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BuzHauaroTecst yacToTH Ta GOPMHU BUIBHUX KOJMBAaHb TOHKOI JKOPCTKO
3aKpiIUICHOI KBaIPATHOI INIACTHHH CTAJIO] TOBIMHH Ha OCHOBI JIBOX YH-
CeNIFHUX MeToiB. JIOCHiIPKEHHS TPOBOAWINCH METOIOM CKiHYCHHUX
enementiB (MCE), skuii peanizoBaHO Ha JICH3IHHOMY IPOTpaMHOMY
3aco0i FEMAP 3 po3p’szyBauem NX Nastran i meromom Penes-Pirna,
sxuii MmoaudikoBaHo Ta peanizoBano Ha EOM y cepemosumi Delphi. [lo-
CTOBIPHICTh OTPHMaHUX PE3YJIBTATIB 3a0e3MeYyeThCd BUKOPUCTAHHIM
00IPYHTOBAHOT MATEMATHYHOT MOJIEII, KOPEKTHICTIO MOCTAHOBKH 3a/1a4i,
PO3B’sI3yBaHHSIM TECTOBHX 33/1a4 Ta MPAKTUYHOIO 301XKHICTIO PO3paxoBa-
HHX YaCTOT METOJIOM CKiHYEHHHX eJIeMEHTIB 1 MeTogoM Penes-Pitna. ¥V
pe3yabTaTi JOCHiKeHHsS y Gopmyiti MeToay Penes-Pitiia BumiieHo tpu
KOE(DIIIEHTH, 1110 XapaKTEePU3yIOTh T€OMETPUYHI PO3MIPH ITACTHHH, (i-
3MKO-MEXaHIUHI BJIACTUBOCTI Marepiaiy i (GOopMy KOJHBaHb, 3pOOJICHO
YTOYHEHHS OCTaHHBOTO Koe(ilieHTa, 110 MiABHIIIIO TOYHICTh PO3paxy-
HKy. CTBOpeHO nporpamy B cepenoBumi Delphi Ta mommperno MCE st
PO3paxyHKy 4acToT i GOpM BUIEHHX KOJIMBaHb. Pe3yinbTaTH po3paxoBa-
HHUX 9aCTOT MalOTh XOPOIIY 301KHICTB 3 pe3yIbTaTaMH, OTPUMAHUMH 1H-
IIMMH aBTOPaMH eKCIIEPUMEHTAILHUM Ta YHCEeIbHUM MeTonaMu. [IpoBe-
JICHO TIOPiBHAJIBHUN aHaJi3 YacTOT 1 HOpM BIUIEHUX KOJNWBAHB PO3TIIHY-
TOI IJIACTUHHU, PO3PaXOBaHUX JABOMA YUCEIbHUMH METOJJAMHU.
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Plates of various shapes are the most common elements of thin-walled
structures in various branches of modern technology. It is necessary to
calculate the load-bearing elements of structures for the case of various
suddenly arising dynamic loads when various engineering facilities are
designing and constructing. Therefore, the study of the dynamic behavior
of engineering structures elements taking into account the properties of
the material and the impact of the environment during dynamic load is an
actual problem. In this connection it is necessary to extend the numerical
methods for studying the natural oscillations frequencies and forms of
rigidly fixed square plates.

Modern science does not ignore this problem, so in [8] we give an
overview of the works devoted to the calculation of the frequencies of
free oscillations of a rectangular plate; the results of computational
experiments are given. In [9] analytic expressions were constructed for
the calculation of eigenfrequencies and forms of oscillations of a square
homogeneous plate fixed along the contour. In [10; 11] the solution of the
problems of free oscillations of rectangular plates with variable thickness
is proposed with the aid of a numerical-analytic spline collocation method
in conjunction with the discrete-orthogonalization method, for example
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in [10], the problem of free oscillations of a square plate with a constant
thickness fixed along the edges is solved as a mathematical model. The
calculated frequencies are compared with the experimental data obtained
by the method of holographic interferometry. In [11], the free oscillations
frequencies of anisotropic rectangular plates with different thickness with
different boundary conditions are calculated. In [12], orthotropic
rectangular plates of variable thickness are considered based on the spline
approximation method and the discrete orthogonalization method in
conjunction with the step-by-step search method. One of the modern
methods for calculating problems of dynamics using computers is the
finite element method (FEM). In [13], a thin square plate with different
physical-mechanical characteristics with free edges is investigated. The
geometry modeling and numerical calculation of the frequencies and
forms of free oscillation of plates are carried out by the finite element
method, which is implemented using the computer program FEMAP with
NASTRAN solving. A comparative analysis of the calculated
eigenfrequencies with frequencies obtained numerically and
experimentally by other authors is carried out.

