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O. A. AspameHko, kaHO. ¢pu3.-mam. Hayk, FO. A. AepameHkKo

O BINUAHUN UCKPUBITEHUA OCU HA HANPSAXXEHHOE COCTOAHUE
TPAHCBEPCAJIbHO-U30TPOIMHbLIX TOPOUOAITBbHBIX OBOJIOYEK
NEPEMEHHOW TOJLLWHbI

HaHo pelueHue 3ajaun U NpoBeAeHO MccredoBaHWe HanpskeHHO-AedOpMMPOBaHHOIO
COCTOSIHUSI TPAaHCBEPCanbHO-M30TPOMNHbIX TOponAanbHbIX 060NoYeK NepeMeHHON TOMLUMHbI.
MNMocTaBneHHas KpaeBasi 3ajada onucbiBaeTcs cuctemon AuddepeHUManbHbIX ypaBHEHUA
B YaCTHbIX NPOU3BOAHbLIX C NepeMeHHbIMU KoacddmumeHTamn. CBeieHMe ABYMEpHOM 3apayu
K OHOMEPHOM OCYLLECTBIIAETCA C MOMOLLbLIO CITalH-annpokcuMaumm pewieHust. NMonyyeHHas
OfHOMEpHasA KpaeBasi 3ajaya pellaeTcsi YCTOMYMBLIM YUCNEHHbIM METOAOM AUCKPETHOM
opToroHanusaumn. NMpyMBoAATCA AaHHbIe O pacnpeaereHnn nornen nepeMeLLeHn U HanpsXKeHUN
B 3aBUCMMOCTU OT UCKPMBIIEHUA OCU 0BONMOYKN N N3MEHeHusA napameTpoB nepemeHHoﬁ
TONLMHBI.

Knroyeebie cnoea: mopoudaribHbie 000MOYKU, HAMPsXKEHHOE COCMOSIHUE, YMOYHEHHas!
meopusi obosnoyek, Memod crinalH-annpokcumauuu, Memod OUCKpemHoUl opmoeoHanu3auyuu.

BBepgeHne. OBGOMOYKM KaK KOHCTPYKTUBHbIE 3rE€MEHTbl LOCTAaTOMHO 4acTo
NCMOMb3YIOTCA B Pa3NUYHbIX OTPaChAaX COBPEMEHHOW TEXHWKW, TakMX Kak cygo-
CTpOeHMne, CaMOoNeTOCTPOEHNE, PaKETOCTPOEHME, ra3oBas N XMMUMYeckast NPOMbILL-
neHHocTb 1 ap. [2, 7,9, 17, 18]. 310 0bbsicHAeTCs TeM, 4YTO 06onoYkn obnagaroTt
BbIFOAHBLIMW YNPYrMMW CBOMCTBaMW U MPU paumMoOHarbHOM MPOEKTUPOBaHUU MOTYT
BblAepXaTb 3HauMTemnbHble Harpysku, 4TO NO3BONSAET Co3faTb M3 HUX BecbMa
nNerkne KOHCTPYKUMM LOCTaToO4HOW npoyHocTu. C yBenuueHvem TpeboBaHuii
K COBPEMEHHbBIM KOHCTPYKLIMSAM LUMPOKOE MPUMEHEHUE MOMYyYMnn 0BOMOYKM CroX-
HOM OpMbl C MepemMeHHbIMM napameTpamun [6, 9, 13]. K Takum obGonoykam
OTHOCATCA TopouganbHble o6onoukn [2, 11] nepemeHHon TonwwmHel. Nccnegosa-
HVE NPOYHOCTHBIX XapakTEPUCTUK 0BOMOYEK Takoro TMna ¢ NPUMEHEHNEM Kraccu-
YEeCKON TeopuM MOXET MPUBECTU K 3HAYUTEmNbHbIM MOrpewwHocTaM. [loatomy
pacyeT HanpsXeHHO-AePOPMUPOBAHHOIO COCTOSHUS Takux obonoyek npea-
naraeTcs BbINOMHATL C MNPUBMEYEHMEM YTOYHEHHOW Teopwun obornovek Tuna
TumolueHko [4, 8, 14]. CnoXHOCTb peLleHns 3TUX 3afay OobyCroBneHa He TOMbKO
BbICOKMM MOPSAKOM CUCTEMbl YpaBHEHWA WU MNepeMEeHHOCTbIO KO3(hPULNEHTOB,
HO 1 HeOBXOAMMOCTbIO TOYHO YAOBNETBOPUTL 3a4aHHBIM rPaHUYHBLIM YCOBUSAM.

