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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 déep mathematical model of ultrasonic guided wavespagation in oil and gas pipelines m
from steel.

The method of research is a computer modellindtedsonic guided waves propagation in waveguidéls erosssection
of finite size.

Calculations ofguided waves propagation have been performedarspectral ranges. With the increase of frequen
algorithm finds the same number of modes in a nmaeow frequency spectra. Numerical results of ¢bumodes wer
estimated by effective mass criteriofhe criterion shows that only a few modes from thund set correspond with app
boundary conditions of ultrasonic guided waves agapion.

Results of calculations are applied to ultrasoniclgd waves propagation along the V weld. Weldedtgoszes mee
requirements of normative documents about oil asdrgain pipelines.

In the paper it is specified that the parameterdteisonic guided waves propagation in a waveguide its crosssuts o
finite sizes can be calculated utilizing existdgbathms realising search of eigenvalues, basedimoshenko beam which i
finite element typelt has been found out that fiatesults of eigenvalues calculation by the algon with boundary conditiol
that describes propagation of guided wavéh epecified wavenumber correspond to propagaifale modes. The results
calculations have to be filtered out by the crderof effective mass. It has been shown that therien of effective mass of
mode can be used to determine the typeualeyl wave. It has been found out that modes, gaip®y in a waveguide with
cross-cuts of finite sizes, can have marked tossidisplacements without additional axial movements

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

Introduction The theory of acoustic guided waves propagation
was summarized by [1]. The author singled out thém
Obtaining of information about parameters ofvays of theory development and introduced the most
acoustic ways propagation is the main task of aeouscomplete 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 makeogsible propagation in elastic medium with its mechanical
to increase quality and speed of testing signitigpan parameters and considered the simplest forms ofaned
Currently theory of waves propagation is beingnterfaces. More complete mathematical descriptbn
extensively developed due to use of computers amdtrasonic 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]. Propagatfon
oscillations parameters. All the above mentiondolna  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 sizenfoyans 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 tésk 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  du;
waves propagation parameters calculation is a gj == e I B (4)
combination of an analytical solution and finite 2| 0xj 0%

elements method [4]. In this paper the authors iaeel  \wherex 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 towstic  g|asticity, stresses and deformations are core:late
oscillations propagation problem was complicateé dugjiows:

to method of bo_undary condifcions assigning and oij = A0y + 2uei | (5)
treatment of obtained deformations and tension. A ) o
simpler algorithm for calculation of acoustic waved'nere A, p is the Lame elasticity constants;
propagation was suggested in [5]. Acoustic osaiitet i IS the Kronecker symbok =1, 2, 3. _ _
have been described on the basis of beam theory and ©n the basis of (1)-(5) motion equation of elastic
have made calculations by means of correspondéiicillations propagation can be written down:
finite elements. 02Uy 02u; %y

For the effective use of ultrasonic guided waves in (2+ #)6 X +/‘F+pFi - p?' (6)
NDT it's necessary to be able to forecast osaitheti O X
parameters depending on both mechanical paransaters ~ To calculate elastic oscillations propagation, i{5)
well as geometrical forms of cross section of thgeat  better to be presented in a vector form:
under investigation. Currently available investigas d%u
can sufficiently describe process of oscillations (i+ W)OOo)+ w0+ pF = p=—, (V)
propagation in wavefield, depending on medium ot
mechanical parameters, but such mathematical mod
are developed for simple geometrical forms o

