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Pacyer npouecca HeJIMHEHOT0 1eopMUpPOBaAHUA
roppupoBaHHbIX MeMOpaH

1,* 1 =
HuxoaaeBa A. C.” , Iloakonaen C. A. nikolaeva@bmsturu
MITY um. H.D. Bbaymana, Mocksa, Poccus

B HacTosmmee Bpemsl ympyrue 3JIEMEHTHl B BHIEC TOQPHUPOBAHHBIX MEMOpaH MOIYYWJIN LIMPOKOE
pacnpocTpaHeHHe B IpuOopocTpoeHHH. OT TOYHOCTH pacyeTra YHOPYTUX OSJIEMEHTOB 3aBUCAT
HaJIe)KHOCTh M Ka4eCTBO MPUOOPOB, MOATOMY pacyeT roppupoBaHHBIX MEMOpaH MPEICTaBIIET CO00i
aKTyalnbHyIO 3amady. Jus pacdera ropupoBaHHON MeMOpaHBl OBUI HCIOJNB30BaH METOJ
MPOJODKEHUST 110 TapaMeTpy W METOA CMEHBI IOJIPOCTPAHCTBA YNPABISIOUIMX MMapaMeTpOB.
ANTOpUTM peann30BaH B aBTOPCKOil mporpamme Ha si3pike C. PesympTaTamm pacdera SIBISIOTCS
ymnpyras XapakTepuCcTHKa MeMOpaHbl, a Takke JeopMHpoBaHHAs QopMa ee MepHIuaHa.
[IpennoxxeHHass MeTOIMKa pacyera IoKasajla cBOIO 3(p(heKTHBHOCTh M MOXKET OBITH PEKOMEHJOBaHA
JUIS aHaJIM3a IIMPOKOT0 Kpyra yIpyrux 3J1eMeHTOB.

KiroueBble ciaoBa: yOpyrumid 3J€MEHT, TOHKOCTEHHas 000JI0YKa, OOJblINe IepeMeleHHUs,
HEJIMHEITHOe eOpMHUPOBaHIE

Yopyrue 5si1eMeHThl HaxoAsT IIMPOKOE NpuMeHeHue B npubopoctpoenuu. OHH
WCIOJIb3YIOTCS JJIsl CO3/IaHUS OMPEEIIEHHOT0 HATATa MEXAY AETAISAMU, JUIS aKKyMYJIUpPOBaHUS
MEXaHUYECKOM HSHEpruM, B KayecTBE OHIIEMEHTOB INepeAayd JABWKEHMS, YIPYrHX OIop,
YYBCTBUTEIBHBIX 3JIEMEHTOB H3MEPUTENBbHBIX NpUOOpoB. OT TOYHOCTH pacyera YIpyrux
AJIEMEHTOB 3aBUCAT HA/IEKHOCTh U KadecTBO pubopos [1].

JlocTaTOYyHO pacnpoCTpaHEHHBIM KOHCTPYKTHUBHBIM HCIOJHEHHUEM YIPYTOro 3jeMEeHTa
aBisieTca roppupoBaHHas MmemOpana (puc.l). CoiicTBa rodhprpoBaHHON MEMOpPaHbl BO MHOTOM
3aBUCAT OT €€ Ipoduiisi — oOpa3zyromeil cpeTMHHON TOBEPXHOCTH.

