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PACYET 1 ONTUMAJIbHOE NMPOEKTUPOBAHUE
rO®PUPOBAHHbIX CTEPXXHEW METOJOM OCPEQHEHUSA

Mony4yeHbl ypaBHEeHMsi pacyeTa HanpsXKeHHO-A4e(OPMUPOBAHHOIO COCTOSIHUSA
rocppupoBaHHOIO CTEPXHA B NPOEKLUMSX Ha OCb, PaBHOOTCTOSILLYI OT BepliMH rodpa.
Ons wvx pelweHus NPUMEHEH MeTon ocpepHeHus. PaccmoTpeHa 3apjaya onTMManbHOro
npoekTupoBaHus npoduns rodpa.

Knroyesble crnoea: 20¢hpupOBaHHbIl CMEPXeHb, MemoO OCPEOHEHUs, YypasHEHUs
8 MPOeKYUsIX, oTMUMaribHOe NPoekmuposaHue npoguris.

BBeneHue. NodhprpoBaHHble CTEPXHWU HAXOAAT LUMPOKOe MpUMEHeHue, Ha-
npumep, B Ka4ecTBe 3IEMEHTOB CETYATON apMaTypbl B Xene3obeToHHbIX usae-
nuax. K mogenv robpnpoBaHHOrO CTEPXHSA NPUXOOAT TakkKe Npu uccregoBaHum
YRpYrnx CBOWCTB TKaHbIX MaTepuanos, NPUMEHSIOWUXCA B apMUPOBAHHBLIX CTEK-
nonnactukax. OcobeHHOCTU pacyeTa ropUpoOBaHHbIX CTEPXKHEN MOXHO WUC-
Nonb30BaTh MPW peLUEHUN NPAMbIX 1 00paTHbIX 3adayv Ang 6onee CrnoXxHbIX rog-
PUPOBaHHbLIX KOHCTPYKLUIA, HAanpumep, NnacTuH 1 060omnoYex.

AHanus nocnegHux uccrnegoBaHMA U Nybnukaumi. ViccnegosaHune Hanpsi-
XeHHo-gedopmmpoBaHHoro coctosHua (HOC) roppupoBaHHOrO CTEPXHA Kak Kpu-
BOrO CTEPXXHS TPebyeT pelueHns auddepeHumanbHbIX YPaBHEHWI C NEPEMEHHBIMM
koachpuumeHTamn. Mpy GONbLIOM YMCrie BOMH rodpa YMCIIEHHOE peLUEHne 3TUX
YpaBHEHWIN NPOBOAUTCS IMaBHbIM 0OPa3oM METOAOM KOHEYHbIX 3MEeMEHTOB [2] unu
MeTodoM MporoHku [3] v Bbi3bIBaeT TPYAHOCTU, K TOMY XXe Takme pacyeTbl 3aTpya-
HSIOT aHanuM3 napameTpoB MpW NPOEKTUPOBaHWW. B aTom cnyyae adhdeKkTUBHbLIM
OKasbIBaeTCs NPUMEHEHWe acMMNTOTUYECKOro MeToaa ocpeaHeHus [1].

Lienbto uccnenoBaHus ABNAETCA: NOCTPOEHME YNPOLLEHHOW CXeMbl pacye-
Ta HOC ¢ nOMOLLbIO YpaBHEHUI B MPOEKUUSIX YCUNUIA, MOMEHTa U NepemMeLLeHni
Ha OCb, PAaBHOOTCTOSALLYIO OT BEPLUMH rodpa, U MeToda OCpefHeHus, onpegene-
He 3dPeKTUBHBIX KOI(MULNEHTOB YNPYrocTn AN pacTsaxeHus u uarnba, no-
CTaHOBKa W peLleHne 3agay4y onTUManbHOro NMPOEeKTUPOBaHWS.

