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Annomayusa. B nannoi paborte mpemiiaraeTcsi METOJIMKA TTOCTPOSHUS PACUYETHON MOJICIH
TPEXCIOMHBIX IIJIACTUH C JUCKPETHBIM 3aMOJIHUTEIEM B BHUJE PETYISIPHOW CHUCTEMBI
KOHYCOOOpa3HBIX SUYEEK, PACIOIOKEHHBIX B IIIAXMAaTHOM mopske. [IpuBeaeHbl TpuMeps
paCUYETHBIX MOJEJECH, HCIOJb30BAHHBIX IMPH H3TOTOBICHUM PA3JIUYHBIX TPEXCIONWHBIX
CTpyKTyp MeTojmoM 3D-medatu. JIiisi ompeneneHus HapPsKEHHO-Ie()OPMUPOBAHHOTO
COCTOSIHUS, @ TaKX€ KPUTHYECKHUX MMApaMETPOB YCTOMYMBOCTH W JIMHAMHUKHU ILUIACTHUH
MIEPEMEHHOM KECTKOCTH MPUMEHSIOTCS 00619HO KD-koMImtekchl. [Ipennaraemas MeToiuka
MO3BOJISICT TIOJAYYUTh AaHAIUTHYECKOE pelieHue audPepeHInaibHbIX ypaBHEHUNU C

nepeMeHHbIME Kod(hurmentamu. [Ipu pemennn 3amaum u3runda TPEXCIOWHON TUIACTUHBI
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tommuHbl (h/a > 1/5).

Knroueevie cnoea: mpsMoyrojbHas TpeXclOiiHas IUIACTHHA, AHATUTUYECKUE METOJIBI,
HaIpsHKEHHO-e(hOPMUPOBAHHOE COCTOSIHUE, IPOYHOCTh, YCTOMUNBOCTh

Jlna yumupoeanusn: 30ToB A.A. AHanutndeckas opma npeACTaBICHUS 3aMIOTHUTENS

TpGXCJIOfIHBIX CHUCTCM, COCTOALLCTO U3 KOHyCOO6pa3HBIX 9JICMCHTOB, PACIIOJIOKCHHBIX B

maxmatHoM nopsiake // Tpynst MAW. 2022. Ne 123. DOI: 10.34759/trd-2022-123-04

AN ANALYTICAL FORM FOR PRESENTING A FILLER FOR
THREE-LAYER SYSTEMS, CONSISTING OF STAGGERED CONE-
SHAPED ELEMENTS.

Anatoly. A. Zotov
Moscow Aviation Institute (National Research University), MAI,
Moscow, Russia

aa-zotov(@inbox.ru

Abstract. This paper considers the problem of analytical determination for the stiffness
characteristics due to the use of a filler in the form of a regular cone-shaped (or pyramidal)
cell’s system arranged in a checkerboard pattern for three-layer plates

At the moment, the most widespread are honeycomb, corrugated or folded fillers. The
main filler’s advantages are low weight and high rigidity. However, there are circumstances
that prevent their wider use. The closed volume formed by the core’s cells e promotes the

accumulation of condensate, at the same time preventing its removal. On the other hand,
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there are technological difficulties associated with the provision and control of a reliable
connection between a filler and bearing layers (especially on curved surfaces), thereby
increasing the product cost. The structure of the cellular filler considered in the article
largely allows to solve the above problems.

Due to the complexity and laboriousness of solving strength and stability problems
for systems of variable stiffness, analytical solutions for a wide class of such structures are
practically absent or hardly applicable in solving problems related to the design of products.

The article proposes a method for analytical filler’s representation in the form of a
regular discrete cone-shaped cell’s system, with the aim of further determining the
geometric properties.

Based on the analysis of the filler’s shape under study, contemplation its shape as a
surface described by the trigonometric Fourier series was proposed. However, upon further
analysis of the problem, it was possible to reduce the function describing the filler’s
geometry to a simpler form. The final version of the shape function was a set of coefficient,
cosine and sine. Filler’s representation in the form of a similar function allows one to
determine the variable bending stiffness of a three-layer package when solving the problems
of bending of plates with variable stiffness.

