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BuzHauaroTecst yacToTH Ta OPMHU BUIBHUX KOJMBAHb TOHKOI JKOPCTKO
3aKpiIUICHOT KBAJPATHOI INIACTHHH CTAJIOl TOBILMHH Ha OCHOBI JIBOX 4H-
CeNIbHUX MeToAiB. JIOCHiIPKeHHS TPOBOAWINCH METOJOM CKiHYCHHUX
enementiB (MCE), skuii peanizoBaHO Ha JICH31IHHOMY IPOTpaMHOMY
3aco6i FEMAP 3 posp’szyBauem NX Nastran i meromom Penes-Pirma,
sk MmoaudikoBaHo Ta peanizoBano Ha EOM y cepemoBumi Delphi. [lo-
CTOBIPHICTh OTPHMaHUX PE3yJIbTATIB 3a0e3MeUyeThCS BUKOPUCTAHHIM
00IpYHTOBaHOT MaTEMAaTHYHOT MOJIEII, KOPEKTHICTIO MOCTAHOBKH 3a/1a4i,
PO3B’sI3yBaHHSIM TECTOBHX 33/1a4 Ta IIPAKTUYHOIO 301XKHICTIO PO3paxoBa-
HHX YaCTOT METOJIOM CKIHUEHHUX eJIEMEHTIB 1 MeTozoM Penes-Pitua. ¥V
pe3yabTaTi JOCHiHKEeHHS y Gopmyiti MeToay Penes-Pitia BuniieHo tpu
KOE(DIIIEHTH, 110 XapaKTEePU3yIOTh TE€OMETPUYHI PO3MIPH ILTACTHHH, (i-
3MKO-MEXaHIuHI BJIACTUBOCTI Marepiaiay i (opMy KOJHBaHb, 3pOOJICHO
YTOYHEHHS OCTaHHBOTO Koe(ilieHTa, 10 MiABUIIIIO TOYHICTE PO3paxy-
HKy. CTBOpeHO mporpamy B cepenoBuii Delphi Ta mommpeno MCE mis
PO3paxyHKy 4acToT i GOopM BUIEHHX KOJIMBaHb. Pe3ynbTaTH po3paxoBa-
HUX 9aCTOT MAIOTh XOPOITY 301KHICTP 3 pe3yIbTaTaMH, OTPUMAaHIMH iH-
MU aBTOPaMH €KCIIEPUMEHTAIBLHUM Ta YHCEIbHUM MeTonaMu. [IpoBe-
JICHO TIOPiBHAJIBHUN aHAJI3 9acTOT 1 HOpM BUTBHHUX KOJNHUBAHB PO3TILIHY-
TOI IJIACTUHHU, PO3PaXxOBaHUX ABOMA YUCEIBHUMH METOIaMU.
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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.

IMocTanoBka npodjemMu. Y pi3HHUX Taly-
351X Cy4acHOI TEXHIKM IUIACTMHU PI3HOMAHIT-
HUX (OpM € HalOUIbII MOUIMPEHUMH €JIEMEH-
TaMH TOHKOCTIHHMX KOHCTpYKUiH. [Ipn mpoek-
TyBaHHI 1 OyJIIBHMIITBI PI3HUX I1H)KEHEPHHUX
CHOPYA HEOOXiJHO MMPOBOAUTH PO3PAXYHOK HE-
CYy4YHX €JIEMEHTIB KOHCTPYKIIIi Ha BUMAAOK il
PI3HOMAHITHUX JUHAMIYHMX HABAaHTAXKCHb.
Tomy akTyaapbHUM € BUBYCHHS JUHAMIYHO] TO-
BE/IIHKH €JIEMEHTIB 1H)KEHEpHUX CIOpY/ 3 ypa-
XYBAaHHSIM BJIACTHBOCTEN Martepiany 1 BIUIUBY
HaBKOJIMIIIHBOTO CEPEJOBUIA HpPU JAUHAMIY-
HOMY HaBaHTaXeHHi. Y 3B 43Ky 3 IIUM HEOOX1/1-
HO TOLIMPUTH YUCETbHI METOAM JOCIIJKEHHS
4acToT 1 OPM BIIACHUX KOJUBAHB )KOPCTKO 3a-
KpIIUIEHUX KBaJpPaTHUX IJIACTHH.

