutonverting have been presented in [2]. Propagation
oscillations parameters. All the above mentionéowad  ultrasonic  guided waves in  waveguides with
for further development of methods aimed at testihg heterogeneous properties in the direction of wave
industrial objects of finite cross section sizerhgans of propagation has been viewed in [3]. This paper
ultrasonic guided waves. elaborates on a theory of waveguides for acoustic
waves. The developed theory of waves propagatian as
rule is concluded with complicated transcendental
equations or differential second order equations
* Corresponding author: systems. To get solution of equations describing
ihorlt@gmail.com acoustic guided waves propagation it's necessary to
develop cumbersome numerical algorithms, the tdsk o
which is to get wavefield parameters, using limited
resources of personal computers. One of interesting
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approaches towards design of algorithm for guided 1(au  ou;
waves propagation parameters calculation is a &j == T (4)
combination of an analytical solution and finite 2\ 0xj 0%

elements method [4]. In this paper the authors haeel \yherex is the Cartesian axes.

general algorithms of calculations on the basis of For elastic medium, described by linear theory of

parallelepipedal finite element. The solution toustic e|asticity, stresses and deformations are corctlag
oscillations propagation problem was complicate@ dug|iows:

to method of bqundary condi.tions assigning and o = Ady + 2usi; (5)

treatment of obtained deformations and tension. A ] o

simpler algorithm for calculation of acoustic wavedvhere A, [ is the Lame elasticity constants;

propagation was suggested in [5]. Acoustic osailfet 9j iS the Kronecker symbok =1, 2, 3.

have been described on the basis of beam theory and On the basis of (1)-(5) motion equation of elastic

have made calculations by means of corresponde®ficillations propagation can be written down:

finite elements. 02U, 0%y, 0%y;
For the effective use of ultrasonic guided waves in (/“ﬂ)a 3 tu—+pH=p—-.

NDT it's necessary to be able to forecast osalteti X0% 0Xj ot

parameters depending on both mechanical paransers To calculate elastic oscillations propagation, i€5)

well as geometrical forms of cross section of thieat  better to be presented in a vector form:

under investigation. Currently available investigas 02

can sufficiently describe process of oscillations (/1+ ,U)D(D m)+ uO2u+ pF = P (7)

propagation in wavefield, depending on medium ) ot

mechanical parameters, but such mathematical mod#gere u = {ui, U, ug} is the elementary volume

are developed for simple geometrical forms offisplacement vectorfE = { Fi, Fp, F3} is the force

wavefield (plate, cylinder etc.). Real objects hawere Vector

complicated geometrical forms, without considematio q=9 gz9%,0,0

of which it's impossible to determine parameters of X ' 0% 0% 0x3'

ultrasonic guided waves propagation. The aim of 5 _

investigation is to develop mathematical model of ~Componen“u can be represented as follows:

(6)

ultrasonic guided waves propagation in wavefielthwi D?u=0(0m)-0xOxu. (8)
an arbit_rary form of cross section and algorithmitsf Considering (8) equation of elastic oscillations
calculation. propagation will be:
The main mathematical terms, describing >
ultrasonic guided waves propagation (,1+ Zu)D(D m)_ﬂgx Oxu+ pF = pa_u' Q)
Ultrasonic waves are described on the basis of at?
basic principles of linear elasticity of presereatiof _ oy, oy | _
linear angular moments and fundamental equation¥here Uxu; —@*'E' o p=12

describing a relationship between applied force and
deformations, based on Newton laws [1]. Mentioned In (9) component O describes longitudinal
principles are a basis for the law of mechanicargy oscillations and OxOxu — transverse oscillations.
conservation within the limits of linear elasticityeory. With the help of (1)-(9) any elastic oscillationancbe
Thus, if forceF is applied to one surface of an elasticddescribed, but to use equations, describing elastic
body, described by unit vector normal ling then on oscillation propagation it is necessary to useahind
the opposite surface forée” will appear (on condition boundary conditions of differential equations. bngral
that body isn't moving), which will be equal to: immediate use of equations (7) and (9) for enginger
F(t) = o N 1) objects is not an easy task. It is even more carad
_ e o to describe propagation of guided ultrasonic waves
where o is the stress tensdt;j = 1, 2, 3 is the indices, these equations squarely. From the analysis of (9)
marking Cartesian axes. _ physical parameters can be singled out which déterm
The law of angular moments conservation for agyym and direction of elastic oscillations propagat
elastic isotropic body makes stress tensor symaoad:tri (guided waves included):
gijj = i - (2) elastic constants value;