Free oscillations frequencies and forms of a thin rigidly fixed square plate
with constant thickness are determined based on two numerical methods.
The research was carried out by the finite element method which is
implemented on the licensed software FEMAP and the Rayleigh-Ritz
method which is modified and implemented on a computer in the Delphi
environment. The reliability of the results obtained is ensured by using a
valid mathematical model, the correctness of the problem statement, the
solution of test problems and the practical convergence of the calculated
frequencies by the finite element method and the Rayleigh-Ritz method.
As a result of the research in the Rayleigh-Ritz method formula three
coefficients characterizing the geometric dimensions of the plate, the
physical-mechanical properties of the material and the oscillations mode
were separated, clarification of the last coefficient increased the accuracy
of the calculation. The program was created in the Delphi environment
and the finite element method was distributed to calculate frequencies and
forms of free oscillations. The results of the calculated frequencies have
good agreement with the results obtained by other authors by
experimental and numerical methods. A comparative analysis of the
frequencies and forms of free oscillations of the considered plate
calculated by two numerical methods was carried out.

Oararo HaykoBUX mpailb. OHIEO 3 ePIINX po-

IMocTanoBka mpo6JjieMu. Y pi3HHUX ramy-
35X Cy4acHOI TEXHIKHM IUTACTMHHM Pi3HOMAaHIT-
HUX (OpM € HANOLIBII MOMIMPEHUMH EeJIEMEH-
TaMHM TOHKOCTIHHUX KOHCTpYKUiH. [Ipn npoek-
TyBaHHI 1 OYyIIBHUITBI pI3HUX I1HXKEHEPHUX
CHOPYA HEOOX1JHO MPOBOANUTH PO3PAXYHOK HE-
CyUYHX €JIEMEHTIB KOHCTPYKI[I Ha BUIAIOK il
PI3HOMAHITHMX JUHAMIYHMX HABAaHTAXKCHb.
Tomy akTyaapbHUM € BUBYCHHS JUHAMIYHOT TO-
BE/IIHKH €JIEMEHTIB 1H)KEHEpHUX CIOpY/ 3 ypa-
XYBAaHHSIM BJIaCTMBOCTEN Martepiany 1 BIUIUBY
HaBKOJIMIIIHBOTO CEPEJOBUIA HpPU AMHAMIY-
HOMY HaBaHTaX€HHI. Y 3B 43Ky 3 IIUM HEOOX1]I-
HO MOLIMPUTH YMCETbHI METOAM JOCIIJKEHHS
9acToT i (OpPM BIIACHUX KOJHMBAHb KOPCTKO 3a-
KpIIUIEHUX KBaJpPaTHUX IJIACTUH.

