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A
AnHoTtanusa. [IpencraBsieHbl pe3y/bTaThl BHIUWCJAEHHH MOJsI Ha- HayL‘lell/l
MPSIKEHUH LUJAUHAPUUECKOH 000J0YKH, 0ClabJeHHOH KPYyTrOBBIM

OTBEPCTHEM W HaxOAALLEHCs MO BO3AeHCTBHEM DAa3JMUYHBIX HArpy- OTlﬂle_ﬂ

30K: OJIHOOCHOTO PacTs’KEeHHsl, BAYTPEHHEr0 NaBJEHHs U KPyueHHs.

[llecTb yNPOLIEHHBIX YPABHEHHE TEOPUH LHIMHIPHIECKHX 000- \( /
JIOUeK ¢ OGOJIBIIMM MOKa3aTe/JeM HM3MEHseMOCTH (COBManarlye (

C YDaBHEHHSIMH TEOPHH [OJIOTHX 000JI0YeK) CBOAATCA K ypaB-

HEHHWIO MaTeMaTH4YeCKOH (DM3HKM OTHOCHTEJIbHO MOTeHIHaJsa Ha- U

npsiKeHUH, KoTopoe peruaetcsd MeTonoM Pypbe. OCHOBHBIM TMpe-
NSITCTBHEM K MOJY4YeHHIO OTBeTa SBJSETCS HEOOXOOUMOCTb IIO-
UcKa Ko3(p(HULUEHTOB B pas3JjoKeHUH pelleHus B cymMMmy 6Hasuc-
HBIX (DYHKUHWH, NPH KOTOPBIX 3TO pelleHHe YIOBJETBOPSIET rpa-
HUYHBIM YCJIOBUSIM. Tak»ke 3TO ypaBHEHHe 3aBUCHT OT TapameTpa
[, OTBETCTBEHHOI'O 33 OTHOLIEHHE MeXAYy FeOMeTPHYEeCKHMH Xa-
paKTepUCTHUKaMH 000JI0UKH U oTBepcTHsi. C MexaHUYeCKOH Tou-
KA 3peHHusl [/ MajblX M CPeIHHX OTBEPCTHH 3TOT mNapamerp
uMmeeT orpaHuueHuss < 4, Tak Kak Npd OOJbIIMX 3HAUEHHUSX
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OTBepCTHe CUHTaeTcs GOJbLIAM, U IJIS1 ONUCAHHs HaNpsiKeHHO-1e(OPMUPOBAHHOTO COCTOSHUSA MPH-
MEHSIIOTCsl 00LIHe ypaBHEHHUS] TEOPUH LMIHUHIAPHUUECKHX obosouek. [Ipn aToM netanbHOe H3yueHHe
KJIACCHUECKHUX paboT MPUBEJIO K MOHHMAaHMIO TOTO, YTO HHU OAMH M3 10 CHUX IIOp NPeaJoKEHHbIX
MeTOJ0B MOHCKa KO3(D(PHULHEHTOB Hesb3sl CUMTATh OKOHYATEIbHO YyAAUHBbIM, a Pe3y/bTaThl, M0Jy-
UyeHHble 3TUMU MeTofaMH, pasuaTcs. Cpenu pasHoob6pasusi paboT COBETCKUX W 3aMafHbIX yUeHBIX
60-70-x rr. XX B. BbAeJSIOTCS YMCJEHHble pe3y/bTaThl HHXKeHepa Ban Jlaiika, KOTopble OH
TMOJIYYUJT METOIOM KOJIJIOKAUUH. B oT/M4Me OT CBOMX COBPEMEHHHMKOB, PacKJ/alblBalOIUX pelleHHne
B S IO MasIoMy napametpy (3 U OTTOrO MOJYYaIoOLUIUX TOJNbKO Pe3y/bTaThl, OU3KHE K IMJIOCKOMY
cnyyvato, Ban Jla#ik BrepBele ony6/HKOBas UMC/IEHHBIE Pe3y/bTaThl 1Jis1 BCero paboyero aHanasoHa
napamerpa B paMKaX pacCMOTPEHHSI MaJibiX U CpPeIHUX OTBepCTHH. B nmaHHOH craThe mpensoxeH
HOBBIH TOIXOJ, OCHOBAHHBIH Ha passoxKeHHH 06a3ucHbIX (PyHKUMH B psan Pypoe. Brepsoie ynamnocsh
COCTaBUTb OECKOHEYHYIO CHCTeMY JIMHEHHO He3aBUCHMBIX ypaBHeHHH [/ HaXOXAEHUs HeH3BecT-
HBIX K03(duireHToB. CyIIeCTBEHHO, YTO MPEAJIOKEHHBIH METOM, B OTIHUHE OT M3BECTHOTO MeTOoAa
MaJIoro rnapaMmeTpa, He HMeeT MaTeMaTHYeCKMX OrpaHMYeHHH M MOXKeT MPUMEHSITbCS He TOJBKO
IJ15 3HaYeHWH mapamertpa [, OMM3KHUX K HYJIO, a AJs JI00bIX 3HaueHHH. OrpaHu4yeHHs BIIOThb
10 3 = 4 HanoxeHbl MeXaHHUeCKOH Moje bio. COCTaB/IeHBl CHCTEMBI [/151 HAXO0XK/EeHHS HEH3BeCT-
HBIX KO9(D(PHULHEHTOB NpPH 0a3UCHBIX (YHKUMAX AJs TPeX THUIOB Harpy3oK, IPOBeJEeHO CpPaBHEHHe
pe3y/nbTaToOB, MOJyUEHHbIX aBTOPAMH, C Pe3y/bTaTaMH, MOJYYeHHBIMH YUCJAEHHBIM MeTonoM. [Ipu
3TOM €CJId B OOJIbLIMHCTBE HCTOYHHUKOB MPHUBOASTCS TOJNBKO Pe3Y/bTaThl BBIUHUCJAEHHS OKPYKHBIX
Hamnpsi2KeHUH Ha TpaHHUlle OTBEPCTHS, TO B MpelJjaraeMoil paboTe HaHAeHO ToJie HAMPSIKEHUH A5
BCeH LUJIWHAPUYECKOH 000/0UKH, BO3HHUKAOLIee BBUAY HAJIM4YHUS OTBEPCTHS, B 3aBUCHUMOCTH OT
MOJISIPHBIX KoopauHart (r,6).

