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AHHOTAUA: YTpyrue KosieOaHus 3JI€MEHTOB KOHCTPYKLHHM IUIAHEpa caMoJieTa NpU JEHCTBHM SKCIUTyaTalMOHHBIX HArpy30K
SABJIAAIOTCA OAHUM M3 OCHOBHBIX MCTOYHHMKOB HAKOIUICHMUS YCTAJIOCTHBIX HOBpe)KIleHHﬁ. I/I3BeCTHO, YTO IOJABMXKHOCTH TOIUIMBA B
0aKax MOXET M3MEHSTh IMHaMU4YeCKUe (4acTOThl U (pOpMBI COOCTBEHHBIX KOJEOaHMIi) M MCCUTIATHBHBIE (JIEKPEMEHTBI 3aTyXaHHsI
KOJICOAHMIA) CBOMCTBA YIPYroW CHCTEMBI, BKIIOUAOIICH OaKy, YaCTUYHO WM IMOJHOCTHIO 3aIlOJIHCHHBIC TOIUMBOM. [Ipu 3TOM
BOJIHOBOE JIBIDKEHHE TOIUIMBA B Oakax 3a CYET JIOTMOJHHTENBHOW JIMCCHIIALMKM SHEPTHU KOJNEOaHWH YIPYrod CHCTEMBI MOXET
OKa3bIBaTh CYIECTBEHHOE BIMSHHWE KaK HA YCTAIOCTHBIE, TaK M Ha a’pOyNpYrHe XapaKTEPUCTUKH BJIEMEHTOB KOHCTPYKLH
BO3/IYIIIHOTO Cy/Ha. TeopeTnueckre 1 3KCIIepUMEHTaIbHbIE NCCIIEIOBAHNS IPUMEHHUTENBHO K OOJBIIMHCTBY SKCIUTYaTHPYOIIMXCS
B HACTOSIIIEE BPEMS TPAHCIIOPTHBIX CaMOJIETOB MOKA3aJIH, YTO TOIUIMBO MPH MOJEIMPOBAHUH JNHAMIYIECKHX SBJICHUN M PEICHNH
3a/a4 a’pOyNpPYroCTH MOXHO pacCMaTpHBaTh YCJIOBHO 3aTBEPAEBIIMM, 4TO (DaKTUHUECKN HE BIMSCT HA KOHCUHBIM pE3yJIbTar.
[NosiBieHre COBPEMEHHBIX TSDKEINBIX TPAHCHOPTHBIX CAMOJIETOB C KPHUIOM OOJBIIOTO YTMHEHWS W YETHIPbMSI JBUTaTe/sIMA Ha
MWIOHAX TI0J] KPBUIOM IIPHUBEJIO K CYILECTBEHHOMY M3MEHEHUIO JMHAMHYECKON KapTHHBI B3auMoOICHCTBHSA JIA ¢ oxpykaromiei
cpenoil. OCHOBHasi OCOOEHHOCTH 3aKIIFOYAeTCsl B TOM, YTO IPU JAHHOM KOMIIOHOBKE B YHCJIO OCHOBHBIX YIPYTHMX TOHOB,
ONPEAEISAIONIMX JUHAMIYECKYIO PEaKIMIO Ha BHEIIHUE BO3ICHCTBUSA, BXOAUT MEPBBIH TOH FOPU30HTAIBHO-M3IHOHBIX KOIEOaHNH
KpbUia. B 3TOM citydae Mozienb 3aTBep/IeBILEro TOIUIMBA MOXET OKa3aTh CYLIECTBEHHOE BIIMSHUE HAa TOYHOCTb ITPOrHO3UPOBAHUS
JIMHaMUYECKUX Harpy3oK M, KaK CIIeJICTBHE, Ha KOJMYECTBEHHBIC IIOKA3aTeNlM JIOJITOBEYHOCTH W a’poymnpyroctu. B craree
TNPUBOJATCA PE3YJIbTAThbl SKCIICPUMEHTAIbHBIX I/ICCIICJJ,OBaHI/Iﬁ BJIMAHWA IIOJABM)KHOCTU JKUJIKOCTH B 6a1<e Ha JWHaAMHYCECKHE
XapaKTEPHCTHKH (YacTOTHI COOCTBEHHBIX KOJIEOAHNH M aMILTUTY 16! BEIHYKJICHHBIX KOJICOAHHI) CHCTEMBI «MOJIENb KpbUIa — 0aK».
OrmicaHa KOHCTPYKLMS SKCIIEPUMEHTAIBHON YCTAaHOBKH M METO/IMKA IIPOBEICHHS SKCIIEPMMEHTOB. B nporiecce skcreprmenTa Oak
YaCTUYHO WM TIOJIHOCTHIO 3aITOJHSIICS YKHIKOCTBIO, HCCIIEZI0BATIMCH TOPU30HTAIBHO-M3IMOHBIE (hOPMBI KOJIeOaHHi MOJIENH KpbLia,
JUTSL KOTOPBIX Y4eT MOIBIDKHOCTH JKUIKOCTH B Oake HamOonee akTyareH. OmpenenieHpl YPOBHH 3allpaBKU 0aka, MPH KOTOPBIX
JIOCTHTaeTCs HarnOoNbIrii 3pdekT neMrdupoBaHms KoeOaH!s CHCTEMBI 32 CUET PAaCcCEHMBAHMS SHEPTHH TIPU BOJTHOBOM JBIDKCHIN
JKUAKOCTH. [IpoaHaM3HpOBaHO BIMSHUE Pa3MYHBIX (PAKTOPOB (HAIMYME BEPXHEHW KpBIIIKH, BHYTPEHHETO CHIIOBOTO Habopa,
niepoparmu B CriioBoM Habope) Ha aMIUIATYIBI M YACTOTHI BEIHYKICHHBIX KOJICOAHMIA.

