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BU3HAYEHHA BITACHUX YACTOT TOHKOCTIHHOI OBOJTIOHKU
HEKPYIroBOIO NOMEPEYHOI' O NEPEPI3Y .
METOOOM CTPOBOIONOrPA®I4YHOI IHTEP®EPOMETPII
HocnipKyrTbCcA AMHaMIYHI XapakTepUCTUKM TOHKOCTIHHOI i30TPOMHOI eninTUYHOI
o6onoHku meToaoM ctpoboronorpadiyHoi iHTepdepomeTpii. ONUcyeTbCcA MeToaMKa

ekcnepumeHTy. lpoBeAeHO NOPIBHANBHUIA aHani3 pe3ynbTaTiB eKCnepuMeHTanbHUX
Ta YNCNOBUX AOCHIAKEHb.

Knroyoei cnoea: Hekpyzosa 060s50HKa, enacHi Yacmomu, ¢hOopMU KONUBaHb,
2ornoepama, iHmepgepomempis.

BcTyn. PauionansHe npoekTyBaHHA AeTanen Ta enemMeHTiB KOHCTPYKLIN
MaLuH noTpebye AoCnigKeHHS MILHOCTI Ta CTIAKOCTI SIK KOXXHOrO efieMeHTa
OKpeMO, TakK i BCi€i KOHCTPYKLUIiT B LifloMy. He MeHL BaXXnNnBMM € BU3HAYEHHS
AVHaMIYHMX XapakTepuUCTUK, TOBTO YacToT Ta hopM BMacHUX KONMBaHb Ae-
Tanen, ANS YHWKHEHHS PYMHIBHOI Aii ABMWwa pe3oHaHcy. Tomy ocobnuse
3Ha4yeHHs HabyBaloTb HaAivHIi ekcnepuMeHTanbHi Ta YncenbHii MeToaM BU-
3HaYeHHS YacToT Ta KOPM BNACHMX KOMNMUBaHb.

MeToto uUiei pobOTM € BU3HAYEHHS YacToT Ta hOpPM BMACHUX KONMUBAHb
MPYXXHOI i30TPOMHOI eNiNTUYHOI UMNiHgPUYHOT 0BO0MNOHKNM MeToaoM cTpobo-
ronorpagiyHoi iHTepdepomeTpii Ta MOPIBHAHHSA OTPUMAHWX pes3ynbTaTiB
3 po3paxyHKkamu, BUKOHaHUMWN METOLOM CKIHYEHHUX enemMeHTiB Ha 6asi npo-
rpamHoro 3acoby Femap [2]. OGpaHuii ekcnepMMeHTanbHU MeTos, LUMPOKO
3aCTOCOBYETbLCS GaraTbMa JOCMiAHMKaMU 3aBASIKM MOXIMBOCTI OE€3KOHTaKT-
HO, 3 TOYHICTIO peecTpauii Ao NiBXBWNi, BU3HA4YaTU aMnniTygu KONMBaHb,
Bi3yanbHO cnocTepirat BUHUKHEHHS nepeMiweHb Ta AedOopMyBaHHSA KOHC-
TPYKLUIT MpyY CTaTU4HOMY HaBaHTaXeHHi. 3rigHO 3a3HayeHux nepesar 3acTo-
CYBaHHS JaHOro MeToay AN Po3B’sA3yBaHHA NocTaBrneHux y poboTi 3aBaaHb
€ aKTyanbHUM.

B [1, 5] meTogoMm ronorpadivHol iHTepdepomeTpii BU3HayatoTbCA YacTo-
TV Ta POPMU BifIbHUX KONMMBAHbL i30TPOMHMX KPYroBUX LIMMIHAPUYHUX 060m0-
HOK MOCTIMHOI Ta 3MiHHOI TOBLUMHWN €KBiBaneHTHOI Macu. Llen meton Takox
BMKOPUCTOBYBABCS AMNS BU3HAYEHHS 4acTOT Ta (OPM BRacCHWX KONMMBaHb
nonaTok koMmnpecopa rasotypbiHHoro asuryHa (I'TA) B [6].