Eere u = {ug, Uy Uz} is the elementary volume
Isplacement vectorF = { F;, F,, F3} is the force

wavefield (plate, cylinder etc.). Real objects havare  VECtOT;
complicated geometrical forms, without consideratio =9 ox9%,9,90
of which it's impossible to determine parameters of ox 0% O0X; OXg

ultrasonic guided waves propagation. The aim of

2 .
investigation is to develop mathematical model of Componen'Du can be represented as follows:

ultrasonic guided waves propagation in wavefielthwi Dfu=D0(0M@)-0x0xu. (8)
an arbitrary form of cross section and algorithmitef Considering (8) equation of elastic oscillations
calculation. propagation will be:
The main mathematical terms, describing o2u
ultrasonic guided waves propagation (A+20)0(0 @) - pOx0Oxu+ pF = p—.  (9)
Ultrasonic waves are described on the basis of t

basic principles of linear elasticity of preseroatiof h _ i _
linear angular moments and fundamental equation\g, ere Lxu, _@ P op=12
describing a relationship between applied force and s i o
deformations, based on Newton laws [1]. Mentioned !N (9) component[[l describes longitudinal
principles are a basis for the law of mechanicargpn oscillations and Ox[xu - transverse oscillations.
conservation within the limits of linear elasticttyeory. With the help of (1)-(9) any elastic oscillationanche
Thus, if forceF is applied to one surface of an elasti¢lescribed, but to use equations, describing elastic
body, described by unit vector normal ling then on oscillation propagation it is necessary to useédhand
the opposite surface foré&” will appear (on condition boundary conditions of differential equations. engral
that body isn't moving), which will be equal to: immediate use of equations (7) and (9) for enginger
1) objects is not an easy task. It is even more caradi
to describe propagation of guided ultrasonic waves
where gj; is the stress tensar;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 déberm
The law of angular moments conservation for aform and direction of elastic oscillations propagat
elastic isotropic body makes stress tensor symoadtri  (guided waves included):

6ui + 6ui

F(t): O'ij nj ,

ojj = 0j - (2) elastic constants value;
The law of angular moments conservation can be  Jensity; _ _
expressed by means of displacement of elementary]c form and value of force applied to elastic body
surface;

volume of elastic medium: . . o )
form of wavefield along which oscillation is

' ©) propagating.
0X; at? 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
medium correlates with deformations of an elastic theory, elastic oscillation wavefield can be divdato
body in the following way: scalare and vectofy potentials:
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u=Oep+0Oxy ,00/=0. (10) forming wavefield of a stable form. General fornr fo
Elastic oscillations propagation with consideratioguided wave description will be as follows:

of (9) and (10) and without applied force will be ut)= duft-sx), (14)
described as follows: where d is the single vector, describing oscillations

1 62¢ polarization;sis the slowness.

(A+2u)0) DP9 -5 —2- |+
? ot A S,
(11)

2
+#DX(D2y/—i—a "’J: 0,
2 52
Ct 6t
where ¢, ¢ is the correspondingly longitudinal and
transverse oscillations.

Such oscillations forms are solution to (11):
1% o _10%

EE 0%y =—=—L. (12)
c|2 ot? ctz at?
From (12) propagation speeds of longitudinal andThe solid lines indicate incident bulk waves, wifiie
transverse waves can be determined: dashed lines indicate reflected bulk waves

o= f/1+ 2u o = \/Z (13) Figure 2 — A slowness diagram for guided waves
P P

Equation (11) describes propagation of elastic _Polarizat_ion _of lateral oscillations (Fig. 1) isllegi
oscillations on that part of medium where thereds vertlc_al polarlza_t|on and waves are called verly_cal
applied force. But it is supposed that applied éorchIar'Zed’ but in wavegw_de horlzontz_:llly polarized
beyond the boundaries of elastic body surface und pives¥; can propagate, which are described as follows
investigation can be described with the help ofrfaric
law. Frequency of applied force on the elastic body 02 =i62‘/’2
surface is equal to waves oscillation frequencychSu Yz 2 a2’
simplifying assumptions pertain to description ofdgd | ide of fini t . . h
waves propagation because they propagate to signifi n waveguide of finite 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 equationQS)' . . o _—
solution, describing elastic oscillations propagatis longitudinal wave with polarization of oscillations
determination of scalar and vector potentials \&lug 0; elementary volume of elastic medium in the dicec
there are potentials values, it is possible to forth of O Wave propagation; -
displacement of elementary volumaef an elastic body t0r§|onal W'th polarization of oscillations along
on the whole domain of waves propagation. waveguide perimeter; . .

