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YucneHHbin pacyeT yactoT u dopm JICA BbINOMHANCS C UCMONb30BaHMEM MaTema-
TUYeCKOW MOoJenu, OnucCbiBaloLLeli reoMeTpuio, CXeMy YKMaakM U aHW30TPOMuIo apMu-
pylowumx crnoeB. PacyeT npoBoAnncs MeToAoM KOHEYHbIX 3MEMEHTOB B MPOrpaMMHOM
nakete ANSYS Workbench. Pe3synbTatbl YACNEHHOrO MOAENMPOBaHUS XOPOLLO Corna-
CYIOTCSi C 9KCNepUMeHTanbHbIMU AaHHbIMW. CoBnageHWe pacyeTHbIX W 9KCMepUMeH-
TanbHbIX COBCTBEHHBLIX 4YacToT M opMm konebaHun cBMAETENbCTBYET O TOM, YTO XeCT-
KoCTb HaTypHow JICA npu Hannynm BO3MOXHbIX OTKIIOHEHMI U pa3bpocoB napameTpoB
TEXHOMOrMYeckoro npouecca, reoMeTpun BbIKPOEK CIOEB U MeXaHW4eckux CBOWCTB Ma-
TepunanoB COOTBETCTBYET MpoekTupyemoun. B nocnegyowmx uccnegosaHusix paspabo-
TaHHas Mofernb NO3BOMNSAET OLEHUTb U3MEHEHNE aMMITUTYAHO-YaCTOTHOWN XapakTepucTu-
kn JICA npu Bapuaumm eé cxembl apMUPOBaHUSI U KOHCTPYKTUBHBLIX OCOOEHHOCTEN unc-
nosiHeHwus, a nabopaTopHbI MOAanbHbIN aHanu3 MOXeT UCMOoNb30BaTbCSA AN KOHTPONs
CTabUNbHOCTM reOMEeTPUYECKUX Pa3MEPOB 1 MEXaHNYECKMX CBOWCTB Matepuana Croes.
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ABSTRACT

The object of this research is composite outlet guide vane (OGV) for advanced
aircraft engine. The weight reduction due to using of polymer composite materials (PCM)
instead of the metal in OGV can reach 40 %. The vane is exposed to intense
aerodynamic loads during operation. The modal analysis is needed for the detuning a
structure’s resonance frequency. The results of such analysis are presented in this work.

Experimental technique of modal analysis for composite OGV in frequency range up
to 6,4 kHz is described in paper. Experimental study was carried out for three full-scale
OGV samples with the help of three-component scanning laser vibrometer using PSV-
400-3D hardware. As the results the mean values and coefficients of variation of natural
frequencies were obtained and the main natural modes were shown.

The numerical simulation of this problem was carried out by finite element method
(FEM) with ANSYS Workbench software using high-performance computing complex.
The technological scheme of laying out of anisotropic plies was taken into account in the
developed OGV model. The results of numerical simulations of natural frequencies and
modes were compared with the test data. Good correlation was found. This fact
confirmed that the stiffness of a full-scale OGV, manufactured with various possible
fluctuations of process parameters and mechanical properties of materials, meets the
required conditions.

For further researches the developed numerical model allows to study the effect of
reinforcing scheme and other design parameters changing on OGV frequency response.
Laboratory modal analysis can be used to control the dimensional stability and material
mechanical properties.

© PNRPU

BBepeHue

B HaCTOAIICC BPEMA KOMITIO3UIIMOHHBIC MAaTCpHUAJIbl AKTUBHO BHEAPAIOTCA B KOHCTPYKIUIO CU-

JIOBBIX JIETAJIEH U y3JI0B COBPEMEHHBIX aBUALIMOHHBIX JBUTATEIbHBIX YCTAHOBOK [ 1]. JlomaTku BeH-
TUJIATOPA JIUOO JIOTIATKH CHPSMIISIOLIETO ammapaTa NepCHeKTUBHBIX 3apyOeKHbIX JBUTATENEH HO-
Boro nokoseHust: GEnx, Rolls-Royce cemeiictBa Advance u UltraFan, LEAP u HF 120 BbimonHeHb
U3 MOJUMEPHBIX KOMMO3UIMOHHBIX MarepuasioB (IIKM). Pa3zpaboTka aHamorunyHoil JiomaTKu
cupswsttoniero anmapara (JICA) st pocCHiCKUX JIBUTATeNel sBIETCS Ype3BbIUaiiHO aKTyallb-
Hol. Panee B pabotax [2—4] mpeacTaBieHbl pe3yabTaThl BEIOOpa MaTepHaia U OLIEHKU MPOYHOCTH
kommo3utHoi JICA. TTokazaHo, 9To J0oMaTka, BRITOJHEHHAS U3 YIIIETUIACTHUKA, 00ECTICYNBACT CHU-
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*eHne Beca Ha 70 40 %, nMeeT HEOOXOIUMYIO KECTKOCTh M 00J1a1aeT 0osiee BHICOKMM 3aracoM
CTaTUYECKOW MPOYHOCTHU MO CPABHEHHUIO C METATMYECKUM aHajoroMm. B mpoliecce akcItyaTaiuu
JICA mnopBepraercsi BO3ICHCTBUI0 MHTEHCHUBHBIX a3pOJMHAMUYECKUX HArpy30K, KOTOPbIE MOTYT
MPUBOJIUTH K KOJEOAHUAM, YCUIMBAIOLIMMCS IIPU MOSIBIIEHUM PE30HAHCa, U KaK CIIE/ICTBUE — K pas-
pymenuro. B ¢Bs3u ¢ atuMm nipu ipoektupoBarnu JICA, Tak e Kak ¥ IPH MPOSKTUPOBAHUH 110100~
HBIX KOHCTPYKIIHIA, B TOM YHMCIIe U3 KOMIIO3UIIMOHHBIX MaTepHuasoB, [5—10] Bo3HukaeT HeoOXoau-
MOCTb B MPOBEACHUN MOJAJIBLHOTO aHANM3a JUIsl ONpeieNIeHns] COOCTBEHHBIX 4acTOT U (hopM KoJe-
OaHMii, YTO U SBISIOTCA LIENBIO PACUETHO-IKCIIEPUMEHTAIBHBIX MCCIIEIOBAHUM, MPEICTaBICHHbBIX
B Hacrosiel padore. Kpome Toro, MogambHbIN aHAIN3 YacTO MCIIONB3YETCS I BEpUPHUKAIIIHA Ma-
TEMaTHYECKUX MOJIEIEN OLIEHKH COCTOSIHUS 1 MOHUTOPUHIA KOHCTPYKIMiA [ 1 1-16], mockonbKy mo-
BPEXICHUS U TPEIIMHBI MEHSIOT UX CIIEKTP COOCTBEHHBIX YaCTOT KOJICOaHUIH.

