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PO3PAXYHOK OUJITHAPUIHUX OBOJIOHOK
3 YPAXYBAHHAM CTPUHTEPIB I HIITAHI'OYTIB

Awnoranis. B po6oTi po3ristHyTI 000JI0HKHY, MAKPITJIEH] CTPUHTIEPAMU 1 IIITAHTOYyTAMH 110 JIIHISIM TOJIOBHUX
KPUBHU3H, Kl 3BEIeHl 10 eKBIBAJIEHTHHUX INIAAKUX O0OJIOHOK 31 3MIHHUMH XapaKTEePUCTUKAMU $KOPCTKOCTI.
CriagHicTh reoMeTpil 000JIOHOK 3 KapKACOM 13 CTPHUHTEPIB 1 IIITAHTOyTIB 3yMOBJIIOE HEOOX1THICTE PO3POOKH
AJITOPUTMIB YHMCEJIbHUX PO3PAXYHKIB HA MIIIHICTh TA CTINKICTh. J[JIsT eKBiBaIEeHTHOT 000JIOHKY, HABAHTAKEHOL
O0CBOBHUM PO3TATOM-CTHUCKOM, IIPUBEIEHA METOIUKA BU3HAUYEHHS MOAYJIIB IIPYKHOCTI, 4 TAKOMK [UJTIHIPUIHAX
SKOpPCTKOCTe. Po3rigaHyTi 3arajabHl pIBHAHHA CTIAKOCTI 000JI0HOK, noGy,zLOBaHi Ha KOHIIEII[1 BUKOPUCTAHHS
dyHKIII HanpyXkeHb. 3aNpONOHOBaHUH iH?ReHepHI/IfI aJITOPUTM PO3B’SI3AHHS 3aJ1a4l CTIMKOCT1 PO3TIISTHYTUX
000JIOHOK Ha OCHOBL BI/I60py IIPOTHHY, SKUYM HaWOIMIKYe B1IOOpakye xapakTep XBUJIEYyTBOPEHHS HA IOBEPX-
HI 060JIOHRI/I Ipy BTPATI CTIAKOCTI. 3 reOMeTPUIHUX MIPKYBaHD (PyHKILS IPOTHHY MOBUHHA BIITBOPIOBATHU
YM'SITUHHU 1 OIYKJIOCTI IO YTBOPKIOTHCS B O0OJIOHIN, IPU ITHOMY HA KOHTYPl YM'SITUH 1 OIYKJIOCTEH IIPOTUH
MIOBUHEH JOPIBHIOBATH HYJ 0. BigMiueHo, 110 y BUOAAKY, SKIIMO B ITOCTAHOBII 3a7aYi CTIHKOCTI 000JIOHKHU 3
KapKacoM 13 CTPUHTEPIB 1 IIIIAHTOYTIB MAa0Th MiCIle CKJIQAHI TPAHUYH1 YMOBHU 1 HEMOKJIMBE IIPEeICTABJIEHHS
po3B’si3ky y Bursasml psany @yp'e, epeKTUBHUM € BUKOPUCTAHHS YHUCEJIBHUX METOIB PO3PaXyHKY Ha OCHOBI
3aIIPOIIOHOBAHOTO AJITOPUTMY.
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CALCULATION OF THE CYLINDRICAL SHELLS TAKING
INTO ACCOUNT STRINGERS AND SPANGOUTS

Summary. The paper deals with shells, supported by strings and frames on the main curvature lines, which
are reduced to equivalent smooth shells with variable rigidity characteristics. Methods of calculating me-
chanical systems for stability allow us to successfully solve problems for rod and shell structures. The wide-
spread use of reinforced shells in aircraft structures is explained by the fact that they are able to withstand
higher levels of compressive stresses at the same mass with smooth shells. However, the analytic solution
of this problem becomes more complicated. When used to solve this problem, analytical approaches have
to face the problem of summation of infinite series. Most numerical procedures are based on finite element
method of decision, which is more universal, but requires a well-grounded formation of finite element model
of the solved problem, so it is important in terms of labor costs which finite element element is used in the
calculations. The complexity of the geometry of shells with strings and frames makes it necessary to develop
algorithms of numerical calculations for strength and durability. For equivalent sheath loaded with axial
compression, a method for determining the modulus of elasticity and cylindrical stiffness is given. The gen-
eral equations of stability of shells, based on the concept of use of stress function, are considered. An engi-
neering algorithm is proposed for solving the problem of stability of the considered shells based on the choice
of deflection, which closely reflects the nature of the wave formation on the surface of the shell in case of
loss of stability. For geometrical reasons, the deflection function should reproduce the dents and convexities
formed in the shell, and the deflection on the contour of the dents and convexities should be zero. It is noted
that in the case of formulation of the stability problem of a shell with a string of strings and frames, there are
complex boundary conditions and it is impossible to represent the solution in the form of a Fourier series, it
is effective to use numerous methods of calculation based on the proposed algorithm.
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Hoc'ranomca npobsremu. XBOCTOBI, MiKOOKO-
Bl DyXOMI BiJICIKU IBUTYHIB paker 1 droses-
K1 JTIITAKIB BUTOTOBJISIOTBHCS Y BUIVIAA KAapPKACHUX
AIIHAPUYIHUX 00010H0K. Kapkacom B HEX € 1103110-
BYKHIN HAOIp CTPUHIEPIB 1 HOMEPEUHHI — IIITaHI0Y-
TiB. Ha mpakTuill mmpoke 3acTOCyBAHHS 3HAUIILIA
TPU BUIU KapRaciB