KiroueBble cjioBa: BOJHOBOE IBIDKCHHC JKUIOKOCTH, OTUHAMHUYECKUEC XapPaKTCPUCTHUKH, YaCTOTa W aMINIMTyda KOJIC6aHI/II71,
AMIUTATY IHO-YaCTOTHBIC XapaKTECPHUCTHUKH.
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Experimental studies of the impact of fluid sloshing in the tank on the
dynamic characteristics of the “wing model — fuel tank” system
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Abstract: Flexible response of the airframe structural elements under operational loads are one of the main sources of fatigue
damage accumulation. It is known that fuel sloshing in tanks can change the dynamic (frequencies and shapes of natural
oscillations) and dissipative properties (oscillation damping decrements) of an elastic system, including partially or completely fuel-
filled tanks. It is specified that fuel sloshing in tanks due to the additional oscillation energy dissipation of the elastic system can

60



Tom 27, Ne 02, 2024 HayuyHbiit BectHuk MITY TA
Vol. 27, No. 02, 2024 Civil Aviation High Technologies

have a significant impact on both the fatigue and aeroelastic characteristics of aircraft structural elements. Theoretical and
experimental studies, applicably to the majority of currently operating transport aircraft, have shown that when modeling dynamic
phenomena and solving aeroelasticity problems, fuel can be considered conditionally solidified, which actually does not affect the
resultant effect. The advent of modern heavy transport aircraft with a high aspect ratio wing and four engines on pylons under the
wing has led to a considerable change in the dynamic picture of the aircraft interaction with the environment. The main feature is
that, under this arrangement, the first horizontal bending mode of the wing is embedded in the main flexible modes that determine
the dynamic response to external effects. In this case, the model of solidified fuel can have a significant impact on the accuracy of
predicting dynamic loads and, as a consequence, on the quantitative characteristics of durability and aeroelasticity. The article
presents the results of experimental studies of the impact of fluid sloshing in the tank on the dynamic characteristics (frequencies of
natural oscillations and amplitudes of forced oscillations) of the “wing model — fuel tank” system. The design of the experimental
installation and the methodology of conducting experiments are described. During the experiment, the tank was partially filled with
liquid or full, and horizontal bending modes of the wing model, for which considering liquid sloshing in the tank is the most
relevant, were studied. The tank refueling levels are determined at which the maximum effect of the system oscillation damping is
achieved due to energy dissipation under liquid sloshing. The effect of various factors (presence of a top cover, internal structural
frame, perforation in the structural frame) on the amplitudes and frequencies of forced oscillations is analyzed.
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BBenenue HBIX CaMOJIETOB C KPBUIOM OOJBIIOTO yITHHE-
HUSI ¥ YETHIPbMS JIBUTATEISIMU HAa TUJIOHAX O
KPBUIOM MPUBEJIO K CYILIECTBEHHOMY U3MEHEHUIO
JMHAMUYECKOW KapTHUHBI B3aumonaencTeus JIA ¢
OKpyXkaromieil cpenoil. OcHOBHasE 0COOEHHOCTH
3aKJIIOYAETCS B TOM, YTO MpPU JAHHOM KOMIIO-
HOBKE B YHCJIO OCHOBHBIX YNPYTIHX TOHOB, OMpe-
JETAIONMX AUHAMUYECKYIO PEaKIMI0 HAa BHEII-
HUE BO3JICMCTBHS, BXOAUT NEPBBIA TOH TOPU30H-
TaJbHO-M3THOHBIX KoJeOaHWii Kpblaa. B aToMm
clyyae, KaK MOKaszajlid MPOBEACHHBIE HCCIIEI0-
BaHuA [2, 3], MOAeNb 3aTBEPACBIIETO TOIJIMBA
MOET OKa3aTh CYIIECTBEHHOE BIIMSHHE HA TOY-
HOCTb NPOTHO3UPOBAHUS TUHAMUYECKUX Harpy-
30K M, KaK CIICACTBHE, HAa KOJIMYCCTBCHHBIC IIO-
Ka3aTean JIOJITOBEYHOCTH.

W3BecTHbIE aHANUTUYECKHE PEIICHUS HE
MO3BOJISIIOT aJIEKBATHO OTBETUTH HA PsAJT BAXKHBIX
BOIIPOCOB: KaK YpPOBEHb 3alpPaBKU TOIIUBHOTO
0aka BIMMET HA AUHAMHYECKUE M TUCCUIIATHB-
HBIC XapPAKTEPUCTUKU CUCTEMBI «KPBLIO — 0aKk» B
LEJIOM; KaK OIEHUTh 3HAYEHUs MaplralbHbIX
norapu(pMUUECKUX  JIEKPEMEHTOB  3aTyXaHHS
BOJIHOBOI'O JBM)KCHHMS TOIUIMBA B Oakax IJIsd HC-
MOJIb30BAHUS MPU MATEMATHUYECKOM MOJEINPO-
BaHWH, BBISIBUTH HanOoJiee palMoOHaIbHYIO0 KOH-
CTPYKTHUBHYIO CXE€MaTH3allii0 0aKoB MPU MOJe-
JUPOBAHUM; KAKOBO BIIMSIHUE BEPXHEH MaHENH
KpbLJIa Ha BOJTHOBOE JIBMKEHHE TOIJIMBA B Oakax
P Pa3JIMYHBIX YPOBHSX 3aMPaBKH.

VYopyrue kosiebaHusl 3J1€MEHTOB KOHCTPYK-
LMY IIJIaHEpa camoJieTa IpH JIeUCTBUM SKCILTya-
TAlMOHHBIX HArpy30K SIBJISIIOTCS OJHUM M3 OC-
HOBHBIX MCTOYHHMKOB HAKOIUIEHMS YCTaJIOCTHBIX
MOBPEXKACHUN. B psije TeopeTHdeckux M dKcre-
PUMEHTAJIBHBIX HMCCIIEOBAaHUNA Uig 0akoB pas-
angHOU (hopMel mokazaHo [1—16], yTo moxBHUXK-
HOCTb KHJKOCTU B 0akax MOXET U3MEHSTh Ya-
CTOTHI U (OPMBI COOCTBEHHBIX KOJICOAHUI TeX-
HUYECKUX OOBEKTOB C MOJOCTIMU YACTUYHO WU
IIOJIHOCTHIO 3aII0JHEHHBIMU JKMIKOCThI0. KpoMme
TOTO, MPYU ONPEIEIICHHBIX YCIOBUIX CYIIECTBEH-
HO M3MEHSETCS YPOBEHb U IOBTOPSIEMOCTD AEHi-
CTBYIOIIMX Ha KOHCTPYKIMIO HAarpy3okK OT IIO-
JBUKHOW KUAKOCTH, YTO OKA3bIBAET BIUSHUE HA
MHTEHCHUBHOCTh HAKOIUIEHUS YCTaJOCTHBIX IIO-
BPEKJICHUN B D3JeMEHTaX KOHCTpykuuu. Ilo-
JIBUKHOCTH TOIUIMBA B OaKax Takke BIMSIET U Ha
XapaKTEPUCTUKU  a’pOYNpPYrocTH  3JIEMEHTOB
KOHCTPYKIMH BO3yIIHOTO CyaHa [2, 3].