The principle of dividing of waves upon flexural with polarization v_ert|cal to axial plane.
oscillations type let us explain guided waves, currently theory of guided waves is well-
propagation (Fig. 1): longitudinal and transversd€veloped for the description of their propagation
oscillations propagating under certain angle toward©und beams. For waveguides of such type setting of

plate surface create a harmonic oscillation, prapag Poundary —conditions by means of applying of
along its surface in compliance with harmonic law. ~ cYlindrical coordinates system becomes signifigantl
easier. That allowed to obtain analytical equatiagasa

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

1"
I_> / / A within the limits of a cylinder). But obtained awiatal
< / / / expressions aren't classical form of equationstisolu
T/ A 1Y/ and need development of algorithms of radical

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

(15)

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 ofidpd
based on partial waves concept ways propagation is the use of materials strergtbry

within the limits of which longitudinal, torsionand
Guided waves occur when there is coincidence diexural motions in cylindrical beams, bars andigda
phases of incident and reflected waves from med@n be mathematically described. Such motions are
interface, e.g. elastic body-air (Fig. 2) and doeabf described by one equation in partial quartic deives.
standing wave through the thickness of an elastityb Such a simplified theory actually describes onereieg
(wavefield). Thus, waves within the boundaries o0bf oscillations freedom and approximates lower ért
wavefield falling and reflecting from media intert& spectrum in a certain range of a real wavefiledain
constructively interference and reconstruct thewesel waveguide [1]. The advantage of this theory istiaty
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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.&escribe 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 materiedagth ou 1(du, ou
theory but taking into account the whole spectrum o —1 =2+
frequencies. 0x 2\ 0x 0%

Model for guided waves propagation calculation in e(xl,xz ,x3,t)= du; 1 %Jr% (19)
a waveguide Oxp 2\ 0xo Ox3

To use beams theory by S.P. Timoshenko for oUa 1[0 U
waveguides with an arbitrary form of cross sectitis, = | =4+
necessary to use finite elements theory. For elasti _6X3 2\ 0 0x3 ]
oscillations propagation tasks theory of semi-aicy vital distinction of (19) from deformation

method is the best one [4]. According to this tlyeor determining (4) is its dependence on time. Deforonat
analytical solutions are used in direction of etaslave is presented as a vector, which makes matrix
propagation and finite element approximation ofnultiplication easier. Transition to partial detiivas in
deformations and stresses are used in cross seaftioncoordinates of domaify, & 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 % X
X;—X, can be projected in coordinatés<, in domain 6_1 6_2
—155_,1, E_,zZ 1, so [7] J= 61 Cf]_ -
T (]_) ﬁ %
{xl(él,éz)— NT(él,ﬁz)X(z)}, (16) Oz 0c2 (20)
1 = N 1

X(é1.¢2) (&5 )x 6NT(§1,§2)X£L) 6NT(§1.§z)X(L)

where ) =[x I X0 <[ ) A | ea o5
T T '

is the set of finite elements nodes coordinaltess the oN (51152)X£L) oN (51'52)X(L)
number of finite elements in the plane or number of o0&, o0&, 2
integration  points in one finite element; On the basis of (18)—(20) one can build motion
N(&.&)=[N.Ny,..N JT is the transformation equation of elastic medium elementary volume (8), i
matrix. terms of finite elements algorithm this volume woi

For three finite elements equally-spaced from ead¢fiual to one finite element or integration poird.study
other, elements of transformation matrix are calmd ©lastic oscillations propagation across the whaiea