JlocaiakeHHIo 4acToT 1 GopM BUIBHUX KO-
JMBaHb TNPSMOKYTHHUX IUIACTHH TPHUCBIYEHO

Dizuko-mamemamuyni HayKu

OaraTo HaykoBUX Ipallb. OJIHI€IO 3 EPIIUX PO-
0iT, y sKiil POBEAECHO PO3PaXyHOK OCHOBHOI
YacTOTH KBaApaTHOI TUIACTHHH, € poOoTa
C. Tomortika 1936 poky [1]. ¥ poborTi [2] po3r-
JISHYTO 21 THII MOXJIHMBHX IJISi TPSIMOKYTHOI
IUTACTHHU T'paHUYHUX yMOB. Oruisf i3 3acTocy-
BaHHs MeTony Penes-Pitna masegeno B [3]. ¥V
paMKax KJIacCH4HOI Teopii Isi BU3HAYEHHS Yac-
TOT 1 (GOpM BUIBHUX KOJUBaHb BUKOPUCTOBY-
€ThCS 0araTo pi3HOMAHITHUX METOMIB: METO
Penes-Pitua, meron byOHoBa-I"anbopkina, me-
TOJ KOJIOKAIlil, MeTof 30ypeHb, METO PSIiB,
METOJI CITOK, METOJI MOYaTKOBUX MapaMeTpiB
b. I'. Kopenesa, meton Enmana, acumMnToTuy-
Huii meton B. B. bonorina Ta iamm. Koporkuit
BUKJIAJl LIUX METOMAIB HABOJUTHCA B POOOTax

[4-6].
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3a3Ha4MMO, [0 OKPIM aHATITUYHHX 1 YrCe-
JBHUX METOJIB, ICHYIOTh EKCIIEpUMEHTAaJIbHI
METOIM HOCIIKEHHS BUIBHUX KOJIMBAHb I1J1aC-
THH, y [7] 0OroBOPIOETHCS EKCIIEPUMEHTAIIb-
HUH aHai3 BiOpaiiHUX pEeXUMIB ITACTHH.

CydacHa Hayka TakoXX HeE 3ajiuiuae 0e3
yBaru jany npoonemy, Tak, y [8] HaBoguTbCA
OTJIs1/1 pOOIT MPUCBAYEHUX OOUHUCTICHHIO YaCTOT
BUTbHUX KOJIMBAHb MPSMOKYTHOT IJIACTHHHU, HA-
BEJICH1 pe3yJIbTaTH 0OUNCITIOBATIbHUX EKCIIEPU-
MEHTIB, SIKHMU ITOKa3aHO, IO JpYyTa i TpeTs Ja-
CTOTa KBaJIpaTHOI IJIACTUHKHU — KpaTHi, TOOTO
BiJIOBITHUI BIIACHUH i ATPOCTIP — ABOBUMIp-
Huii. HaBeneHo nBi BiAMoOBiAHI BiacHi (Gopmu.
VY [9] noOymoBaHO aHANITHYHI BUpa3u ISl 00-
YHUCIIEHHS BJIACHHUX YacTOT 1 ¢opM KOJIHBaHb
3aTUCHEHOI MO0 KOHTYPY KBaJpPaTHOI OJHOPIM-
HO1 TiacTUHU. JlaHa OIIHKA MOXWUOKH IOPIB-
HSIHHS 3 BIJIOMUMHU BUCOKOTOYHHMH PO3PAXYH-
KaMu. 3po0JIeHO MOPIBHSAHHS aHATITHYHUX PO3-
paxyHKiB 3 EKCIICPHUMCHTAILHUMH JTaHWMH,
OTPUMAHUMHU aBTOPOM PE30HAHCHUM METOAOM.
VcTaHoBIEHO, IO aHAIITHYHI 1 BIAIIOBIAHO Y-
CEJIbHI pe3yNbTaTH 301raloThCs 3 eKCIEPUMEH-
TaJIbHUMU 3 OXUOKor0 MeHte 1%. B [10, 11]
3alpONOHOBAHO PO3B’SI30K 3a7auy MpPO BiJIbHI
KOJIMBAHHS MPSMOKYTHUX IUIACTHH 3MIHHOI TO-
BIIMHU 3a JOMOMOTOI YHCEIbHO-aHaTITHY-
HOTO METOJ]ly CIUIAMH-KOJIJIOKAIlli B MOETHAHHI
3 METOJIOM JIMCKPETHO-OPTOrOHalli3allii, TaKk B
[10] sk MaTeMaTUyHy MOJENIb PO3B’sA3aHO 3a-
Jady Mpo BiJIbHI KOTUBAHHS KBaJpaTHOI Iiac-
THHU 3 TOCTIHHOIO TOBIIMHOIO, 3aKPIIUICHOIO
no kpasx. Po3paxoBaHi 4YacTOTH MOpPIBHIO-
IOTBCS 3 EKCTICPUMEHTAIEHUMU JaHUMH OTpPHU-
MaHUMHU MeTOAOM Trojorpadiunoi iHTepdepo-
Mmetpii. B [11] po3paxoBaHi 4aCTOTH BIACHUX
KOJIMBaHb aHI30TPOMHHUX MPSMOKYTHUX ILIacC-
TUH PI3HOI TOBIIMHU 3 PI3HUMHU TPaHUYHUMU
ymoBamH. Y [12] po3risHyTi OpTOTPOIHI Mpsi-
MOKYTHI TJIACTUHU 3MIHHOI TOBIIMHHU Ha OC-
HOBI METOJy CIUTalH-alpoKCHMAIii i METoay
JTUCKPETHOI OPTOrOHaMI3allli B [TO€IHAHHI 3 Me-
TOJIOM TIOKPOKOBOTO TOIIYKY.