1. CTpI/H-Il"epI/I 1 IIMIIAHTOYTH, 1110 MAIOTh npn6m/13Ho
PiBHI “KOPCTKICHI XaPAKTEPUCTHKY, PIBHOMIPHO PO3Ta-
IIIOBAHI B ITO3I0BKHBOMY 1 [IOIIEPEYHOMY HATIPAMKAX.

2. IllmarroyT MAIOTH OLJIBIM JKOPCTKI XapakTe-
PUCTHUKY, HIK CTPUHTEPH, 1 PO3TAIIOBYIOTHCS BOHU
3HAYHO PIJIIIe, HiK CTPUHTEPH.

3. Jlerkuii KapKaCcHUH HAa01p IIepIIoro TUILY JO-
HOBHIOETBCS HAO0POM PLIKO PO3TAIIOBAHUX II0CUIIE-
HUX IIITAHTOYTIB 1 CTPUHTEPIB.

Bpaxosyoun crnagHy reomerpiio KOHCTPYKIIIH,
BUHHKAE aKTyaJIbHA IIpobJeMa o0y I0BY 1HKeHep-
HOI METOAUKN PO3PAXyHKY Ha MIITHICTD 1 CTIAKICTD
KapKacHUX IMUJTIHAPUYIHUX ODOJIOHOK, IO IITUPOKO
3aCTOCOBYIOTLCS B aBlaOyIyBaHHI.

Anasia ocramHix mociimskeHp i myOJrika-
miti. MeTonu po3paxyHKY MeXaHIYHUX CHUCTEM Ha
CTIAKICTh JO3BOJISTIOTH JIOCUTH YCITIITHO BUPIIIY-
BATH 3aBIAHHS IJIS CTPUKHEBHX 1 000JIOHKOBHX
koHcrpykmii [1]. Ilupoke sacrocyBaHHSA IIiAKpi-
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IJIEHUX OOOJIOHOK B KOHCTPYKINSAX JITAJTBHUX
amapariB IOSCHIOETBCS THM, IO BOHU IIPH OJHA-
KOBiff Macl 3 TJIaJKUMU 0GOTOHKAME 37aTHI BU-
TPUMYBATH OLIBII BUCOKI PIBHI CTUCKYBAJbHHUX
Hamnpyxkeub., OgHAK aHaITHYHE pIIIEeHHSA IAHOI
mpobsemu crae Ouibmr criaamuaum [2; 3]. Ilpu Bu-
RopHCTaHHi TS BUPIIIEHHS JaHol 3aaa4l aHa-
THYHHUX IIXOMIB JTOBOJAUTHCSA CTHKATHCS 3 IIPO-
0y1eM0I0 MIZICYyMOBYBAHHsS HECKIHYEHHUX PS/IB
[3] Binpmriers uncerbHUX IIPOIIEYP 3aCHOBaHI Ha
KIHIIeBO-eJIEMEHTHIN MeTomuIll pimeHHs [4; 6; 7],
AKa OLIBII yHIBEpCAJIbHA, ajle BUMarae o6rpyHTo-
BaHOTO (POPMYBAHHS KIHIIEBO-€JEMeHTHOI MOJeJIi
pO3B'sI3yBaHOl 3aja4l, TOMY BIJHOCHO TPYIOBHU-
TpaT BAKJIWBO, SKA KIHITEBO-eJIeMeHTHa MOJeJb
BUKOPHCTOBYEThCSA B poapaxyHkax. Jlama poGora
MPUCBSAYEHA PO3BUTKY AHAJTITUUHUX MIIXOTIB 0
BUPIIIEHHS 3aBAAHDb CTIMKOCTI IIMIIHIPUYHAX 000-
JIOHOK 1 € pOo3BUTKOM po0iT [1; 5; 7].