KiroueBble cioBa: HUIHHIPUUECKHE 000M0UKH, 000J0YKH C OTBEPCTUSMH, pacTsKeHHe, BHYTPeH-
Hee JlaBJeHHe, KpyueHHe, MoJle HaNpsKeHUH, aHaIUTHYeCKUH MOAXO0]
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Abstract. In this paper, the authors present the results of calculations of the stress field of a
cylindrical shell weakened by a circular hole and under the influence of various loads: uniaxial
tension, internal pressure and torsion. Six simplified equations of the theory of cylindrical shells
with a high variability index (coinciding with the equations of the theory of shallow shells) are
reduced to an equation of mathematical physics with respect to the stress potential, which is
solved by the Fourier method. The main obstacle to obtaining an answer is the need to search for
coefficients in the decomposition of the solution into the sum of the basis functions for which
this solution satisfies the boundary conditions. Also, this equation depends on the parameter
B, which is responsible for the relationship between the geometric characteristics of the shell
and the hole. From a mechanical point of view, for small and medium holes, this parameter
has limitations of 8 < 4, because for large values, the hole is considered large, and the general
equations of the theory of cylindrical shells are used to describe the stress-strain state. At the
same time, a detailed study of classical works has led to the understanding that none of the
previously proposed methods for finding coefficients can be considered definitively successful, and
the results obtained by these methods vary. Among the variety of works by Soviet and Western
scientists of the 1960-70s years of the twentieth century, the numerical results of engineer Van
Dyke, which he obtained by collocation, stand out. Unlike his contemporaries, who lay out the
solution in a row for a small parameter 8 and therefore get results only close to the flat case, Van
Dyke first published results for the entire working range of the parameter 5 in the framework
of considering small and medium holes. The authors proposed a new approach based on the
decomposition of basic functions into a Fourier series. For the first time, it was possible to
compose an infinite system of linearly independent equations for finding unknown coefficients.
It is essential that the proposed method, unlike the well-known small parameter method, has
no mathematical limitations and can be used not only for the values of the parameter g close
to zero, but for any values. Restrictions up to § = 4 are imposed by the mechanical model. In
this paper, systems for finding unknown coefficients for basic functions for three types of loads
are compiled, and the results obtained by the authors are compared with the results obtained by
the numerical method. At the same time, if in most sources only the results of calculating the
circumferential stresses at the boundary of the hole are given, in the proposed work the stress
field for the entire cylindrical shell is found, arising due to the presence of the hole, depending on
the polar coordinates (r, ).