MHoOrounciaeHHbIE TEOPETUYECKUE U IKCIIE-
PUMEHTAJIBHBIE HCCIICAOBAHUS MPUMEHUTEIBHO
K OOJBIIMHCTBY SKCILTYyaTHPYIOIIUXCA TpaHC-
MOPTHBIX CaMOJIETOB IIOKA3ald, YTO TOIUIUBO
IIPY pELIEHUH IMHAMUYECKUX 3a7a4 MOKHO pac-
CMaTpUBaTh YCJIOBHO 3aTBEPAEBIINM, 4TO (hak-
TUYECKH HE BJIMSET HAa KOHEUHBIM pE3yJIbTar.
[losiBIEeHrEe COBPEMEHHBIX TSKEIBIX TPAHCIIOPT-
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Puc. 1. [TpuniunuanpHas cxemMa SKCIePUMEHTAIBHOMN YCTaHOBKHI
Fig. 1. Schematic diagram of the experimental installation

MeTtoabl HcCIeI0BaAHUSA

Pemiennio HEKOTOPBIX U3 YKa3aHHBIX BOIPO-
COB M MOCBSIICHBI TaHHBIE YKCIIEPUMEHTAIbHbIC
ucciaegoBanus. (Cxema  3KCHEPUMEHTAIbHOU
YCTaHOBKH, TNpeAHA3HAUYEHHOM NJs HuccleqoBa-
HUS BIUSHUS TOJBHKHOCTH KHJIKOCTH B 0aKax,
n3o0pakeHa Ha puc. 1.

Ha maccuBHOM ocHOBaHuUM [ JKECTKO 3a-
KperuieHa Oanka 2, MoJeiupylomas Kpbuio Jje-
TaTEJIBHOTO anmnapara, UHEPIIMOHHO-MACCOBbIE U
KECTKOCTHBbIE TMapaMeTpbl KOTOpPOMl H3BECTHHBI.
Ha Ganke ycranoBieH 6ak 3, M3rOTOBJICHHBIN U3
TIOPAJIIOMUHUEBBIX TUIACTUH C BEPXHEH KPBIII-
KOW M3 OpraHoIUIacTUKa. bak mpencrasiser co-
00l TeOMETpUYECKH TTOA00HBIN PparMeHT Oaka-
OTCEKa THUIOBOT'O KpbLIa TSHKEJIOrO TPAHCIOPT-
HOTO camosieTa. PeanpHbIil 0ak Kpblla camosieTa
CXEMaTU3UPYETCs MPSMOYTOJbHBIM Mapasijiese-
nuneaoM. [IpenycmorpeHa BO3MOXKHOCTh ycCTa-
HOBKM BHYTpPU 0aka J0 TSATH JTOTMOJHUTEIbHBIX
HepBlop (cTreHok). HaGop HepBOp BKIIIOUYaeT
CIUTONIHBIE CTEHKH, a TaKXKe CTeHKH ¢ mepdopa-
IUEN pa3nmuyHOM CyMMapHOW Iuiomaau. bak 3a-
MOJIHSJICA BOJIOM.

brok Bo30Oyxaenus A (puc. 1) Bkitouaer re-
HEpAaToOp CUTHAJIOB 4 W DJIEKTPOAUHAMHUYECKHI
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Bubparop 5. [locpenctBom Gioka A BO30y»Kaa-
JMCh BBIHY)KIACHHBIE TAPMOHHYECKUE KOICOaHHs
0aJKM B TOPU3OHTAIBHON IUIOCKOCTH B YaCTOT-

HOM auanasone fp =2.5..4.5 I'l, BHyTpH KOTO-

pOro HaxoauTCsl COOCTBEHHAsl 4acTOTa MEPBOTO
TOHA TOPU30HTAILHO-U3TUOHBIX KoeOaHui Oa-
KM ¢ mycThIM OakoMm. biok perucrpanuu b Bro-
YaeT JaT4uKd BUOpONEpeMenIeHu 7, YCHIUTENb
CUTHaIa 6 ¥ PETUCTpHUpYIoIIee ycTpoicTBo 8. O6-
paboTKa pe3ybTaToB M3MEPEHUI MPOBOAMIACH B
cootBerctBuu ¢ ['OCT P 8.736-2011.

Metonuka NpoOBENEHUS 3KCIEpPUMEHTa 3a-
KJIFOYaJIach B CIEAYIOIIEM.