MocTaHoBka 3apauun. PaccMoTpmM 13rnb rodppnpoBaHHOro cTepxHs (puc. 1).
Ocb cTepxkHa npeacTaBnseT COOOM MNMOCKYK KPUBYHO, Of4HA W3 rMaBHbIX OCEN
WHEpLUMM NOMEepeyHOro CeYeHusi CTEPXKHS pacrnoroXeHa B NIIOCKOCTU X,Z, Bce

BHELLUHWE CUMbl AENCTBYIOT B 3TON Xe NNocKocTU. [103TOMy OCb CTEPXHSA nocrne
nedopmanmm octaHeTca NNockon kpuBown. [dedopmauumn ctepxHa bygem cum-
TaTb ManbiMu.
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Puc. 1 — FocpupoBaHHbIi cTepxers Z = H Sin o n=>5

Mepennem k GeapasmepHon koopauHate X=2nta/L, 0<x<2n. BBegem
B PACCMOTPEHME MPOEKLUUN BHYTPEeHHUX yeunuin N,,Q, Ha ocu X,Z N MOMEHT

oTHocuTenbHo ocn oy : My, =M+ZN, . OTHocUTEeNbHO 3TUX NMPOEKUMIn ypaBHe-
HUSI paBHOBECUSI KPUBONMHENHOIO CTEPXHST 3anULLYTCS TaK:

d Ny dQ dM d
ALP, Z— ; ALF’ —(z AP 1
2 are Boare: e tare o fean) @

— L . .
roe A= \/1+/3 ,8—:— L:Z; P, =P cose +P,sing ; P,=P, cos¢p —P, sing;
B

1 .
( — Yron HakrnoHa kacaTernbHOMN K KPUBOMNUHENHOWN OCU; COS(p=Z, Slncp=Z .

OTtmeTuMm, 4TO XOTHA YypaBHeHust (1) nerko pewatwTca B KBagpaTtypax,
HO norny4Yaemble NpyY 3TOM MHTErparnbl He BblipaXalTcs 4epe3 dneMeHTapHble
YHKUMKN onsa G6oMblUMHCTBA BUOOB BHELUHEW Harpysku. YucneHHoe uHTerpupo-
BaHWe Npu 3TOM TaKke BbI3blBAeT 3HAYUTENbHblE TPYAHOCTU MPU OOCTaTOYHO
6onblIOM 4YMcne BOMH rodpa. Huxke npegnaraeTca MeToq peLUeHUst ypaBHEHWN
(1) MULLEHHBIN yKa3aHHbIX HEAOCTATKOB.

MeTtop ocpegHeHus. ECnin orpaHnunTCs cnyvyasmm nNnaBHOW BHELLHEN Harpys-
km B, B,, To npaBble 4acTn ypasHeHun (1) nmetoT ABa MacliTaba N3MeHseMOoCTH:
OOMH onpefenseTcs U3MEHEHUEM BHELUHEW Harpysku, ApYrom — U3MeHEHeM reo-
MEeTPUM CTepXkHA. SDPEKTVBHBIM METOAOM PeLLEHUSA Takux ypaBHeEHUN SBnseTcs
acUMNTOTUYECKUA MeToA ABYX MacluTaboB — MeToq ocpeaHeHus [1].

Beegem nepemeHHyto & =NX, koTopylo Gyaem cyutatb HE3aBUCKMOMN OT X .

Onepatop gnddepeHuMpoBaHns npm aToM NpUHUMaeT Bug

d 0 0

Hza'f'n%. (2)

MpoeKkunn ycunmim n MoMeHTa npeacTaBuM B BUAE Creaylowmnx acuMnToTy-
YECKMX pasnoXKeHui:

(= ENNL(0E)Q, = En QM = En ML (% 8), @)

k=0

rae Ny, Q. My — nepuoamnyeckne no & yHKUMM C Neproaom.
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Moactaenasa BeipaxkeHns (2), (3) B ypaBHeHUsA paBHoBecus (1), npupaBHuBasi
craraemble C OAMHAKOBBLIMU CTEMEHSAMU N , NOCne OcpeaHEeHUs nory4yaem

d Nyg d? Mxo

- - szO .
R =Lm(AR); =2 =Lm(AP,); =’ m(AP,); 4)
N _ L(AR,—m(AR)); 3;2{21 L(AP,—-m(APR,)); aal\; _E%Nxo,

roe m() = %joz”(. . .)d & — onepaTop ocpeaHeHus.