OOBEKTOM HACTOALINX HCCIIEIOBAHUIMA
ABJISIETCS JIOMATKa CIPSIMIIAIONIErO armapara
(puc. 1), BbIIONHEHHAs W3 YIJIEMJIACTHKA TI0

P —

T —

MPETPErOBOil TEXHOJOTHH C aBTOKJIABHBIM
dbopMoBaHUEM (M3TOTOBJICHHAS HA YHHUKAIb-
HOM yctaHOBKe «McciienoBaTenbCKuil KOM-
IUIEKC I TPOBEACHUS HAYYHO-TEXHOJO-
TUYECKHX HUCCIIECIOBAHUN B 00JIACTH CO3MaHUS
U3JICTHIA W3 TOJIMMEPHBIX KOMIO3UIIHOHHBIX
maTtepuainoBy»). Ilepo, BepxHsis Moyika, HHX-
HSISl TIONIKA CO3JAI0TCS 32 OMH TEXHOJIOTHYe-
CKUH Tpolecc, 4To obecrednBaeT Hambosee
BBICOKHE MEXaHUYECKHE XapaKTCPUCTHUKH
KOMIIO3UIIMOHHOTO MaTepuasa, peaanu3yemble
a 6 B KOHCTpyKUHUH [3, 4].

JInisi OLIEHKU BJIMSIHUS BO3MOXKHBIX TEX-

Puc. 1. O6mmii Bug o6pasia JICA uz [TIKM
B MICXOJTHOM COCTOSIHHH () ¥ C HAHECECHHBIM
HOKPBITHEM IS JIA3EPHOTO MOJAIBLHOTO aHam3a (6)

HOJIOTMYECKUX OTKJIOHEHWII Ha AMIIIUTY IHO-
yacToTHbeIe Xapaktepuctuku (AUYX) JICA wu3

Fig. 1. General view of OGV sample [IKM »sKkcnepuMeHTalIbHbIE — UCCIEI0BAaHUS
in the initial state (a) and with the coating NPOBOJMIIMCH HA TPeX HATYPHBIX oOpasuax
for laser modal analysis () KOMITO3UTHOM JIOMIATKH, TOJIHOCTBIO COOT-

BETCTBYIOUINX KOHCTPYKTUBHBIM TPEOOBaHUSIM
W W3TOTOBJICHHBIX IO OJHOM TexHoJoruu. J[nst yucimenHoro pacdera yactoT u ¢opm JICA u3
[TKM B Hacrosuiel pabore Oblia pazpaboTaHa MaTeMaTHdeckass MOJEb, KOTOpas IMO3BOJIAET
B IIOCJIEAYIOIMX HccienoBanusax oneHnTs nsmeHenne AUX JICA npu Bapuanuu e€ cxemsl apMu-
POBaHUS M KOHCTPYKTUBHBIX OCOOEHHOCTEH €€ HCIIOTHEHMS.

1. MeToAuKa aKkcnepMMeHTanbHOro onpeaenieHUs CO6CTBEHHbIX YacToT
n popm konebaHum JICA

TeopeTnueckoil OCHOBOM 3KCIEPUMEHTAJIBHOIO MOJAJIBHOTO AHAIU3a SBIIAETCS BO3MOXK-
HOCTh ONMMCAaHUs JUHAMUYECKOIO MOBEJIEHHs UCCIeAyeMON KOHCTPYKIHMH KOMIAKTHBIM Habo-
POM MOAATBHBIX apaMeTPOB: COOCTBEHHBIX YacTOT, (OPM U JAEKPEMEHTOB (WK KO3 uUIeH-
TOB nemndupoBanus) konedanuit [17, 18]. IIpu 3ToM 00BEKT UCCIIEAOBAHUS TIPEICTABIAIOT KaK
KOHEYHOE YHCIIO /1 HE3aBUCUMBIX KOJIEOATEIIBHBIX CUCTEM C OJHON CTENEHbIO CBOOOIBI.
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JluHaMu4eckrue CBOMCTBA KOJIEOATENbHOM CHUCTEMBI C 71 CTEMEHSAMHU CBOOOIBI MOJHOCTBIO
OIIPEETSIOTC HAOOPOM MOJATBHBIX ITAPAMETPOB

{0} .0 00, (r=1,2... 1)

A Wy — COOCTBEHHBIE YaCTOTEI HeHeMH(I)HPOBaHHOﬁ CHUCTCMBI, {(P}r — cOOCTBEHHEBIE (1)OpMLI;

6, — K03 GUIIMEHTHI 1eMIUPOBAHUSI.
DKCIIepUMEHTAIILHOE OTpEeNICHHe TUX MapaMeTpoB Oa3UpyeTcs HAa aHaIU3e MATPUIlbI
nepeaToOuHbIX (PYHKIUI, KOTOpasi BBOAUTCS COOTHOIICHUEM

X} = [H] {F5, (@

rae {X} — BEKTOp CIEKTPOB MEXaHMUYECKHUX KOJeOaHWN, COOTBETCTBYIOIIMX BCEM CTEMEHSIM
CBOOOJIBI CHCTEMBI; {F} — BEKTOp CIEKTPOB CHJ BO3OYXKIEHUS IJII TE€X K€ CaMbIX CTEICHEU
cBoboabl. Kaxnplii anement H(w) marpunsl [H]| mpencrasiseT co0oil pe3ynpTaT n3MepeHun
OTAEJIbHON YaCTOTHOM XapaKTEPUCTUKN KaK OTHOLICHHUS

_ Xi(0)

ng((’o) - F(O)) )

2)

rae X{o) — gyacrotHass QyHKIMS peakuuu (B BUAE MEPEMELICHUs, CKOPOCTH WM YCKOPEHHS),
COOTBETCTBYIOIIAsl CTENEHU CBOOOBI 7, HA BO3JEHCTBHE (), COOTBETCTBYIOLIEE CTENIEHH CBO-
60751 j. [Ipu sKCIEpUMEHTANIBHBIX UCCIEI0BAHUIX, KOT1a U3MEPSIOTCS CKOPOCTH WM yCKope-
HUsl, MaTpulia [H] oObIYHO SBISETCS MaTPUIICH MOABMKHOCTEH WIIM YCKOPSIEMOCTEH COOTBETCT-
BeHHO [18, 19, 20].