Keywords: cylindrical shells, shell with cutouts, axial tension, inner pressure, torsion, stress
field, analytical approach
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Beenenue

B HemaBHUX pabGoTax aBTOpPOB cTaThH [1,2] Obla MepecMOTpPeH KJacCHUYeCKHH MoaXon K
pelleHHUI0 3aa4u 00 0CEeBOM PACTSIKEHUM LUJIUHIPUYECKOH 000JIOUKH C KPYTJIBIM BBIPE3OM.
[1aBHBIM mapaMeTpoM 3TOH 3a4ayu SIBJSIETCS HEKOTOPLIH reoMeTpUYecKUi mapametp (3,
CozlepKallMi COOTHOLIEHHEe MeXIy PaguycoM OTBEpCTHs, PaAHyCOM LUJIUHAPUYECKOH 000-
JIOUKH U TOJLIMHOH 000/104KH. Ecsu 3TOT napameTp paBeH HYJIO, TO MOJy4aeTcs MJ0CKas
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3agaya (M, B 4aCTHOCTH, 3aada Kupia B cayyae, Korga TpaHHUYHBIM YCJIOBHEM SIBJISIETCS
oceBoe pacTsikeHHue). HeoOXoquMOCTb TepecMOTpPeTh KJaCCHUECKHH MOAXOA BO3HHKJA
Mo LeJ0oMy psiLy NMPUYHH: MaJjas o6/JacTb NPUMEHHMOCTH pelleHUs (61M3Kas K 3amade
Kupia), orcyTcTBHe 00IIeH CHCTEMbl A1 MOUCKA HEH3BECTHBIX 0a3UCHBIX KO3 PHULIHEH-
TOB pelleHHs, OTCYTCTBHE HCCJIeJOBAHHUS JIMHEHHON 3aBUCHMOCTH HEKOTOPBIX ypaBHEHHH,
CBSI3bIBAIOLIUX 3TH KO3(PPHULHUEHTBI, OTCYTCTBHE SIBHBIX (POPMYJ [/ 10Js1 HANPSXKEHUH U
BO3MOXKHOCTH NIPOBeJleHHs] aHalIUTHUeCKOro aHanusa. Kmaccuueckuil cnocod, npensoxKeH-
HbIH B [3], 3aKJ/o4ascs B pa3/ioKeHHH B CTENEHHOH psill pelleHUs] U KO3(D(HLHEHTOB 10
MaJIoMy napaMeTpy [3, 4TO cpa3dy HaKJaablBaJo OrpaHHUYEHHUs] Ha 00J1aCTb IIPUMEHUMOCTH.
AXTHBHBIE TIONBITKH peani3oBaTh 3Ty HAelo npeanpuHuManuch B 1960-e rr. XX B., uTo
OTpaxkeHo B padorax [4-7], omHaKo aHaJUTHUeCKHe (OPMYJIbl AJIsl HANPSKEHUH TaK W He
OblIM moJydeHbl. [lanee K 9TOH 3ajaue NMOAXOAMJIHU TOJNBKO YUCJEHHO, a Teleph y»Ke MeTo-
NaMH KOHeuHbIX 3jieMeHTOB [8—14]. TlonpoGHasi ucTopust Borpoca U aHAJIU3 UMEHILIUXCS
TOAXON0B H3JI0XKeHH B [15].