OaHMM 13 Cy4acHMX METOMIB PO3PAXYHKY
3amad guHaMiku 3a goromororo EOM e MCE.
VY po6oTi [13] mociKyeThest TOHKA KBaJpaTHA
IUTACTHHA 3 PI3HUMHU (Pi3UKO-MEXaHIYHUMU Xa-
pPaKTEepPUCTUKAMH 3 BUIBHUMHU Kpasmu. Moje-
JIFOBAaHHS T€OMETPIii Ta YUCENBHUN PO3PaXyHOK
4acToT Ta (OpM BUIBHUX KOJIMBAHb IUIACTHH
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BUKOHAHO METOJIOM CKIHUEHHUX EJIEMEHTIB,
SIKUW peajli30BaHo 3a JOIIOMOTOI0 KOMIT FOTEP-
Hoi nporpamu FEMAP 3 po3s’a3yBauem
NASTRAN. IIpoBoauThCs MOPIBHSAJIBLHUN aHA-
73 PO3paxOBaHHUX BJIACHHUX YaCTOT 3 YaCTO-
TaMH, Kl OTPUMaHHI YHCEIbHO Ta EKCIEepH-
MEHTAJILHO 1HIIMMHU aBTOPaMHU.

VY 3B’3Ky 3 LIUM € HEOOX1THUM MOIIUPUTH
YHCeNbHI METOJIN JOCIIKEHHS 4acToT 1 popm
BJIACHUX KOJHMBaHb )KOPCTKO 3aKPIIUIEHUX KBa-
JPATHUX TUIACTHUH HAa OCHOBI METOJIy CKIHYEH-
HUX eJIeMEeHTiB, peaiizoBaHoro Ha FEMAP 1
metony Penesi-Pitna, peanizoBanoro B cepesno-
Buii Delphi na EOM.

Buxigni cmiBBigHOIIeHHs 3aMa4 QUHA-
mikn miactud MCE. PiBusHHA pyxy miac-
tuau B MCE 3a BijicyTHOCTI neMriyBaHHS Ma€e
BUTJISA]T

K®, +Md, =0, (1)

e K ta M —maTpuIis )KOpCTKOCTI Ta MaTPHUIIs
Mac MEXaHIYHOI CHCTEMH BiANOBIAHO, @ ; —Be-

KTOp TepeMillieHb BY3JiB CHCTEMH, IO BiJIIO-
BiJIa€ j-TOMY CTYIIEHIO BiIbHOCTI, SIKHi BiATBO-
pro€ J-Ty (OpMY KOJIMBaHb.