Representation of the shape of the considered filler in this form with high accuracy
conveys the true geometry of the product and allows to analytically describe the geometric
stiffness characteristics of the structure (areas, moments of inertia and static section
moments) included in the differential equations of bending and buckling of a variable

stiffness plate.
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BBenenne

B cratbe  paccmarpuBaeTcss = cmoco0 — AHAJUTUYECKOTO  MPEJCTaBIICHHS
r€OMETPUYECKON (OPMBI OPUTHHAIBLHONW TPEXCIOWHOW CTPYKTYphl C JUCKPETHBIM
3ar0JIHUTENIEM B BHJIE KOHYCOOOpa3HBIX SYEEK, PACIIOI0KEHHBIX B IIAXMATHOM IOPSIKE
(pucyHoK 1), mOo3BOJISIIOIICE TTOYyYaTh CTPOTOE penieHne AudPpepeHIuaiIbHbIX YpaBHCHHM
MIPOYHOCTH U YCTOMYMBOCTH C TIEPEMEHHBIMU Kod(pduiineHTamu.

Jlns  TpaauIMOHHBIX  3aIllOJTHUTENCH, HanmpuMep, COTOBBIX WU TO(POBHIX,
XapaKTepHBI TaKUE MPOOJIEMBbI, KaK: HAKOIIJICHUE KOHACHCATa 1 MOCIEAYIOIIEe PACCIOCHHE
COBMECTHO C pa3pylICHHWEM B CBSI3M C HW3MEHECHHEM arperaTHOro COCTOSIHUS BOJbI,
obecricueHrEe HAACKHOTO COCAMHEHHUS HECYIIUX CIIOEB U 3alOJHUTENS, TEXHOJIOTHICCKHE
TPYJHOCTH TIPU H3TOTOBJICHHHM KOHCTPYKIIMK CIOXKHOU ¢opmbl. OgHaKO TPUMEHEHHUE
JTUCKPETHBIX 3AITOJTHUTENICH BUC ITOBTOPSIOIIMNXCSI KOHYCOOOPA3HBIX WITH PHU3MAaTHUECKUX

sTYCEK MO3BOJIICT N30SKATh HOI[O6HI:IX HCOOCTAaTKOB

PucyHok 1. JIUCKpETHBIN 3aMIOJTHUTENb B COCTABE TPEXCIOMHON MaHEH.
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AKTYaJIbHOCTH 3aJa4U

B nacrosmee BpeMs 3agayd IIPOYHOCTH M YCTOMYMBOCTH IIJJACTUH IIEPEMEHHOU
KECTKOCTU PEIIAIOTCA B OCHOBHOM YHUCICHHBIMHU WM YHUCJICHHO-AaHAJTUTUYECKUMU
Merogamu [1,2,3,4]. AHaiuTHUYECKHME PpEIICHUS MJig IIUPOKOro Kjacca TOJI00HBIX
KOHCTPYKILHI MPAKTUYECKH OTCYTCTBYIOT [5,6,7]. Mexay TeM MOJTyYEHHE aHATUTUYECKUX
3aBUCUMOCTEH ISl MapaMeTPOB HAMPSKEHHO-AE(OPMUPOBAHHOTO COCTOSIHUSI CHUCTEM C
NEPEMEHHOM KECTKOCTH 3HAYUTENIbHO paclIupsieT amnmapar CpeACcTB [Js CO3JdaHud
KOHCTPYKIUN C ONTUMAIBHBIMU XapaKTEPUCTUKAMMU.

C uenbio u3y4eHus BIUSHUS PA3TMYHBIX TEOMETPUUYECKUX MapaMeTPOB JUCKPETHOTO
KOHYCOOOpa3HOTO  3alojHUTENS  OBLUIO  HMCCJICAOBAHO  IOBEJACHHE  TPEXCIONWHBIX
KOHCTPYKIIMK JaHHBIM 3ar0JIHUTENIEM TP paboTe Ha U3rub, yCTOWYUBOCTh M HOPMATHHOE
napienue. [8,9,10,11]. B ToM uyucne mnpoBeleH aHaIU3 BIMSHUS TE€OMETPUYECKUX
napaMeTpoB Ha MECTHYIO U OOIIYI0 TMOTEPI0 YCTOMYMBOCTH; TOKa3aHa BO3MOXKHOCTH
U3rOTOBJIEHUS TAKUX TPEXCIOMHBIX KOHCTPYKIHUI C HCII0JIb30BaHHEM MeTOA0B 3D —neyatu
[12] (Tabmuma 1).