Pun3nyeckne COOTHOLLEHMUSA. Bb|6epeM B Ka4deCTB€ WCKOMbIX MpoeKunmn
nepemel.u,eHMﬁ Ha ocKu 0OX, 0y :

. u-pgw . w+ Su
U, =ucos@ —wsing = W, =WCOS@ +Using =
A A (5)
U BbIPA3MM 3TW NMPOEKLMMN Yepes NPOeKLUM YCUMUIA 1 MOMEeHTa:
1 duy, d w,, L _
dx dx) EF( = FQ);
o (6)

1d(1,dw, _du,
— | = —ZNy).
Adx(A2 dx ﬂ )] I( ZNy)

B cuny nuHenHoctn cooTHoweHun (6) nepemelteHusa U,,W, MOXHO pasfe-
MUTb Ha MepemeLleHunsi, Bbi3biBaeMble MPOAOMbHbIM younnem N, (ux",wzp)
M MOMeHTOM M (u)‘ﬁ,wlzJ ):

—uP Lyl w =wP
uy =up +uy s w, =wp +wy. )

PeweHne mogenbHbIX 3agad (pyc. 2) nokasasno, YTO KOMMOHEHTbI NepeMeLleHni
(7) MOXHO NpeACcTaBUTbL B BUE aCUMMNTOTUYECKUX Pa3TIOXEHUN:

uf —uf, (x) + N8 () WP =n WA () +n Pw (&);

-2 . -2
=n- uxl(x &)U (E) W, = wio (X) +n7wyy (8), o)
p p~p~p~N-u u~u._U.,M-ppp u u-opu
rne uxo - ux2 Wzl WZZ EF ' uzl~ux2 WzO Wzl | ' uxllwzllWZZI le,sz,Wzl -

nepuogmyeckue no & yHKUMM C NEPUOAOM.
é’\/\/\/—; ﬁ’\/\_/-\i\ewl
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Puc. 2 — MogenbHble 3apa4m Ha pacTaXeHue U u3rub

Moacraenasa pasnoxenus (3), (8) B cooTHoweHusa (6) n npupaBHuBas cna-
raemble OQUHAKOBOTO NOpsiAka ManocTu, Nocrne ocpeaHeHus 6yaem umeTb:

2.,.U
;MxozEl(mA)fldigo; )
d x

p
-1duy,
dx

Nyo =E(mK;)

dup _ Ky -mK; dufy 0%y _ A-mA dwy,

-~ i ] 10
o¢ mK;  dx ' g2 mA  dx? (10)
. 1 87 ~ 17 1  Z’A
Ki(&)=—-L[zAdg; mK, = =] —+ == |dé&
me Ki(£)=Jp ) 2AdE Ky =l S )0

0

KoadhpmumeHTsl, BXxogswmne B ypaBHeHus (9), npeactaBnsaoT cobon adhdek-
TUBHbIE MOZYNM YNPYrocTn — ynpyrue xapakTepucTUKN HEKOTOPOW MPSMON 3KBU-
BaneHTHon Ganku, gecdopmauum koTopon 6nmskM k gecdopmaumam rodprvpoBaH-
Hor. OTMEeTUM, YTO NONYYEHHbIE BbIPaXeHUsT Ans 3dEKTUBHBIX MOAYSEN YNpyro-
cT1 0becneynBaloT NpeaenbHbIn Nepexos K NpsiMoMy CTEPXKHIO U XOPOLLO corna-
CYIOTCA C aHanornyHbiMy koadpmumeHTamn, nonyyYeHHbIMU Ha HOU3NHECKOM
YPOBHE CTPOrocTv Apyrumun astopamu [5].