[Ipu BiABHMX KOJMBAHHAX IUIACTUHM BCl
BY3JI0B1 TOUKH 3/IIHCHIOIOTh TAPMOHIYHI KOJIU-
BaHH K (QYHKIIT yacy:

@, (1)=d;sinwyt . 2)

]

[Ticnst migcraHoBku GyHKUIN (2) y piBHSAHHSA
pPYXy MJIaCTUHU BU3HAYEHHS BJIIACHUX YacTOT 1
(hopM KOJIMBaHb 3BOAUTHCS JI0 PO3B’sI3aHHS CH-
CTeMH ayireOpaiyHuX piBHAHb

- o ‘
K®, —o;M®; =0, j=12,..,s, (3)

lie @; — mynbcailis abo 4acToTa rapMOHIYHHUX

KOJIBaHb.

NX Nastran i1 BU3HAYEHHS 4YacTOT 1
(dbopM BUIBHUX KOJIMBAHb y BUIAJKY, KOJIH JU-
cunarisi eHeprii 1 JeMnQyBaHHsS HE BPaxoBY-
I0TbCS, BUKOPUCTOBYE, SIK OCHOBHHUH, METOJ
Jlanmomra (Lanczos) [14].

Buxigni cmiBBigHOIIEHHS 3a1a4 QHHA-
Mikn miaacTud meroay Peses-Pirma. 3acro-
cyBaHHs ¢popmynu Penes-Pitia [5] nae nabnu-
KEHE 3HAueHHS AJIs YacTOTHU BIUIBHUX KOJIH-
BaHb:
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awa2
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X, dX,
x5

(4)
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[Micns inTerpyBanus (4) [5] orpumaemo
dopmyny A HaOIMXKEHOTO BH3HAYEHHS dac-
TOT BUIPHMX KOJIMBAaHb YKOPCTKO 3aKpiIIeHOi
HPSMOKYTHOI TUTACTHHH:

L [ofa A BB,
“"”Jph(af a ZJ ©)

_{ 1,506 Emzl);

" |m+0,5 (m>2),
1,248 (m=1);

B, = ( ) (m>2). (6)

Binznauumo, 1o 3a ¢popmynoro (5) Bu3Ha-
YaroTh HUKIIYHY YacTOTy. 3BUIBHSIOTHCS BiJl
PO3MIPHOCTI YaCTOTH 32 JIOIOMOTOI0 (POPMYJIH:

a)*za)af\/%. @)

OCKUIbKY TIJTAaCTUHA KBAJIpaTHA, TO:

a=a,=a;
A=A =A (8)
B =B =B.

[TincraBnsrouu (8) B (5), oTpuMaemo:

D(A" A BB
= 7Z' +—4+2? =
ph a a‘a

D ( 2A" +2B?

Pozmumemo B (9) Benmuuuny D 3rimHO 3
dbopmyroro:

_ ER®
12(1-v?)’

y pe3yJbTaTi OTPUMAEMO:

3 4 2
2 |_Eh : 1(2A +425 10
12(1-v*) ph a

Dizuko-mamemamuyni HayKu

aijap

[ | wPdx,dx,
00

VY Bupasi (10) 3rpyryeMo BEeTU4MHU 32 Ka-
TErOpisIMU: KOHCTAHTH; BEJIMYMHH, 1110 BIAMOBI-
JIAIOTh 32 TCOMETPIF0 TUIACTHHH, BETMYMHH, 110
XapaKTepU3yIOTh Marepian IUIACTHHH; BEJIH-
YHHH, 10 XapaKTePU3yIOTh POPMY KOJHBAHD.

GBS
([

Ockinbku dopmyna (11) po3paxoBye HUK-
JYHY YacTOTY, TO JUIsl OTPUMAaHHS Pe3yIbTaTy
B I'l mocrarubo (11) moxginut Ha 27 .

%))
(JFe?)

VY pesynbpTaTi OTpUMAEMO 3BeleHY QopMy
3anucy Gopmynu (5) po3paxyHKy BIACHHUX Ya-
cror 3a MetoaoM Penes-Pitma, ocoOamBicTIO
AKO1 € PO3JAUICHHS BEIMYMH Ha KOEQIIiE€HTH.
BBenemo HacTyIHI TO3HAYECHHS:

G :12; M = LZ;
a p(l—v )

F. :JA“ +B?, (13)

ne G — koediuieHT reomerpii, M — koedimi-
€HT Marepiany; F,, — xoedinieHT Gopmu Ko-

(11)

(12)