B HacTtoslen craTbe wuccrnegyeTcs BMUSHAE NEPEeMEHHOCTW  TOMLWMHbI
N UCKPUBIEHUSI OCM Ha HanpsiXeHHO-4edopMUPOBaHHOE COCTOSIHWME TopouaarnbHbIX
TpaHCBEPCanbHO-M30TPONHBIX 0BOoYeK MpW XECTKOM 3akpernneHun TopuoB. [ns
pelleHnsi paccMaTpuBaemMoro Krnacca ABYMEpPHbIX KpaeBblX 3adad npepnaraercs
noaxon, OCHOBaHHbIN Ha crnarH-annpokcumauum [1, 5, 7, 9, 10] nckomoro pelueHus
B OOHOM KOOpAWMHATHOM HanpaBneHuu ONs Yero paspelatowye yHKUMM npeg-
CTaBnsloTCA B BUAE JMHENMHOMW KomOuHauum Kybuyeckux B-cnnaviHoB [10].
[ns pelleHus nony4yeHHOM Npu 3TOM OAHOMEPHOMN KpaeBoW 3adauyv MCMonb3yeTcs
YCTONYMBBIN YCTIEHHbIA MeTOA AUCKPETHOW opToroHanusauum [3, 6, 9, 15, 16].
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MocTtaHoBKka 3apaum. bygem paccMmatpuBaTb 3aMKHYTble B MOMNEPEYHOM
CEYEHNN YyCeuYeHHble TopouaarnbHble TpaHCBEPCANbHO-U30TPONHbIE 060M0uKY
NepemMeHHOM TOrLWMHBLI C KPYroBbIM MOMepeyHbIM ceyeHnem (puc. 1), KoTopble
HaxoasATCsi NoA AEVNCTBMEM BHYTPEHHErO0 HOPMAribHOIO AABMEHMUS U XXECTKO 3aKpen-
neHbl Ha Topuax. KoopaumHaTHylo MOBEPXHOCTb ODOMOYKM OTHECEM K CUCTeMe
OPTOroHarbHbIX KPUBOMMHENHBIX KOOpAMHAT 1,0, roe m — Yyron B OCEBOM

ceyeHum, a O — yrom B MOMEPEYHOM CeyeHun OoBOoMNoYKn, Mpu ITOM
<Ny, —n/2<0<n/2.

Puc. 1 — TpaHcBepcanbHO-M30TponHasi 06ono4ka

MepBas kBagpaTWyHas chopMa CPeAnHHON NOBEPXHOCTH 0BOMNOYKM 3anumiueTcs
B BMae [6]:

ds? = A%doy® + Adan?; @)
A =R+rsin®, oy =m, 0, =0, 1 <N<1p, —w/250< /2, 2
roe R — paguyc oceBoit OKPYXHOCTM, I — paduyc OKPYXXHOCTU B MonepeyHoM

ceYvyeHunn.
O6onoyka HaxoguTca nog OencTBueM BHYTPEHHEero HopmaJsnbHOro aaslieHuA

q=0n,0).
TOJ‘ILLWIHa 000JT04YKN N3MEHAETCA CorfnacHo 3aKOHY

h(8) = hy(1+PBcos20), hy =const, B <1. ?3)
Mpy 3TOoM 06beM 0BOMOYKM OCTAETCSl HEM3MEHHBLIM MPU U3MEHEHWW NapameTpa
2n
. BBuay Toro, 4TO BblpaxkeHue '[ (1+PBcos20)d6 =21 = const He 3aBucuT OT O,
0
L2n
TonwwHa Bcel obonoykn H :j I h(n,06)dnd6 npu pasnuuHbix 3Ha4YeHusIX [
00

HE MEHAET CBOe 3Ha4YeHne, TO €CTb BbINOJTHAETCA Tpe6OBaHVIe COXpaHeHud obbema.