as follows: it's necessary to combine stiffness matrix, massixna
1 and force matrix of all elements in accordance \higir
N = 251(51—1)52(62 —1) , reciprocal placement [4]:
0%u u 02u
_1 _ Ki—+Ky,—+Kgu+M—=F,
Np = 251(51”' )e(%-1), 17) a2 0%y a2
1 11
N3=Z§1(51+1)€z(52+1)- K= [ [B['CBy|Ildzyds,
In case of wave propagating, oscillations are -
supposed to be harmonic in the directi@nAccording 1 1( H H )
to analytical part of a method, displacement is a Kz= ,” B2 CB;-B; CB; J|d51d52' (21)
function of nodes displacement in directignand time -1
t. Displacements in plarie—; is determined by square 11
law approximation equation. Full displacement of K= ,”32 CBZ|J |d51d52 '
elementary volume of elastic environmegt is as -1
follows: " 11 \H N|J| g
U1(§11521531t) = l[ll{lp ds,dé,
W(§1,§2,§3,t): u2§§1'§2'§313 = N(éfl,fz)u(éfs’t)z where Bl: lBl,liBl,Zr--iBl,LJ is the coordinates of
Usle1:c2,63:0). finite elements nodesB, =By 1,B;5,..By. | is the
N 0 0 th differentials of finite elements nodeg; is the stiffness
=[ 0 Nz 0 |xjuy|. (18) matrix of material with dimensions of 6x [J] is the
0 0 Nz| |uz determinant of Jacobi matrix; symbdH is the

) ) ) ~ transposed matrix in which each element is congdjat

Equation (18) is a connection between coordinatggth initial matrix. In case when matrix element® a
from domaing,, &; and real physical processes of elastigea| but not complex numbers, symbbMwill designate
environment change. only transposed matrix;
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T

0O ON O O O
_ ' ) Calculating by finite elements method can be
B,={0 0 0 ON; 0 is the elements of .5qjeq out according to such algorithm:
0 0 0 O N, 1. Waveguide length is set.
matrix B;. 2. Cross section form is built.

3. Type of elastic medium is set.

Matrix B, ; elements will be as follows: : o
' 4. Mathematical model describing stress-

5 +Qi3 0 0 deformation is selected.
=11 -1 5. Algorithm of mathematical model calculation is
0 5iJ22t 9921 0 selected. °
0 0 0 ., (22) 6. Initial and boundary conditions necessary to
EiJﬁH%Jz_% EiJﬁH%Jl_% 0 solve elasticity theory equations are set.
0 0 EiJill*'QJz_% 7. Finite element dimensions are set.
T I 8. Judging by computer resources and set tasks the
L 0 0 Eh1tQ ;) most optimal configuration of accuracy and
where 5j=0N;/0&, £ =0N;/0, . computational speed is selected.
In (21) integrals should be calculated by Gauss— 9- Calculation results are treated. o
Legendre algorithm [7]. The advantage is (21) thigh Waveguide length is chosen considering minimum

the help of this algorithm one can calculate wavéalculation expenses. As a rule, waveguide length i
propagation at any form of excitation by outer éoFc ~ chosen to be equal to ultrasonic guided wave length
In NDT harmonic excitation is most widely used, afhi €xcited by frequency. Specified value is the smallest
in its turn means that bulk ultrasonic wavedne in the set of frequencies, obtained as a regult
(|Ongitudina| and transverse), created in elastdiom solution of characteristic values task. This argﬂhie

will be also oscillating in accordance with harmoni derived from algorithm realization method. _
law. According to (14) equation, describing guided  Form of waveguide cross section was chosen in

ultrasonic wave propagation, will be as follows: accordance with normative documents concerning
_ 1 i(kEz—ot) recommended form of V-weld connection for gas main
u(g.t)=ue , (22) pipelines (Fig. 3) [9]. In future that will let uget a
where k is the wave number; is the angle frequency; necessary instrument for the analysis of wavefigid
U is the oscillation amplitude. ultrasonic guided wave, propagating in welded
Oscillation amplitudeU for guided wave can be connections.
calculated this way [8]: 20 mm
Un(¢at)= vm P An (23) | , |
where m is the mode numbeun, is the coefficient of S ‘
mode normalizing along waveguide length, B the !
harmonic propagation coefficiensy, is the amplitude c !
vector. £ T
Harmonic propagation coefficient,As as such = :
[8]: - i
sin(mezg / Lg) T ‘