CoOcTBEeHHBIE YaCTOTHI MOKHO OIPEJEIUTH MO0 JI000H 3aMepeHHON 4YacTOTHON XapaKTepu-
cruke Hjj(w). [ns onpenenenus GopMsl KoeOaHUH HEOOXOIUMO INPUHATH OJHY U3 CTENEHEH
CBOOOBI OTIOPHOU U MPOBECTH CEPUI0 U3MEPEHUH AJIs BCeX CTeNeHel cBoOobl. [{ist onpenene-
HUSl BEeKTOpa (OpPMBbI KOHKPETHONH MOJbI HEOOXOAMMO OINpPEAETUTh MOAYJIH 3aMEpPEHHBIX Yac-
TOTHBIX XapaKTEPUCTUK MPHU COOTBETCTBYIOIIEM 3HAUEHUHM MOJANbHOM 4acToThl. OHM mIpen-
CTaBJISIIOT c00O0# COOTBETCTBYIOIIME MOJaM MOAAlbHBIE TepeMenieHus. Yucno cremneHeil cBo-
004Bl TPH DKCIEPUMEHTAIBHOM aHalN3€ KOHCTPYKIMH JOJKHO OBITh BBIOPAaHO C YYETOM
HAJIeKHOTO TpeacTaBieHuss ¢GopM Moia. MIMEHHO clokHOCTh (opM MoJ B OONbIICH CTEneHH,
YeM KOJIMYECTBO OXKHAACMBIX MOJI, OIIPeIeIieT He0OXOAMMOE YHCIIO cTereHel cBoooapl [20].

OnucaHHbBIN BBIIIE MOAXOJ K SKCIEPUMEHTAIIBHOMY ONPEIEICHHUIO IMHAMUYECKUX Xapak-
TEPUCTUK KOHCTPYKIIMH TeM OoJiee TOUEH, YeM 0oJiee TOYHO BBIMOIHICTCS YCIOBHUE THHEHHOCTH
KOHCTPYKIIUH, T.€. MPONOPIMOHATLHOCTH PEAKIMU CHiie BO30YyKaeHNs1. CBOWCTBO JIMHEHHOCTH
MMEET BAJKHBIE JI SKCIEPUMEHTAIbHOM METOAMKH cieacTus [18]:

— U3MepsieMble YaCTOTHBIE XapaKTEPUCTUKHU HE 3aBUCAT OT TUIIA U BPEMEHHOI'0 3aKOHa CHUT-
Haa BO30YXKICHUsS; BO30YXKICHHUE CHHYCOUIAIBHON CWIJION, M3MEHSIOIICHCS BO BPEMEHH IIO
CHHYCOMJIAJILHOMY 3aKOHY, C pPa3BEPTKON YAaCTOThI TEOPETUUECKU JAET TE )K€ PE3yJIbTaThl, YTO
¥ BO30YXICHHE IIIUPOKOIIOIOCHOU CITy4aitHOW CHIION;

— U3MepsieMble YaCTOTHBIE XapaKTEPUCTUKU HE 3aBUCAT OT YPOBHS BO30YKIACHMUS;

— U3MepsIEMbIE YaCTOTHBIE XapaKTEPUCTUKU HE 3aBUCAT OT TOr0, Kakasi TOUKa UCIIOIb3YETCs
IUTst BO30Y KIIEHUS, a KaKasi — I U3MEpEeHUs peakinu (TeopemMa B3auMHOCTH MakcBesa).

Taxum 00pa3oM, dKCIEpUMEHTANIbHBIN MOAJIbHBIA aHAJIU3 CBOAUTCS K OINPEAETICHUIO dJe-
MEHTOB MaTpHUIIbl IEpeIaTOUHbIX (QYHKIUH Hjj(®) OOHUM U3 ABYX METOJOB:

— BO30y>KJeHUE KoslebaHuii Fj(®w) B OJHOHM M3 TOYEK OOBEKTa j M PErHCTpalMy OTKJIMKA
(BUOpOYCKOpEHUS U BUOPOCKOPOCTH) Xi(®) BO MHOKECTBE TOUEK I;
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— BO30y>KJeHUE KoneOaHui F/(®) BO MHOXKECTBE TOYEK OOBEKTA j U PETUCTPALK OTKJINKA
(BuOpoOycKOpeHus Uil BUOPOCKOpocTH) X;(®) B OJTHOM U3 TOUEK i.

B metozne ckanupyromei gazepHoil BUOpOMETPUH, UCIIOIB3yEeMOM B HacTosIell pabdote,
peanu3yercs MepBhIi U3 ATHX MOoAX0a0B. K o1HOIN M3 Touek 00beKTa MPUKIIAAbIBACTCST BO3ICH-
CTBHME B BHJIC€ BHEIIHEH COCPEIOTOUYECHHON CHJIbI, U3MEHSIOLIECHCS BO BPEMEHH IO FapMOHUYE-
CKOMY 3aKOHY C IEPEeMEHHON 4acTOTON WM MO 0OJiee CII0KHOMY 3aKOHY, COJIEpKaIIeEMy CyMMY
TapMOHHUK C IUIOTHBIM CHEKTPOM 4YacToT (yaap, Oeinblif nrym). Peakiust B Buje BUOPOCKOPOCTH
U3MEPSIETCS] BO MHOXKECTBE TOUEK MPU MX IMOCJIeI0BaTebHOM ckaHupoBanuu [17, 18]. Jlanee no
COOTHOUICHUIO (2) OIpeAEeNAIOTCS] KOMIIOHEHTBI MATPULIbI IEPEAATOYHBIX QyHKIMN Hj(®).