ABTopbl HacTosIed pabOThl MPENJIOKHIN PA3JI0KHUTh Ga3UCHBIE (PYHKIIUH pelleHHs
B psabl Pypbe U pasgenutb nepeMeHHble [1]. DTo mo3BoaMIO BrepBhe MOTYYHUTh Oec-
KOHEUHYIO JIMHEHHYI0 CHUCTeMY JJIsl TIOMCKA HEeU3BECTHBIX K03(p(HULHeHTOB. 3aTeM Oblo
NPEeNJIOKEHO HAUTH U UCKJIOUUTh JIMHEUHO 3aBUCHMOE YpaBHEHHEe U I0CJe HEKOTOPOU
3aMeHbl MepeMeHHbIX J0Ka3aThb PEAyLHPYeMOCTb CHCTeMbl [2]. DTOT MeTon MO3BOJSET
MOJIyYNUTh Pe3yJbTaThl /sl JIOOBIX MexaHudecKd ponycTuMbix [ (ot O mo 4). B nanHo#
paboTe 3Ta Haes, MOMHUMO OCEBOTO paCTsKEHHs, NPUMeHseTcs] K APYTMM T'PaHUYHBIM
YCJIOBHSIM: BHYTPEHHEMY [aBJIeHHIO U KpyueHHI0. [IprBeneHo cpaBHeHHe aHAJIUTHYeCKHX
pe3y/JbTaTOB aBTOPOB M YMCJEHHBIX Pe3y/bTaToB, nosaydeHHbX Ban [lafikom [16] metomom
KOJIJIOKALUH.

1. IlocraHoBKa 3agauu

PaccmatpuBaeTcsi uunnHapUueckasi 00o/s0uka paauyca R ¥ TOJMIUHBL h, ocjabjeHHas
KPYTOBBIM OTBEPCTHEM paguyca ry, MoJ BO3AEHCTBHEM Pa3JHUUHbIX HArpy3ok. OCHOBHBIM
napamMeTPOM, OTBETCTBEHHBIM 3a OTHOLIEHHE MeXKIy FeOMeTPUYeCKUMU XapaKTepUCTUKAMH
000JIOUKH WU OTBEPCTHS, SIBJSIETCS

3(1—v?)
4Rh
rae v — Koapduuuent [lyaccona. 3amernm, uto npenebHbIN nepexon npu [ — O MPUBOAUT

K IJIOCKOH 3ajmaue.
YpaBHeHue, BeiBeneHHoe JIypbe [3], ans Takoi 060J0YKH UMeeT BHUJL

g =12

0?P
AAD +8if*— =0 (1)
ox
U CONepPKUT PYHKLHIO O = Sg—ﬁRw — U, 3aBUCALLYI0 OT HOPMaJIBHOTO Nporuda w, GPyHKLUHUN

Hanpskenuit U u monyas IOnra E.
Cssa3p ¢yHKUMH U ¢ TeH30poM HampsiKeHUH 7T’ 3a1aeTcsi COOTHOLIEHHEM

3*U 9?U
T;L’ Tacy _ oy " 9ydz (2)
T T -\ _o%U 92U )
ry Y Oyox Ox2

rie o =T /h — cpeIMHHOE NOBEPXHOCTHOE HAIpsIKEHHE.
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YpaBHenue (1) paccmaTpuBaeTcsi ¢ TpPeMsl THIIAMU TPAHHUUHBIX YCJIOBUM:

[) pacTsikeHue Ha 6€CKOHEYHOCTH BHOJb KOOPAHUHATHI & HArpy3KoH p:

— Ha GeckoHeuHocTH T, = p, T, =0, T, = 0, w = 0;

— Ha rpaHule OTBEPCTHS B MOJSIPHBIX KOoopAHHaTtax (r,f) — cBOGOMHBINA Kpai

Torlery =00 Tooly, =0, Me| =0, Qe =0; 3)
[1) paBHOMepHOe BHyTpeHHee AaBJyeHHe ¢y (¢ = qoro/2):
— Ha OeckoHeuHocty T, = q, T; = 2q, T, = 0, U1K B NOJNAPHBIX KOOPAMHATAX
2T, = q(3 —cos20), 2T,9=qsin20, 2Ty = q(3 + cos20);
— Ha TpaHUle OTBEPCTHS B MOJSPHBIX KOOpAUHATAX
iy =00 Tl =00 M| =0 Qi = - )

[1I) kpyueHue:
— Ha OeckoHeuyHoctn 1, = 0, T,y = 7, T, = 0, 7 = M/27TR2, WJIM B TOJIIPHBIX
KOOpAMHATax
T, =7sin20, Typ= —7sin20, T,y = Tcos?20;

— Ha I'paHHUlE OTBEPCTHS B MOJSPHBIX KOOPAHMHATAaX yCJOBHUS (3).

