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MOBITPi

2. Model of external loads on an elastic wing of a transport category aircraft when flying in turbulent air

Pedepar:

1. lucepTariis nmprucBsYeHa MUTAaHHIO PO3POOKU MOJIeJTi 30BHIIIHIX HaBaHTaXKeHb, 1[0 [il0Th HA KPUJIO BEJIMKOTO
NO/I0BKEHHs (028) J1iTaka TPAaHCIIOPTHOI KaTeropii Npu MoJbOTi B HECIIOKITHOMY IOBITPi 3 ypaxyBaHHSIM
aepOIPYKHOCTI HA OCHOBI PO3PaXyHKOBUX Ta €KCIIEPMMEHTANILHUX JOCIIIIKEeHb. 30BHIIIHI HABAHTAaKEHHS €
BUXIZIHUMU JAaHUMMU 17151 IPOBEAEHHS aHAJli3y HAIPy>KeHO-1e(pOPMOBAHOTO CTaHy KOHCTPYKLi. Bifi HUX 3a71€XXUTh
MILIHICTB, 3aKJIaleHa B KOHCTPYKIJil0, Barosa e(peKTHBHICTh I MapaMeTpu BTOMHOI MilJHOCTi. MeTO0 IOCIiIPKEHHS €
OTPMMAaHHA MaTEMATUYHOI MOJi€Jli 30BHILIHIX HABAHTAXXEHb JIiTaKa 1Py MOJIbOTI B HECIIOKIMHOMY IOBITPi, 110
3a6€31e4YnThb BiAIOBiIHICTh PE3YJIbTATIB YMCEIBbHOTO PillleHHS 3 ypaxyBaHHIM e(eKTiB HeCTallioHapHOI

aepOAMHaMIKM pe3yJbTaTaM eKCllepuMeHTy. OCHOBHA 4aCTHMHA JUCEPTAaLlii CKJIala€TbCs 3 YOTUPbOX PO31ifiB. B