Yopyrass XapakTepucTuka TroppUpOBaHHOW MeMOpaHbl (3aBUCUMOCTh XapaKTEpHOTO
MepeMelIeH!s] OT BHEIIHEH Harpy3ku) sIBIsSIeTCSd HEJIMHEMHOW B OTJIMYME OT APYTrUX THIIOB
MaHOMETPUYECKUX YIPYTUX JJIEeMEHTOB (CHIb(GOHOB, TpPyOuaThIX MPYXKHH), YOpyrue
XapaKTepUCTUKH KOTOPBIX ONM3KM K JHHEHHBIM. [loaTOMy rodpupoBanHble MEMOpaHbl MOTYT
OBITh MCIIOJIb30BAHBI IJIS1 U3MEPEHUS BEIUUNH, HEIMHEHHO CBSI3aHHBIX C JaBJICHUEM (Harpumep,
BO3JYIIHOM CKOPOCTH I0JIETa CAMOJIETA, BBICOTHI €0 MOJABEMA, Pacxoja >KMJIKOCTH WJIU rasa,
MPOXoJAIIero mo TpyodomnpoBoay). Emie onHON 0COOEHHOCTHIO TOPPUPOBAHHBIX MeMOpaH
ABJIAETCS  BO3MOJKHOCTH IIOJyYEHHMS! 3HAUUTENBHBIX IMEPEMEIICHUH B Ipelenax yHpyroro
cocTossHusl Matepuana. OJIHAKO CYIIECTBEHHAs HEIMHEHHOCTb XapaKTEPUCTUKU MeMOpaHbI
IIPUBOANT K CUJIBHOMY YCIIOXKHEHHUIO pacyera.
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Puc.1 Koncrpykuust MeMOpaHbl UyBCTBHTEILHOTO AJIEMEHTa

Teopust HenuHeiHoro neopMUPOBAHMSI TOHKOCTEHHBIX MEXaHHMYECKHX KOHCTPYKIIHMA
3HAYUTENBHO pa3BUTA. HenmHeiiHOe TMOBEIEHHE TOHKOCTEHHBIX O000J04YeK C 3PPerToM
«IPOXJIONbIBAHKSA» OmuchiBaeTcss B paborax [2]-[3]. HemaBume wuccrnenoBanus [4]-[6]
OIMCHIBAIOT YHCIICHHBIC AJITOPUTMBI JUIs aHAJIN3a HEJTMHEHHOTO Ae()OopMUpOBAHHUSL.

JlanHasi cTaThs MOCBSIIEHA pacdyeTy TopHUpOBaHHOW MeMOpaHbl C LEJIbI0 MOJyYeHUs
YIPYro XapakTepUCTUKH U JePOPMHPOBAHHOW (GOpPMBI MepuIMaHa MeMOpaHbBI, a TaKXke
WCCIIETOBAaHHUIO MIPOIIECCOB MOTEPU YCTOWYMBOCTU. B kauecTBe pacueTHOW MOAETU MPUHUMACTCS
TOHKOCTEHHAsi OCECMMMETpPHYHasi 000J0YKa BpamieHus. Marepuan o0najaeT JUHEHHO-
YIIPYTUMU CBOMCTBaMH.

Paccmorpena rodpupoBaHHas MemMOpaHa CHHYCOMJAJIbHOTO mpodwist. Jmamerp
ropupoBaHHOil MeMOpaHBbl, €e TOJNIMHA U TNIyOMHa roppUPOBKU yKa3zaHbl Ha puc.2. Moayib
yIpyroctd Marepuana Membpamsl E=0,95-10° MIla, kos>ddumument Ilyaccoma p=0,33.
MemOpaHa Harpy>kxeHa paBHOMEPHBIM JTaBICHUEM.

152 mMm
2h=162 mm | 037 mm

IR N

Puc.2. ['eomeTpudeckue XapakTepUCTHKH TOQPUPOBAHHONH MEMOpPaHBI

ANropuT™M pacyera MaTeMaTHMYECKOW MOJENM OCECUMMETPUYHOH TrodpHpOBaHHOM
MeMOpaHbl MOCTOSHHON TOJIIUHBI, OCHOBAHHBIA Ha TEOPUH YHPYTUX TOHKOCTEHHBIX 000JI0YEK
Peliccuepa, Obul peann3oBaH B BHUJE aBTOPCKOM mporpammbl Ha s3bike C. [ng pemieHus
HEJIMHEWHON 3a7auu ObUI HCIOJNB30BAaH METOJA CMEHBI MOANPOCTPAHCTBA YIPABJISIOMINUX
napamerpoB, pazpabotanusiii ['aBprommueM C.C. [7,8] 1 MeTO MPOJOIKEHUS 110 TIapaMeTpy,
paspaboransbsiii Bamumsunu H.B. [9]. Cyre MeTona cMeHBl HOANPOCTPAHCTBA YIPABIISIONIUX
MapaMeTpoOB COCTOUT B OCYIIECTBJIEHUU KYyCOYHO-TJIAJKOIO MpoIlecca MPOJOHKEHUs pelieHus
nmo nmapamerpy. Ha kaxaomM TI1aJKoM y4YacTKe UHWCJICHHBI aHaIu3 CBOJAUTCA K
OJIHOTIApaMETPUUYECKON 3a1ade.