Ha nepBom »stame onpenensimch TUHaMU4e-
CKUE U JMCCHUIIATHBHBIE XapaKTEPUCTUKU OAJIKH C
OyCThIM 0akoM, CTPOMJIHMCh COOTBETCTBYIOIIHE
aMIUTATYTHO-9aCTOTHBIC XapakTepucThku (AYUX).
3atem B 0ak 3ajgMBajach >KHJAKOCTh (BOJA) H
crpounuck HOBble AUX cucTeMsl, coaepKamen
MOJIOCTh, YAaCTUYHO 3alOJHEHHYIO >KHIKOCTBIO,
KOTOpasi COBEpIIAET BOJHOBOE JBHXeHHe. llpu
M3BECTHBIX T€OMETPUYECKHX pa3Mepax Oaka u
3alaHHOM YPOBHE €ro 3alpaBKU MO H3BECTHOU
Meroauke [2, 17, 18] BBIYMCIAIOTCS MapaMeTpsl
HKBHUBAJIEHTHOTO MEXaHMYECKOIro aHajora, Ko-
TOpbIE HCIONB30BAINUCH sl  (hOPMUPOBAHUS
YpaBHEHUH BO3MYILEHHOTO JBUEHHSI CHCTEMBI
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Puc. 2. Hopmuposanasie AUX ropu3oHTaIbHBIX KOJIeOaHHA OaJTKH B MECTE YCTAHOBKH JaTYMKa BHOPOIIEpEMEIICHUN
(crutomrHast IMHKS — )KUIKOCTH MTOJIBIKHA, INTPUXOBAS JIMHUS — KHIKOCTh YCIOBHO 3aTBEp/EBIIas)
Fig. 2. Normalized amplitude-frequency responses of horizontal beam oscillations at the location of the vibration
displacement sensor installation (solid line — sloshing liquid, dashed line — conditionally solidified liquid)

«MOZACIIb KpbLIa — 0ak ¢ KHUIAKOCTBIO» M IPOBC-

ACHUSA TCEOPCTUYCCKUX PACUCTOB. HapaMeTpBI

MCXAaHUYCCKOI'0O aHajiora OmnpcacidiuChb TaKXKE

9KCIICPUMCHTAJIbLHO B COOTBCTCTBUU C PE30-

HAHCHBIM MCTOIO0OM. [lar wm3MeHeHUs YPOBHA

AGy = AGr _ 0,1,
70

3aIllpaBKu  COCTaBJIAI rac

AGp — Bec JONOJHHUTENBHO 3aIUTOH B Oak Bo-
abl, Gro — BEC BOJABI B IOJHOCTBIO 3aIlOJHEH-

HOM Oake. MccrmenoBamuch Takke XapaKTepH-
CTHUKU CHCTEMBI TPU HCIOJIB30BAHUN MOCIH
3aTBEpAEBIIEr0 TOIUMBa. B 3TOM ciydae B Oak

nomemancs rpys secoM Gr.

Pe3yabTaThl Hccae10BaHUI

OCHOBHBIE PE3YyJIBTATH IKCIIEPUMEHTAIIBHBIX
UCCIIEI0OBaHUM NpuBeAEHbI Ha puc. 2-5. Tak, Ha
puc. 2 u300pakeHbl HOPMHUPOBAHHBIE AMILIH-
TyAHO-4YaCTOTHBIE XAPAaKTEPUCTHUKU B MECTE
YCTaHOBKHM JaTyuka BHOpoIlepemelleHuil pac-
CMaTpUBAaEMOUN TUHAMUYECKOW CHCTEMBI B 00Ja-

CTH TEpPBOTO TOPU3OHTAIBHO-U3TMOHOTO TOHA
Gr

2

IpU Pa3InYHbIX YPOBHX 3ampaBku G = G
T0

rne Gy — Bec 3aIMTON B 6aK BOJIBL.

63

AHanmu3  pe3yibTaTOB  IOKAa3bIBAET, UTO
Haubosee CyIIECTBEHHO MOJBUKHOCTb KUAKO-
CTH CKa3bIBaeTCS HA JUHAMUYECKHX (YaCTOTHI

QFH
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Puc. 3. 3aBUCHMMOCTE OTHOCHUTEILHOM COOCTBEHHOM

4acTOTHI Kosebanuit Ganku ¢ Gakom )y OT ypoBHS

3anpaBku Oaka GT (CrutonIHas TMHMS — pacyeT ¢

Y4YETOM IIOJBIKHOCTH JKUAKOCTH; IITPUXOBASI JIMHHS
— pacyeT ¢ 3aTBEPIACBIICH KUAKOCTHIO; TOUKH —
OKCIICPUMECHTAJIbHBIC IlaHH])Ie)

Fig. 3. Dependence of the relative beam eigen

frequency with the tank Q ry on the level of tank

refueling GT (solid line — the calculation considering

liquid sloshing; dashed line — the calculation with
solidified liquid; dots — experimental data)
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COOCTBEHHBIX KOJICOAHHMI) W JTHCCHIATHBHBIX
(aMIuATY Il KONIEOAHMIl) MapaMmeTpax ymnpyrou

CUCTEeMBl Tpu cpenHux 3anpaBkax (Gr =0,7).
[Tpu maneix (Gp =0,1) 3ampaBkax W ans MOJ-
HbIX 0akoB (Gr =1,0) BIUSHHEM NMOJBM)XKHOCTHU
YKUJIKOTO HATIOJHHUTENS B TIEPBOM MPHUOIIMKEHUH
MOYKHO TIpeHeOperaTb M CUYHUTaTh €ro YCJIOBHO
3aTBEP/ICBIINM.
N3menenne coOCTBEHHOH YacTOTHI Koyeha-
HUI O0alku ¢ 0aKOM IO MEPBOMY TOPU30HTAIIb-
Q.
— (€; — cob-
Q,
CTBCHHAsl YaCTOTa MPH MPOMEKYTOYHOM YPOBHE
3anpaBku, (), — coOCTBeHHas 4yacToTa Koiela-

HO-M3THOHOMY TOHY Q- =

HUN OaJKK C MyCThIM OaKOM) OT YPOBHSI 3ampaB-
ku Gr TOKa3aHO Ha puc. 3. AHaiu3 NOIy4eH-

HBIX pE3yJIbTaTOB TOKa3bIBaET YJOBIECTBOPH-
TEJIBHYIO CXOJMMOCTh pacyeTa U SKCIIEPUMEHTA.