Perienue, npennoxxeHHoe aBropamMu B [1,2] u ocHOBaHHOe Ha pPa3JjioKeHHUH Ga3HUCHBIX
byHKuui B psg Pypbe, MoXKeT ObIThH 3aMucaHo B caenytoiied Gopme (mnas caydaes I, II u
III cooTBeTCTBEHHO):

O, :—z——i—z (an +iby) fn, (5)
=0
(I)H——Z%—i +Z (an +1bp) [, (6)
n=0
(I)[]] = —ZTCCy+Z(an+an)fn (7)
n=0

[Ipu stom pssi I v Il TUMOB rpaHUYHBIX YCJAOBUH, BBUIY CUMMETPUUHOCTH, (DYHKILIUS
fn(r,0) packaanbiBaeTcsi B psil 10 KOCHHYCAM:

g(r,n,0)

fn(rv 0) = 9

+ Zg(r,n,l) cos 210, (8)
=1
a st 111 Tuna, BBULY aHTHCHUMMETPHUYHOCTH, — 10 CHHYCaM:

Falr.0) =Y G(r,n,1)sin 216, (9)

=1

B cBoto ouepens,

g(n,r,1) = (1)l | (Jnsor (1 +8)8r) + Ju ot (1+17)Br)) ,
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n=1,...,00, [=0,1,...,00, (10)
(1) 7 T

gln,nd) = (-l ((%j jf;)) (nat (14 D)) — T (L4 0)Br))
n=1,...,00, l=1,... 00. (11)

3nech [2] — menast yacTh uKcia, HV () — gynuun Xankeas | pona, a Jyio(-) — GyHKIAK
Becceus.

[Ipu J106BIX KOHCTaHTax a, U b, dyHkuuu P, onpeneneHHble paBeHcTBaMu (5)—(7)
1 (8)—(11), ynoBnerBopsitoT ypaBHeHHO (1) ¥ rpaHUUYHBIM YCJOBUSM Ha 6€CKOHEUHOCTH.
Jlnst Bcex Tpex caydaeB KO3((ULUEHTH a, U b, MOTYT ObITb HaWIeHbl U3 ycJaoBUS (3)
unu (4) Ha rpaHuue oTBepcTHs. TeM cambiM (DYHKUHMH ® 1/ BCeX THUIOB TPAHHUUHBIX
YCJIOBUH OyIyT MOJHOCTBIO OMpefieieHbl, a C HUMH U3 COOTHOLIEHUH (2) OynyT HalAeHBI
¥ HaNpsiKeHUs] UUJUHIPUIECKOH 000JI0YKH, 0C/lableHHOH KPYrOBBIM OTBEPCTHEM IO

BO3JeHUCTBUEM Pa3JUYHBIX HATPY30K.

2. Cucrembl

Ynaunoe npencrasnenue (5)—(7) perenus ypaBHeHus (1) M03BOJIMIO BIIEpBBIE MOJYYUTh
B SIBHOM BHJle 6€CKOHEUHYIO CHCTEMY JIMHEHHbIX YPaBHEHUH MJis MOHMCKa KO3 (HUIIUEHTOB
a, 4 b,. B pabore [1] Takas cuctema Oblya MosydeHa AJisi paHUUHBIX yeaoBui [ Tuna. Ilpu
3TOM aBTOpPaMH OBIJIO 10KA3aHO, UTO OJHO M3 YPaBHEHHH SIBJIsSETCS JUHEHHOW KOMOMHAIMEH
yeThIpeX APYTHX, a MOTOMY €ro CJef0BaJio MCKJIOUUTb W3 JaJjbHeiliero peuieHus. K3
HacTosilled paboThl BHAHO, YTO 3ajadya C rpaHUYHBIMU ycjaoBusMH Il Tuna coxpaHsieT
MOYTH BCE CBOHWCTBA CHCTEMBI C | TUIIOM I'PaHUUYHBIX YCJOBHH, B TO BpeMsl KakK AJs Cjydas
Kpy4YeHHs] CHCTeMa 3HAuMTeJIbHO MeHsieTCsl BBUAY aHTHCHMMeTpuH. B pabore [2] nmokasaHa
peNyLHPYyeMOCTb BCEX MOJyYeHHBIX OeCKOHEUHBIX cucTeM. J[Jisi BCeX THIOB IPaHHUUHBIX
YCJIOBHE MOJIyYeHbl MaTPHUHbIe ()OPMBI CHCTEM TPU MOMOILHM TOACTaHOBKH perieHus (D) B
(3) nnst I tuna, (6) B (4) nas Il u (7) B (3) mast Il tuna. Kak BUAHO HM2Ke, MOAXOAsLIAS
sameHa t;(n,l) Ha t;(n,1) u g(n,l) Ha §(n,l) B TpeTbeM c/ydyae NO3BOJSET COXPAHHTD
OIMHAKOBYIO CTPYKTYpPYy MaTpHull Bcex cucteM (tabu. 1, 2):