BaxXHbIM JTOCTOMHCTBOM MpENJIaraéMod CTPYKTYpbl SIBIISIETCS BO3MOKHOCTD
co3aaHus 000JI0YEK Pa3IMIHON KOH(MUTypaluy U Ha3HadYeHus (Tabiuma 1):

- aBHAIMOHHBIX MPOQMIeH (TUTA 3aKPBUIKA, AJIEPOHA U T.J.) UMEIOIIUX BHYTPECHHUE
KaHaJIbl PA3IMYHON KOH(PUTYpAIH JJIA IIEIEBOTO BBIYBa CKATOTO BO3IYXa.

- TepMOCTaOWIBHBIX OO0OJIOYEK pe3epByapoB © OakoB ISl XpaHEHUS U
TPAHCTIOPTUPOBKH JKHJIKOTO ¥ Ta3000pa3HOTO TOITUTMBA M KPHOTECHHBIX JKUJKOCTEH,

- kamep cropanus KP/]I,

- KOPIYCHBIX JIeTajieil aBTOMOOMIIEH (KaroThl, ABEPU OarakHuKa),



- MaHEJIW BHEUTHEW OOUIMBKY KEJIE3HOJOPOKHBIX JIOKOMOTUBOB U BarOHOB,
- KOPITYCOB JIOJIOK U SIXT.

3anoyiHUTENh B (DOPME TUCKPETHBIX SIYEEK TAKKE MOXKET MPUMEHSITHCS B KaueCTBE
3BYKOIOTJIOMIAIOIMIMNX KOHCTpYKUuii [ 13, 14]

Bo Bcex mpoBeneHHBIX paHee pabotax [6,7], BBUAY reOMETPUUYECKON CIIOKHOCTH
pacUeTHOM MOJIENH CTPYKTYP C IMCKPETHBIM 3aMOJHUTEIEM PACCMaTPUBAEMOIO THUIA BCE
pacueTsl MPOBOIWIKNCH C TOMOILBIO MPOrPAMMHBIX KOMIUIEKCOB, B OCHOBE KOTOPBIX JI€KUT
METOJ KOHEYHOro 3jeMeHTa [15,16].

Ta6J11/111a 1. HpI/IMepBI TpeXCHOﬁHBIX KOHCprKIII/Iﬁ C IUCKPCTHBIM 3allOJIHUTCIICM

I macTuHBI

0O00104KH




AspoauHaMuyeckue npoQuiu

Hean, 3a1a4u 1 00bEKT MCCJIEIOBAHUS
OuyeBUIHO, YTO B CIydae MOJYYEHHS] aHATUTUYECKUX 3aBUCUMOCTEN Il OMUCAHUS
FEOMETPUUYECKAX IAapaMETPOB JAHHOM TPEXCIOWHOW CTPYKTYPhl NOSIBIISIFOTCSI HOBBIE
IIMPOKUE BO3MOKHOCTH /ISl ONNTUMAJIBHOTO MTPOCKTUPOBAHUS TAKUX KOHCTPYKIIUH.
Jliist oGsierdeHusi MOCTAaBICHHOM 3a/1auu Moucka GyHKIUU (HOPMBI TPEIITOIaraeTcs,

YTO BEPIIMHBI 3aMOJHUTENS 00JIalaloT CKpPYIJIeHHbIMM BepmimHamMu. C  ydyeToM



OCOOCHHOCTHU PETYJIAPHON CTPYKTYPHI 3aMOTHUTENS IPUHATO PEIICHUE O TOUCKE (PYHKIIUU

(OpMBI 3aMOHUTENS B BUJI€ TPUTOHOMETPUUECKON (DYHKIIUH.