HanpsikeHHo-AedopmMupoBaHHoe  cocTtostHue  obonodku  uccrnepyeTcs
Mo yTOMHEHHON Teopunm obonoyek Tuna TuMoLleHKo, KoTopas 6asupyetcs
Ha runoTese npsamMon nNuHuM. CyTb 3TOM MMMNOTE3bl COCTOMT B TOM, YTO MEpBO-
HayanbHO HOPMarbHbIN K KOOPAWHATHOW MNOBEPXHOCTU 3MeMEeHT nocrne Ae-
dopMaumm ocTaeTcs NPSMOSMIMHENHBIM, HO YXe He neprneHanKynspHbIM
K AeopMMPOBaHHOW KOOPAMHATHOW MoBepxHOCTW. [pu aToM npegnonaraeTcs,
YTO OTCYTCTBYET OOXaTue no TonwuHe [8].

CornacHo npuHATOM rvMnoTe3e nepemMelleHnss obonoYku BbIpbKAKTCA MO
dopmyrnam:

Uy (M, 0,7) =u(n, )+ Ay, (n,0);
U (M, 6,7) =Vv(n,6) +Ayo(,6); 4
u, (n,0,y) =w(n,6),

roe 1,6,y — KoopauHaTbl TO4eK 0BGOMOYKM B HanpaBrieHUsix obpasytoLleii, Hanpas-

NALWEeNn 1 Hopmanu K BeIbpaHHOM KOOPAMHATHOWM NMOBEPXHOCTY; WYy, Wg — MOMHble

yrnbl NOBOPOTa NPSAMOSIMHENHOTO 3MEMEHTA.
B cooTtBeTcTBUM C (4) BblpaxeHusa ansa gecdopmaumm umetot Bug [8]:

en(M,6,7) =&, (n,6) +vx,,(n, 6);
ep(n.6,7) =& (1,0) +vx6(n. 6);
(M, 6,7) =€,9(M,0) +12x9 (M, 6); (5)
ey (M,6,7) =v,,(n,6);
egy(1.9,7) =719(n,9).
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rA€ €,,Eq,Eqp — TAHTEHLMANbBHBIE, Y, ,Xg: Xno — U3MOHbIE AechopmaLi Koopav-

HaTHOW noBepxHoCcTW; Ki,Ko — KPMBM3HBI OCEBOW OKPYXXHOCTU W OKPYXHOCTU
B MOMEPEYHOM CEYEHUN COOTBETCTBEHHO; 8,89 — YIbl MOBOPOTA HOpManu
Beayyeta MoMepeuHbiX CABUIOB;  Y,,Yg — YIMbl MOBOpOTA  HOpPMAamu,

00YyCrnoBEHHbIE MOMNEPEYHBLIMM CABUraMMU.
YpaBHEHUS paBHOBECUSI MEIOT BUA:

0 0 9]
a(AZNT])—’_%(AZNen)—'_ Nnea—2+,A1A2k1Qn +AAG, =0

9 N9A
(AlNe) NT] o0

s +%(A2Nne)+A1Qe+A1AQQG=O?

o (4500 )+ 55 (AQ0) - ANy Ao + Aot =0 ™

%(AQMH)+§(A1MHG)+M ~AAQ, =0;

0 8,61 )
%(A&Me) M2 an(AQMnG) A PQy =0;
Nyo —kaMyp —Noy +kiMyg =0,

LLPT

roe Nn,Ne,Nne,Nen — TaHreHumarnbHble YCUNus; Qn,Qe — nepepesbiBatoLLme
ycunus; Nn,Ne,Nne,Nen — nsrnbarLme N KpyTawme MOMEHTbI; O+ 0o One —