JloCITiPKEHHIO 9acToT 1 OpM BUIBHUX KO-
JMBaHb MPSAMOKYTHHUX IUIACTHH IPHUCBIYEHO

Dizuko-mamemamuyni HAyKu

01T, y SIKiif MPOBEIEHO PO3PaXyHOK OCHOBHOL
YacTOTH KBQJPATHOI IUTACTHHHU, € poboTa
C. Tomorika 1936 poxy [1]. Y poGoTi [2] po3r-
JASHYTO 21 THUI MOMXJIMBHUX JUISl MPSIMOKYTHOI
IUTACTUHU TpaHUYHUX YMOB. Orisiy i3 3acTocy-
BaHHs Metony Penes-Pitia nasegeno B [3]. ¥V
paMKax KJIaCHYHOI Teopii J1s BU3HAYEHHS Yac-
TOT 1 (OpM BUIBHUX KOJUBAaHb BUKOPHUCTOBY-
€ThCsl 0araTo pi3HOMAHITHUX METOMIB: METO[
Penes-Pitua, meron byOHoBa-I"anbopkina, me-
TOJ KOJOKAIlill, MeTof 30ypeHb, METOA PAIiB,
METOJI CITOK, METOJ] MOYaTKOBUX NapaMeTpiB
b.I'. KopeneBa, meron Enmana, acumMnToTuu-
Huii meton B. B. bonorina Ta iami. Kopotkuit
BUKJI]] IMX METOJIIB HAaBOJIUTHCS B PoOOTax
[4-6].
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3a3Ha4MMO, 10 OKPIM aHATITUYHHX 1 YUCe-
JBHUX METOJIB, ICHYIOTh EKCIIEpUMEHTaJIbHI
METOIM HOCIIKEHHS BUIBHUX KOJIMBAaHb I1J1aC-
THH, Y [7] 0OroBOPIOETHCS EKCIIEPUMEHTAIb-
HUH aHai3 BiIOpaifHIX pPeXUMIB IUTACTHH.

CydacHa Hayka TakoXX HeE 3ajiuinae 0e3
yBaru Jany npoonemy, Tak, y [8] HaBOgUTbCA
OTJIs1/1 pOOIT MPUCBAYEHUX OOUUCTICHHIO YaCTOT
BUTbHUX KOJIMBAHb MPSMOKYTHOT IJIACTHHHU, Ha-
BEJICH1 Pe3yJIbTaTH OOUNCITIOBATBHUX EKCIIEPHU-
MEHTIB, SIKHMU ITOKa3aHO, M0 JpYyTa i TPeTs Ja-
CTOTa KBaJIpaTHOI IUIACTUHKHU — KpaTHi, TOOTO
BiJIMOBITHUI BIIACHUH ITiITPOCTIP — ABOBUMIp-
Huii. HaBeneno nBi BiAMoBimHI BiacHi Gopmu.
VY [9] noOymoBaHO aHATITHYHI BUpa3u ISl 00-
YHUCIIEHHS BJIACHUX YacTOT 1 ¢opM KOJIHBaHb
3aTUCHEHOI M0 KOHTYPY KBaJpaTHOI OAHOPIJ-
HO1 TIacTUHU. JlaHa OIiHKA MOXWUOKU IOpIB-
HSIHHS 3 BIJIOMUMHU BUCOKOTOYHHMH PO3PAXYH-
Kamu. 3p00JICHO MOPIBHSHHS aHATITHYHUX PO3-
paxyHKiB 3 EKCIECPUMCHTAIbHUMH JTaHWMH,
OTPUMAHUMH aBTOPOM PE30HAHCHUM METOOM.
VcTaHOBIEHO, 10 aHAIITHYHI 1 BIAIOBIAHO YK-
CeNbHI pe3yJbTaT 30iratoThCs 3 €KCIIePUMEH-
TaTbHUMH 3 TIOXHOKO0 MeHie 1%. B [10, 11]
3alpONOHOBAHO PO3B’SI30K 3a7lady MpPO BiJbHI
KOJIMBAHHS MPSMOKYTHUX TUIACTHH 3MIHHOI TO-
BIIMHU 3a JOMOMOTOI0 YHCEIbHO-aHaTITHY-
HOTO METOJy CIUIAH-KOJUTOKAIliil B MTOE€THAHHI
3 METOAOM JTUCKPETHO-OPTOTOHaMi3allii, TaKk B
[10] sk MaTeMaTUyHy MOJENIb PO3B’sA3aHO 3a-
Jady Mpo BiIbHI KOJUBAHHS KBaApaTHOI Iuiac-
TUHU 3 TOCTIHHOIO TOBIIUHOI, 3aKPIIICHOIO
no kpasx. Po3paxoBaHi 4YacTOTH MOPIBHIO-
IOTBCS 3 CKCTIICPUMEHTAILHUMU JaHUMH OTpPHU-
MaHUMH METOJIOM rosiorpadiuHoi iHTepdepo-
meTpii. B [11] po3paxoBaHi 4acTOTH BJIIACHUX
KOJIMBaHb aHI30TPOMHHUX MPSMOKYTHUX ILIac-
TUH Pi3HOI TOBIIMHM 3 PI3HUMHU TPAaHUYHUMU
ymoBaMu. Y [12] po3riisHyTi OPTOTPOIHI Mpsi-
MOKYTHI IJIACTUHU 3MIHHOI TOBIIMHHU Ha OC-
HOB1 METOJy CIUIaliH-alpoKCHMAIii 1 MEeToay
JTMCKPETHOT OPTOTrOHATI3allli B TOETHAHHI 3 Me-
TOJIOM TIOKPOKOBOTO TMOIIYKY.