JUBaHb; M, N — KUIBKICTh MiBXBUJb Y3JIOBXK

KO>KHOT 13 CTOpIH IJIACTUHU BiAMOBIIHO.
[TincraBumo (13) B (12), oTpumaemo

.G-M - Fp.- (14)

zf

TecroBa 3amaya. BukopuctoByroun ¢op-

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

¢dbopMH BIJIBHUX KOJHMBaHb Y CEpElOBHILI MPO-
rpamyBanHs Delphi.
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VY sKocTi 00’€KTa JOCTIIKEHHS BUKOPHUC-
TOBYBaJIaCh OPCTKO 3aKpiIlJICHa alfOMiHIEBa
(mogyns FOura E =711Tla, xoediuient Ily-
accona v =0,34, ryctuHa p = 2710K2/M3)
KBaJpaTHa IUIACTUHA TOCTIHHOI TOBIIMHHU
d =3mum po3mipom a=140mm.

J1y1s1 mepeBipKy MPAaBUIILHOCTI pO3paxyHKIB
cTBOpeHo1 nporpamu B cepenosuii Delphi 3a-
crocoByBaBcsi MCE, peanizoBaHuii B JIiIIEH31H-
HOMY nporpamMHomMy cepenosuiii FEMAP [14].
Po3buBka mpoBomwiack plate-esementramu
po3mipamu v xwm (puc. 1).

YacroTH, po3paxoBaHi BIIACHOIO MPOrpa-
Mor0 B cepenoBuill Delphi 1 3a momomororo
FEMAP, npencrasieni B Tabmumi 1, e & —
BIJIXHJICHHS MK pe3yJIbTaTaMHU.

Puc. 1. CkiHueHHO-€JIEMEHTHA MOJIETD
JOCITI[KYBAHOT TUIACTHHU

Ta6a. 1. YacToTn BUTBHHX KOJIWBaHb, OTPH-
MaHi pu po3paxyHky Ha Delphi ta FEMAP

L1y 0
™1 " [ Delphi FEmap | &%
1| 1| 138298 | 137310 | 071
1| 2 | 278058 | 2789,16 | 0,31
2 [ 1| 342713 | 278916 | 031
2 | 2 | 418563 | 409574 | 2,15
1| 3| 550929 | 497183 | 9,76
3| 3 | 848560 | 813738 | 4,10
1| 4 | 939303 | 780466 | 1691
3 | 4 | 11396,66 | 10886,67 | 447
4 | 3 | 1210549 | 1088667 | 10,07
2 |5 | 14710,86 | 12479,79 | 1517
5 | 2 | 1638801 | 1247979 | 23,85
4 | 4 | 1429754 | 13551,30 | 522

[TopiBHIOIOYHM YaCTOTH BUTBHUX KOJHMBaHb,
oTpuMaHi npu po3paxyHkKy Ha Delphi Ta
FEMAP i npencrasneni B Tabmuii 1, MoxHa
BI/I3HAYUTH MaJje BIAXWJICHHS MK TMEPIIMMH
4acTOTaMH Ta YacTOTaMU MPU M =N 1 3HauHI
BIJIXWJICHHS JUIA 1HIIUX (pOpM KOJIHMBaHb, TOMY
€ HeoOX1aHICTh yTOUHUTU hopmyinu (12) 1 (14).
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PesyabTaTu. Hexait MmaeMo eTanoHHMiA Bi-
JOMHUI PO3paxyHOK IJIACTHMHH Ta PO3PaxyHOK
Ut Oy/b-sKO1 JKOPCTKO 3aKpiIuIeHOi KBajpaT-
Hoi mactuHu. Ockiibkn FEMAP mupoko Bu-
KOPUCTOBYETHCS MIPH PI3HUX IHKEHEPHUX PO3-
paxyHkax [14], a Takox ampoOoBaHMI st
PO3paxyHKIB KBaJAPATHUX IUIACTHH 3 BUTBHAMH
kpasmu [13], To pe3yiabTaTH, OTpUMaHi 3a J0-
nomororo FEMAP (tabnuns 1), BBaxxarumMeMo
CTAIOHHUMH.