2. Onucanue JKCNnepuMeHTarnbHOro KomMnrnekca moaasibHoOro aHanusa

YcTaHoBKa Uil SKCHEPUMEHTAIbHOIO MOJAIBHOTO aHaiu3a (puc. 2) BKIIOYAET TPEXKOM-
MOHEHTHBIN CkaHupyomwmil nazepHsiii Bubpomerp PSV-400-3D, npennazHaueHHbIN Ui Tpex-
MEpPHOTO aHaJIM3a KOJIeOAHWH KOHCTPYKUUI CI0XKHON (OpMbI OECKOHTAKTHBIM MeToaoM. Buo-
pOMETp TpEeACTaBIsIeT COOON HCCIENOBATENbCKAN JTa3ePHO-IM(POBOH U3MEPUTEIBHBIA KOM-
IIJIEKC, COCTOSAIIMUNA U3 TPEX ONTUYECKUX CKAaHMPYIOUIUX Ja3epHbIX rojaoBok PSV-1-400, momymns
ckaHupoBanus reometpun PSV-A-420, pa3MmelieHHbIX Ha MTaTUBAX JUO0 Ha CTamelne, U CUcTe-
MBI yIIpaBiieHUs. B cucremy ynpaBiieHUs: BXOAAT TPU YIPABIAIOIUX MOIYJIl ONTHYECKUX TOJIO-
BOK (koHTposutepsl) OFV-5000, 610K compspKeHUS YIPABISIONIUX MOIYJICH ¢ MPOMBIITUICHHBIM
komnberoTepom PSV-E-408.

L/

Puc. 2. O0mmii BUA 3KCTIEpUMEHTAIBHON YCTAaHOBKHU: [ — clcTeMa KperyieHus uccnenyemoi JICA
Ha cBOOOTHOM mozBece; 2 — IMHAMUK AJIs1 BO30YXKIEHHUS KOJIeOaHUi
Fig. 2. General view of experimental setup: / — OGVfixingwith unrestrained suspension;
2 — device for vibrations initiating

Onrtuueckue ronoBku PSV-1-400 npenctaBisroT co60i yCTpOMCTBA, B KOTOPHIX HAXOASATCS
reuii-HeOHOBBIE MCTOYHUKH JIA3€PHBIX JIy4dell M MPUEMHUKH OTpa’keHHOro curHaia. PaGota
KaX/10i ONTUYECKON TOJIOBKH U CBSI3b C KOMIIBIOTEPOM O0ECTICUMBAETCS YIPABIISAIOMIUM MOMY-
aem (koHTposiepom) OFV-5000 u 610koM conpsbkeHus. B BepxHel onTHYeCKOi rojoBKe 10-
MIOJIHUTEJIBHO BCTPOEHA BUACOKAMEpa U JIa3epHBbIA MOIYJIb CKaHUpPOBaHUS reoMmerpuu. Taxxe
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JUI yJIy4dlIeHUs KadecTBa M300paKeHHs MCIOJIb3YETCs NMOpPTATUBHAs LM(poBas Kamepa co
CMEHHBIMHM 00BEKTHBAMH, TIO3BOJIAIONIAS IPOBOAUTE BUAE0 TPHUAHTYJIIILMIO JUI IPELU3UOHHOTO
CBEJICHUS JIa3€PHBIX JIy4Yeil, 4TO MOBBIIIAET KaYeCTBO MPOBOAMMBIX 3KCIepUMEHTOB. M300pa-
YKEHHUE C BUJICOKAMEPBI MEpeaacTCs B KOMIIBIOTEP U 0TOOPAKAETCsl HA MOHUTOPE.

[IpoBenenne MOAaNBHOTO aHAINU3a METOJOM TPEXKOMIIOHEHTHOW CKaHHMPYIOIIEH JIa3epHOU
BUOPOMETPUHU OCYLIECTBISIETCS ¢ moMoulbio mporpammuoro kommiekca POLYTECPSV9.0. On
MO3BOJISIET MPOU3BOAMTH aHAIM3 COOCTBEHHBIX (hOpM KoseOaHMi, CIIEKTpaIbHbIN aHamu3, Obl-
CTpoe npeoOpa3oBaHUeE.

3. MogroToBka u npoBeageHune IKCnepuMeHTanbHOro MmogasibHoOoro aHanum3sa

Bce maboparopHbie SKCIIEpUMEHTHI i poBeaeHus: MofanbHoro ananu3a JICA uz IIKM
METOZOM TPEXKOMIIOHEHTHOW CKaHHPYIOIIEH BUOPOMETPUM NPOBOJWINCH NPH 3aKPEIUICHUU
JONaTK! B CBOOOJHOM IMOJBECE C MOMOILIBIO CHELUANbHBIX CTPYOLMH M 3JIACTHUYHBIX KTYyTOB
(puc. 2) 1 GECKOHTAaKTHOM BO30Y>KICHUM BUOpAIMi aKyCTHUECKUM JUHAMHKOM, KOTODBIH I0-
3BOJISIET UcceoBaTh GOpMBI KoJebaHuil TonaTok B AuanazoHe yactot g0 6400 I'u. JuHamuk
pacnojaraicsi CoO CTOpOHbI CIIUHKY JIONIATKU B €€ LEHTPaIbHOU 30HE, YJAJICHHBIN OT JIONIATKX Ha
paccrosinue okojo 100 mm (cM. puc. 2).

IIpy moAroToBKe JIOMATKM K MCCIEAOBAHUAM €€ INOBEPXHOCTb IOKPBIBAETCS KPacKou
ARDROX 9D1B, obecnieunBaronieid He0OOXOIUMBIC IS Ja3epPHOH BHOPOMETPUU ONTUYCCKHEC
CBOWCTBA MOBEPXHOCTH. B MpOBOIUMBIX HCCIIEOBAaHUAX B KaueCTBE BO30YKIArOIIEro BO3JeH-
CTBMSI MCIIOJIb30BaH FapMOHMYECKHMH cUTHai ¢ Bo3pacratomiei yactoroit (PeriodicChirp) ¢ mo-
CTOSIHHOM aMIUIMTYJHOW M BO3pacTarolied 4actoTod. CKaHUPYIOLIME Ja3epHbIE TOJIOBKU pas-
MEIIAJIMCh Ha CHELMAIBHOM cTarese, Ha paccTosHuu 1,5-2 M ot uccnexyemoit jgonatku. [Ipu
OPUEHTUPOBAHUU TOJIOBOK BbIAEPKUBaAICS yron 30° MeXOy JIa3epHbIM Jy4YOM U HOPMAJIBIO
K IIOBEPXHOCTH.