DyHKIUA (POPMBI 3aI10THUTEISA
B pesynbTare npoOBEAEHHBIX UCCIENOBaHUWA OblIa TMOJNy4YeHa  (QyHKUUs
NPE/ICTABIICHUsI TE€OMETPUYECKON (OPMBbI AUCKPETHOTO PETrYJSPHOrO 3alOJHUTENS C
KOHYCOOOpa3HbIMU STYEUKaMU, PACIIONIOKEHHBIMH B IIIAXMAaTHOM MOPSAJIKE B BUJE ABOMHBIX

TPUTOHOMETPUUYECKUX (QYHKIIHH.
. TX . Ty
H(x,y)=H,sin—sin—
(x,») 0 d d

I'ne:
Hj - BBICOTA TPEXCIIOMHOTO MAKETA,
d — TuaMeTp OCHOBaHMS STYEHKH (PUCYHOK 3 ).
[Tpu sTOoM cuHycomnaanbHas Gopma siueek Oosee 1eaecoodpasHa B TEXHOIOTHYECKOM
U MIPOYHOCTHOM CMBICJIE TIO CPAaBHEHHIO CO CTPOTroil (pOpMOM TMOJIHBIX WM YCEUEHHBIX

KOHYCOB.
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Pucynok 3. Onucanue reomeTpun.



Ucxons w3 nuarpammbl (QyHKOUM  (QOpPMBI, BHUIHO, 4YTO OHA YJIOBJIETBOPSIET
MOCTaBJIEHHOU 3aiaue (pucyHok 4). OyHkuus noctpoeHa Ha uHtepaie X € [0; 50] u

Ye[0;,50] upu Hy=2ud =10

Pucynok 4. luarpamma GpyHKIIUU GOPMBL.

COOTHOILIIEHUSI  CTPOUTEIBHOW MEXaHUKH JJIsi  ONpPEACJICHUS  HampsHKEHHO-
neOPMUPOBAHHOTO COCTOSHUS, a TaKXKe€ KPUTHYECKUX IapaMeTpoOB YCTOWUHUBOCTH H
JTUHAMHKW 3alMChIBAIOTCS B BUAe AUGGEpCHIMAIBHBIX YPaBHCHUH C TEePEMEHHBIMH
kodppunmenramu[17,18,19]. [nsa pemenus 3amaud u3ruda TPEXCIOWHON IIACTHHBI
npejiaraeTcsi MeToIMKa, OCHOBaHHAsl Ha ypaBHEHUsX J. PelicHepa JJid TIacTUH CpeHen
tommuab (h/a > 1/5) [20].

B dactHOCTH, ypaBHeHHE M3THOa TUIACTHHBI MEPEMEHHON KECTKOCTH NMPU H3TUOE

UMEET BUJ

D(x,y)V’Viw+ 2—6D(x, Y) 2Vzw + 2—6D(x,y) 2V2W+
ox Ox oy 0Oy

O°D(x,y) °w(x,y) ,0°D(x,y) *w(x,y) | 0°D(x,y) O°w(x.y)
ox’ oy’ Ox0y Ox0y oy’ ox’

+V2DViw—(1- )| I=4(x,»)



[ne:
D(x,y) — nepemeHHasi U3ruOHasi )KECTKOCTh TPEXCJIOMHOT0 MaKeTa, COCTOSIIEro M3
HECYIIUX CJIOEB MOCTOSHHOM TOJIIMHBI U JUCKPETHOTO 3aMIOJTHUTES,
w(x,y) - GyHKIUs poruoda,
q(x,y) — pacnpejeneHHas HopMajibHas Harpy3ka.

2 2
2, 0 0O y
V'w=—+4+— - rapMOHHMYECKHI OIepaTop,

ox>  ox’

u - kodpdunment Ilyaccona.

3akirouenmne
[IpencraBnenue GopMbl paccMaTpuBaeMoro 3amoyiHutens B Buje (1) ¢ BBICOKOM
TOYHOCTBIO IEPEAAET UCTUHHYIO TEOMETPUIO U3JIENIHS U MO3BOJISIET AHAIUTUYECKHA ONUCATh
T€OMETPUUECKUE IKECTKOCTHBIE XapaKTEPUCTUKH KOHCTPYKUMU (TUIOLIAAX, MOMEHTHI

WHEPIIMH U CTATHYECKHE MOMEHTHI CEUeHUH ), BXOAsIue B Au(depeHIuanbHble ypaBHEHUS

n3ruda U yCTOMYMBOCTH TIIACTUHBI IEPEMEHHOMN KECTKOCTH.
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