The law of angular moments conservation can be  density; _ _
expressed by means of displacement of elementary form and value of force applied to elastic body

volume of elastic medium;: surface; _ . o _
Py, 2% form of wavefield along which oscillation is
L+ pF = _LZJ' , (3) Propagating.
0X; ot Helmholtz suggested one of widely used
wherep is the densityt is the time. approaches to simplifying of elastic oscillations

Displacement of elementary volume of elasti®ropagation description [1]. In accordance with his
. . : . theory, elastic oscillation wavefield can be diddato
medium correlates with deformatio ¢;; of an elastic

scalarp and vector) potentials:
body in the following way:
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u=Op+0Oxy ,00y=0. (10) forming wavefield of a stable form. General formr fo
Elastic oscillations propagation with consideratiofguided wave description will be as follows:
of (9) and (10) and without applied force will be ulxt)= duft-sx), (14)
described as follows: where d is the single vector, describing oscillations
2 polarization;sis the slowness.
(i+ 20)0| 029 -2 221,
q ot A 82

11)
+ u0x Dzv,_iﬂ -0
ctz at?
where ¢, ¢ is the correspondingly longitudinal and

transverse oscillations.
Such oscillations forms are solution to (11):

2 2
02 =i2—a "; , Zy/:iz—a v (12)
¢f ot ¢ Ot
From (12) propagation speeds of longitudinal andThe solid lines indicate incident bulk waves, witile
transverse waves can be determined: dashed lines indicate reflected bulk waves

q = At 2 o = \/Z (13) Figure 2 — A slowness diagram for guided waves
V' » p

Equation (11) describes propagation of elastic .Polarizat!on .of lateral oscillations (Fig. 1) isllex_d
oscillations on that part of medium where therends vert|c_al poIanzayon and waves are called verlypal
applied force. But it is supposed that applied EEOrCpolarlzed, but in wavegu!de horlzontally polarized
beyond the boundaries of elastic body surface und Ia.ves‘Pann propagate, which are described as follows
investigation can be described with the help ofrfaaric 1]
law. Frequency of applied force on the elastic body
surface is equal to waves oscillation frequencychSu
simplifying assumptions pertain to description afdgd . - : .
waves propagation because they propagate to signifi In wavegmde_ of fmlte cross section size three
distances from the source of excitation. types of waves will exist as it follows from (12hch

From (11)—(13) it can be said that aim of equation(sl5):
solution, describing elastic oscillations propagatis
determination of scalar and vector potentials \alug
there are potentials values, it is possible to forn of
displacement of elementary volumef an elastic body
on the whole domain of waves propagation. : o . .

The principle of dividing of waves upon flexural with polarization V(_artlcal to axial plane.
oscillations type let us explain guided waves, currently theory of guided waves is well-
propagation (Fig. 1): longitudinal and transversdeveloped for the descrlpt_lon of their propagation
oscillations propagating under certain angle towarc[)ound beams. For waveguides of such type setting of

plate surface create a harmonic oscillation, prapag OP”d‘?‘fy condlpons by means of apP'y'_”_g of
along its surface in compliance with harmonic law. cyI|r_1dr|caI coordinates system becc_)mes S|gr_1|f|<;antl
easier. That allowed to obtain analytical equatiassa

result of direct solution of differential equations
describing propagation of partial waves (bulk waves

e
|_> ; A/ within the limits of a cylinder). But obtained aytital
M / / expressions aren't classical form of equationstisoiu
T/ 7Y/ A and need development of algorithms of radical

L N . ) numerical search. Analytical solutions become more
The solid lines indicate incident bulk waves, witile complicated if we take into account forced osdiias,