B xone skcrepuMeHTa OLEHHBAIOCHh TaKKe
BJIMSIHAE BHYTPEHHEro Habopa (HEpBIOp) Ha JH-
HAMUYECKUE XapaKTePUCTUKU CHCTEMbI «MOETb
Kpplla — 0ak» M MapamMeTpbl MEXaHUYECKOIro
anasnora. B wactHocTH, Ha puc. 4 M300paXKEeHBI

rpabuku pyakipn Q- = f(Gr), tne Qpry —
COOCTBEHHAsI YaCTOTa TOPU3OHTAIBHO-H3TUOHBIX
Kosiebanuii 6asku ¢ 6akom nepsoro ToHa; Gy —

YpOBEHbB 3anpaBku. 13 rpadukoB ciieayeT, 4yTo B
MPOIIECCe CXEMAaTU3alUU PEATbHOW KOHCTPYK-
nuu 0aka psn ero orcekoB (2...5) MOryT o0b-
CIMHATHCS B TPYIIBI, UISI KOTOPBIX BIIUSHUAEM
BHYTPCHHUX HEPBIOP MOXKHO TIpEHEOPEUb.
Oco0y10 BaXHOCTh TPENICTABISAECT SKCIEPH-
MEHTaJbHOE ONpEICICHHE JIOrapUPMHUSCKUX
JEKPEMEHTOB 3aTyXaHUs KOJeOaHWH >KUIKOCTH
NpU €€ BOJHOBOM JIBIJKCHHHM B 0Oake, Tak Kak
CYIIIECTBYIOIINE AHATUTHYSCKAE METOIBI MPH-
MEHHMMBI JIUIIb JJISl ONpeesieHHbIX (hopM OakoB
C TJIAJKUMU CTCHKaMU. B JaHHOM DKCIIEpHMEHTE
OTPENEISUTUCH JIOTAPUPMHUUECKUE JIEKPEMEHTBI
3aTyXaHus KOJEOAHWH CHCTEMBbI «MOJEIh KpbI-
Ja— 0aK ¢ JKUIAKOCTHIO». [lapruanbHbid Jora-
PUPMUIECKHII TEKPEMEHT 3aTyXaHUs BOJTHOBBIX
KOJICOAHUH JKUJKOCTH OCHOBHOTO TOHa pacCyu-
TBIBAJICS AHAJIUTHYECKU C MCIIOJIL30BAHUEM JKC-
NEPUMEHTAJIBHBIX JaHHBIX. JJI1 3TOr0 HCHOJb-
30Bajach JIBYXMAaccoBas pacyeTHas MOJCIb CH-
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CTEMBI: OJIHOMAacCOBasi MOJENb OalKu C TpUBe-
JIEHHOM Maccoil B LIEHTP TSKECTU Oaka U OJHO-
MaccoBass MAasgTHUKOBAas MOJEIb BOJIHOBOI'O
nBwkeHus skunkoctu. [lo pesymnbpratam oOpa-
OOTKM  DKCHEPUMEHTAIbHBIX  OCHHUIUIOIPAaMM
CBOOOIHBIX KOJICOAHHI CHCTEMBI OBLUIN TOJTyYe-
HBI MapIHalbHble YaCTOTHI U Jorapudmuueckue
JNEKPEMEHTHI 3aTyXaHusl KoyieOaHus Oanku (Oak
MyCTOH) OCHOBHOTO TOHA M CHUCTEMBI B LIEJIOM
P pa3HbIX YPOBHAX 3ampaBku Oaka. Pacuernas
MOJZICJIb TIO3BOJISIET BBIYMCIUTHh NaplUaIbHBINA
JIEKPEMEHT 3aTyXaHUusl KOoJeOaHWi MasTHHUKOBO-
ro ocuwuisitopa. B pesynbprare OblT MONyYeH

MacCHB JIaHHBIX: YPOBEHb 3allpaBKH Oaka (_?T -
NapIUabHBIA  JTIOTapU(OMUIECKUN  TEKPEMEHT
3aTyXxaHus KojeOaHUN MasTHUKOBOTO OCIIMJLIS-
Topa Oy, MOJEIMPYIOLIErO BOJHOBOE JIBUKEHUE
TormBa. JJ1g mojiydyeHusl aHaJTUTUYECKOM 3aBU-
CUMOCTH WCHOJB30BaJICI METOJ HaWMEHBIINX
KBaJIpaTOB.
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Puc. 4. 3aBucruMoCTb COOCTBEHHOM YaCTOTHI KOJIEOAHNH

Ganku ¢ 6akom {277 ot ypoBHs 3anpaBky Gaka 5T
(crmonrHast muHUS — 0ak 6€3 HEePBIOP; IITPUXOBAS JIMHUS —
0aK ¢ MAThIO HEPBIOPAMH)

Fig. 4. Dependence of the beam eigen frequency with the
tank (7 on the level of refueling the tank G (solid

line — a tank without ribs; dashed line — a tank with five
ribs)

Pe3ynpTarel npuBeaeHBI HA pUC. 5 B BUJIE 3a-
BHUCHUMOCTH JIOTApU(PMUIECKOTO JTEKPEMEHTa 3a-
TyXaHHUs KOJICOAaHUM KUIAKOCTH B Oake mo mep-
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BOMY TOHY 5’1" BOJIHOBOI'O IBUKCHHA B T'OPU30H-

TaJIbHOM TIOCKOCTH OT ypoBHs 3ampaBku Gr,

rJie CIUIOIIHON JMHUEN n300pakeHa KpHuBasi, 1o-
JyYEHHas M0 TMpeularaéMod 3MIMPHUYECKOU
bopmyne op = 0,08+0,2(_;T3 . Ha pucynke to4-
KaMH IIOKa3aHbl DKCIEPUMEHTAJIbHBIC JIaHHBIC.
[TpuBenenHass sMnupuyeckas (GopMmysiaa MOXKET
OBITh HCIOJb30BaHA NPH INPOBEIECHUU IpE/Ba-
PHUTENBHBIX OLICHOYHBIX PAcUeTOB a’pOYINpPYruX
Y TPOYHOCTHBIX XapakTepucTuk JIA ¢ moaBux-
HBIM TOTUIMBOM B OaKax.