Py =| sin(mrrg /Lg) | (24) 6 mﬂ‘ ‘ L
cos(mmrg,/Le)
where L. is the waveguide length. Figure 3 — Waveguide cross-section
For differential equation of second order (21) and

solution form (23) if we take a part of waveguide  Type of elastic medium is chosen out of welded

without exciting force, solution can be found byconnection material analysis (Table 1) [10].
characteristic values task solution [4]:

0 Kq - w2M Table 1 — Waveguide mechanical properties
Ks-—w®M K, | Steel grade Cid
(25) | Young modulus, hPa 189
_Ksmo®™ 0] (U, Poisson ratio 0.29
0 Ky kU ' Yield point, MPa 6>) 580
. L | Material type isotropic
Equation (26) is dispersed as to wave number a "Bensity, kg/m 2850

angular frequency. As a result of solution (26)foof
oscillations can be found. To solve (26) existing
algorithms of eigenvalues search can be used, etaed
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, beamfiisite

Calculations and results

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



Modeling of ultrasonic guided waves propagation in a waveguide with cross-section of finite size

element type. For such types of finite elementsTable 2 — Results of calculations of ultrasoniagdi
algorithm of eigenvalues search can be used. wave propagation in semi-megahertz frequency range
We choose zero initial conditions. To set boundary

conditions it must be mentioned that wave ik Freduency, kHz | Characteristic values10™
propagating along rod axis, which is being descriae 527 109
a finite element. In this case we build constraindd 574 131
equations on nodes that are on both ends of the ST77 131
waveguide that makes transitions and rotationsletfua 614 147
this case on two ends of a waveguide, condition pf 635 159
equality of finite element nodes transition is SEb 694 190
increase accuracy of calculations, waveguide length 695 191
should be divided into 10 elements. Small number ¢f 745 219
elements let us conduct calculations with double 305 256
accuracy. 807 257
Mode excitation can be evaluated by its effectiv, 817 263
massm®" [11]. Effective mass calculation depends on 804 263
normalization method and can be calculated by the 878 571
following system of equations:
off . iAo ) 834 275
e = My MT ) (26) 836 276
100 0 ¢ ‘55 fg Y Table 3 — Results of calculations of ultrasoniagdi
010 gg -& 0 & —gf wave propagation in megahertz frequency range
T = 001 ¢&-& &-4 0 & Frequency, kHz | Characteristic values10™
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 modeM. is the generalized 1153 525
mass, equal to selected method of point normatizati 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 whic 1226 o4
only one component is equal to 1 and the otherdine
equal to 0. 1232 599
Effective mass approximation to waveguide mags 1233 600
means that mode can be excited in real wavegids, 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 osoifiati | 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 charistic
frequency algorithm finds equal number of modes in values like Timoshenko beam. It has been foundmit
more narrow frequency range. as a result of characteristic values calculatiorth wi

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 ve® al
dependencies for effective mass show that onlyupleo get characteristic values which are not respondinie
of modes from found set correspond with the spattifi 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 theteiterion.
are modes, which have definite twisting form ofséia It has been investigated that mode effective mass
medium elementary volume displacements. At lowevalue criterion can be used to determine type odegli
frequencies twisting and axial displacements pratlli 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 widoh
ultrasonic guided waves propagation in a waveguidee propagating in plates (symmetrical and
with cross section of finite dimensions can bewdalied antisymmetrical modes).
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Normalized effective mass
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MopentoBaHHA NOWMPEHHA CNPAMOBaHUX YNbTPa3BYKOBUX XBUJSb
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AKTyalbHUM 3aBHAHHAM € TMOAANBIINA PO3BHTOK METOMNIB KOHTPOTMIO O0'€KTiB HadTOrazoBoi IpOMHCIOBOCTI
YABTPa3BYKOBHMH CIPSIMOBAaHMMH XBWIAMH. METOI0 IOCHIIKEHHS € pPO3POOJICHHS MaTeMaTHdHOi MOZIENi IOMMPCHHS
YABTPa3BYKOBHX CHPSIMOBAHHUX XBHIb Y HA(TOra30MpoBo/ax, [0 BUTOTOBJIEH] 31 CTaIi.