EkcnepvMeHTanbHe Ta aHaniTMyHe AOChigKeHHS BMacHUX 4YacToT enin-
TUYHUX OBONOHOK EKBIBANEHTHOI Macu 3 Pi3HMM BiOHOLUEHHSIM MiBOCEW LUN-
poko BuceiTneHe B [9]. OTpumaHi ekcnepMMeHTanbHO 3a 4ONOMOroK MOBIT-
pPSAHO-peakTUBHOrO BibpauiiHOro rpoxoTy BRacHi 4actoTu Ta opMU KOmnu-
BaHb [00Ope y3rogxylTbCa 3 aHaniTMMHMMM 4acToTaMu, PO3paxoBaHUMKU
3a ponomoroto Metoaa Penea — Pitua 3 ypaxyBaHHAM [O0aHKIB BULLMX
nopsaKiB B NO34OBXHIX Ta KONMOBMX MoAarnbHUX po3knagax.

TeopeTudHe OOCNIAKEHHSA YaCTOT i POPM BiflbHMX KONMMBAHb TOHKOCTIH-
HUX HEKPYroBMX LMAIHAPUYHUX OBOMNOHOK Mae NeBHi TPyAHOLLI, SKi 3ymoBne-
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Hi CKNagHicTIoO cMCTEMU BUXIOHUX AndbepeHuUianbHUX pPiBHAHb 3 YACTUHHUMMU
NOXiAHWMM i3 3MIHHUMM KoedilieHTamMn Ta HeobXiaHICTIO 3a40BINbHUTK Kpa-
nosi ymoBu. Pi3Hi TeopeTnyHi nigxogn 40 po3B’sidyBaHHA daHoi npobnema-
TWKW onucaHi B [4, 7, 8].

Y Hal Yac LWMpoKe 3aCTOCYBaHHS Ansi PO3B’A3yBaHHS 3a4a4 MexaHiku Ha-
Oyno BUMKOPWCTaHHA CMCTEM aBTOMAaTM30BaAHOrO KOHCTPYHOBaHHsS (computer-
aided engineering — CAE), ki MOXyTb pO3paxoByBaTN KOHCTPYKLiIO Byab-aKol
hopMM 3aBOAKN BUKOPUCTAHHIO METOAA CKIHYEHHNX ENEMEHTIB.

MeToaunka npoBeaeHHA eKcnepuMeHTy. ['onorpadis — ue MeTod 3anucy
i BIQHOBNEHHA XBUMBLOBOIO (PPOHTY, OCHOBAHUN Ha peecTpauil KapTUHK iHTep-
depeHLUii XBunb Ta ix Audpakuii Ha 3adikCcoBaHin NPOCTOPOBIV CTPYKTYPI [3].

[na BM3Ha4yeHHsA 4acToT Ta )OpM BRACHMX KONMBAaHb OOCHiIAXKYyBaHOI
060NOHKN BUKOPUCTOBYBanach ABOMPOMEHEBA OMNTMYHA CxeMa ronorpagiy-
Hoi ycTaHoBku (puc. 1). O6onoHka (8) >KopCTKO 3akpinntoBanacb Ha Macus-
HiM NAMTi ronorpadivyHoro cteHay. [kepenom KorepeHTHOro BUNPOMiHIOBaH-
HA BUkopuctoByBascs He-Ne nasep JITH-222 (1), npoMiHb siKoro, NponLLIOB-
WM 3aTBOPHUA MexaHiam (2) Ta enektpoonTuyHun mogynatop MIJ1-3 (3),
BigOMBaeTbCcsa Big A3epkana (4), OiNMTbCA Ha ABa NPOMEHST 3@ AOMNOMOroH
ciTnonogintosaya (6). Binbutui Big ceiTnonogintioBaya NpoMiHb A3epKanom
(5) Ta mikpoob'ekTmBoM (7) hbopMye OMOpPHY CBITMOBY XBUIIO, sika OCBITIOE
dotonnactuHky (11). [MpomiHb, NPOWLIOBLUM Kpi3b CBiTNoOMNoAintoBay
Ta piadparmy (9), cepnyHmum asepkanom (10) popmye nyyok OCBITNEHHSA
obonoHkn. BigbuBlimnch Big noBepxHi gocnigxyeaHoro ob’ekta, ny4ok gae
npeaMeTHY CBITIOBY XBUIIO. [HTepdepeHLUiHi KapTUHKKN pisHUX popM Konu-
BaHb 30yaxeHOoT 060MoHKM hikcyBanunck 3a fonomoroto chotokamepu (12).