‘ST
0,3 °
0.2 L, v
/
R
®
0
0,2 0.4 0,6 0,8 G

Gr

Puc. 5. 3aBucumocTs 10orapu)MHUUECKOro JEeKpeMeHTa

3aTyXaHUs KoJieOaHuH 5T ot yposus 3anpasku G
Fig. 5. Dependence of the logarithmic oscillation damping

decrement O on the refueling level G

3akiroueHnue

PesynbTaThl TIPOBENEHHBIX  JKCIICPUMEH-
TaJBHBIX UCCJICIOBAHUM MTOKA3aJId, YTO YUET I0-
JBUKHOCTH JKUIKOCTH (TOIUIMBA) B Oakax MpH
TOPU30HTATLHO-U3THOHBIX KOJICOAHUAX KOHCO-
Jel KphUla caMoJieTa MOXET CYIIECTBEHHO
YTOYHHUTH €T0 JTUHAMHUYECKHH OTKJIMK Ha BHEII-
HUE BO3MyHIamomme Bo3aeicTBus. OIleHeHO
BIIMSIHUE YPOBHS 3allpaBKu 0aka KaK Ha YaCTOTHI
COOCTBEHHBIX KOJ€OaHUM, TaKk W Ha JUCCHUIIA-
TUBHBIC TIapaMeTpbl CUCTeMbl. [IpemnoxkeHa M-
nupuyeckas (GopMmyna i BBIUKUCICHHS MapIiy-
QIBHOTO JIOTapU(PMHUECKOTO JEKPEMEHTA 3aTy-
XaHMSI BOJHOBOTO ABM)KCHUS KUAKOCTU TMPH TO-
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PHU30HTAJIBHO-U3TMOHBIX  KOJNEOaHUAX MOJEIH
KpbLIa, KOTOpasi MOKET OBITh MCIIOJIb30BAHA MPU
[IPEABAPUTEIILHOM MaTEMaTUYECKOM MOJEINPO-
BaHHH.

Cnucok ureparypbl

1. Tonuapos J[I.A., IloxkamnocTun A.A.
HccnenoBanusi OCECHMMMETPUYHBIX KOJIEOAHUN
KHUJIKOCTH B LWJIMHAPUYECKOM COCYJE C MOpH-
cTOM meperopoakoi // M3BecTusi BhICIIMX y4eO-
HBIX 3aBeneHui. ABmanuoHHas TexHuka. 2021.
Ne 1. C. 66-71.

2. OsBunnamkoB B.B. Biugnune mnoaBmx-
HOCTU TOIUIMBa B 0akax Ha XapaKTepUCTUKU
a’poymnpyroctu Bo3ayiHoro cyana / B.B. Os-
yuHHukoB, C.®. boponkun, M.A. Kucenes,
IO.B. IletpoB // W3BecTHst BBICHIMX Y4YeOHBIX
3aBeficHU. ABHarimoHHas TexHuka. 2022, Ne 4.
C.4-11.

3. OsuyunnukoB B.B., Ilerpos I0.B.
YucneHHble METOJIbI UCCIIEOBAHUS adPOYIPYTO-
CTH JetartenpHbIX anmapatoB. M.: W/ Axane-
muun umenu H.E. Kykosckoro, 2017. 160 c.

4. Flow-induced vibrations. Classifications
and lessons from practical experiences. 2nd ed.
Chapter 8: Vibrations in fluid—structure interac-
tion systems / Ilom pen. Sh. Kaneko,
T. Nakamura, F.Inada, M. Kato, K. Ishihara,
T. Nishihara, M.A. Langthjem. Academic Press,
2014. Pp.359-401. DOI: 10.1016/B978-0-08-
098347-9.00008-4

5. Wang Y. A Study on the movement
characteristics of fuel in the fuel tank during the
maneuvering process / Y. Wang, C. Ruan, S. Lu,
Z. Li [DnextponHslit pecypc] // Applied scienc-
es. 2023. Vol. 13, 1iss. 15. ID: 8636.
DOI: 10.3390/app13158636 (mata oOpaiieHus:
04.11.2023).

6. /bsiuenxko M.H., Xyur H.3., Tem-
HoB A.H. O 1aBmwKeHUN HEC)KHMMAeMOH K-
KOCTH B TOIUIMBHBIX 0akax ¢ 3a00pHBIMU
ycrpoiictBamu // BectHuk Camapckoro yHUBEp-
cuTeTa. AdPPOKOCMHUYECKas TEXHHUKA, TEXHOIO-
rum ¥ MmamuHoctpoenue. 2017. T. 16, Ne 2.
C. 23-25. DOI: 10.18287/2541-7533-2017-16-2-
23-35



HayuyHbiit BectHuk MITY TA

Tom 27, Ne 02, 2024

Civil Aviation High Technologies

7. Kaaumnuuenko B.A., Co A.H. Dkcme-
PUMEHTAJILHOE HCCIIEIOBAHUE CBSI3aHHBIX KOJIe-
Oanuii cocyna c xunkocteio / Bectauk MI'TY
uM. H.O. baymana. Cepust EcrecTBeHHbIE HAyKH.
2015. Ne 1 (58). C. 14-25.

8. byxunckmii B.A. Konebanus xuu-
KOCTH B IIMJIMHAPUYECKUX Oakax C MPOAOIb-
HBIMU JeMIIQUPYIOUIMMHA Tieperopoakamu // 13-
Bectust PAH. Mexanuka xxunxoctu u rasa. 2020.
Ne 1. C. 9-21. DOI: 10.31857/S0568528119
060033

9. Kpeuko A.B., Kpukynos B.A., Kpeu-
ko U.A. BrnusHue mnomepedyHbIX Meperopoaok
Ha MPOJIOJBHYI0  YCTOMYMBOCTh  aBTOIUCTEP-
Hbl / CoBpeMeHHbIe TPUKIATHBIE HCCIEI0Ba-
HUsS: MaTepuasbl TPEThEH HAUMOHAIBHOW Hayd-
HO-TIpakTU4eckod  koHpepennuu.  [llaxTsi,
16-19 anpens 2019 r. Hosouepkacck: FHOxHO-
Poccuiickuii  TOCyapCTBEHHBIN MOJUTEXHUYE-
ckuit ynusepcurer (HIIM) um. M.U. Ilnarosa,
2019. C. 126-129.