OaHMM 13 Cy4acHMX METOMIB PO3PAXYHKY
3amay guHaMiku 3a goromororo EOM e MCE.
VY po6ori [13] mocaimKyeThcs TOHKA KBapaTHa
IUTACTHHA 3 PI3HUMHU (DI3UKO-MEXaHIYHUMHU Xa-
paKkTEepUCTHKaMH 3 BUIBHHUMH Kpasmu. Moje-
JIIOBaHHS T€OMETPIi Ta YUCENbHUN PO3PaXyHOK
4acTOT Ta (OpM BUIBHHMX KOJHBAHb IUIACTHUH
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BUKOHAHO METOJIOM CKIHUYEHHUX EJIEMEHTIB,
SIKUW peajli30BaHo 3a JOMOMOTOI KOMIT FOTEP-
Hoi mnporpamu FEMAP 3 po3p’sa3yBauem
NASTRAN. IIpoBoauThcs MOPIBHSJIBHUM aHA-
73 PO3paxOBaHHUX BJIACHUX YaCTOT 3 YaCTO-
TaMH, Kl OTPUMaHHI YHCENbHO Ta EKCIEepHU-
MEHTAJILHO 1HIIMMHU aBTOPaMH.

VY 3B’43Ky 3 UM € HEOOX1THUM MOIIUPUTH
YHCENbHI METOIN TOCIIPKEHHS 4acToT 1 popM
BJIACHHUX KOJHMBaHb )KOPCTKO 3aKPIIIEHUX KBa-
JIPATHUX TUIACTHH HAa OCHOBI METOJIy CKIHYEH-
HUX eJieMeHTiB, peanizoBaHoro Ha FEMAP 1
metony Penes-Pitna, peanizoBaHoro B cepeso-
Buii Delphi na EOM.

Buxinni cmiBBigHOIIEeHHS 3aMa4 QUHA-
miku nmiaactud MCE. PiBHsHHS pyxy miac-
tuau B MCE 3a BijicyTHOCTI emmiyyBaHHS Mae
BUTJISA]T

Ko, +M®, =0, (1)
ne K ta M —maTpuis >KOpCTKOCT1 Ta MaTpUIs

Mac MEXaHIYHOI CUCTEMH BiAIIOBIIHO, @, —Be-

KTOp TepeMilleHb BY3/iB CHUCTEMH, IO BiJIIO-
BiJIa€ j-TOMY CTYIEHIO BIIBHOCTI, SIKUW BiITBO-
pIO€E j-Ty GOpPMY KOJIMBAHb.

[lpy BITBPHMX KOJIMBAHHSX IUIACTUHH BCi
BY3JIOBI TOUKH 3IMCHIOIOTH TAPMOHIYHI KOJIH-
BaHHS K PyHKLIT yacy:

@j (t) = CZBJ. sinw;f . (2)

[Ticns migcranoBku ¢GyHKHiNA (2) y piBHAHHSA
pyXy IUTACTUHU BU3HAYEHHS BIACHHUX YacTOT 1
($hopM KOJIMBaHb 3BOAUTHCS JI0 PO3B’SI3aHHS CH-
cTeMH ajreOpaiyHuX piBHSIHBb

L ‘
K® -o’M®, =0, j=12,.s5, (3)

lie @; — mynbcalis abo 4acToTa rapMOHIYHUX

KOJIMBaHb.

NX Nastran a1 BH3HA4Y€HHS YacToT 1
(GopM BIIBHHUX KOJIMBAaHb y BUMAJKY, KOJIU JH-
cunaris eHeprii 1 JeMrnQyBaHHsS HE BPaXOBY-
IOThCSl, BUKOPUCTOBYE, SIK OCHOBHHUI, METOJX
Jlanmomra (Lanczos) [14].