Puc. 1 — FonorpadiyHa yctaHoBKa

lMpoBeaeHHA ekcrnepuMeHTanbHOro AOCHIMKEHHA MOAINEeHO Ha HaCTYMHi
eTanu:

1. TigrotoBka noBepxHi 060MOHKN AN NPOBEAEHHSA eKCNEPUMEHTY.

2. 3akpinneHHsa gocnigXyBaHoi 060MOHKM B cneuiaribHOMYy 3aTUCKHOMY
NpUCTPOI.

3. KomnoHyBaHHA onTUYHOI Cxemu ronorpadpivyHoi yCTaHOBKM.

4. KOcTyBaHHA ONTUYHOI CXEMM.
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5. ®ikcyBaHHS Ha hoTONNACTUHI rofiorpaMmm 060NOHKM.

6. doTtoximiyHa 0bpobka Ta cylika hoTonnacTuHM.

7. 30ymxeHHsA 0bOMnoHKM 3a OOMOMOroK 3BYKOBOrO reHepaTtopa 4epes
n’e3okepamiyHunin BibpaTop.

9. Mogaynsuis NpoMeHs NPAMOKYTHUMW CTPOBYHOYMMUM iMAyNbcamu.

10. ®ikcyBaHHA hopMuM KonMBaHb 30ymkeHOT 0BONMOHKM Ha BIAMNOBIAHMX
BNacHMX 4YacTtoTax 3a 4onomMmorot undposoi ootokamepm Canon S5 IS.

Pe3ynbtaTtu ekcnepumeHTy. [Ina eKkcnepuMeHTanbHOro po3B’A3aHHS
nocTaBreHoi 3agadi 6yna BUrotToBreHa TOHKOCTIHHA UUNIHAPUYHA eninTuyHa
obonoHka 3 BucokoneroBaHoi cTani mapkm 40X  (mogynb HOHra

E =2141Tla, xoediuieHT lNyaccoHa v =0,26, ryctuHa p=7820K2/M3),
SIKy BBa)KaeMO i30TPOMHMM OgHOpIgHUM MaTepianom. LuniHgpudHa enintny-
Ha 00OonoHKa BUTOYEHa Ha cTaHky 3 UlMY Ta mae Taki napameTpu: BMcOTa
h=120mm, Benuka niBeicb a=>51,8wm, mana nieeicb b =37,295mm , TOB-

wuHa d=2mm. OnNa KOPEKTHOro AOTPUMAHHSI KpPanoBWX YMOB OOOIOHKa
BMIOTOBMSNACb PasoM 3 MACVBHOK OCHOBOW, sika MpusHaveHa ans dikcy-
BaHHS y 3aTUCKHOMY NPUCTPOI HA MAacuBHI NNNTI ronorpadivyHoi yCTaHOBKU
nabopaTopii eKkcnepuMeHTanNbHOI MExXaHiku.

PesynbtaTu ekcnepyMeHTanbHUX Ta aHanitTuiHux [2] gocnigXeHb YacToT
Ta OpM BflaCHUX KONMMBaHb NpeACcTaBfieHHi y BUIMSAAI NOPiBHAMNBHOI Tabnu-
ui 1 Ta rictorpamu (puc. 2), 4e M — KinbKiCTb By3niB B340BX TBipHOi, N —
KINbKICTb BY3MiB B34OBX AYroBOi KOOPANHATN OBOMOHKN.

Tabnuus 1 — MopiBHAHHA eKCnepuMeHTanbLHO Ta YucenbHo oTpumanux vactot (14)

m n feKCI’l. f‘tuC. &, %
1 4 1723 1712 0,64%
1 6 2306 2161 6,29%
1 8 4097 3860 5,78%
1 10 6519 6154 5,60%
1 12 9493 8978 5,43%
2 4782 4498 5,94%
2 5597 4911 12,26%

i1

10000
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2000 -

K]
4 6 8 10 12 n

Puc. 2 — MopiBHAHHA YacToT AnsA ¢opM KonmeaHs npn M =1
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Hwxye ans intoctpauii npuBoaaTbcs Aeski opMn KonuBaHb, siki Gynu
OTPUMaHi ekcnepMMeHTanbHMM Ta YicenbHUm metogamm (puc. 3).

[Ons Bidyanizauii nepeMilleHHsi TOYOK NOBEpXHi OOOMOHKM, O OTPMMaHI
3a 0NOMOroto nporpamu Femap, npeacTaBneHi B MATUKPATHOMY 36iMbLUEHHI.