10. IlonkoB A.A. AHanu3 AMHAMHYECKOTO
MOBEICHUS IeMIT(PUPYIOIICH Meperopoku B Oake
paketsl-HOcuTens // Teopus M MpakTUKa COBpe-
MEHHOW HayKu: COOpHUK cTaTel MexmyHapo-
HOW Hay4HO-TIpaKTHYeCcKoi KoH(pepeHmu. B 2 4.
Y. 1. Ilenza, 17 wmons 2020 r. Ilenza: MIJHC
«Hayxka u [Ipocsemenue», 2020. C. 71-75.

11. bykpees B.H., YeGorHuxkoB A.B.
BosiHel Ha BoJE B NPOAOJIBHO KOJICOIIOMIEMCS
koHTeliHepe // 3Bectust Poccuiickoit akamemMun
Hayk. MexaHuka >kuakocTd u rasza. 2015. Ne 3.
C. 140-147.

12. Shamsoddini R. Numerical investiga-
tion of vertical and horizontal baffle effects on
liquid sloshing in a rectangular tank using an
improved incompressible smoothed particle hy-
drodynamics method // Journal of Computational
and Applied Research in Mechanical Engi-
neering. 2018. Vol. 8§, no. 2. Pp. 177-187.
DOI: 10.22061/jcarme.2019.2437.1231

13. Dalmon A., Lepilliez M., Tanguy S. et
al. Comparison between the FLUIDICS experi-
ment and direct numerical simulations of fluid
sloshing in spherical tanks under microgravity
conditions // Microgravity Science and Technol-
ogy. 2019. Vol. 31, no. 1. Pp. 123-138.
DOI: 10.1007/s12217-019-9675-4

66

Vol. 27, No. 02, 2024

14. Ioxamoctun A.A., I'onuapor JI.A.
OmnpenencHue JeKpeMeHTa KoJIeOaHWH IKUIKO-
CTH B I[WIUHAPUYECKOM COCyA€ C YIPYTUM
IUIOCKUM nHUIEM // EcTecTBEHHbBIE U TEXHHUYE-
ckue Hayku. 2020. Ne 6 (144). C. 14-17.

15. Hoxkamoctun A.A., I'onuapos JL.A.
DKCTepUMEHTAIbHO-aHATUTHYECKHIA METO/I
OTpesieNIeHUs] JIorapu(PMHIECKOTO JICKPEMEHTa
KoneOaHul I ciydas OCECHMMETPUYHBIX KO-
nebanuii ympyroro 0aka ¢ kuakocTwio // Ecte-
CTBEHHbIE U TexHUYeckue Hayku. 2018.
Ne 6 (120). C. 93-94.

16. bonnapenko A.FO., Jluxomen A.U.,
Cupnopos B.B. IloctpoeHne MexaHU4YECKUX aHa-
JIOTOB TOAKOHCTPYKIIMI C y4eToM JeHCTBYIO-
[UX Ha HUX aKTUBHBIX cwiI // Marematuyeckoe
moaenupoBanue. 2020. T. 32, Ne 8. C. 106-118.
DOI: 10.20948/mm-2020-08-07

17. Hoxanoctun A.A. MexaHUuecKHe
aHAJIOTMU U KojcOaHus Oaka C KHUIKOCTBIO //
[IpoGneMbl MaIIMHOCTPOCHUS W HAJAC)KHOCTH
MmamuH. 2019. Ne 7. C. 15-19. DOI: 10.1134/S0
235711919070095

18. Bun K., TemnoB A.H. Konebanus Bs3-
KOM TPEXCIOMHON >KUIKOCTH B HEMOIABHKHOM
Oake [DnexktpoHHBIN pecype] / WNHxeHepHBIN
KypHall: Hayka ¥ uHHOBamuu. 2019. Ne 7 (91).
C. 1-17. DOI: 10.18698/2308-6033-2019-7-
1895 (nata ob6pamenus: 04.11.2023).

References

1. Goncharov, D.A., Pozhalostin, A.A.
(2021). Experimental study of axisymmetric vi-
brations of a liquid in a cylindrical vessel with
a porous partition. Russian Aeronautics, vol. 64,

no. 1, pp. 71-77. DOI: 10.3103/S10687998
21010098

2. Borodkin, S.F., Kiselev, M.A., Ov-
chinnikov, V.V., Petrov, Yu.V. (2022).

The impact of fuel fluidity in wing tanks on
the aeroelasticity characterisics of an aircraft.
Izvestiya vysshikh uchebnykh zavedenii. Avia-
tsionnaya tekhnika, no. 4, pp. 4—11. (in Russian)

3.  Ovchinnikov, V.V., Petrov, Yu.V.
(2017). Numerical methods for studying the
aeroelasticity of aircraft. Moscow: Izdatelkiy



Tom 27, Ne 02, 2024

HayuyHbiit BectHuk MITY TA

Vol. 27, No. 02, 2024

Dom Akademii imeni N.Ye. Zhukovskogo,
160 p. (in Russian)

4. Kaneko, Sh., Nakamura, T., Inada, F.,
Kato, M., Ishihara, K., Nishihara, T.,
Langthjem, M.A. (Ed.). (2014). Flow-induced
vibrations. Classifications and lessons from prac-
tical experiences. 2nd ed. Chapter 8: Vibrations
in fluid—structure interaction systems. Academic
Press, pp.359-401. DOI: 10.1016/ B978-0-08-
098347-9.00008-4

5. Wang, Y., Ruan, C., Lu, S., Li, Z.
(2023). A study on the movement characteristics
of fuel in the fuel tank during the maneuvering
process. Applied sciences, vol. 13, issue 15,
ID: 8636. DOI: 10.3390/app13158636 (accessed:
04.11.2023).