Buxigni cmiBBiZHOIIEeHHs 33724 JAWHA-
Miku nJjactun meroay Pesesi-Pitna. 3acro-
cyBanHs popmynu Penes-Pitua [5] nae Habnu-
JKEHE 3HAYeHHS I YaCcTOTH BUIBHUX KOJH-
BaHb:
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ajar 2.0\ A2 2
[] (Aw)2+2(l—v Ow | 07w 0w dx,dx,
00 ox0x, | ox? ax2
, D 1 2
® :E. T 4)
j J wdx,dx,
00

[licna interpyBanns (4) [5] orpumaemo
dopmyny ans HaOMMKEHOTO BH3HAYEHHS dac-
TOT BUIPHMX KOJIMBaHb YKOPCTKO 3aKpiIIeHOi
NPSMOKYTHOI TUTACTHHH:

2 D Azjl Aj BmBn
=7 \/—(—44'—44‘2— . (5)

2 2
phl ai  a; a a;

1,506 (m=1);
" | m+0,5 (m>2),

(m=1);
514, (Am —Ej (m>2).

1,248
(6)
T

Bigznauumo, mo 3a ¢popmyoro (5) BU3Ha-
YarOTh [UKIIYHY YacTOTy. 3BUIBHSIOTHCS BiJl
PO3MIPHOCTI YaCTOTH 3 JIOTTOMOTOI0 (hOPMYITH:

a)*:a)afwf%l. (7)

OCKUTBKH IJIACTHHA KBAJIPaTHA, TO:

a,=a,=a;
4,=4,=4 ®)
B =B =B

[TincraBnsroun (8) B (5), oTpuMaemMo:

,|D(4* 4* _BB
W=7 _h —4+—4+2 75 | =
pn\ a a aa

D (24*+2B?
=’ JE(T) 9)

Poznumemo B (9) Benmuuuny D 3riiHO 3
dbopmyroro:

3
b Eh _
12(1-v?)

y pe3yJbTaTi OTPUMAEMO:

3 4 2
a2 | E : 1 (24 +423 10)
12(1-v*) ph a

Dizuko-mamemamuyni HAyKu

VY Bupasi (10) 3rpynyeMo BEIUYMHU 32 Ka-
TEropisIMU: KOHCTAHTH; BEJIMYMHHU, 1110 B1AMOBI-
JAIOTh 32 TCOMETPIO TUIACTHHH, BETMYHHH, 110
XapaKTepU3YIOTh MaTepiail IUIACTHHH; BEJIH-
YHHH, 10 XapaKTePU3yIOTh POPMY KOJIHBAHD.

WAl
<(Ja'+ B (1)

Ockinbku dopmyna (11) po3paxoBye HHK-
JYHY 9acTOTY, TO JJII OTPUMAHHS Pe3yIbTaTy
B ['m nocratawo (11) moginmutu Ha 277 .

5
(7

VY pe3ynbTaTi OTpUMAEMO 3BeleHy Gopmy
3anucy ¢popMynu (5) po3paxyHKy BIACHUX 4Ya-
cToT 3a MeTojgoM Penes-Pitia, 0coOnMuBiCTIO
SIKOT € PO3JUICHHS BEIMYMH HAa KOCQIIIEHTH.
BBeneMo HacTyIHI TO3HAYCHHS:

G :iz; M = LZ;
a p(l—v )

F, =4 +B, (13)

ne G — koedimieHTt reomerpii, M — koediri-
€HT Marepiany; F, —— xoedinieHT Gopmu Ko-

(12)

n

JUBaHb; m,n — KUIBKICTh MiBXBUJIb Y3JIOBXK

KO>KHOI 13 CTOpIH IJIACTUHU BiAMOBIIHO.
[TincraBumo (13) B (12), orpumaemMo

.G-M-F,,. (14)

V4

S

26

TecToBa 3amaua. BukopucroByroun Qop-

myiu (12), (9), Oynu po3paxoBaHi 4acToTH 1

dbopMU BITBHUX KOJIMBAaHb y CEPEIOBHILI MPO-
rpamyBaHHs Delphi.
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VY sKocTi 00’€KTa JOCTIKEHHSI BUKOPUC-
TOBYBaJach OPCTKO 3aKpillJIeHa alfoMiHi€EBa
(Monyne FOura E =711Tla, xoediuieHt Ily-
accoHa v =0,34, ryctuHa p = 27101<.2/M3 )
KBaJ[paTHa IIJJaCTMHA TMOCTIMHOI TOBIIWHU
d =3mm po3mipoM a =140mm .