Taba. 2. Yrounennii koedimieHT GOpMH KOJTH-
BaHb

i f° Fe

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 Qopmyny (14) ans eranoHHOT
(e) Ta HeBimomoi (unk) maactux

fo=—"—
a 2\/6

/4
fo,o=—""G.r-M . -
unk 2 ,_6 unk unk

-Gg-Mg-Fpn (15)

unk
Fon -

(16)

Poznpinumo (16) Ha (15). [Ticnsa HeckmagHUX
MaTEeMaTUYHUX MEPETBOPEHH OTPUMAEMO:
unk
Gunk . Munk . an
Ge Me Fy

mn

funk = fe- (17)

®opmyna (17) nae 3Mory 3a BiIOMUMHU Ta-
paMeTpaMu eTaJlOHHOI IUIaCTHHU, a TaKOX Bi-
JOMHMMHM pO3MipaMH LIYKaHOI IJIACTUHM Ta Xa-
paKkTepuCTUKaMH ii MaTepiaay BUSHAYUTH Yac-
TOTH ITyKaHOI TJIACTUHU Ha BIAMOBITHUX (OPp-
MaXx KOJINBaHb.

[Ipunyctumo, o eTajoHHa 1 ITyKaHa IJja-
CTMHA MAIOTh OJIHAKOBI '€OMETPUYHI po3Mipu
Ta BUTOTOBJIEHI 3 OJTHOTO MaTepiaiy, 1€ O3Ha-
Yae 110 /Ba MHOXHHKA B (17) npuiimyTh 3Ha-
YeHHs OJIMHUII, TOOTO:

Funk

funk = fe' men (18)
mn
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PosrnsiHemo mepiy BIacHy 4acToTy eTa-
JIOHHOT IJITACTHHH 1 TIEPIy BJIACHY YaCTOTY IIy-
KaHOI IIJIACTUHH, SIK1 Bi3bMeMO 3 Ta0ui 1,

fo =1373,10 I'm;
funk =1382,98 I'n,
koedimieHT nepmoi GopMHu KOIMBaHb MTYKAHOT
IUTACTHHU PO3PaXyeEMO 32 TPETHOIO (HOPMYIIOI0
(13) 13 3actocyBanHsaM Gopmynu (6):
% = /1,506 +1,248% =
=4/6,7014913 ~ 2,588714.
3 ypaxyBaHHSIM HaBEJICHUX 3HAYCHb BHpa-
3umo 3 (18) koedimienT nepuroi GopMu Kou-
BaHb €TAIOHHOI IUIACTUHU:

e

Fle _ Flunk .&; (19)
Dynk

1e =0,00187184- a)le. (20)

Po3paxoBani niepii AecaTh YTOYHCHHX KO-
ediuieHTiB PopM KoIHMBaHb 3a (popMyIoro, aHa-
noriyaoro (20) 6e3 knmacudikauii mo m i n,
MpeACTaBJICH] B TaOIuII 2.

Buecemo xopektuBu 10 hopmynu (14)

f-_"_
i 2\/6

-G-M-F°, (21)

ne F° — yrounennii koedimient Gpopmu xonu-
BaHb, IKUW 3aMMCaHUH y TaOIuUIIl 2.

3po06iieHi yTouHeHHs Oyl BpaxoBaH1 y Ha-
I mporpamMi Ta MPOBECHI MOBTOPHI po3pa-
XYHKH JUJISl TIEPIIUX JIeCATH BIACHHUX YacTOT.
OTtpumani pe3ynbTaTH, pO3paxoBaHi 3a IOMO-
mororo Delphi i FEMAP, naBeneno B tabmmiri
3. [opiBHSHHS TPHOX OE3PO3MIPHUX YACTOT 3
4acTOTaMH, OTPUMAHUMH 1HIIMMH aBTOpaMU
[5], mpencrariieni B Tabmui 4.

Taba. 3. YactoT BUTBHHX KOJWBaHb, OTPH-
MaHi 3 ypaxyBaHHSIM YTOYHEHHX Koe(]ilieHTiB
($hopM KOJIMBaHb