6. Dyachenko, M.I.,, Hung, N.D., Tem-
nov, A.N. (2017). Fluctuations of liquid fuel
in tanks with oil recovery units. Vestnik of Sa-
mara University. Aerospace and Mechanical
Engineering, vol. 16, no. 2, pp. 23-25.
DOI: 10.18287/2541-7533-2017-16-2-23-35
(in Russian)

7. Kalinichenko, V.A., Soe, A.N. (2015).
Experimental study of coupled vibrations of
avessel with liquid. Vestnik MGTU imeni
N.E. Baumana. Seriya Yestestvennyye nauki,
no. 1 (58), pp. 14-25. (in Russian)

8. Buzhinskii, V.A. (2020). Fluid oscilla-
tions in cylindrical tanks with longitudinal
damping partitions. Fluid Dynamics, vol. 55,
no. 1, pp. 7-19. DOI: 10.31857/S0568528119
060033

9. Krechko, A.V. Krikunov, V.A.,
Krechko, L.V. (2019). Impact of transverse par-
titions on the longitudinal stability of tanker. /n:
Sovremennyye prikladnyye issledovaniya: ma-
terialy tretyey natsionalnoy nauchno-praktiche-
skoy konferentsii. Novocherkassk: Yuzhno-Ros-
siyskiy gosudarstvennyy politekhnicheskiy uni-
versitet (NPI) imeni M.L Platova,
pp. 126—129. (in Russian)

10. Popkov, A.A. (2020). Analysis of the
dynamic behavior of the damping partition in the
launch vehicle tank. In: Teoriya i praktika sovre-
mennoy nauki: sbornik statey Mezhdunarodnoy
nauchno-prakticheskoy konferentsii. In 2 parts,
part 1, pp.71-75. (in Russian)

67

Civil Aviation High Technologies

11. Bukreev, V.I., Chebotnikov, A.V.
(2015). Water waves in a longitudinally oscillat-
ing container. Fluid Dynamics, vol. 50, no. 3, pp.
435-441.

12. Shamsoddini, R. (2018). Numerical in-
vestigation of vertical and horizontal baffle ef-
fects on liquid sloshing in a rectangular tank us-
ing an improved incompressible smoothed parti-
cle hydrodynamics method. Journal of Computa-
tional and Applied Research in Mechanical En-
gineering, vol. 8, no. 2, pp. 177-187. DOI:
10.22061/jcarme.2019.2437.1231

13. Dalmon, A., Lepilliez, M., Tanguy, S.
et al. (2019). Comparison between the
FLUIDICS experiment and direct numerical sim-
ulations of fluid sloshing in spherical tanks under
microgravity conditions. Microgravity Science
and Technology, vol. 31, no. 1, pp. 123-138.
DOI: 10.1007/s12217-019-9675-4

14. Pozalostin, A.A., Goncharov, D.A.
(2020). Longitudinal vibrations of a system of
the liquid filled thin-walled rods. Natural and
technical sciences, no. 6, pp. 14—17. (in Rus-
sian)

15. Pozalostin, A.A., Goncharov, D.A.
(2018). Experimental and analytical method for
determining the logarithmic decrement of vibra-
tions for the case of axisymmetric vibrations of
an elastic tank with liquid. Natural and technical
sciences, no. 6 (120), pp. 93-94. (in Russian)

16. Bondarenko, A.Yu., Lixoded, A.IL., Si-
dorov, V.V. (2020). Modeling of a space-rocket
structures when subjected to active forces by

mechanical analogs. Mathematical Models
and Computer Simulations, vol. 32, no. 8,
pp. 106-118. DOI: 10.20948/mm-2020-08-07

(in Russian)

17. Pozalostin, A.A. (2019). Mechanical
analogies and vibrations of a tank with liquid.
Problemy Mashinostroyeniya i Nadezhnosti
Mashin, no. 7, pp. 15-19. DOI: 10.1134/S02357
11919070095 (in Russian)

18. Vin, K., Temnov, A.N. (2019). Oscilla-
tions of a three-layer viscous fluid in a stationary
tank. Engineering journal: science and innova-
tion,no. 7 (91), 17 p. DOIL: 10.18698/2308-6033-
2019-7-1895 (accessed: 04.11.2023). (in Rus-
sian)



HayuyHbiit BectHuk MITY TA Tom 27, Ne 02, 2024
Civil Aviation High Technologies Vol. 27, No. 02, 2024

Ceeagenus 00 aBTopax

Bapaansin I'eopruii BeHypoBuY, KaHAMIAT TEXHUYECKUX HAyK, OLEHT Kadeapbl TEXHHYECKOI
MeXaHUKHU 1 nHXeHepHoit rpa¢puku MI'TY T'A, g.vardanyan@mstuca.aero.

KouetoB Anexcanap CepreeBnd, KaHAMIAT TEXHUYECKUX HAYK, TOLUCHT KadeIpbl TEXHHYECKOM
MeXaHUKHU 1 nHxeHepHoit rpagpuku MI'TY T'A, a.kochetov@mstuca.aero.

IerpoB FOpuii BragumMupoBuy, T0KTOp TEXHUYECKUX HAYK, TPOQeccop, 3aBeAyIOMMi Kadeapoit
TEXHUYECKON MeXaHWKH U nHkeHepHoi rpaduxku MI'TY I'A, doctor561@rambler.ru.

Information about the authors

Georgiy B. Vardanyan, Candidate of Technical Sciences, Associate Professor of the Technical
Mechanics and Engineering Graphics Chair, Moscow State Technical University of Civil Aviation,
g.vardanyan@mstuca.aero.

Aleksander S. Kochetov, Candidate of Technical Sciences, Associate Professor of the Technical
Mechanics and Engineering Graphics Chair, Moscow State Technical University of Civil Aviation,
a.kochetov@mstuca.aero.

Yuriy V. Petrov, Doctor of Technical Sciences, Professor, The Head of the Technical Mechanics
and Engineering Graphics Chair, Moscow State Technical University of Civil Aviation, doc-
tor561@rambler.ru.

[Moctynunia B pegaxiuro 01.12.2023 Received 01.12.2023
Ono0OpeHa mocie perneH3npOBaHMs 10.01.2024 Approved after reviewing 10.01.2024
[IpunsTa B meyaTh 21.03.2024 Accepted for publication 21.03.2024

68