1 Ozt//
th// =— z,
‘ ctz at?

(15)

longitudinal wave with polarization of oscillations
of elementary volume of elastic medium in the digat
of wave propagation;

torsional with polarization of oscillations along
waveguide perimeter;

dashed lines indicate reflected bulk waves thus if we specify more complicated boundary
Figure 1 — Scheme of guided modes propagation conditions the other direction of description ofidgpd
based on partial waves concept ways propagation is the use of materials strertfggbry

within the limits of which longitudinal, torsionand
Guided waves occur when there is coincidence diexural motions in cylindrical beams, bars andteda
phases of incident and reflected waves from med@an be mathematically described. Such motions are
interface, e.g. elastic body-air (Fig. 2) and doraidf described by one equation in partial quartic deires.
standing wave through the thickness of an elagityb Such a simplified theory actually describes onereeg
(wavefield). Thus, waves within the boundaries o06f oscillations freedom and approximates lower jdirt
wavefield falling and reflecting from media intecég spectrum in a certain range of a real wavefiledain
constructively interference and reconstruct thewesel waveguide [1]. The advantage of this theory istieddy
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simple obtaining of a solution. Combination of thes Elementary volume displacement (18) will
two approaches is a theory, suggested by S.Bescribe elastic body deformations through partial
Timoshenko. According to this theory wave propagati displacement derivatives in the following way:

in a beam is described on the basis of materisdagth [ 1

o ouyy 1(0u, ou

theory but taking into account the whole spectrum o 6_1 P 6_2+6_1

frequencies. X X 0%

Model for guided waves propagation calculation in Ou, 1(0uz K du

i 9 propag ey Xoxgt)= | =2 =| =+ 2 (19)

a waveguiae 6X2 2 6X2 6X3
To use beams theory by S.P. Timoshenko for P

. K . . usz 1 6u3 Oul

waveguides with an arbitrary form of cross sectits, - | =+=

necessary to use finite elements theory. For elasti Oxg 2( 0% O0x3

oscillations propagation tasks theory of semi-atizdy Vital distinction of (19) from deformation
method is the best one [4]. According to this tlygor determining (4) is its dependence on time. Defoionat
analytical solutions are used in direction of etastave is presented as a vector, which makes matrix
propagation and finite element approximation ofultiplication easier. Transition to partial detivas in
deformations and stresses are used in cross saiftioncoordinates of domai#, & is realized with the help of
waveguide. This method significantly simplifiesstla  Jacobi matrix] of tensor analysis theory, which in this
body points in Cartesian coordinates, makingase will be:

calculations more effective. Finite element nodes i ax, 0%y

X=X, can be projected in coordinatés<, in domain

-1<&,&>1,s0[7]: J= gil gfl =
{X1(51,52)= NT (6.65)x } (16) é é
X2(§11§2):NT(§1152)X(2) ’ NT(6.5) (1) NT () () (20)
where x :Hl),xgz) ,..,xg")r X2 :[41),)(&2) ,..,xg‘)r _ 0&y 1 0&; %2 _
is the set of finite elements nodes coordinatteis the ONT(§1,§2)X1(|_) aNT(él,gfz)Xg_)
number of finite elements in the plane or number of 05 05
integration  points in  one finite  element; On the basis of (18)-(20) one can build motion

N(&.5)=[N.Ny,..N [T is the transformation equation of elastic medium elementary volume (8), i
matrix. terms of finite elements algorithm this volume vk

For three finite elements equally-spaced from eacgfiual to one finite element or integration poira.study
other, elements of transformation matrix are calmd €lastic oscillations propagation across the whalea

as follows: it's necessary to combine stiffness matrix, masgixna
1 and force matrix of all elements in accordance witkir
N, = 251(51 ~1)5,( -1), reciprocal placement [4]:
0%u ou 0%u
1 e il ~ =
Ny = 251(51+1)§2(52 -1), a7 1 oc2 " 0&3 FiarM ot? -
1 11
N3 = zél(éfr AL Ki= [ [BI'CB|Ildzdz,
In case of wave propagating, oscillations are -
supposed to be harmonic in the directignAccording 1 1( H H )
to analytical part of a method, displacement is a K2= ” B2 CB; ~B;'CB; J|d§1d52’ (21)
function of nodes displacement in directionand time ‘11‘11
t. Displacements in plang—<, is determined by square
law approximation equation. Full displacement of Kg= “‘B;CBz|J|d51d52 :
elementary volume of elastic environmegt is as -1
follows: I
ug(&,62.83.1)] M= [N N[3ldzdz, |