3apaum npoektupoBaHuA. OOHMM U3 MaBHbIX MPEUMYLLECTB OMWCAHHOIo
BbiLLle METOAA onpeaerneHust HanpskeHHO-AehOPMMPOBAHHOIO COCTOSIHUA rodopu-
POBaHHbLIX  KOHCTPYKUMW  SIBASIETCA  BO3MOXHOCTb  CTaBUTb U pellatb
3a4a4uvm UX ONTUMAarnbHOrO NPOEKTUPOBaHMA. TU 3ada4um CBoAATCs K BbIbopy dhop-
Mbl  mpocuna  rocppa, obecneuvBarowero Tpebyemble  MexaHW4eckue
XapaKTepUCTUKM  FrOPPUPOBaHHBIX  KOHCTPyKuMh. [lpu  3TOM  onTumMmsaumio
dopMbl rodpa MOXHO MPOBOAMTL ABYMsi criocobamu. NepBbii cnocob, KoTopbIv
Ha30BEM JOKanbHOW ONTUMM3aLMEN, COCTOMT B BblGope hopMbl perynspHoro
rogpa, KOTopbli gaeT HambonbluMe UMM HauMeHbluMe 3HayYeHus 3PPEKTUBHBIX
MOAyNen ynpyroctu mMpuv HEU3MEHHOW oblien AnvMHEe KPUBOMMHEWHON OCK
rodpa. JlokanbHas onTMMu3aums ns-za CUMMETPUM U NepruoguyHOCTU npoduns
roppa cBOOUTCA K 3adade Ha ogHou nonyesornHe rodpa. K coxaneHuio,
C MOMOLLbIO FlOKanbHOW ONTUMM3auUMWM Henb3s Yy4yecTb BMAMSHUME Ha dopmy
roppa 3aKkoHa pacnpefenieHUsl BHELUHEeW Harpysks Mo BCell OSIMHE CTEepXKHS
N rPaHNYHBIX YCNOBUN. OTU BANUSIHUA MOXHO Y4YeCTb C NMOMOLLbIO rnobansHomn on-
TUMM3ALMN — UCMONB30BaHUN (DYHKLMOHAMNBLHO rPagueHTHOro rodgpa, y KOToporo
war u rnybvHa rogpupoBKN HEMpepbIBHbIM 00pa3oM MeHSIeTCs Mo 3agaHHOMY
3aKOHYy. OTOT 3aKkOoH sBNAeTcA ueneBov  yHkumen npu  rnobanbHowm
onTumm3auumm [4].

NokanbHas onTumMusauusa. PaccmoTpum ogHy w3 3agad  nokanbHOW

onTummsaumm. Onpegenum opMy BOSHbI rodpa Z(X), KoTopas 06ecneynT Ham-

60]'IbLIJyPO NpoAoJiIbHYHO XEeCTKOCTb CTepXXHA Nnpu 3agaHHOM KoJlinmdecTtBe BOJIH
rod)pa. MaKcmmaanylo npoaoJibHYHO XEeCTKOCTb obecneunt Takas
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copma rodppa, npu kotopot MK, =min. Takum obpasom, NpUXoauMM K K30-
nepuMeTpUYECKor 3agade BapuaLMOHHOIO NCYUCTIEHMS:

A 22~f1+ 22
I ! + ¢ d &—ming; (11)

0 F\/1+z§ I
J. 1+z§d§:s—const; (12)
0
2(0)=2(z)=0. (13)

Pewenve 3apaum (11)—(13) BbI3bIBAET 3HaAYMTENbHbIE MaTemaTu4eckue
TpygHocTu. CooTBeTCTBYOLLEE 3TOWN 3afayn ypaBHeHue Junepa npeacraBnseT
coborn HenuHenHoe audpdepeHumnanbHoe ypaBHeHue. [loaToMy paccmoTpum
TaKylo 3agady B yNpOLLEHHON NOCTaHOBKE.