IlocTpoeHne ceTKHM CKaHHMPOBAHMS MPOBOAWIOCH B aBTOMaTudeckoMm pexume. IIpu stom
YUUTBIBATIOCH, YTO OOJIBIIAS TYCTOTA TOUEK CKAHUPOBAHHUSI TIO3BOJISIET 0OJIEe TOYHO OIPEIEIIATh
BBICOKHE (DOPMBI, BMECTE C TEM IIAr TOYEK HE JOJDKEH ObITh MEHEE YCTaHOBJIEHHOI'O KauyecTBa
BBINOJIHEHUs 3-D-BbipaBHMBaHMsl. KOMMUeCcTBO TOUEK CKaHWPOBAHMS I UCCIIEJOBAHHOM JIO-
NaTKH B Pa3IMYHBIX HKCHEPUMEHTaxX cocTaBisieT 70 557. CkaHupoBaHHE MOBEPXHOCTH BUOPH-
pYIOIIEH JIONaTKU JIa3epHBIMU JIydaMH OCYIIECTBISUIOCH aBTOMaTudecku. KonnuecTBo moBTO-
peHuil U3MEpEeHnil B KaXKA01 TOUKE COCTaBIsI0 3—5.

O06paboTka pe3yabTAaTOB JIA3€PHOM BHOPOMETPHH TMPOBOAWIACH C TPUMEHEHHEM IIPO-
rpammHoro obecniedenust PolytecPSV9.0. B pesynbrare 00pabOTKH 3KCIEPUMEHTANBHBIX J1aH-
HBIX TOJIyY€Hbl aMIUTUTYAHO-YAaCTOTHBIE XapaKTEPUCTUKU KAXKJIOW U3 TPEX KOMIIOHEHT BHOpO-
CKOpPOCTH B JTIFOOOH TOYKE CETKHM CKAaHMPOBAHUS M OCPEIHEHHBIE MO OOBEKTY B IEJIOM, a TAKXKe
aHWMAaIIMOHHBIE TIPeICTaBICHUsI POopM KoJieOaHUH.

OueHka 10CTOBEPHOCTH PE3yJIbTaTOB U IMOTPELIHOCTH ONpeAeNeHUs] COOCTBEHHBIX YaCTOT
BBITIOJIHSJIACh HA OCHOBE COBMECTHOT'O aHAJIM3a aMIUIUTYAHO-YaCTOTHBIX XapaKTePUCTUK U (Hopm
KoJieOaHMH, MTOMYYCHHBIX B Pa3IMYHBIX dKCIepUMeHTax. [Ipu 3TOM SKCepUMEHTHI pa3inyairich
YaCTOTHBIM JHANa30OHOM, pa3pelleHUEM II0 4acTOTe M NapaMeTpaMHu CETKM CKaHWpoBaHus. [l
COOTBETCTBYIOLIMX (hOpM KojieOaHUI CpaBHUBAINCH COOCTBEHHBIE YaCTOTHI, M 10 KO3 PUIUEHTY
Bapualliy OLEHUBAICA MX pa30dpoc B paziIMYHbBIX dKCIepUMeHTaX. [Ipy Hanu4uu 3HAYUTEITbHBIX
PacxX0oXkIICHUH MPOBOIMIIACH AOTIOIHUTEIBHAS POBEPKA 1 yTOUHEHNE COOCTBEHHBIX (hOPM.
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4. Pe3ynbTaTbl 3KCNEePUMEHTaNbLHOro onpeaeneHnsa CO6CTBEHHbIX YacToT
n dopm KonedbaHum nonaTtkm cnpamnaowero annapara n3 NKM

HepBI/I‘IHBIMI/I pe3yIbTaTaMU SKCIICPUMCHTAJIBHOI'O MOJAJIbHOI'O aHAJIM3a JIOMIATKH ABJIAIOT-
Csl aMIUTMTYAHO-4aCTOTHBIE XapaKTEPUCTUKH, MTOJIyYEHHBIE 110 pe3yJbTaTaM Ka)JI0T0 OTJEIbHO-
ro 9KcrepuMeHTa. Bee pe3ynbraThl SKCIepUMEHTANBHBIX UCCIEA0BAHUN YCPEIHSINCH IO COBO-
KYITHOCTH TOYEK CEeTKH ckaHupoBaHus. Ha puc. 3 B kauecTBe npumMepa MnpuBe/IeHa SKCIEPUMEH-
tanpHO TonydeHHass AUX momatku Ne 3. B mporecce ucciienoBanuii MpoBEAECHO CpaBHEHUE
aMIUIUTYIHO-YAaCTOTHBIX XapaKTEPUCTUK IO SKCIEPUMEHTAM, MOJYyUYEHHBIM I TPEX paziuy-
HBIX JIONATOK. 3HAYEHUsI YaCTOT, COOTBETCTBYIOIIMX NUKaM Ha AUX, B pa3HbIX 3KCIIEPUMEHTaX
XOPOIIIO COTTIACYIOTCSI M1y COOOiA.

=70
—_75!
-80
-85
-90

Bubpockopocts, /16

10 600 1100 1600

Yacrora, ['11
Puc. 3. AMnnutyaHO-4acTOTHBIE XapakTepucTuku JICA
Fig. 3. Amplitude-frequency characteristics of OGV

®opMbl K0JIeOAHNH B KaKIOM U3 3KCIIEPUMEHTOB ONPE/ENICHBl B pe3yJIbTaTe aHaIU3a aHU-
MAaIMOHHBIX KapTUH TUHAMHUYECKOIO MOBEAEHUS JIONMATKU B mporecce koiebanuil. Ha puc. 4
npescTaBieHbl nepBole yetbipe dopmbl konedbanuit JICA u3 IIKM. B nmamazone yacTtoT 110
6400 I'm y ucciieJOBaHHBIX JIOTIATOK BBISIBJICHO JI0 22 COOCTBEHHBIX 4acTOT Kojebanuii. CoOCT-
BEHHbIE YaCTOTHI IPUBEEHBI B Ta0. 1.