KOMMOHEHTbI FIOBerHOCTHOVI Harpysku.
CooTHoLueHus ynpyroctu ansa opToTPOMHbIX 060no4Yek OTHOCUTENBHO Bbl6paH-
HOM KOOp,El,VIHaTHOﬁ NOBEPXHOCTU 3annCbiBaKOTCA B BUOE:

Ny, = Crien +Cro8g; Ng = Cpogy +Cooe;
Npno = Ceeeng +2K2Dggxno; Non = Ceseno +2KiDesXne: ®
M., = Duixy, +Dioxe: Mg = Doy + Dooxgs Myg = 2DggXne;
Qy =Kiry: Qo = Kove,

roe
C=g Euho C12 =v6C115 Co2 =7 EUth : Ce6 = Gyoh;
m-o 10
Dy = % Dip =vgDigxe; D % Dee :Gnlezh3; o
K1=§G,W; KZZgGey-



3pecb Er]'Ee'UT]'UG — MOAynu ynpyroctm wu kKoadduumeHTbl [lyaccoHa
B HanpaBneHnsx n u 0; Gne'GnY’GGY — moaynb casura; h=h(n,0) — TonwmHa

obonoYKkN.
B cnyyae TpaHcBepcanbHO-M30TPOMHbIX 060M0YEK UMEEM:

E,=Eo=E;

L, =V =V,

E

— — r_ _—

GTW =Gq, =G'= 5
CooTHoweHuss (6)—(8) npepctaBnalT cobol 3aMKHYTYlO cuctemy aund-

depeHUManbHblX YpaBHEHUM B YacTHbIX npou3BogHbiX 10-ro  nopsgka.

[nsa onpepeneHns NPoOu3BOAHbLIX, COOEPXalUMXCH B OOLWEM uHTerpane 3Tow

cucTeMbl, HEOBXOAMMO 3afaTb rPaHUYHbIE YCMOBUS Ha KOHTypax o60mo4vku npu

1 =const. B oTnnyne oT knaccuyeckon Teopun o6ornovek, B KOTOPOW Ha KaxaoMm

KOHTYpe (hopMyNMNPYIOTCA NO YeTblpe rPaHNYHbIX YCIOBUS, B YTOYHEHHON TEOpUN
obonoyek nNpuHATas MoAenb MO3BOMsSeT 3adaTb Ha KaXOoM KOHType Mo nsTb
rPaHNYHbLIX YCIOBUIW, YTO COOTBETCTBYET YUCMY UCKOMbIX (DYHKUMIA. paHunyHble
yCNoBMsA MOTyT ObITb CCHOOPMYNNPOBAHLI Yepes3 YCUNUsi, MOMEHTbI, NepeMeLLeHns
W NOMHbIE Yribl NOBOPOTa HOPMarnw.

[na onpepeneHns HanpsikeHWn B OPTOTPOMHBLIX TOpouAanbHbIX 060MoYKax
Oyaem ncxogmTb M3 COOTHOLLEHMI 3akoHa [Myka [15]:

e, =116, +bp0g; €9 =bpo, +brr0y; (10)
€10 = Ds6Tno: By = D5y €oy =baatey,

roe

b1 = bp =——": by == bgg = ?b55=—ib44=G—- (11)

1.
Eq
Paspewas paseHcTBa (10) OTHOCUTENBHO HanpshkeHun U wmcnonb3ysa (5),

nonyyaem BbIPaXEHUs AN HanpsbkeHuin Yepes aedopmaumn KoopauHaTHOM
MOBEPXHOCTK:

(br1bag —112%)0, = oy (e + ) —bra (g +720);
(b1o” —bisbnp)cp =bry (&n +7xn) —Pr1(eq +7x0); (12)

h h
be6Tne = €no +2Vxne: BssTry =Vn: basTey = 7o (—E <y< Ej'



B kayectBe paspewatowmx yHKUMA BbiIbMpaem nepemMelleHus UV, W
W MOMHble YIMbl MOBOPOTA HOPMAMN Yy, g - M3 BbipaxkeHun (6)—(8) nocne

HEKOTOPbIX npeo6pasoBaHm7| nony4yaem cuctemy paspeLlarownx ypaBHeHVIVI B BMUae:

%: Ly (U,V, W, 0, Wp);
261\2’: Lo (U, v, W,y Wo);
Z%Vz Lg (U, v, W,y We); (13)
a;:;” = Ly (U,V, W,y Wg);
a62(;']29 = Ls (U, v, W,y ).