Mpoananusmpyem Bbipaxenue and MK;. C dunsnyeckon To4kn 3peHus, npo-
AonbHas gedopmaums roprpoBaHHOrO CTepXHA obecneyvBaeTcs OBYMS
MexaHusmamu. [epBbii — yannHeHne (yKkopoyeHue) KpMBONUHENHOW OCK CTEPX-
HA. BenuumHa aton cocTtaBnsiowen NpoaonbHOW gedopmaumm onpepensercs
nepBbIM CriaraemblM B BblpaxeHun ans mK,. BTtopoii mexaHusm — OCHOBHOW,
CBS13aH C N3rMboM KpMBONUHENHOW OCK (€€ BbINpSIMIIEHNEM uUnu cxatmem). Takon
MexaHu3M onpeaenseTcs BTOpbiM criaraembiM. o BennynHe 3To cnaraemoe 3Ha-
yuTenbHo Gonblue nepsoro, nockonbky | << F . MoaTomy nepebiM crnaraembiv
MOXHO npeHebpeub.

Takum obpasom, B ynpoLLeHHON NOCTaHOBKE paccMaTpvBaeMas 3agada npo-
eKTMpoBaHusa (opMynunpyeTca Tak: onpeaenvTb Takyo dopmy rodpa, npu KoTo-
pov crnpsiMIieHNe KPUBOSIMHEWHOM OCWU CTEPXXHS NPW NPOoAosfibHON AedopmMaimm
OyaeT MUHUManbHBIM

J= gzz,/l+ z2d&—min, . (14)

YpaBHeHue Snnepa ansa BapyaunoHHon 3agayun (12)—(14) s3HaumTensHo npole

22+222§—zzz§§—/12§§:0 (15)
1 OONycKaeT aHanUTUYECKOE peLLeHne
Z:Z—ksn(ZK(k)é,k), (16)
(1-K2)K (k) 7
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roe K(k) — MOMHbIN 3NNMNTUYECKUIA MHTErpan NepBoro poaa; napameTp k on-

penenseT ANVHY Ayrn BOMHbI rodpa.
Ha pwuc.3 nokasaHbl rpadukn ontumanbHoro npodpuna (16) npwu

k=0,4; 0,6; 0,8.

s S g
- g .

-F"-"-‘-
-

X

Puc. 3 — 'pacdhmkmn ontumanbHoro npocuns (cnnowHas NMHUA) 1 CUHyconaanbHOro
TOW Xe ANuHbI (KPeCTUKK)

Onpepenum, Kak usmeHuTca apdeKT1BHBIN MOAYIb YNPYroCTH Ha pacTsXeHune,
ecnu nepentn OT CUMHycompanbHOro mpodunst K ontumansHomy (16). Kak 6bino
rnokasaHo Bbllle, Modynb ynpyrocth MK, Ana He nonororo rodpa onpegensieTcs

BeNuUMHoM nHterpana J (14). Hangem otHocuTenbHOE yBENUYEHUE 3TOMO MHTErpa-
na npu 3ameHe CUHycouaarnbHOro Npoduns Ha oNTUMarbHbIN
J,—J
o= %100% , a7

S

roe J,,J, — 3HaveHue uHTerpana (14) COOTBETCTBEHHO ANt OMTUMASILHOIO
npodunsa n CUHyconganbHOro TOW Xe AMNVHbI.

Ms (17) pana  BbibpaHHbix  3Havennin  K=0,4; 0,6; 0,8  nonyuaem
0 =0,065; 0,23; 0,365%.

BbiBoabl. [pegnaraemas metoauka pacdeta HOC rodppupoBaHHOro crepx-
HA B MpPOEKUMsAX KOMMOHEHTOB OKasblBaeTca npowe  TpaguuMOHHON
CXeMbl (KPUBOMMHENHOrO CTEPXKHS) U NO3BONISIET UCNOMb30BaTh XOPOLIO paspa-
6oTaHHLIN MeToA ocpeAHeHUs. Takon noaxon Takke AaeT BO3MOXHOCTb adhdek-
TMBHO pelaTtb 3agayn ontummuaauumun. pyn 3ToM okasanoch, YTO LUMPOKO MCMOSb-

3YIOLLMIACS CUHYcOMAanbHbIA Npodunb rodpa BecbMa GMM30K K ONTUMAaribHOMY
TOYKM 3pEeHUS NPOLOSILHOM KECTKOCTU.
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O. A. fluckosecbkuli, KaHO. MmexH. HayK