H F F F
onoael mnreem n«nﬂn 711 oo fiz

m:l,n:4,f:1723fu m=1,n=4,f=1712r14

FF F F F F FF
| Mode 3, 2161.028 Hz

l mnﬁs #161.628 fiz

m=1n=6,1 =2306 Iy m=1,n=6,f =2161 7Y

”‘ F F F FFF o‘m_‘intnodiemnmﬁ.»
n Modo 9, 4498 242 Hz

m=2,n=6,f =4782 I'y

i EF:F R F FF o..‘ms.qm.:’unhm“’n’lm
oul

t: Mode 11.4911 436 Hz

m=2,n=8,f=4911rl{ m=2,n=8,f=5597r14

a) 6)

Puc. 3 — MNopiBHAHHSA ekcnepyMMeHTanbLHO (a) Ta YMcenbHo (6) oTpuMaHux hopm KonuBaHb
(cnocTepexeHHs1 y ABOX HanpsiMKax)

21



EkcnepyMeHTanbHO MiaATBEPOXKYHOTHCA YUCENbHO OTPUMMaHi CUMETPUYHI
Ta aHTUCUMETPUYHI hopmK KONMBaHb, WO Jobpe cnocTepiraeTbecsa Ans nep-
LIOT MOAM KonuBaHb Npy m=1, n=4 (puc. 4).

obovod e VriCon %
f=17231y f=17121y

Ouimeﬂr :DL N fml Eb? El e uuimsm Wodo 2. K761 62 iz 7
f=1734 Iy f=1761 7y

a) 6)

Puc. 4 — CuMeTpUYHi Ta aHTUCUMETPUYHI (hOPMM KONMUBaHb:
a) oTpUMaHi ekcnepuMeHTanbHO; 6) YnCcenbHO OTPUMaHI
(y ABOX HanpsAAMKax CMoCcTepexXeHHs)

BucHoBku. NMpoBeaeHo AOCNigXEHHS BiNbHUX KONMBaHb HEKPYrOBOI Ln-
niHgpu4HOI 060NOHKM MeTogoM cTpoboronorpadiyHoi  iHTepdepomeTpil,
OTpUMaHi iHTepdepeHLUiiHi KapTuHM (bopM BracHUX KOnvBaHb AOCHiOKYyBa-
HOI 0BOMOHKM.

EkcneprMeHTanbHi 4YacToTn BNAaCHUX KONMMBaHb LUIIHAPWUYHOI eninTUYHOI
0DONMOHKM MOPIBHIOBANMCb 3 pO3paxoBaHMMKM 3a [OMOMOIOK MNporpamm
Femap:

— CMOCTepiraeTbCA Marne BiOXWEHHS MiXK eKCnepuMeHTanbHO BM3Hauye-
HAMW YacToTaMu Ta YacToTaMu, PO3PaxoBaHUMUN YMCENbHO: Makcuma-
nbHe BigxuneHHs He nepesuwye 13%, a onsa nepwoi Yyactotn 1%;

— eKcrnepuvMeHTanbHO MiATBEPOKYETbCS HAasIBHICTb CUMETPUYHUX Ta aH-
TUCUMETPUYHUX POPM KONUBAHb, AKi HAOYHO 306pakeHi Ha puc. 4;

— NOpsAOK nosiBu (oOpM KOMMBaHb MPU YUCESTbHUX PO3paxyHKax Ta B ek-
CNepPUMEHTI MOBHICTIO CniBnagae.

Y3roaXeHHst OTpUMaHMX 4acToT Ta hOpM KONMBaHb BKasye Ha [oOpy Bi-

OMNOBIAHICTb EKCNEepPUMEHTANbHUX i YACENbHUX METOAIB AOCHIOKEHD.
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ONPEOENEHUE COBCTBEHHbLIX YACTOT TOHKOCTEHHOM
OBOJIOYKMN HEKPYITOBOI'O NOMNEPEYHOIO CEYEHUA
METOOOM CTPOBOIrONOrPA®UYECKOU MHTEP®EPOMETPUU

UccnepyloTca OWHamMUuYecKue XapaKTePUCTUKU TOHKOCTEHHOM MW3O0TPOMHOM
3NNMNTMYEeCKON 06GONoYKM MeTodoM cTpoboronorpaduyeckon UHTepdepomMeTpun.