MonyyeHHas cuctema ypaBHeHun (13) NOMHOCTLIO NpuBedeHa B cTatbe [5].
[obaensia kK cucteme paspeluarLmx ypaBHEHWUIA rpaHUYHbIE YCITOBUS, NonyyYaem
OBYMEPHYIO KpaeByto 3aavy, KOTOPYHO peLlaeM yka3aHHbIM Bbllle METOLOM.

YucnoBble pe3ynbTaThbl. Ha OCHOBE M3NOXEHHOro NoAxo4a pelleHa 3ajava
O HanpshkeHHOM COCTOSIHUM 3aMKHYTbIX B MOMEPEYHOM CEYEHUU YCEYEHHbIX
TopouaanbHbIX TpaHCBeEPCanbHO-M30TPOMHbIX 000N0YEeK NEPEMEHHON TOMLUMHbI
C KPYroBbIM MOMEPEYHbIM CeYEHWEM NPY CNEeAyLMX UCXOOHbIX AaHHbIX: S —
AnuHa gyrm Baonb ocu obonoykn 0<S<L,L=60, TonwmHa wuameHsieTcs
no 3akoHy:  h(8) =hy(1+pBcos20), hy =1, r=15 An==n/3;n/2;2n/3, An-R=L.
MexaHuuyeckne napameTpbl 000MOYKM MPUHMMAIOT crnegylolime 3HadveHust [12]:

p— p— pr— p— 4 — p—

En =Eg =E, Gm, —Gey =G'= % D =40, rage E — moaynb ynpyroctu, Koad-
uupeHT lMyaccoHa v, =vg=v=0,3. OBonoyka HaxoAUTCs noA AerCTBUEM

BHYTPEHHEro HopManbHOro AaBneHns g = Oy = Const .
WccnepgoBanock BRWSIHUE W3MEHEHUSt yrila OCEBOTO CEYEHUS] OGONOYKM
A =7/3;nt/2;2n/3 wn napameTpa wusMeHeHus TonwwmHbel B=0;0,3;0,5;0,7

Ha HopManbHOe NepeMeLLeHMe U HanpPsKeHNs TopouaanbHbIX 060504Yek NOCTOSH-
Horo o6bema.

PesynbTaTbhl pelleHnss 3agavnm NpuvBEAEHbl MNPU  CrEAYHLWMX 3HAYEHUSIX
uckpueneHns ocu An=2n/3;n/2;7/3 Ha puc. 2,3 COOTBETCTBEHHO B BWae

rpacdmMkoB pacnpegeneHvst NpormboB W 1 HanpsbkeHW Ha BHYTPEHHEW NOBEpPX-
HOCTU OBOMOYKMN Gy NS XKECTKO 3aKPENIEHHOro KOHTYpa.
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CHavana npoBeem UccrnenoBaHne pacnpeneneHns nepemMeLLeHunin B 3aBucK-
MOCTU OT WCKpMBREHna ocu obonoudkn. 3 puc. 2 BMAHO, YTO MakcumarbHas
BenNu4YMHa npornba nameHsietca B cootHoweHun 0,37:0,371:0,35, 4To COOTBETCT-
BYET 3Ha4YeHMsIM B ceyeHun O0=-mt/2; npu O=mn/2 COOTHOLIEHNE MMEEeT Bua:
—-0,034:0,052:0,08; npu 6=0wumeem: 0,05:0,07:0,12. CnepoBaTtenbHO, Hau-
bonbluee BRMsSIHNE Ha 3HaveHMe MpPornboB BENMYMHA MCKPUBMEHMS ODOOMOYKM
nmeeT B cedeHun 0 =-m/2.