ts(n, 1) = i(—4l*vg(n,1) + vg'(n,1) + ¢"(n,1)),

ta(n,1) = i(120%g(n, 1) — (L + v + 432 = v))g'(n,1) + g" (n,1)),
ts(n,1) = i(—=4%vg(n, 1) + vg' (n,1) + 7" (n, 1)),

ta(n, 1) = i(120%g(n, 1) — (L + v + 422 — v))§ (n,1) + §"(n,1)).

3. Pesyabrarbl BHIYUCJIEHUN

Ha puc. 1 npexncraiensl rpaguku HanpsikeHUH ogp/p aas 1, 11 u Il TvnoB rpaHudHbIX
YCJIOBUH, MOJIyUeHHbIE aHAJUTHYECKUM METOIIOM, PaCCMOTPEHHBIM B JaHHO# padoTte (puc. 1,
a, 8, 0 COOTBETCTBEHHO), U nosydeHHble Ban [la#ikom B 1965 r. Metomom Kosokalui [16]
(puc. 1, 6, e, e COOTBETCTBEHHO).

Ha puc. 2, a, 6, 6 npencTaBieHbl 10Js1 HANPSI)KEHUH 0gy /p cooTBeTcTBeHHO st [, 11,
[IT TunoB rpanuuHbIxX ycjaoBuid npu S = 0.1,1,4.

200 Hay4Hbivi otgen



C. B. KaiutaHosa, A. B. PXoHcHuLKu. CpaBHEHNe aHanuTn4eckoro u YACIeHHOro peteHni @

Tabauya 1 / Table 1

Cucrema ngs I u Il tunos rpanuunbix ycaosuil (I'Y)
System for the [ and II types of boundary conditions

=) = =
% | &n| Ep
: 55 EC
g8 5E GE
n 0 1 2 3 T © o
[ Im Re Im Re Im Re Im Re
0 t:3(0,0) : £3(0,0) = £3(1,0) i t3(1,0) : £3(2,0) | t3(2,0) . t3(3,0) : t3(3,0) a, 0 0
0 ta(0,0) : £4(0,0) : £,(1,0) : ta(1,0) : t4(2,0) = t4(2,0) | ts(3,0) : t4(3,0) b, 0 | 16B%q
1: 901 : g0 : g1 : g1 92D : g2 9B  gBD a _g %
140D g0 g11D gAY 42D g2 gB1H 4G b, _g %
1 t3(0'1) t3(0'1) t3(1'1) t3(1'1) t3(2'1) t3(211) t3(3'1) t3(3'1) a, 0 0
1 t(01) t(01) | ta(L1) | ta(11)  6(21) @ 6(21) ¢ tGB1) GBI b, 0 0
2: 902 g(02) : g(12) | g(12) | g(22) : g(22) i gB2) :gB2) as 0 0
2:402) 402 g12) 412 g'R2) 422 : 4B2) gB2 bs 0 0

Tabauya 2 / Table 2

Cucrema nns III tuna rpanununsix ycaosu# (['Y)
System for the III type of boundary conditions