[IEPLIOMY PO3AiJi PO3IJISIHYTO METOAY BU3HAYEHHS HABAHTAKEHb HA KPUJIO JIiTAKa IIPU MOJIbOTI B HECIIOKIMHOMY
noBiTpi. CHopMyIbOBaHO MOPSIOK PO3PAXyHKY HaBaHTaKeHb. ONUCaHO eKCIIepUMEHTAaIbHI MeTOIU AOCIiIyKEeHHS
IIPY>KHUX Ta aepOIPYKHUX XapaKTepUCTUK KOHCTPYKIIii: BUIIPOOYyBaHHS AMHAMIYHO [IOAiIOHUX Moieslell B
aepojMHaMiYHUX Tpybax, Ha3eMHi 4acTOTHi BUnnpoo6ysaHHs (HUB). Po3risgHyTo MeTonuKy 06po6KM HaBaHTaKEHb
BUMIPSIHUX I1if] 4aC JIbOTHUX BUNIPOOYBaHb. B 1pyromy posmini copmyIb0BaHO aJITOPUTM BU3HAYEHHS Ta MIOOYI0BU
0Ci JKOPCTKOCTI CKJIaJJHOTO IIPOCTOPOBOro arperaty. TakuM YMHOM, OTPUMAHO 6aJIKOBY IPY>KHO-MAaCOBY MOJIEJIb
JliTaka, [j1sl sIKOi OIMCaHO MaTeMaTU4Hi aJITOPUTMU NTOOYIOBY 1 BU3HAYEHHS (POPM Ta 4ACTOT BJIACHUX KOJIMBAHb.
Takox po3IJIsSIHyTO METOAU BU3HAYEHHS a€POIMHAMIYHMX HABAaHTAXXEHb HA MIPYKHY KOHCTPYKLIIO JIiTaJIbHOTO
anapaty. OTpuMaHi pe3yJbTaTy SO3BOJIWIN CPOPMYBATH METO/, BU3HAUEHHs] HaBaHTaKeHb Ha arperary Jjiraka B
TOMY YMCJIi i Ha KPUJIO [IPY NOJIbOTI B HECIIOKIIHOMY IOBITPi. B TpeThoMy po3aisi chopMyIbOBAHO Ta OIIMCAHO
CTPYKTYpY Ta IPUHLMI POOOTH iHTETPOBAHOI MOJEJi PO3PaXyHKy HaBaHTaKE€Hb HA JITaK [1PU MOJIbOTI B
HECIOKIMHOMY NOBITPi. TaKoX HaBeAEHO NepeliK, CTPYKTYPY Ta MOPALOK OpraHisallii BXiZHMX Ta BUXiIHUX JAHUX
HEOOXiHUX 17151 PO3PaXyHKy HaBaHTaKeHb. UeTBePTUI pO3/isl MiCTUTh pe3yabTaTu MaTeMaTUYHOIO MOJEJII0OBaHHS,
HYB Ta 1b0THUX BUIIPOOYBaHb, SIKi O3BOJIMJIN [TPOAHAi3yBaTH JOCTOBIPHICTb 3aIIPOIIOHOBAHOI MOJI€Jli 30BHIIIHIX
HaBaHTaXeHb. [lepmodyeproso, nopisHgHO metoau JJHB ta IMAD, 110 BUKOPUCTOBYIOTHCS 117151 BU3HAYEHHS
HaBaHTaX€Hb HA JIiTaK MPHU MOJIbOTi B HECTIOKINHOMY NOBITPi. [J0IaTKOBO PO3TIISIHYTO KiJlbKa METOIiB
MaTeMaTU4YHOIO MOJEJI0OBAaHHS 00TiKaHHS JiiTaka: AunosbHoi pewitku (DLM), nanenpHuit (Panel), aunosbHoi
pelliTky Ta nocriiHux tuckis (DLM /CPM), BuxpoBux pamok (VFM). BpaxyBaHHs eeKTiB HecTallioHapHOi
aepoIMHaMIKU [IPU3BOAUTD A0 3MiHM 3HA4E€Hb IPUPOCTIB HABAaHTAXKEHb Bill [IOPUBIB NOBITPS (00 2% y KOPEHEBUX