Tarke npoBegem aHanva BNUsHAA NapaMeTpa NepeMeHON TOSMLLMHBI 00004KM
Ha BENuWYMHY NpornboB MpWU pasfnMYHbLIX UCKPUBIEHMSX ocu. 3 puc. 2 BUAHO, 4TO
npu  An=2n/3  MakcumanbHoe  3HayeHue Ew/103qo npu B=0,7

yBenuuusaetcst o 0,95, no cpaeHeHuto ¢ 0,37 npu B=0. Ona 6 =n/2 BenuuuHa
Ew/ 103q0 pocturaet 0,16 1 Tak e Kak B Criyyae MOCTOAHHOM TonwmHel (f=0)
coBnagaeT co 3HaveHnem B ceveHun 0=-m/2, a npn 6=0 Ew/103q0:—0,02.
Mpn An=m/2 makcumansHoe 3HayeHue EW/103q0 =0,93 npn B=0,7, B oTNN4ME
o1 0,0371 npm B=0.Mpn 6=m/2 EW/103q0: 0,25, a npu 6 = 0 NpuHMMAaET 3Have-
Hne 0,02. Mpn An=m/3 MakcumanbHoe 3HadeHue EW/103q0 Aocturaet 0,87
npy B=0,7, Toraa kak npu B=0 EW/103q0: 0,35. MNpu 6=7/2 unmeem 0,33,

anpu 0=0 Ew/103gy=0,06.

CTouT OTMETUTb, YTO B OKpecTHOCTsAX Todek 6/m~-0,3 n 6/n~0,15 Bce
rpacdukn nepecekarTcsl, 3TO 0OYCNOBNEHO TeM, YTO TOfWMHA Bcex obonovek
NpYHMMaeT OANHAKOBOE 3HAYEHUE.

Wccrnegyem Takke pacnpegeneHve HanpshkeHUn Ha BHYTPEHHEW MoBepx-
HOCTW ODOMOYKM B 3aBUCUMOCTU OT UCKPUBREHUSA €€ ocn. Ha puc. 3 npmBeaeHbl
rpadovkn Ha wuHTepBane 0<S<L/2. V3 puc.3 BMAHO, 4TO MaKcumanbHas
BENUYMHA HamnpshKEHUA U3MEHsieTCs B COOTHoweHun 12,6:13,5:14,3, 4To
COOTBETCTBYET 3HayeHusiM npu 6=—-n/2 n B=0; npn 6 =mn/2 cooTHOLEHNE

umeeTt Bua: 10,4:12,1:13,5. CnepoBaTenbHO, B HWKHEN YacTu 0OOOMNOYKM,
T.e. Npu O0=—m/2, BEeNU4YMHA VCKPUBIIEHUS OCU MMeeT Haubornbluee BrvsiHUE
Ha 3Ha4YeHMe HanpsPKEHWN.

Tenepb npoaHanuavpyem BRMsiHAE MapaMeTpa MNepemMeHon TOMLWMHbI
000MOYKM Ha BENUYUMHY HaMNPsPKeHWA NPU  PasnUYHbIX WCKPUBIEHNUSX OCMW.
W3 puc. 3 BMOHO, YTO Mpu KpMBU3HE OcK obonodknm An=271/3 MakcumanbHoe

3HaveHne oy /qy npu B=0,7 yeBenuuusaetcs o 44,6, no cpaBHeHuto ¢ 12,6

npu B=0.Ana ©0=mn/2BennynHa oy /qy gocturaet 30,8, Toraa Kak B cryvae-
NOCTOsIHHOW TonwwHbl (=0 ) npuHnMaeT 3HaveHune 10,4. Mpu An=rm/2