Puc. 4. CoOctBennsie Gpopmel konedannit JICA u3 IIKM, nonydeHHble
B paMKax JJabOpaTOPHBIX HCIIBITAHUH
Fig. 4. Experimental natural frequencies of OGV
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Jnist OIICHKH BOCITPOM3BOJAMMOCTH IOJYYEHHBIX COOCTBEHHBIX YaCTOT OMPEACTICHBI KO-
(GUIMEeHTH Bapranuu (OTHOLICHHE CPETHETO KBAPATUUYECKOTO OTKJIOHEHHS K CPeIHEMY 3Haue-
HUIO) KaXJ10M U3 coOCTBEHHBIX 4acToT (Tabm. 1). PaccessHue coOCTBEHHBIX 4acTOT MO K03 du-
ueHTy Bapuanmu gocturaet 0,332 % mist cenpMoit popmbl konebanuii JICA, st ocTanbHBIX
dopm konebanuii He npesbimaeT 0,25 %. Takum 0Opa3zom, mosrydyeHa Xopollas BOCIPOU3BOIU-
MOCTBh COOCTBEHHBIX YaCTOT JJIsl JAHHOW TPYIIITBI SKCIICPUMEHTOB ISl PA3JINYHBIX JIONATOK.

Tab6muma 1
CoOcTBennbie yacToThl s JICA
Table 1
Naturalfrequenciesoutletguidevane
Howmep CoOcTBenHas yactorta, I'1g
COOCTB. Howmep skcriepumenTa Cpennee Koa(quune;{ '
hopmbl 1 2 3 3HAUYCHHE Bapuai, %
1 205,1 204,5 204,5 204,7 0,169
2 277,3 276,9 276,9 277,0 0,083
3 484,3 482,8 483,8 483,6 0,158
4 715,9 716,5 716,3 716,2 0,043
5 736,8 736,7 735,6 736,4 0,090
6 811,2 810,9 812,7 811,6 0,119
7 839,5 834,2 8383 8373 0,332
8 941,2 936,7 937,5 938,5 0,25
9 1072,1 1070,2 1070,3 1070,9 0,100
10 1376 1372 1372,2 1373,4 0,164
11 1490,5 1494,9 14949 14934 0,170
12 - 1760,9 1760,9 1760,9 0,000
13 — 2002,6 2003,1 2002,9 0,018
14 — 23822 2382,8 2382,5 0,018

5. CpaBHeHuMe ¢ pe3ynbTaTOM YACIIEHHOro pac4yeTa COOCTBEHHbIX YacToOT
n bopm KonebaHum nonaTtku cnpamnsaowero annapara n3 NKM

B nanHOM pasznesne mpoBOAUTCS YMCIEHHBIM MOJAJbHBIA aHAIU3 C LEIbI0O ONMpeAcIeHUs
yacToT U popM (Mox) coOcTBeHHbIX Konebanuit JICA u3 IIKM. [lns pacueta coOCTBEHHBIX Yac-
TOT U onpeneneHus Gopm konebanuit JICA ucnonp3oBanack TpexMepHas MOeIb, popma KOTO-
poii 6buta moctpoeHa ¢ momombio CAD-cucremsr SolidWorks (puc. 5, a), a ctpykTrypa apmu-
PYIOIIUX CIIOEB 3a/1aBayiach B mporpaMmHoM komruiekce ANSY SWorkbench.

KonctpykruBHo B JICA MOHO BBIIEIUT NEPO U MOJIKU, HIOCPEACTBOM KOTOPBIX MIPOUCXO-
JIUT 3aKpeIUIeHue JonaTtku. [ KperieHus: BEpXHel MoK K o0euaiike KopItyca UCIOIb3yeTCs
6ontoBoe coenuHenue. Ha BxogHol kpomke JICA mpegycMoTpeHa BbleMKa, B KOTOPYIO yCTa-
HaBJIMBAETCsl TUTAHOBas Hakinajgka. JlomaTka cocrosla M3 CJIOEB pa3lIMYHOM KOHQUIypaluu
tomuuHoN 0,21 MM, COOTBETCTBYIOIIMX HAOOpPy TEXHOJOIMUECKUX BBIKPOEK SMOKCHIHOIO yT-
Jenpernpera, co cxeMoil apmupoBanus [0°/+45°]. UccnenoBanus mo BEIOOpY MaTtepuaia u cxe-
MBI ApMUPOBAHUS JJIsl U3TOTOBJICHUS JIOTIATKH OMKCAHBI B paborax [2—4]. B Moxenu 3amaBanach
MOJIHASl TEXHOJIOTUYECKAsi CXEMa YKIIAJIKU CJIO0EB, KaXbli CIIOM paccMaTpUBaJCs B BUAE OpPTO-
TPOIIHOI'O OJHOPOJHOI0 MaTepuana, INIaBHblE OCH CUMMETPUU KOTOPOIO, COOTBETCTBYIOILUE
JIOKaJIbHOM cHCTEeMe KOOPJIMHAT CJI0s, OpUEHTUPOBaHbI o1 yriaamu 0 mu6o +45° oTHOCUTENBHO
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r100abHOM CUCTEMBI KOOPAMHAT KOHCTPYKLMU JIONaTKu. MexaHnueckue CBOMCTBa MaTepuana
CJIOEB, UCIOJIB30BAHHBIE B pacyeTax, IpUBEACHbI B padoTax [3, 4].

MaremaTrueckasi MOCTAaHOBKA pPEIIaeMOol 3a7aun JUHAMHYECKON TEOpHH YIPYroCTH B Ba-
pHUAIMOHHOHN (HOPMYITHPOBKE 3aKIIOYACTCS B OTBICKAHMM MUHHMyMa (QyHKIHOHana Jlarpamxka
[21] ¢ ydeTroMm cun WHEpLHH, pacHpeneeHHbIX 10 o0beMy Tena. [Ipeamonaranock, 4ro 3amaya
SBIISETCS JIMHEHHOM, BCE BUABI HEIMHEHHOCTH — HEJIMHEWHOE MOBEACHUE MaTepuasa, KOHTaKT-
HBIC TPaHUYHBIC YCIIOBHSI, KOHEYHBIC TIEPEMEIICHHS — HE pACCMATPUBAIUCH.

s onpeneneHusi COOCTBEHHBIX 4acTOTH (POpPM COOCTBEHHBIX KOJeOaHUI paccMarpuBac-
MOM KOHCTPYKIMH MPUHUMAJIOCh, YTO BHEIIHHE CUJIbI U AeMIl(pupoBaHue paBHbI Hymo. Peme-
HUE MOCTABJICHHOM 3a/1a4yl OCYIIECTBISJIOCh METOJJOM KOHEUHbIX 3neMeHToB (MKD) ¢ ucnomns-
30BaHMEM MHOTOIPOIIECCOPHOTo Mporpammuoro komruiekca ANSYS Workbench.