nepetrHax kpuia i 1o 10% y KiHLleBUX IIepeTHuHax). PO3IJIsIHYTO BIJIUB KiJIbKOCTi OOYMCIIIOBAaHUX TOHIB KOJIMBAaHb
KOHCTPYKIii JliTaka Npy MOJAJILHOMY aHajli3i Ha HaBaHTAXXEHHS: I1pY 361/1blIEeHH] KiIbKOCTi TOHIB 3 20 10 40 O
3HAYEHHS He Binpi3Hs0ThCA 6ibin HixX Ha 0,5% 11719 BEPTUKaJIIbHOTO TIepeBaHTaskeHHs Ny Ta He 6inbut HiX 0,1% nia
nonepevHoi cum Qy Ta MOMEHTIB Mz Ta Mx. Kpim TOro, BUKOHaHO aHasi3 IMHAMIYHOI peakliii KOHCTPYKIi JliTaka
IIJISIXOM BU3HAYEHHS 4acTOT Ta (POPM BIIACHUX KOJIMBAaHb PEriOHAIbHOTO TPAHCIIOPTHOTO Jlitaka (PTJI-178) Ta
IIPOBEJEHO MOPiBHAHHS 3 peaysibTaTamu HUB jitaka AH-178, e oTpuMaHO BUCOKY (10 2,5%) 301KHICTb YaCTOT
KOJIMBaHb. JJ0aTKOBO BU3HAYEHO HAaBAaHTAKE€HHS, 110 BUHUKAIOTb ITPU J1COasIaHCi poTOpa JBUTYHA PO3MIlIEHOro Ha
Kpwii. Lle rmokasano MOXKIIMBICTb 3aCTOCYBaHHS 3alIPONIOHOBAHUX MOJI€JIEN JliTaKa Ta HABAHTAKEHb JJ151 BUPIIIEHHS
3a/la4y AMHAMIiYHOrO HaBaHTa)XEHHS arperaris JiiTaka. HaykoBa HOBU3Ha OTPUMaHUX Pe3yJIbTaTiB: 1) yIOCKOHAIEHO
MaTEeMaTU4YHy MOJEJIb 30BHINIHIX HABAHTAXXEHD IIPU II0JIbOTI B HECIIOKIMHOMY IOBITPI [1J1s1 IIPY>KHOTO JIiTaKa, M0
BpaxoOBy€ MaCOBi, IPYXHi Ta a€pOAMHAMIYHI XapaKTEPHUCTUKN KOHCTPYKILi JliTaka i mapameTpu MOpUBIB IOBITPS Ta
Jla€ MO>KJIMBICTb MiIHSITU TOYHICTb PO3PaXyHKIB 10 2,5%; 2) CHHTE€30BaHO HOBY KOMITIOTEPHO-iHTETPOBaHY
TEXHOJIOTiI0 PO3PaxXyHKy HaBaHTaK€Hb Ha JIiTaK, L0 BUKOPUCTOBYE KOMIJIEKCHY MaTeMaTUYHy MOZEJIb IPY>KHOTO
JliTaka TPAaHCIOPTHOI KaTeropii 3 KpUIOM BEJIMKOTO MOJOBXEHHSI Ha 6a3i 6a7IKOBUX MAaCOBO-iHEPLIHUX Mofesen
KOHCTPYKIii JliTaka Ta aHeJbHUX aepoAHAMIYHUX METOiB; 3) ifeHTU(iKOBaHO [TapaMeTPU BILINBY 30BHILIHIX
(axkTOpiB HAa HAaBaHTAXXEHHS Ta JUHAMIYHY PeaKllilo KOHCTPYKIii Kpua JiTaka TPaHCIIOPTHOI KaTeropii y
BiATIOBiTHOCTI 10 ¥I0TO IIPY>KHOI MOJEJIi Ta MapaMeTPiB 30BHIIIHIX (PaKTOPiB, IPY BUKOPUCTAHHI 3alIPONOHOBAHO]
MOJeJli HaBaHTaKeHb; 4) Ha OCHOBI KOMITIOTEPHUX TEXHOJIOTiH, CHCTEMHO KOMILJIEKCOBAHO OOYMCIIIOBAJIbHI METOIN
JHB ta IMAD, a Takox naHesbHi aepoguHaMiyni metrogu DLM /CPM, VFM, DLM Ta Panel, 1110 BUKOPUCTOBYIOTbCSI