J1y1st mepeBipKy MPaBUIILHOCTI pO3paxyHKIB
cTBOpeHo1 nporpamu B cepenosuili Delphi 3a-
crocoByBaBcsi MCE, peanizoBaHuii B JiIICH31H-
HOMY niporpamHomy cepenosuiti FEMAP [14].
Po36uBka mnpoBonuinack plate-eneMeHTaMu
po3mipamu 1vm x lum (puc. 1).

YacroTu, po3paxoBaHi BIIACHOIO MPOrpa-
Moro0 B cepenoBuili Delphi i 3a momomororo
FEMAP, npencrasneni B tabnuii 1, ne & —
BIJIXHJICHHS M)XK pe3yJIbTaTaMH.

Puc. 1. CkiHyeHHO-€JIEMEHTHA MOJIETD
JTOCTIIKYBaHOT TUTACTHHU

Ta6a. 1. YacToTn BUTBHHX KOJIWBaHb, OTPH-
MaHi Ipu po3paxyHKy Ha Delphi ta FEMAP

m | n L1y & %
Delphi FEMAP ’
1 1 1382,98 1373,10 0,71
1|2 2780,58 2789,16 0,31
2 |1 3427,13 2789,16 0,31
2|2 4185,63 4095,74 2,15
1|3 5509,29 4971,83 9,76
313 8485,69 8137,38 4,10
1| 4 9393,03 7804,66 16,91
314 11396,66 10886,67 4,47
4|3 12105,49 10886,67 10,07
2|5 14710,86 12479,79 15,17
512 16388,01 12479,79 23,85
4 | 4 14297,54 13551,30 5,22

[TopiBHIOIOYHM YaCTOTHU BUIbHUX KOJHBaHb,
OTpHMaHi Tpu po3paxyHKy Ha Delphi Ta
FEMAP i npeacrapneni B Tabnumi 1, MokHa
BiJI3HAYUTH MaJIe BIAXWICHHS MK TEPITUMHU
4acTOTaMH Ta YaCTOTaMU NMPH m =7 1 3HAYHI
BIIXHUJICHHS [T IHIIMX (POPM KOJNTHMBaHb, TOMY
€ HeoOXimHicTh yrounutu Gopmymu (12) i (14).
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PesyabTaTn. Hexaii MmaemMo eTaioHHUI Bi-
JOMHI PO3paxyHOK IJIACTMHH Ta PO3PaXxyHOK
Ui Oy/b-sKO1 JKOPCTKO 3aKpiIuIeHOi KBajpaT-
Hoi mmactuHu. Ockimbkn FEMAP mupoko Bu-
KOPUCTOBYETHCS TIPH PI3HUX IHKEHEPHUX PO3-
paxyHkax [14], a Takox ampoOOBaHMM st
PO3paxyHKIB KBaJAPATHUX IUIACTHH 3 BUIBHUMH
kpasmu [13], To pe3ynabTaTH, OTpUMaHi 3a J0-
nomororo FEMAP (tabmuns 1), BBaxxaTtumemo
€TaJIOHHUMH.

Taba. 2. Yrounennii koedimieHT GOpMH KOJH-
BaHb

i fie Fie
1 1373,10 2,570224
2 2789,16 5,220861
3 2789,16 5,220861
4 4095,74 7,666570
5 4971,83 9,306470
6 4997,01 9,353603
7 6210,51 11,625080
8 6210,51 11,625080
9 7899,70 14,786970
10 7899,70 14,786970

3anumemo ¢opmyny (14) nist eTanoHHOI
(e) Ta HeBimomoi (unk) maactuH

7Z' o
f&:_z\/g'Gd'Md'FnL;n’ (15)
T k
funk = 2\/8'Gunk Mk FnL;Z . (16)

Pozmimmmo (16) Ha (15). [Ticas HeckIaaHux
MaTeMaTHYHUX [IEPETBOPEHD OTPUMAEMO:

k

unk unk nsz
= 7 Gk Mune Fn” (1
f;mk fe Ge Me Fnem (17)

®opmyna (17) gae 3mMory 3a BiTOMUMH T1a-
pameTpamMu €TaJIOHHOI MJIACTHHH, a TaKOX Bi-
JOMUMH PO3MipaMH ITyKaHOI TUIACTHHU Ta Xa-
paKTepUCTUKAMH 11 MaTepially BUSHAYUTH Yac-
TOTH IITyKaHOI TJIACTUHU Ha BIAMOBIAHUX (HoOp-
MaX KOJUBaHb.