Moda _ r. Iy e %
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

Tao6a. 4. [TopiBHSIHHS 4aCTOTH BIIBHUX KOJIMBaHb, OTPUMAHHUX PI3HUMH aBTOPAMHU

M m:n
crod 1:1 2:1 2:2
Penesi-Pitiia (nepure HaGmvkenns) [5] 37,46 74,81 108,13
Penes-Pitia [5] 35,99 73,41 108,27
Enmana [5] 35,999 73,405 108,237
Baitnmreiina [5] 35,99 70 105
Caycaena [5] 32,816 67,87 97,86
Iryri [5] 35,99 73,41 108,22
Meron psiis [5] 35,7 75,0 107,8
Meroj crutaii-xkookariiii [10] 36,04 73,48 109,24
Mertop ronorpagiunoi inrepdepomerpii [10] 35,986 72,83 108,00
Delphi 36,133 72,647 109,357
Delphi (yrouneni koedirienTn) 35,874 72,871 107,008

Jlnist 3py4HOCT] TOPIBHSHHS PO3pPax0OBaHOi
YacTOTH 3 YacTOTaMH, OTPUMaHHUMHU I1HIIUMHU
aBTOpamu [5], 3actocyemo opmyny (7).

AHani3yroun Jadi TaOJauIlb, MOXHA JIATH
BHCHOBKY, 1110 p0o3po0JieHa porpama nparoe 3
JIOCUTH BUCOKOIO TOYHICTIO, & YTOUHEHHS KOe-
¢itieHTiB GOPM MIABUIINUIO TOYHICTH PO3paxy-
HKIB.

Jlis HAOYHOCTI OTPUMAHUX PE3YNbTATIB
HEOOX1IHO MaTu MpeACTaBIeHHS Npo (Gopmu
KoyinBaHb. OCKIJIBKM TIporpama po3paxoBye

Dizuko-mamemamuyni HayKu

KBaJpaTHI MJIACTUHU MOCTIHHOI TOBIMHHU 3 OJ1-
HOTUITHUMH TPAHUYHUMH YMOBaMH, TO (popmu
KOJIUBaHb OyIyThb MaTH OJHAKOBHUI MOPSJIOK,
SIKUH B1AIIOBIAa€ MOJI1 KOJIMBAHHS.

®dopmu KomuBaHb, MOOyn0BaHi B FEMAP,
Delphi, Ta popmu moOyoBaHi iHIIEM aBTOPOM
[8], HaBenmeni B TabmwI 5, A5 Kpamoro mpe-
CTaBJICHHsSI PO3MOUTY MEepeMilleHb MOBEPXHi
IUTACTUHU JesiKi (OPMH KOJIMBaHb Y IPOCTOPI
HaBeneHl B Ta0uii 6.
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Tab6a. 5. [MopiBHSIHHS GOPM KOJIMBAHb

FEMAP DELPHI [8]

v

Moda 6

Bicnuxk 3anopi3zbko020 HayionanbHo20 yHieepcumemy Ne 1, 2019



40 Visnik Zaporiz'kogo nacional'nogo universitetu. Fiziko-matemati¢ni nauki

Tabu1. 6. [TopiBHsAHHS (HOPM KOJUBAHb Y IPOCTOPI

FEMAP [8]

FEMAP [8]

Moda 1

Moda 2

Moda 3

Moda 4

Moda 5

Moda 6

BucHoBku. Y pe3ynbTari AOCIIIKEHHS B
dopmyni metony Penes-Pituna BumineHo tpu
KOoe(QILIEHTH, 10 XapaKTepU3ylTh T€OMETPHU-
YHI PO3MIpH IJIACTUHH, (Pi3UKO-MEXaHIYH1 BJa-
CTHBOCTI Matepiany 1 (opMy KOJIMBaHb, 3p00-
JIEHO YTOYHEHHS OCTaHHBOTO KOe(IIEHTY, 110
MIJBUIIMIIO TOYHICTh po3paxyHKy. CTBOpEHO
nporpamy B cepenoBuili Delphi Ta nommpeno
MCE nns po3paxyHKy 4acToT 1 (JOpM BUIBHHUX

KOJIUBaHb. Pe3ynbTaT po3paxoBaHHX YacTOT
MaroTh XOpOIIY 301KHICTh 3 pe3yabTaTaMu, OT-
pPUMaHUMH 1HIIUMH aBTOPAMH EKCIEPUMEH-
TaJIbHUM Ta YMCeIbHUM MeTo1amMu. [IpoBeneHo
MOPIBHSUIBHUM aHai3 4acToT 1 (OpM BUIBHUX
KOJINBaHb PO3MIISHYTOI IUIACTHHHU, PO3paxoBa-
HO{ JIBOMa YMCEITbHUMH METOIaMHU.
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