11



Ewi10%q] Ewl10% Blﬂ
p=07 \ 7
oa\ 08
0,5
06+0.5 05T
N o\
03 AN
04 ] ~—~
—_ /
02 <
02 ] ,/ — \\ L1
1 L~
%\ e y %\ -
‘ |
00 - T + t t T T T
05 04 03 02 01 00 01 02 03 04 QJx 05 04 03 02 01 00 01 02 03 04 Blx
a) 6)
Ew10%]
10
N
08
05
06
o\
I
02 N ]
N Zz=
00 +——f— \E I ——
45 44 43 42 o1 00 01 02 03 04 Qln
B)
2 s b1
Puc. 2 — Pacnpenenexune nporn6os npu: a) Am =§n; 6) An ZE; B) AM =§

n 0=-n/2 makcumarnbHoe 3HayeHve cg/qy= 47,1 npu =0,7, B oTNNune
ot 13,5npn B=0.Anpn 6=n/2 c4/0y=37,1 =0,7 n12,1 npn B=0. MNpn
An=n/3 aTa BenuuMHa NpuHUMaeT cneaytolime sHadeHus: 49,5 npu B=0,7 n

143 npn B=0 gna 6=-n/2, Torga kak ans 0=mn/2 ocg/0y= 42,5 n 13,5 co-
otBeTcTBEHHO Npu B=0,7 n 3=0.
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Puc. 3 — PacnpeageneHue HanpskeHun npu: a) An = 51‘:; 6) An= E; B) AN =—

3

BbiBoabl. U3 npoBefeHHOro aHanm3a 4YUCreHHbIX pe3ynbTaTtoB crenyeTt, 4YTo
AaHHasaA YMcneHHo-aHannMTn4eckaa MetTogunka no3sondeTt SCbCpeKTVIBHO n ¢ GonbLuon
CTeneHbio TOYHOCTU pellaTtb 3ada4vn o HaI'Ipﬂ)KeHHO-,Ele(*)OpMI/IpOBaHHOM COCTOAHUN
TpaHcBepCalribHO-U30TPONHbLIX TOpoOUAarbHbIX obonouek nepemeHHon TONWMWHbBI.
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O. O. AspameHko, kaH0. ¢hiz.-mam. Hayk, 0. O. AepamMeHKo

NMPO BNIMB BUKPUBJIEHHA OCI HA HANPY>XEHUA CTAH
TPAHCBEPCAJIbHO-I30TPOIMHMX TOPOIOAIIbHUX
OBOJIOHOK 3MIHHOI TOBLUWHU

DaHo piweHHA 3apadi i npoBegeHO AoOCNiMXKEHHA HanpyXeHo-AecdopmMoBaHOro craHy
TpaHCBepPCaribHO-i30TPOMHUX TOpoiAaribHUX OOONIOHOK 3MiHHOI ToBWMHKU. [MocTaBneHa
KpanoBa 3aa4ya ONUCYETbLCA cucTemol AudepeHuianbHUX PiBHAHb Y YaCTUHHUX MOXiQHUX
3i 3aMiHHUMU KoedpiLieHTaMWU. 3BeeHHS ABOBUMIPHOI 3aAayvi 4O OAHOBUMIPHOI 34iMCHIOETLCA
3a [JOMOMOrol cnsanH-anpokcumadii piweHHsA. OTpuMaHa OAHOBUMIpPHa KpawoBa 3ajada
PO3B’A3YETLCS CTINKUM YnCeNlbHUM MeTOAOM AUCKPETHOI opToroHanisauji. HaBoasatbca gaHi
Npo po3nogAin nonie nepemilleHb Ta HaNpPyXeHb B 3aNeXHOCTi Bif, BUKPUBIIEHHA OCi 0GONTOHKM
i 3MiHM NnapamMeTpiB 3MiHHOI TOBLUMHM.