[Ipunyctumo, 1Mo eTajoHHa 1 UIyKaHa Ija-
CTMHA MAIOTh OJIHAKOBI I'€OMETPUYHI po3Mipu
Ta BUTOTOBJIEHI 3 OJTHOTO MaTepiaiy, 1€ O3Ha-
Yae 110 JBa MHOXKHUKA B (17) mpuiiMmyTh 3Ha-
YeHHs OJUHUILI, TOOTO:

Funk
funk:fe' men (18)
an
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PosrisiHemo mepiiy BIacHy 4acToTy eTa-
JIOHHOT IJTACTHHH 1 TIEPIy BJIACHY YaCTOTY IIy-
KaHOI IIJIACTUHH, SIK1 Bi3bMeMO 3 Ta0uii 1,

fo=1373,10 I'y;
Sk =1382,98 T'n,
koedimieHT nepmoi GopMHu KOIMBaHb MTyKAHOT
IUTACTHHU PO3PaXyeMO 32 TPETHOIO (HOPMYIIOI0
(13) 13 3acrocyBanHsaM Gopmynu (6):
Fk = 1,506 +1,248° =
=./6,7014913 ~ 2,588714.
3 ypaxyBaHHSIM HaBEJICHUX 3HAYEHb BHpa-
3umo 3 (18) koedimienT nepiioi GopMu KoJu-
BaHb €TAJIOHHOI INIACTUHU:

e
e _ punk 2 .
Fr=FK" ;

unk
F¢ =0,00187184 o . (20)

Po3paxoBani niepiii AecaTh YTOYHEHHX KO-
edimieHTiB popM KoJMBaHb 32 HOPMYIIO0, aHa-
joriynoro (20) 6e3 kiacudikauii mo m 1 n,
MpeICTaBICH] B TabIuII 2.

Brecemo xopekTusu 110 hopmynu (14)

(19)

4

fiz\/g

G-M-Ff, 21)

ne F — yrounenuii koedirieHT hopmu KOJIH-
BaHb, IKUW 3aMMCaHU# y TaOIuUIIi 2.

3po0JieHi yTouHeHHs OyiIM BpaxoBaHi y Ha-
I mporpamMi Ta MPOBEICHI MOBTOPHI po3pa-
XYHKH JJIsl TEpIIUX JAECATH BIACHUX YacCTOT.
OTtpumaHni pe3ynbTaTH, PO3paxoBaHi 3a JOTO-
moroto Delphi i FEMAP, HaBeneHo B Tabmmili
3. [opiBHSHHS TPHOX OE3PO3MIPHUX YACTOT 3
4acTOTaMH, OTPUMAHUMH 1HIIMMH aBTOpaMU
[5], mpencTarieHi B Tabnuili 4.

Ta6a. 3. YactoTu BUTBHHUX KOJWBaHb, OTPH-
MaHi 3 ypaxyBaHHJIM YTOYHEHHX Koe(]ilieHTiB
($hopM KOJTMBaHb

Moda i STy g %
Delphi FEMAP
1 1373,10 1373,10 0,00
2 2789,15 2789,16 0,00
3 2789,15 2789,16 0,00
4 4095,72 4095,74 0,00
5 4971,81 4971,83 0,00
6 4996,99 4997,01 0,00
7 6210,49 6210,51 0,00
8 6210,49 6210,51 0,00
9 7899,67 7899,70 0,00
10 7899,67 7899,70 0,00