; _ : o N _ -1-1
‘/’(51’52’53’”' u2(§1,§2,§3,t) - N(él’fZ)u(f?"t)_ where B;= [51,1:51,21--,51,L] is the coordinates of

Us(é1,¢2 ¢3.t)] finite elements nodesB, =B, 1,B,5,..B. | is the

Ny 0 0 th differentials of finite elements nodeg is the stiffness
=0 Nz 0 xjuz|. (18) matrix of material with dimensions of 6x|J| is the
0 0 Nz| |us determinant of Jacobi matrix; symbadH is the

transposed matrix in which each element is conpdyat
Equation (18) is a connection between coordinat&gith initial matrix. In case when matrix elemente a
from domaing,, &; and real physical processes of elastigea| but not complex numbers, symibowill designate
environment change. only transposed matrix;
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0OO0ON OO0 O U Calculations and results

B,;=/0 0 0 ON 0 is the elements of Calculating by finite elements method can be
00 0 O N, carried out according to such algorithm:

matrix B;. 1. Waveguide length is set.

2. Cross section form is built.

Matrix B, ; elements will be as follows: ; > O
’ 3. Type of elastic medium is set.

533+Q33 0 0 4. Mathematical model describing stress-
0 EJ'1+QJ'1 0 deformation is selected.
w22 21 5. Algorithm of mathematical model calculation is
0 0 0 , (22) selected.
EiJ2'11+QJ2'% EiJﬁ+QJ1'% 0 6. Initial and boundary conditions necessary to
0 0 Ei\32_11+5%‘]512 solve elasticity theory equations are set.
" } 7. Finite element dimensions are set.
L 0 0 EhitQd2] 8. Judging by computer resources and set tasks the
where =j = 0N;/9&;, € = 0N; /05 . most optimal configuration of accuracy and
In (21) integrals should be calculated by Gausscomputational speed is selected.
Legendre algorithm [7]. The advantage is (21) thigih 9. Calculation results are treated.

the help of this algorithm one can calculate wave Waveguide length is chosen considering minimum
propagation at any form of excitation by outer éoFc ~ calculation expenses. As a rule, waveguide length i
In NDT harmonic excitation is most widely used, ahi chosen to be equal to ultrasonic guided wave length
in its turn means that bulk ultrasonic wavegxcited by frequency. Specified value is the smallest
(longitudinal and transverse), created in elastiiimm One in the set of frequencies, obtained as a rexult
will be also oscillating in accordance with harnmni solution of characteristic values task. This argutris

law. According to (14) equation, describing guidedlerived from algorithm realization method.

ultrasonic wave propagation, will be as follows: Form of waveguide cross section was chosen in
‘ _ 1 i(kEg—ot) accordance with normative documents concerning
U(§31t) =Ue ' (22) recommended form of V-weld connection for gas main
where k is the wave number) is the angle frequency; pipelines (Fig. 3) [9]. In future that will let uget a
U is the oscillation amplitude. necessary instrument for the analysis of wavefigld
Oscillation amplitudeU for guided wave can be ultrasonic guided wave, propagating in welded
calculated this way [8]: connections.
Um(fSat)z Um Pm Am (23) 20 mm

where m is the mode number, is the coefficient of | , |
mode normalizing along waveguide length, B the S

harmonic propagation coefficiens,, is the amplitude
vector.
Harmonic propagation coefficient,,As as such
(8l: ;
sin(er3/Le) T
P =| sin(mrzzg / Lg) (24)

18.7 mm

cos(mmr3/ Le) 6 mm L
where L. is the waveguide length.
For differential equation of second order (21) and Figure 3 — Waveguide cross-section

solution form (23) if we take a part of waveguide
without exciting force, solution can be found by  Type of elastic medium is chosen out of welded

characteristic values task solution [4]: connection material analysis (Table 1) [10].
0 K3 - M _ . .
2 , - Table 1 — Waveguide mechanical properties
K3 -w°M |K2
(25) | Steel grade Cr4
K K3-w’M 0 N Uuj_ 0 Young modulus, GPa 189
0 Ky)) (k) Poisson ratio 0.29
. L ield point, MP 580
Equation (26) is dispersed as to wave number a “{/llet P?T 2 6o -
angular frequency. As a result of solution (26)roof ateria’ ype ISotropic
| Density, kg/m 7850