OnucbiBaeTcA MeToAMKa npoBefeHus akcnepumeHTta. lpoBeaeH CpaBHMTeﬂbelﬁ
aHanus pe3ynbTaToB 3KCNepUMeHTarlbHbIX U YACIIEHHbIX nccnegoBaHUN.

Knrodeenle crioea: Hekpyzosasi 060/104Ka, COGCMBEHHbIE Yacmombl, ¢hopMbl KonebaHul,
2or102pamMma, UHMepghepoMempusl.

V. D. Budak, Dr. Sci. (Tech.), A. Ya. Grigorenko, Dr. Sci. (Phys.-Math.),
M. Yu. Borisenko, A. P. Prigoda, O. V. Boychuk, PhD (Phys.-Math.)

DETERMINATION OF THE NATURAL FREQUENCIES
OF THIN-WALLED SHELLS WITH NON-CIRCULAR CROSS-SECTION
USING THE METHOD OF STROBOHOLOGRAPHIC INTERFEROMETRY
The dynamic characteristics of a thin-walled isotropic elliptical shell are investigated

by stroboholographic interferometry method. The experimental technique was described.
The experimental results and the numerical ones are analyzed comparatively.

Keywords: non-circular shell, natural frequencies, waveform, hologram, interferometry.

The machines components and construction elements rational design re-
quires research of strength and stability for both the entire structure and
its separate elements. It is also important to determine the dynamic charac-
teristics, i.e., the parts natural vibration frequencies and modes to avoid
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the destructive effects of resonance. That is why reliable experimental
and numerical methods used to determine natural frequencies and modes of
oscillations are of particular importance.

The purpose of this issue is to measure natural frequencies and modes
of oscillation of elastic isotropic elliptic cylindrical shell using stroboscopic
holographic interferometry method and to compare the results with the calcu-
lations performed using the finite element method with the help of FEMAP
software as a modeler and NX Nastran as a solver [2]. The selected experi-
mental method is widely used by many researchers due to its advantages,
such as an ability to determine the amplitude with high accuracy, visually
observe movements occurrence and deformation of structures under static
load without contact. According to the mentioned advantages the usage
of this method for solving formulated problems is relevant.

In the works [1, 5] isotropic circular cylindrical shells of constant and vari-
able thickness and equivalent weight free oscillations frequencies and forms
are defined using the holographic interferometry method. The method was
also used to study the free vibration resonant frequencies and modes of gas
turbine engine compressor blades in the work [6].

Experimental and analytical study of natural frequencies of elliptical
membranes of equivalent weight with different semiaxes ratio is widely cov-
ered in the work [9]. Frequencies and modes experimentally obtained
by using air-jet vibrating screen are in good agreement with the analytical
frequencies calculated using Rayleigh — Ritz method.

Theoretical study of thin non-circular cylindrical shells free oscillation fre-
quencies and modes has certain difficulties caused by the complexity
of the resolving system of partial differential equations with variable coeffi-
cients and the need to meet the boundary conditions. Various theoretical
approaches for solving this problem are described in works [4, 7, 8].

Currently computer-aided engineering systems which can calculate
designs of any shape by using finite element method are widely used
for solving problems in mechanics.

For this problem solving a thin elliptical cylindrical shell through experi-
mental research was made of high-alloy steel 40X (Young's modulus

E =214GPa, Poisson's ratio v =0,26, density p= 7820kg/m3) which we

consider a homogeneous isotropic material. Elliptic cylindrical shell was
carved with CNC machine tools and has the following geometric parameters:
height h =120mm, major axis a =51,8mm, minor axis b =37,295mm, thick-
ness d =2mm. To satisfy boundary conditions the shell was made together
with the massive base which is meant for fixing the shell in the clamping de-
vice on a massive slab of a holographic installation in the laboratory of expe-
rimental mechanics.

The study of free-oscillating non-circular cylindrical shell was conducted us-
ing stroboscopic holographic interferometry technique. As a result the investi-
gated object interference patterns of natural oscillations forms were obtained.

Natural frequencies of elliptical cylindrical shell were compared
with the ones calculated by FEMAP:
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— frequencies determined experimentally and calculated numerically dif-
fer slightly: maximum difference -13%, 1% for the first frequency;

— the presence of the symmetric and antisymmetric modes was
experimentally confirmed. They are shown on fig. 4;

— the order of oscilation modes appearance in numerical calculation
and in experiment coincides.

The obtained frequencies and modes agreement indicates good corres-

pondence between experimental and numerical research methods.
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