3amaya pemaeTcss MO JABYXITAMHOM cxeme npeduxmop-koppekmop (puc.3). Ha srtane
npeouxmop Mpy MOMOIIH SKCTPATIOSIUN OCYIIECTBISETCS NMpeAcKa3aHne HauaabHOTO 3HAYEeHUs
HEU3BECTHBIX Ha OCHOBE TMpeabicTopuu mporecca. Ha »srame koppexkmop HaudaiabHOE
NpUOIMIKEHNUE PEIICHUS] YTOYHSETCS ¢ MOMOUIbI0 MOAW(UIIMPOBAaHHOTO MeTofa HploToHa —
Pagcona.
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B pesynbrare paboThl mporpamMmbl ObUTM TOJYYEHBI CICIYIOIIUE Pe3yNbTaThl. YIpyras

XapakTepuCcTUKa roprupoBaHHON MEMOPaHbI IPH OTHOIICHUH IITYOUHBI TOQPUPOBKH K TOJIIIMHE

2h
MeMOaHbI 5= 5.6 npuBemena Ha puc. 4. Ilo ocum abcuucc OTIOXKEHO TEpEeMEIICHHE

LEHTPAJIBHOU TOUYKH rOPPUPOBAHHON MEMOpPaHBbI.
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Puc. 4. Ynpyras xapakTepiucTiKa ro)pUpOBaHHON MeMOpaHBbI (% = 5.6)

HedbopmupoBannubie GopMbI MepuaaHa TOPPUPOBAHHONW OOOJIOYKH B COOTBETCTBYIOIIMX

TOYKax YIPYrod XapaKTepUCTUKU IIPUBEICHBI HA PUC. 5.
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Puc. 5. Iamenenue ¢popmbl Mepuriana rodppupoBaHHON MeMOpaHbI
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AHa/113 N0JIyYeHHbIX pe3yJ1bTaTOB

[lepexox oT Touku 1 k Touke 3 ympyroi XapakTEpUCTHKH TO(PpUpOBAHHON MeMOpaHBI
OCYIIECTBIISICTCS TPU MPOXJIONBIBAHUKA MEMOpaHbI - MOTEpPE YCTOWYMBOCTH BHEIIHETO Todpa
(puc. 4, 5). Hannuue apyrux HEYCTOHYMBBIX YYaCTKOB Ha yNPYrod XapaKTepUCTUKE MEMOpaHbI
OOBSICHAETCSl MOCTENIEHHbIM IPOXJIONBIBAHUEM CIEAYIOUIMX To(poB B Mpolecce yBEIUYEHUs
JaBJICHHUS.

C nmomomp0 MeTona CMEHBbI MOANPOCTPAHCTBA YIPABIISIOIMIMX IAPAMETPOB BO3MOXKHO
[IOJlydYeHHE H30JIMPOBAHHOIO pemeHus. /[ 3Toro HEOOXOQMMO CMEHUTh HapaMeTp
NPOJOIDKEHUST Ha MapaMeTp TIIyOWHBI TOQPUPOBKH: HAYaTh OCYIIECTBICHUS JIBUKECHHUS II0
IIOBEPXHOCTH PABHOBECHBIX COCTOSIHMI IPU HEU3MEHHOM IEPEMEILEHUN XapaKTEpHOW TOYKHU
(myHKTHpHAs TUHUSA).