oscillations can be found. To solve (26) existing
algorithms of eigenvalues search can be used, atelded

in finite elements calculation software packages. S.P. Timoshenko suggested mathematical model,

describing elastic medium agitation while guidedveva
propagation. On the basis of this model, beanfiisitz
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element type. For such types of finite elementsTable 2 — Results of calculations of ultrasonicgdi
algorithm of eigenvalues search can be used. wave propagation in semi-megahertz frequency range
We choose zero initial conditions. To set boundany

conditions it must be mentioned that wave b Freduency, kHz | (Characteristic valuejl0™’
propagating along rod axis, which is being desdias 527 109
a finite element. In this case we build constraineld 574 131
equations on nodes that are on both ends of the S77 131
waveguide that makes transitions and rotationsletua 614 147
this case on two ends of a waveguide, condition of 635 159
equality of finite element nodes transition is s&b 694 190
increase accuracy of calculations, waveguide length 695 191
should be divided into 10 elements. Small number o¢f 745 219
elements let us conduct calculations with double 305 256
accuracy. 807 257
Mode excitation can be evaluated by its effective 817 263
massm®" [11]. Effective mass calculation depends off 804 568
normalization method and can be calculated by tie 828 571
following system of equations:
off . \A 1 ) 834 275
m* = My MT, ) (26) 836 576
100 0 &-& &% Table 3 — Resullts of calculations of ultrasonicdgdi
010 §§ -& 0 & —510 wave propagation in megahertz frequency range
T = 001 &-8 &-4 0 x& Frequency, kHz | (Characteristic valuefl0**
00O 1 0 0 1022 412
000 0 1 0 1037 425
1038 426
000 0 OA L 1053 437
wherei is the number of mode¢M. is the generalized 1153 525
mass, equal to selected method of point normatinati 1155 526
é? is the coordinates of rotation centé:js the single 1160 531
. . . . . 1214 582
vector which points to form of mode motion, in wihic 1296 =
only one component is equal to 1 and the other diee
equal to 0. 1232 599
Effective mass approximation to waveguide mass 1233 600
means that mode can be excited in real wavegtids, t 1238 601
this mode corresponds with the condition of ultraso 1263 630
guided wave propagation. From (27) it's clear that 1272 639
modes can be evaluated in accordance with osoitisiti | 1275 642

form (displacement and spinning).

Calculations, carried out in two frequency rangewith the help of existing algorithms, which apply
(Table 2, Table 3) show that with the increase ahethod of finite elements for the search of chanastic
frequency algorithm finds equal number of modes in values like Timoshenko beam. It has been foundhait
more narrow frequency range. as a result of characteristic values calculatiorithwi

Numerical results of found modes have beeboundary conditions which correspond with set
evaluated according to (27), (Fig. 4, Fig. 5). @i#d boundary conditions for specified wave number vem al
dependencies for effective mass show that onlyupleo get characteristic values which are not respondile
of modes from found set correspond with the spedifi modes propagation. The results of calculations rbast
boundary conditions. filtrated on the basis of mode effective mass value

In megahertz frequency range it's seen that theceiterion.
are modes, which have definite twisting form ofséla It has been investigated that mode effective mass
medium elementary volume displacements. At loweralue criterion can be used to determine type adegl
frequencies twisting and axial displacements pecalli wave mode. Modes have been found which propagate in

belong to one group of modes. waveguide with finite dimensions of its cross gatti
and definite torsional displacements of elementary
Conclusions volume without additional axial displacements. Wave

energy in such guided waves is mostly concentrated
This paper has specified that parameters abrsional modes and doesn't go over to modes wdzioh
ultrasonic guided waves propagation in a waveguidee propagating in plates (symmetrical and
with cross section of finite dimensions can bewdaled antisymmetrical modes).
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YIBTPa3ByKOBHMH CIPSIMOBAHHMH XBHJIIMH. METOI0 JOCHIUKEHHS € pPO3POOJICHHS MaTeMaTHYHOI MOAENi IOIIMPEHHS
YIBTPa3ByKOBHX CIIPSIMOBAaHUX XBHJIb y Ha()TOra30mpoBoiax, [0 BUTOTOBIICHI 31 CTali.