Knro4voei croea: mopoidarnbHi 060/10HKU, HanpyXeHuUli cmaH, ymoYHeHa meopisi 060TOHOK,
memod crinaliH-anpokcumauii, Memood dUCKpemHoi opmoeoHarnisauyji.
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O. A. Avramenko, Associate professor, Yu. A. Avramenko

ABOUT INFLUENCE OF AXIS CURVATURE
ON STRESSED STATE OF TRANSVERSELY ISOTROPIC
TOROIDAL SHELLS OF VARIABLE THICKNESS

A solution of the problem is given and an investigation of the stress-strain state
of transversely isotropic toroidal shells of varying thickness was conducted. The boundary
value problem is described by a system of partial differential equations with variable coeffi-
cients. The reduction of two-dimensional problem to one-dimensional problem is performed by
using spline-approximation of solution. The obtained one-dimensional boundary value problem
issolved by a stable numerical method of discrete orthogonalization. Distribution
of displacement and stresses fields are presented depending on shell axis curvature and on
variable thickness parameters.

Keywords: toroidal shell, stress state, refined shells theory, spline-approximation
method, method of discrete orthogonalization.

Shells, as structural elements, are often used in various fields of modern
technology: in ship building, aircraft building, rocket building, gas and chemical
industries, etc. [2, 7, 9, 17, 18]. This is because of the shells have favorable elas-
tic properties and with the rational design can withstand heavy loads, allow
to create from them a very light construction of sufficient strength. In modern
constructions the shells of complex form with variable parameters became wide-
spread [6, 9, 13]. Toroidal shells [2, 11] of variable thickness belong to such type
of shells. Investigation of the strength characteristics of this type shells by
the classical theory can lead to considerable computational errors. Therefore the
calculation of the stress-strain state of such shells is proposed to carry out by the
Timoshenko's type refined shells theory [4, 8, 14] based on straight line hypothe-
sis. The gist of this hypothesis is that initially normal to the coordinate surface
element after deformation is rectilinear, but is not perpendicular to the deformed
coordinate surface. It is assumed that there is not compression, namely assumed
that the element does not change its length.

Investigation of the stress-strain state of toroidal shells in a refined formulation
leads to the statement of problem as a system of partial derivatives equations
with variable coefficients. The complexity of solving these problems is due not
only to high order of the system and variability of coefficients, but also to necessi-
ty of exactly suit the given boundary conditions.

The system of resolving equations has the following form:

d%u
e Ly (U, v, Wy )
%
662 = LZ(U!V’W1WT]!W6);
o®w
%: L3(uyV|Wana\lle);
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= Ly (U, )

pov el SOV

This system of equations is given fully in [5]. By adding
the boundary conditions to the system of resolving equations, we obtain a two-
dimensional boundary value problem. The approach based on approximation
of the required solution in one coordinate direction by using the method of spline-
approximation [1, 5, 7, 9, 10], so resolving functions are represented as a linear
combination of cubic B-spline [10], is proposed for the considered class of boun-
dary value problems. Obtained as a result one-dimensional boundary value
problem is solved by stable numerical discrete orthogonalization method
[3, 6,9, 15, 16]. Such approach allows us to solve the problems for a variety
of boundary conditions.

The stress state problem of truncated closed in cross-section transversely
isotropic toroidal shells of variable thickness with circular cross-section, which are
under internal normal pressure and rigidly fixed on the ends, is considered in the
article. Coordinate's surface of the shell is assigned to the system of orthogonal
curvilinear coordinates m,0, wherein rn is the axial section angle, and 6

is the cross-sectional angle of the shell, herewith ny <n<mn,,-n/2<0<=w/2.

The thickness of shell changes according to the formula
h(6) =hy(1+pcos26), hy =const, B <1. The influence of axial section angle of the

shell and of thickness parameter on normal displacement and stress for constant
volume toroidal shells is investigated.

Based on the results shown in this article, one can conclude that it is possible
to get the most rational distribution of deflections and stresses by varying of the

coefficients o and s in the formula of the thickness and axis curvature A7
while keeping the shell's volume.

Applying the proposed approach, based on non-classical Timoshenko's type
model, the method of spline approximation and stable numerical method
of discrete orthogonalization allows to solve stress state problems of orthotropic
toroidal shells for a wide range of geometrical and mechanical parameters with
reasonable accuracy.
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