PO3PAXYHOK | ONTIMAJIbHE NPOEKTYBAHHA
rO®POBAHUX CTEP>XHIB METOAOM OCEPEAHEHHA

OTpumaHi PpPiBHAHHA PO3paxyHKy HanpyxeHo-AedOpMOBHOIro CTaHy rodpoBaHoro
CTEPXXHA B MPOEKLiAX Ha BiCb paBHOBiAAaneHy Bif BepluvH rodpy. [Ans ix po3B’ssyBaHHA
BMKOPMCTaAHO MeToA ocepenHeHHsA. Po3rnsHyTa 3agavya onTMmanbHOro NPoeKTyBaHHSA Npo-
insa rocpa.

Knroyoei cnoea: 2ogposaHuli cmepxxeHb, MEMOO OCEPEOHEHHS], PIBHSIHHS 8 MPOEKUIsiX,
onmumarsibHe npoeKmyeaHHs Mpogins.

A. A Diskovsky, Associate Professor

CALCULATION AND OPTIMAL DESIGN
OF A CORRUGATED ROD BY THE AVERAGING METHOD

The equations of deflected mode on projections are received. The equations are solved
using the averaging method. The problem of the optimal design of corrugated rod form
is considered.

Keywords: corrugated rod, averaging method, equations on projections, optimal design
of corrugated form.

The conventional investigation of the stress—strain state of the corrugated
beam requires the differential equations with variable coefficients to be solved.
When the number of crimp waves is high, the straightforward numerical resolu-
tion of these equations by the finite element method [2] or the sweep method [3]
causes significant computational difficulties. The purpose of the present paper is
a justification and estimation of the accuracy of the method of analysis of the cor-
rugated structures [4]. The equations are formulated in terms of projections of
forces, moments and displacements on the axis equidistant from the tops of the
crimp and the averaging method is applied.
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One of the main advantages of the foregoing approach for the prediction
of the stress—strain state of corrugated structures is the possibility to set and
solve the problems of optimal design. These problems come to the choice of the
crimp profile shape that provides the required mechanical properties of the corru-
gated structures. In this paper, the concern is the choice of the shape of the regu-
lar crimp that gives the highest or the lowest value of the effective elastic
modulus when the total length of the crimp curvilinear axis is fixed. Due to the
symmetry and periodicity of the crimp profile, this optimization comes to the for-
mulation of the problem on one half of the crimp wavelength. So the problem is

formulated as to determine the crimp profile Z(§) of the one half of the crimp
wavelength (0< &< 7)that ensures the highest longitudinal stiffness with the ma-
terial mass and fixed crimp wavelength

V4
J:Izz 1+22 d - min,; N
0

T
J. 1+ zé d £=s—const. 2

0
The isoperimetric condition (2) ensures the constancy of the arc length of the
crimp wave. The periodical crimp is considered. Particularly, the crimp, for which
the integral of the function describing its shape is taken along one

period, equals zero. For such crimp the problem (1) and (2) should be completed
by the boundary conditions:

2(0)=z(z)=0. 3)

The corresponding Euler equation for the variational problem (1), (2) can be
written in the form

22+Zzz§—zzz§§—ﬂz§§ =0. 4)

Solving Eq. (4) by the order reduction method and satisfying the boundary
conditions (3), one obtains

__ozk ¢
Z_(l—kz)K(k) [ZK(k)ﬂ’kj' ©

where Sn(...) is the elliptic sine; K() is the complete elliptic integral of the first
kind; parameter k defines the arc length of the crimp wave.
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Substituting the expressions (5) into Eq. (1) we can identify the elastic
modulus J values for the sinusoidal profile Js and for the optimal one Jo.
The relative variation of this modulus can be obtained:

o= %100%. (6)

S

From (6) one obtains that for the selected values k =0,4; 0,6; 0,8 replacing

of the sinusoidal profile with the optimal, one increases the longitudinal stiffness
modulus, by 8=0:065;0:23;0:365% respectively. Therefore, the sinusoidal

profile appears to be quite close to the optimal one in terms of the longitudinal
stiffness.
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