MeromoM HOCTIKEHHS € KOMITTOTEPHE MOJCIIOBAHHS IIPOLECy MOIIMPEHHS YIBTPa3BYKOBOI CIPSIMOBAHOI XBWIL Yy
XBHJICBOJII 31 CKIHUEHHHMH PO3MipaMH HOTr0 TIOIIEPEYHOTO Iepepizy.

IIpoBeneHo OOUMCIEHHS MOMMPEHHS CIPSIMOBAaHMX XBWIb y JBOX YACTOTHHUX [iama3oHax. 31 30UIBIICHHSM YacTOTH
aITOPUTM 3HaXOAWUTHh OFHAKOBY KUTBKICTH MOJ] y ORI By3bKOMY YaCTOTHOMY Jiana3oHi. UHCIIOBI pe3ynabTaTH 3HAHICHNX MOX
Oynu OLiHEHI 3a KpUTepieM eeKTUBHOI MacH MOAW. 3a MM KPHUTEpieM BHIHO, IO TUTBKU KiJIbKa MOJ 31 3Haiinenoro Habopy
Bi/IITOBIJAIOTh HAKIIAJCHUM IPAHUIHIAM YMOBAM IIOMIUPEHHS YABTPAa3BYKOBOI CIIPSIMOBAHOI XBHIII.

PesynpTat; mpHBeneHO UL TOMMPEHHS YIBTPAa3BYKOBUX CIPSMOBAaHMX XBWIb y V-TIO#IOHOMY 3BapHOMY IIBi,
TeOMEeTPHYHI PO3MIpH SKOTO BiJIIOBIIAIOTH HOPMaM 3'€THAHb MaTiCTPaTbHIX HA(TOra3omnpoBoiiB.

BcranoBiieHo, mo napaMeTpy NOMIMPEHHS YAbTPA3BYKOBHUX CHPSIMOBAHUX XBIJIb y XBIJICBOAI 31 CKIHUEHHUMH PO3MipaMu
HOro IomnepevHoro mnepepizy MOXKHa OOUYHMCIIOBATH 32 IONOMOTOI0 iICHYIOUHX aJTOPHTMIB, IO PEasli3yloTh METOJ CKIHYEHHHX
€JIEMEHTIB IS TIOIIYKYy BJIACHMX 3HA4YE€Hb HA OCHOBI €JIEMEHTa THILy CTPWXKHS TuMomeHko. BusBneno, mo B pe3ynbrati
OOYHCIIEHHS aJTOPUTMOM BJIACHUX 3HAYEHb 13 3aJaHIMU T'PAaHUYHUMH YMOBAMH, SIKi BiJIIIOBIAIOThH MOIIMUPEHHIO CIPSIMOBAHMX
XBWIb UISL 33IaHOTO XBHJIBOBOI'O UHCIIA, MM OJCPIKYEMO TAaKOX BJIACHI 3HAUCHHS, AKi HE BIATIOBIAIOTH 3a IOMIMPEHHS MOZ.
Pezynpratén o6unciaeHs HEOOXIAHO (UIBTPYBATH 3a KPHUTEPiEM BEMWIMHH €EKTUBHOI Mach MOAH. JOCHiIpKeHO, IO KpUTEpii
epexTuBHOI MacH MOAM MOXKHA BHUKOPHCTOBYBAaTH IUISi BH3HAUCHHS THUITy CIPSAMOBAHOI XBHIi. 3HAWIEHO MOIM, IO
MIOIIUPIOIOTECS y XBHJIEBOAI 31 CKIHYCHHHMH PO3MipaMy HOTO IONEPEdHOro Hepepily 3 BHPAKECHHUMU KPYTHUM 3MIIIEHHSIM
€JIEMEHTapHOro 00'eMy 6€3 TOaTKOBHX OCHOBHX 3MIIIICHE.
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