JIJts mydiei cXoIMMOCTH PEIICHHS U CHUKEHHS TIOTPEITHOCTEH MOTy9aeMbIX Pe3yJIbTaTOB
reHepupoBajiach pacuetHas cerka MKD, sdeiiku KOTOpoW MMeNH MPU3MATHYECKy0 (opMy,
C UCTOJb30BaHUEM KoHeuHoro aneMenTa Solid 186. Ilpu mocTpoeHnn U JTOKaIBHOM H3MeENbye-
HUU CETKU HE JIOMYCKAIIMCh PE3KHUE OTIUYHS T€OMETPUUYECKIX Pa3MEPOB COCEIHUX IEMEHTOB
(6onee uem B 2 paza). MakcuMalIbHBIM pa3Mep AJIEMEHTa COCTaBIsI 2 MM, MUHUMAJIbHBIA —
1 mm. OOmiee KOJIWYECTBO KOHEYHBIX 3JIEMEHTOB cocTaBuio mopsaka 500 teicsu. [Ipu sTom
B PaMKaX OJHOTO 3JIeMEeHTa 00BEANHSIIOCH OT YEThIPEX A0 BOCBMU CJIOEB yTJEIIacTHKaA, OpPUECH-
TUPOBAHHBIX PA3IMYHBIM 00pa3oM. DPPEeKTUBHBIE YIIPYTHe CBONCTBA MaTepuaia BHyTPU Kax-
JIOTO KOHEYHOTO 3JIEMEHTA BBIYUCISUIMCH HA OCHOBE 33JIaHHBIX CBOMCTB OTICIBHBIX CIIOCB aB-
tomatudecku npouenypoir ANSYS Workbench, peannzoBannoii B koHeuHOM 35eMeHTe Solid
186. Ha puc. 5, 6, 6 npeacTaBieHa KOHEYHO-IJIEMEHTHAs CETKa JUIsl KOHCTPYKIIUH, HCIIONb30-
BaHHAas B pacueTax.

[To pe3ysbraTaM YHCICHHOTO aHaIM3a ObUIH OIpeaecHbl (OpMbI KoeOaHUH U COOCTBEH-
Hble yacToThl. Ha puc. 6, a npencrapiensl nepsbie 4eThipe Ghopmbl koiedanuit JICA u3 I[1KM,
MOJTy4YeHHBIE B paMKax YHCIEHHOro pacuera. KauecTBeHHOE CpaBHEHUE PE3yIbTaTOB YHCICHHO-
ro pacuera (puc. 6) 1 SKCIIEpUMEHTAIBHBIX JaHHBIX (CM. puC. 4) oKa3ano, 4To (GopMbI Koseba-
HUI COBIIAIAIOT.

a 0 8
Puc. 5. I'eomerpuyeckas (a) u cerounas (6, ) mogens JICA
Fig. 5. Three-dimensional model of OGV (a) and FE mesh (b, ¢)

114



Tpunee M A., Anowkun A.H., ITucapes I1.B., [Llunynos I'.C. u 0p. | Becmuux ITHUITY. Mexanuxa 4 (2016) 106—119

N =

Puc. 6. ®opmer konebannit JICA n3 IIKM, nonydeHHble B paMKax YUCICHHOI'O pacueTa
Fig. 6. Calculated mode shapes of OGV

KonmuectBennoe cpaBaenne cooctBeHHBIX 9acToT JICA u3 [IKM mokasan, 94To OTKIOHEHUs
pacueTHBIX M AKCIEPUMEHTATIBHBIX 3HaueHuil (Tadn. 2) HabmomaroTcs B nuamnasone oT 1,08 %
(cenpMast coOcTBEeHHas 4acTtoTa) 10 5,64 % (mepBast coocTBeHHas yacrora). [Ipu 3ToM HanboIb-
1IMe 3Ha4eHus: oTKIoHeHui (5,64, 5,33, 4,33 %) COOTBETCTBYIOT IEPBOM, TPEThEH U AECATOU COO-
CTBEHHBIM YaCTOTaM, JIJIsl OCTAIBHBIX YaCTOT OTKJIOHEHHE He TpeBbIaet 2,98 %.

Tabmauma 2
CpaBHUTENBHBIN aHAN3 COOCTBEHHBIX yacToT JICA
Table 2
Comparative analysis of natural frequencies of OGV
Homep cobcrts. CobcTBeHHas yactora, [ Otnuune, %
thop™mbl OKCHEPUMEHT Pacuer
1 204,7 216,93 5,64
2 277,0 284,15 2,52
3 483,6 505,51 4,33
4 716,2 705,16 1,54
5 837,3 867,01 3,43
6 1070,9 1039,6 2,98
7 13734 13884 1,08
8 14934 1472,5 1,94
9 1760,9 1733,9 1,53
10 2002,9 1894,4 5,42

TakuMm oOpa3om, pe3yJbTaThl YUUCICHHOIO MOJEIUPOBAHMS, BBHIIIOJHEHHOTO B TPEXMEPHOM
MIOCTAHOBKE C yY€TOM IOJIHOM TE€XHOJOTMYECKON CXEMbl YKIAJKU U aHU30TPOIUHU CBOMICTB ap-
MHUPYIOIIUX CJIOEB B KOHCTPYKILHUH, XOPOUIO COTJIACYIOTCSl C pe3yJbTaTaMd MEXaHMYECKUX HC-
neiTanuid. CoBIajieHne COOCTBEHHBIX YacTOT U ()opM KoJeOaHUI CBUAETENHCTBYET O TOM, YTO
kecTkocTh HaTypHoW JICA mpu HaMMuMu BO3MOXHBIX OTKJIOHEHHMH W pa3OpOCOB MapaMeTpoB
TEXHOJIOTMYECKOr0 IMpoliecca, TEOMETPUU BBIKPOEK CIOEB U MEXAaHUYECKHX CBOMCTB Marepua-
JIOB COOTBETCTBYET MPOCKTHPYEMOMU, a TaOOPATOPHBIN MOJANBHBIN aHAU3 MOXKET UCIOJIb30-
BaTbCA IJIsI KOHTPOJIA CTa6I/IJ'IBHOCTI/I rCOMETPUICCKUX pa3MCPOB U MEXAHUYCCKUX CBOWMCTB Ma-
Tepuasa CclioeB.
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3aknioyeHue