OU3nYeCKUil CMBICI U30JIMPOBAHHOTO PELICHUS — 3TO IPOXJIONBIBAHUE BHEIIHETO rodpa, B
cilyuyae, eciid TopprpoBaHHas MeMOpaHa IoMelleHa B napauHOBYIO MPOOKY, HE JIOMYCKAIOIIY O

nehopMUpOBaHKE OCTaIbHBIX Todgpos [10].

BbIBOABI

Paccmorpeno  sABieHMe  MecTHOM  morepu  ycroumBoctH. [lomydena  ympyras
XapakTepucTuka M jaedpopMupoBaHHas (opma MepuauaHa Tro(GpuUpoBaHHON MeMOpaHBI.
IIpemioskeH crmoco® MONydYeHUs HM30JIMPOBAHHOTO PEIICHHs € MOMOIIBI0 IpUeMa CMEHbI
MOATPOCTPAHCTBA  YIPABJIAKOMUX IapamMeTpoB. [IpeIyIoKEHHBI  anrOpuT™M  IO3BOJIAET

Sq)(l)eKTI/IBHO HCCICA0BATh IMOBCACHHUC MeM6paHH B IIpoHecce HEJIUHEHWHOTO I[e(l)OpMI/IpOBaHI/ISI.
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Corrugated Membrane Nonlinear Deformation
Process Calculation
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Keywords: elastic element, thin-walled shell, large deformation, nonlinear deformation

Elastic elements are widely used in instrumentation. They are used to create a particular in-
terference between the parts, for accumulating mechanical energy, as the motion transmission
elements, elastic supports, and sensing elements of measuring devices. Device reliability and
quality depend on the calculation accuracy of the elastic elements.

A corrugated membrane is rather common embodiment of the elastic element. The corru-
gated membrane properties depend largely on its profile i.e. a generatrix of the meridian surface.

Unlike other types of pressure elastic members (bellows, tube spring), the elastic character-
istics of which are close to linear, an elastic characteristic of the corrugated membrane (typical
movement versus external load) is nonlinear. Therefore, the corrugated membranes can be used
to measure quantities, nonlinearly related to the pressure (e.g., aircraft air speed, its altitude,
pipeline fluid or gas flow rate). Another feature of the corrugated membrane is that significant
movements are possible within the elastic material state. However, a significant non-linearity of
membrane characteristics leads to severe complicated calculation.

This article is aimed at calculating the corrugated membrane to obtain the elastic character-
istics and the deformed shape of the membrane meridian, as well as at investigating the proc-
esses of buckling. As the calculation model, a thin-walled axisymmetric shell rotation is as-
sumed. The material properties are linearly elastic. We consider a corrugated membrane of sinu-
soidal profile. The membrane load is a uniform pressure.

The algorithm for calculating the mathematical model of an axisymmetric corrugated
membrane of constant thickness, based on the Reissner’s theory of elastic thin shells, was real-
ized as the author's program in C language. To solve the nonlinear problem were used a method
of changing the subspace of control parameters, developed by S.S., Gavriushin, and a parameter
marching method developed by N.V. Valishvili. The principle of the method of changing the
subspace of control parameters is piecewise smooth parameter marching process. In each smooth
section a numerical analysis is reduced to the one-parameter problem.

The problem is solved by two-stage predictor-corrector scheme. The predictor stage uses
extrapolation to predict initial values of unknown on the basis of historical data. At the corrector
stage a modified method of Newton - Raphson is used to specify initial approximation solutions.
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As a result of the programme, the following results were obtained: elastic characteristic of

the corrugated membrane and deformed shapes of a corrugated shell meridian in appropriate
points of the elastic characteristic.

The paper has considered a phenomenon of local buckling. It has shown the elastic charac-

teristic obtained and a deformed shape of the corrugated membrane meridian. The method to
have an isolated solution by changing a subspace of control parameters has been proposed. The
proposed algorithm enables efficient investigation of membrane behaviour during nonlinear de-
formation.
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