MeTonoM JOCHUKEHHSI € KOMITIOTEpPHE MOJEIIOBAHHS MpOIecy MOUIMPEHHS YIbTPa3BYKOBOI CIPSMOBAHOI XBWII Yy
XBHJICBO/II 31 CKIHUEHHUMH PO3MipaMu HOT0 MOMEPeYHOro Iepepisy.

IMpoBeneHo 0OYMCIICHHS MOLIMPEHHS CIPSIMOBAaHMX XBHJIb y JBOX YaCTOTHHUX [iama3oHax. 3i 30UIbIICHHSIM YacTOTH
QITOPUTM 3HAXOAUTH OJHAKOBY KUIBKICTh MOJ y OiNIbII By3bKOMY YaCTOTHOMY Jiarna3oHi. UHCIIOBI pe3yibTaTH 3HAHACHUX MOJ
Oynu owLiHeHi 3a KpuTepieM eeKTHBHOI MacH MOJAHM. 3a MM KPHUTEpieM BHUAHO, L0 TIBKU Kibka MOJ 31 3HaiiieHOro Habopy
BI/IIIOBIZIaI0Th HAKJIAJICHUM IPAaHHYHUM YMOBaM IOILIMPEHHS YIbTPa3BYKOBOI CIIPSMOBAHOI XBHIII.

Pesynbratd HpHBEJCHO [UISl IOMIMPEHHS YIBTPa3BYKOBHX CIPSMOBAaHMX XBWIb y V-HOXIOHOMY 3BapHOMY IiBi,
TeOMETPHYHI PO3MIpH SKOTO BiIIOBIalI0Th HOPMaM 3'€JHAHb MariCTpaJbHUX HAa(TOra30IpoBOIB.

BcraHOBIIEHO, 10 HapaMeTpH HOLIMPEHHS YIbTPAa3ByKOBHX CIPSMOBAHUX XBHJIb y XBHJICBO/II 31 CKIHYCHHHMH PO3MipaMu
HOTO HOIepeyHOro nepepizy Mo)KHa OOYMCIIIOBATH 3a JOIIOMOTOI0 iCHYIOYMX aJTOPUTMIB, IO PEaNi3yloTh METO[ CKiHYEHHUX
€JIEMEHTIB U1 IOLIYKY BJIACHUX 3HAYEHb HAa OCHOBI €JeMEHTa THIy CTpIXHSA TumolieHko. BusBieHo, 1mo B pe3ynbrari
OOYMCIICHHS AJITOPUTMOM BJIACHHMX 3HAUYEHb i3 3aaHUMU 'PAHMYHUMM YMOBaMH, SIKi BiJIIOBIAIOTh HOIIMPEHHIO CIIPSMOBAHUX
XBWJIb JUISl 33[JaHOTO XBMJILOBOTO YMCIIA, MU OAEPXKYEMO TAaKOX BIJIACHI 3HAYEHHS, SKi HE BIANOBINAIOTH 32 MOLIMPEHHS MOJ.
Pesynbrati o6uncieHs HeoOXiAHO (LTBTPYBATH 3a KpHUTEpieM BeMHIMHH epeKTUBHOI Macu Moxau. JlociiukeHo, Mo Kpurepiit
e(eKTHBHOI MacH MOJM MOXXHa BHUKOPHCTOBYBAaTH MJIsI BU3HAYCHHS THITy CIPSIMOBAHOI XBWI. 3HAHIEHO MOIH, IO
TIONINPIOIOTECS. Y XBHJIEBOJI 31 CKIHUCHHHMH pO3MipaMH HOTO IHOIEPEYHOro Iepepidy 3 BHPaXEHHUMH KPYTHHM 3MIIICHHSIM
CJIEMEHTApHOTO 00'eMy 0€3 JT0IaTKOBUX OCHOBUX 3MIIIICHb.

Kiro4oBi croBa: kpymua mooa, Memoo CKiHueHHUX eleMeHmi8, YIbmpa3zeyK, YibmpaseyKoed CHPAMOSAHA XGUIA.

ISSN 2311—1399. Journal of Hydrocarbon Power Engin  eering. 2014, Vol. 1, Issue 1 65