T &

g o=

g B E
: i és
[ Im Re Im Re Im Re Im Re
1 60D 60D 62D 621 6B G t(41) | t(41) a, 0
1 LD 611 61 621 G .Gl t41) | t41) b, 0
180D g1y . g2y ey  JEH B . Jguy g4y a, _%
190D g1y g2y g2y gBH JGBH I gU gAY b, -7
2 5(12)  £5(12) | 5(22)  £(22) | (32) t:(32)  t:3(42) | t3(42) a5 0
2 t(12) | t(L2) | t4(22) | t,(22) TEREEEIERERE N R by 0
21912 g12) | §22) g2 gB2)  gB2) : 442 | g42) a, 0
2 912 g2 g2 g2 gB2) gB2 g4 g4 b, 0
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Puc. 1. CpaBHeHue HanpsikeHUH ogg/p aasi I (a, 6) u Il (8, ¢) TumoB yc/oBui,
MOJyUeHHBIX aHaJUTUYECKHM METOIOM, TMPeICTaBJeHHbIM B JaHHOH paboTe, U
MEeTOIOM KoJIoKalui u3 pabotol Ban [laiika [16]

Fig. 1. Comparison of ogy/p for the type I (a, b), and II (¢, d) boundary
conditions, obtained by the analytical method in this paper and by the collocation
method in Van Dyke’s paper [16]
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OxkoHuanue puc. 1. CpaBHeHHe HanpsiKeHUH ogg/p nas 11 (0, e) Tuna ycmosui,
MOJyUeHHbIX aHaJUTUYeCKHM MeTOIOM, NpelICTaBJeHHbIM B JaHHOH paboTe, U
MEeTOJIOM KOJIOKalu# 13 pabotsl Ban Jaiika [16]

Continuation of Fig. 1. Comparison of ogg/p for the type III (e, f) boundary
conditions, obtained by the analytical method in this paper and by the collocation
method in Van Dyke’s paper [16]

Puc. 2. Tlone HampsixkeHuil ogg/p npu S = 0.1,1,4 n0s pasHbIX THIOB TPAaHUYHBIX YCJIOBHM:
a — tun | (pacTsixkeHue) (UBeT OHJANH)

Fig. 2. Stress field ogg/p at B = 0.1, 1,4 for different types of boundary conditions: a — type I
(axial tension) (color online)
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Oxonuanue puc. 2. [ose HanpsiokeHudd ogg/p npu B = 0.1,1,4 n7st pasHbIX THUIOB TPaHHUUHBIX
yenoBuid: 6 — tun Il (BHyTpeHHee naBnenue); 8 — tun Il (kpyueHnue) (uBet oHsaHH)

Continuation of Fig. 2. Stress field ogg/p at § = 0.1, 1, 4 for different types of boundary conditions:
b — type II (internal pressure); ¢ — type III (torsion) (color online)

BriBoasl

PesynbratTel, MoJyueHHble aBTOPAMU CTaThbH aHAJUTHYECKUM MyTeM, abCOJIOTHO COBIa-
[al0T C YUCJEHHBIMHU pe3ysabTaTaMu U3 paboThl [16], KoTopbie GbLIK MOJyUeHHBI METOIOM
KOJIJIOKALIMH /151 BCeX TPeX THIIOB I'PaHHUYHBIX ycjoBui B 1965 r. (cm. puc. 1). Ha tot
MoMeHT Ban Jlalik eIHHCTBEHHBIH MOJYUYMJ Pe3yabTathl 10 3 = 4, Tak KakK Apyrde yueHble
HCII0J/Ib30Ba/Id PasJioKeHHe 1Mo MaJoMy MapaMeTpy, He M03BoJsiiollee paboTaTh B TAKOM
nuanasoHe. boJjiee Toro, pesysbTaThl, MOJyueHHbIE paHee B paboTax APYrHX aBTOPOB,
pasHUJIHCb, a B HEKOTOPBIX pelIeHHsiX OblIM OMylieHbl omnOku. [IpencraBieHHasi B
IaHHOU paboTe MOJeJb He UMEeT MaTeMaTUYeCKUX orpaHuueHui. [Ipu sTom, B oTindne
OT GOJIbLIMHCTBA H3BECTHHIX PabOT, e MPUBOASTCS TOJBKO PE3yJbTaThl BBIYHUCJEHHUS
OKPY?KHBIX HAMpsi)KEHUH Ha TpaHHIEe OTBEPCTHs, B MpelJsaraeMod paboTe HaHWAEHO MO-
Jie HaTpsKEHWH /151 BCeH LUJIMHAPHUYECKOH 000J0YKH, BO3HHKAIOIEE B CHJy HaJHUHS
OTBEpCTHSI, B 3aBUCHMOCTH OT MOJISIPHBIX KoopauHart (r,#) (cMm. puc. 2).
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