Taoa. 4. [TopiBHSIHHS 4aCTOTH BIIBHUX KOJIMBaHb, OTPUMAHHUX PiI3HUMH aBTOPaMHU

M m:n
e 1:1 2:1 22
Penes-Pitia (nepie HabnmxenHs) [S] 37,46 74,81 108,13
Penes-Pitna [5] 35,99 73,41 108,27
Enmana [5] 35,999 73,405 108,237
Baiinmreiina [5] 35,99 70 105
Caycgena [5] 32,816 67,87 97,86
Iryri [5] 35,99 73,41 108,22
Merton psinis [5] 35,7 75,0 107,8
Meton crutaii-kosokartiii [10] 36,04 73,48 109,24
Merop rosnorpadiunoi inrepdepomerpii [10] 35,986 72,83 108,00
Delphi 36,133 72,647 109,357
Delphi (yrouHeHi koedilieHTn) 35,874 72,871 107,008

JUist 3py4HOCT] TOPIBHSHHS PO3pax0OBaHOi
9YacTOTH 3 YacTOTaMH, OTPUMAHWMH IHIIAMHU
aBTOpamu [5], 3actocyemo opmymy (7).

AHani3yroun JaHi TaOauIb, MOKHA JIIATH
BUCHOBKY, 1110 pPO3p0o0JIeHa Iporpama Mparroe 3
JOCUTHh BUCOKOIO TOYHICTIO, @ YTOUHEHHS KOe-
¢iieHTIB POPM NIABUIINIIO TOYHICTh PO3paxy-
HKIB.

Jlisi HAOYHOCTI OTPUMAaHHMX pPE3yJbTaTiB
HEOOXIZTHO MaTH TpEACTaBJICHHS Mpo (hopMu
KoyinBaHb. OCKIJIBKM Iporpama po3paxoBye

Dizuko-mamemamuyni HAyKu

KBaJ[paTHI MJIACTUHU MOCTIHHOI TOBIIMHU 3 OJ1-
HOTUTTHAMH TPAaHUYHUMH YMOBaMH, TO (popmu
KOJINBaHb OyJyTh MaTH OJHAKOBHM MOPSAIOK,
SIKUH BI1AIIOBIAa€ MOJI1 KOJIMBAHHS.

®opmu KonuBaHb, ModyaoBaHi B FEMAP,
Delphi, Ta hopmu moOymoBaHi iHIIMM aBTOPOM
[8], HaBedeHi B TabnuIll 5, ISt Kpaioro mpe-
CTaBJICHHS PO3MOJLITY MEepeMillleHb MOBEpXHi
TUTACTHHHU JesiKi (POPMU KOJMBAHb Y MPOCTOPI
HaBeJIeH1 B Ta0uui 6.
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Tab6a. 5. [opiBHsIHHS GOPM KOJIMBAHb

FEMAP

DELPHI

v EEEFd
[ |

3

. B3 E d
[ [

Moda 6
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Tab6a. 6. [TopiBHSIHHS HOPM KOJIMBAHB Y MIPOCTOPI

FEMAP [8]

FEMAP [8]

Moda 1

Moda 2

Moda 3

Moda 4

Moda 5

Moda 6

BucHoBku. Y pe3ynbTaTi JOCTIIKEHHS B
¢dbopmyni Merony Penes-Pitua Bumineno tpu
KOEe(IIi€HTH, 10 XapaKTEPU3YIOTh T€OMETPHU-
YHI PO3MIpH IIACTUHH, (PI3UKO-MEXaHIYH1 BJla-
CTHBOCTI MaTepiany i GopMy KoIMBaHb, 3p00-
JIEHO YTOYHEHHS OCTaHHBOT'O KOe(ILIEHTY, 110
MiBUIIAIO TOYHICTH po3paxyHKy. CTBOpPEHO
nporpamy B cepenosuili Delphi Ta nommpeno
MCE nnst po3paxyHKy 4acToT i (popM BUTBHUX

KOJIUBaHb. Pe3ynpTaTu po3paxoBaHUX YacTOT
MaroTh XOpOUILY 301KHICTb 3 pe3yabTaTaMH, OT-
pUMaHMMHU 1HIIUMH aBTOPAMHU EKCIEPUMEH-
TaJIbHUM Ta YMCeIbHUM MeTosiamu. IIpoBeneHo
MOPIBHSUIBHUE aHaji3 4acToT i GpopM BUTBHUX
KOJINBaHb PO3MJIAHYTOI IUIACTMHHU, PO3paxoBa-
HO1 JIBOMa YMCETbHUMH METOAMHU.
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