11 BU3BHAYE€HHS HaBaHTaKEHb, 10 AiI0Th HA JIiTaK [IPY MOJIbOTI B HECIIOKITHOMY ITOBITPi.

2. The Ph.D. thesis is devoted to the issue of developing a model of external loads acting on a wing of a large
elongation (o=8) of a transport category aircraft when flying in turbulent air, taking into account aeroelasticity
based on calculation and experimental studies. External loads are the initial data for the analysis of the stress-
strain state of the structure. They determine the strength of the structure, weight efficiency, and parameters of
fatigue strength. The purpose of the research is to obtain a mathematical model of the external loads of the
aircraft when flying in turbulent air, which will ensure the correspondence of the results of the numerical solution,
taking into account the effects of unsteady aerodynamics, to the results of the experiment. The main part of the
thesis consist of four sections. The first chapter considered the methods of determining the loads on the wing of
the aircraft during flight in turbulent air. The procedure for calculating loads is formulated. Experimental methods



of studying the elastic and aeroelastic characteristics of the structure are described: ground vibration test (GVT),
and testing of a dynamically scaled model in a wind tunnel. The method of processing loads measured during flight
tests is also considered. The second chapter has formulated an algorithm for determining and constructing the
stiffness axis of a complex spatial aggregate. Thus, a spatial beam elastic-mass model of the aircraft has obtained,
for which the mathematical algorithms for designing and determining the forms and frequencies of natural
oscillations are describe. The methods of determining the aerodynamic loads on the elastic structure of the
aircraft are considered. The obtained results made it possible to formulate a method for determining the loads that
act on aircraft units, including on the wing during the flight in turbulent air. The third chapter formulates and
describes the structure and principle of operation of the integrated model for calculating loads, which act on the
aircraft when flying in turbulent air. The list, structure, and order of organization of input and output data, which
are necessary to calculate the loads, are also given. The fourth chapter contains the results of mathematical
modeling, GVT, and flight tests, which allowed us to analyze the faithfulness of the proposed model of external
loads. First of all, we compare DNV and IMAD methods, which used to determine the loads acting on the aircraft
during flight in turbulent air. In addition, several methods of mathematical modeling of aircraft flow are
considered: DLM, Panel, DLM /CPM, and VFM. Taking into account the effects of non-stationary aerodynamics
leads to a change in the values of load increments from air gusts (up to 2% in the root sections of the wing and up
to 10% in the end sections). The influence of the number of calculated tones of oscillations of the aircraft structure
on the wing loading is considered: when increasing the number of tones from 20 to 40, the values do not differ by
more than 0.5% for the vertical overload ny and by no more than 0.1% for the transverse force Qy and moments
Mz and Mx. In addition, an analysis of the dynamic response of the aircraft structure was performed by
determining the frequencies and forms of natural oscillations of regional transport aircraft (RTL-178). The results
of the conducted analysis are compared with the results of the GVT of the An-178 aircraft, and a high (up to 2.5%)
convergence of oscillation frequencies was obtained. In addition, the loads that occur in case of sustained wing-
mounted engine rotor imbalance conditions of the rotor are determined. That showed the possibility of applying
the proposed models of aircraft and loads to solve problems of dynamic loading of aircraft units. The scientific
novelty of the results: 1) a mathematical model of external loads during flight in turbulent air for an elastic aircraft
is improved, which takes into account the mass, elastic, and aerodynamic characteristics of the aircraft structure
and parameters of air gusts and makes it possible to increase the accuracy of calculations up to 2.5%; 2) a new
computer-integrated technology for calculating aircraft loads using a comprehensive mathematical model of an
elastic transport category aircraft with a high aspect ratio wing based on beam mass-inertial models of aircraft
structure and panel aerodynamic methods is synthesized; 3) the parameters of the influence of external factors on
the load and dynamic response of the wing structure of a transport category aircraft in accordance with its elastic
model and the parameters of external factors, using the proposed loads model, are identified; 4) on the basis of
computer technology, the computational methods of DNV and IMAD, as well as the panel aerodynamic methods
DLM/CPM, VFM, DLM, and Panel, used to determine the loads acting on the aircraft during flight in turbulent air,
are systemically integrated.
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KBasmigikanis: k.1.1., 05.11.01

Imentudikarop ORCID ID: 0000-0001-7508-9271
JoparkoBa indpopmamist:

IloBHE HaliIMEeHYBaHHS IOPUAHYHOL 0C00H: HanjioHanbHuii TexHiuHuil yHiBepcuteT Ykpainu "KuiBchKuit

MOJIITEXHIYHUN iIHCTUTYT imMeHi Irops Cikopcekoro”

Kopg 3a €IPIIOY: 02070921

Micue3Haxoa KeHHS: npociekT bepecTeiichKuii, oyz. 37, Kuis, 03056, Ykpaina
dopma BiracHOCTI: lepxasHa

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR:

VIII. 3aKkJII04Hi BiZOMOCTi
BnacHe IlpizBuie Im's [10-6aTbKOBI Kab6ansuuit Bonogumup Bosnognmuposud

TOJIOBH pajgu

BaacHe Ilpi3Buiie Im's ITo-6aTbKOBI Kab6ansunit Bonogumup Bosogumuposny

rOJIOBYIOYOTO Ha 3acCiiaHHi



BigmoBizasibHU 32 MiATOTOBKY 'eBko Borzan AHppifioBuY

00JIIKOBHX JOKYMEHTIB

PeecTtpartop YkpIHTEI

KepiBHuKk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaJIbHUM 32 PEECTPalLil0 HayKOBOI IOpuenko TeTsHa AHaTosiiBHA

OisIIBHOCTI