B pesynbTare npoBeeHHBIX pabOT NMPEAoKeHa METOIUKA IKCIIEPUMEHTAIbHOIO UCCIIe10-
BaHUs COOCTBEHHBIX 4YacTOT U (popMm KosneOaHUIl MOTHOpPA3MEPHBIX KOMIO3UTHBIX JIOMATOK
CHPSMIISIFOILIETO armapara, 0a3upyomasics Ha TPEXKOMIIOHEHTHOW CKaHHPYIOIIEH Jia3epHOMH
BUOPOMETPUHU C HCIIOJIb30BAaHHEM MpOrpaMMHoO-anmaparHoro kommiekca PSV-400-3D. Meto-
JIVKa TI03BOJISIET HAXOIUTh COOCTBEHHBIE YacTOTHI U (hopmbl Konebannii JICA u3 ITIKM B nuama-
30He yacToT 10 6,4 kl'u. Ha Tpex natypHbix oOpasuax JICA, MONMHOCTHIO COOTBETCTBYIOLIUX
KOHCTPYKTUBHBIM TPEOOBAaHUSM M M3TOTOBJICHHBIX 110 OJHOM TEXHOJOTMH, MpoBeneHo 15 skc-
MIEPUMEHTOB C Pa3JWYHBIMU MApaMETPAMU CETKH, PA3PELICHUs MO YAaCTOTE M YaCTOTHOTO Jua-
na3oHa. B pesynbTare SKCIIEpUMEHTOB MOJIyYEHbl CPEHUE 3HAUYCHHS U KOA(P(UIIMEHTH Bapua-
1 cooctBeHHBIX 4yacToT JICA u3 I[IKM u mpomsumrocTpupoBaHbl OCHOBHBIE COOCTBEHHBIC
dbopmbl ux konebanuil. PaccesHue mo Ko3QGUIMEHTY BapUallu 3KCIEPUMEHTAIBHBIX 3HaYe-
HUN COOCTBEHHBIX YacCTOT HE MpeBbIaeT 1,6 %.

Pa3zpaborana maremaruueckas monenb JICA u3 IIKM ans mpoBeAeHHs] YUCIEHHOTO MO-
JAIIbHOTO aHaJli3a Ha OCHOBE TPEXMEPHOW KOMIBIOTEPHON MOJENH, TOCTPOEHHON € MOMOIIBIO
CAD-cuctemsl SolidWorks. Pa3paborannasi 4yucieHHass MOJEIb MOJHOCTHIO OIMUCKHIBAECT I'eo-
METPHIO, CXEMY YKJIAIKU ¥ aHU30TPONMIO apMUPYIOIIUX CJIOEB, PELIEHUE 3a7a4d MOJAIBHOTO
aHanu3a ocymectsisioch MKD B mporpammaoMm makete ANSYS Workbench.

Pe3ynbpTaThl YMCIIEHHOTO MOJEIMPOBAHUS XOPOILIO COIIACYIOTCS € 3KCIEPUMEHTAIbHBIMU
JaHHBIMU. MakcUMallbHOE€ OTIMYHME OLIEHOK COOCTBEHHBIX YaCTOT, MOJyYEHHBIX 3KCIEpUMEH-
TaJbHBIMU U YMCIEHHBIMUA METOaMH, He npeBbimaet 5,64 %. CoBnaneHne pacueTHBIX U DKCIIE-
PUMEHTAJILHBIX COOCTBEHHBIX YacTOT M (OPM KOJICOAHWH CBUAETEIBCTBYET O TOM, YTO KECT-
KocTh HaTypHOU JICA mpu HanMuuu BO3MOXKHBIX OTKIIOHEHHH U pa30pOCOB MmapamMeTpoB TEXHO-
JIOTUYECKOr0 MpOLEecca, FEOMETPUM BBIKPOEK CJIOEB U MEXAHWYECKUX CBOMCTB MAaTE€pHAJIOB,
COOTBETCTBYET MPOEKTUPYEMO.

B mocnenyrommx uccienoBaHusX pa3paboTaHHas MOAEIb MO3BOJUT OLEHUTh U3MEHEHHE
AYX JICA npu Bapuamuu €€ cXxeMbl apMUPOBaHUs U KOHCTPYKTHBHBIX OCOOCHHOCTEH MCIOJTHE-
HUS, a JJaDOPaTOPHBIA SKCIIEPUMEHTABHBI MOJANBHBIN aHAJIM3 MOXET HCIOIb30BAaThCS IS
KOHTPOJISl CTAOMIILHOCTH F€OMETPUUECKUX Pa3MEPOB U MEXaHUUECKUX CBOMCTB MaTepHasa CJIOeB.

Paboma evinonnena npu ¢hunancosoil noooepicke 2ocyoapcmea 8 auye MunobpHayku
Poccuu 6 pamkax gpedepanvhoii yenegou npoepammel «Hccnedosanus u pazpabomku no npu-
OpUMEMHbIM HANPABIEHUAM PA3EUMUsL HAYYHO-MEXHOI02UHecKo20 Komniekca Poccuu na 2014—
2020 20061» no meme «Hayunoe obocrosanue KoncmpykmopcKo-mexHoa02UuecKux peueHutl no
CO30AHUI0 BbICOKOHAZPYHCEHHBIX V3108 NEePCHeKMUBHLIX ABUAYUOHHBIX Osucameinel, noosep-
JHCEHHBIX UHMEHCUBHOMY BO30€UCMBUIO AIPOOUHAMUYECKUX (PAKMOPO8, U3 NOIUMEPHBIX KOMNO-
BUYUOHHLIX MAMEPUANO8 HA Npumepe JIONAMKU CAPAMIAIOWE20 annapamay. YHUKanibHulil
UoeHmuuUKamop NPUKIAOHLIX HayuHblx ucciedosanuti REFMEFI57414X0080.
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