Bupninenus me BupimeHux paHime JacTuH
3araJbHOI r[p06J1eMn. He,I[OCTaTHbO L[ocmmiceHb
B SIKHX 32IIPOIIOHOBAH] IH/KeHEePHI METOUKH OL[IHKH
CTIMKOCT] IMITITHAPUIHUX 000JIOHOK 3 ypaxyBaHHIM
CTPHUHTEPIB 1 IIITAHTOYTIB, IO JO3BOJIATH IIIBUIKO
1 e(peKTUBHO 3 TOYKH 30py TPYAOBUTPAT BUPIIIUTH
11e 3aBIaHHI.

MeTo crarri € BHU3HAYEHHS  OCHOB-
HUX pO3B’A3YBAJILHUX PIBHAHL 1 aAJITOPUTMY
PO3B'sI3aHHS 3aa4Yl CTIMKOCTI KapPKACHMX IIHJIIH-
JIPUYHUX 000JIOHOK.

Bukmnan ocHosHoro marepiamny. Posrisame-
MO OOOJIOHKH, IIAKPIIIIIYNNA HAOIp AKHUX PO3-
TANIOBAHWHN 110 JIIHISAX TOJOBHUX KPUBU3H. Tawi
00OJIOHKM BBaKAKTHCS KOHCTPYKTHBHO OPTO-
TpomHUMHU. MeToIu po3paxyHKy TAKUX 000JIOHOK
3acHOBaHl Ha J100pe BIIOMUX MeTOJdaX PO3paxyH-
Ky TJIaaKuX 000Js0HOK. J[/Is 11horo miarpimieHy
000JIOHKY 3aMIHIOIOTh AeKOI0 €KBIBAJIEHTHOIO
il rIanKo0 006OJOHKOK0 3 PISHUMHU KOPCTKOCT-
HAMHA XapPaKTEePUCTUKAMM IO JIIHIAX TOJOBHUX
kpuBuaH. [licas 1boro 10 eKBIBAJIEHTHOI 060-
JIOHKH 3aCTOCOBYIOTH JJ00pe po3pobIeHmit amapar
Teopil riagkmx o6oJsioHOK. Hamam poarasHemo
Takl O00OJIOHKH, nimcpinmoroqﬂﬁ Kaprac SIKUX
YTBOPIOE peryJIApHy CiTky. PosrisHemo Bm3HA-
YeHHS MOJYJIB IPY:KHOCTL JUIS IMJIIHPUIHOIL
00OJIOHKHM, II0 3HAXOJAUTHCS i i€ POITATY-
CTHUCKY B OChOBOMY HampsaMKy. [Ipm cruckaHHI
cunon P rmamkol o0OJIOHKH cHyia 3O1HACHIOE PO-
bory, sska mopiBHIOE A = Pal, e al — YKOPOUEHHS
000JIOHKH.

Bimowmo, 110

a= P )
EF 2nR3E,

e E — MOZyJIb Oura, F — mnoma IIOIIEPEYHOTO
Hepeplsy, R — pagmiyc O6OJIOHKI/I 8 — TOBIIIMHA CTiH-
KU1 000JIOHKH, | — TOBKMHA 000JIOHKH.

Tomi pobora mopiBHIOE

2
At @)
2nRSE,

[Tpu crucHenwui cusmoo P migkpimaeHol 000JI0H-
KM BOHA OyJle YaCTKOBO CIIPUHHSATA CTPUHIEpaMU
P, i gactroBo obmmuBkoio P,. [Tosra pobora 1ux cut
J:[oplBHIoe

A=nPal, + Pyl (3)
3 YpaxyBaHHAM TOrO, ITTO

4
EF’
Pl
EFR’

o 2 2
i A 5)
EF  EF

Ile n — KLUIBKICTH cTpuHTrepiB, F| — muroma more-
pevHoro mepepi3y cTpuHrepis, F, — moma momepe-
4HOTO TIepepidy obosmouku, K, — monyns IOura ma-
Tepiaity crpuHrepa, E, — momyisp FOHra marepiamny

All = 811 =
4

aly =, =

MaeMoO

000JIOHKM.
Ase A=A, 1, xkpim TOTO,
aly =al, =al,
&R+Q—R ©

Bpaxoyroun 11e, orpuMaemMo BUpasu s 3Bee-
Horo monayis IOura E_ exBiBaseHTHOI ritaakoi 000-

JIOHKH: rE
E =FE|1+- 202 | (7)
2nRSE,
AHAJIOIYHO MOKHA OTPUMATHA BUPA3 JIJIS MOJIY-
s [Onra E;;:
-1 55 ®
adk,
me E, — moxysns HOura marepiasny mmmanroyra,

— IJIOLIA TIOTIEPEYHOTO IIepepisy MINaHroyTa, d, —
£ )
JOBRUHA JUITHKA MK CyCLIHIMH IIIAHTOYTaMHU.
Jl1s1 XapaKTepUCTHK *KOPCTKOCTL HA 3TUH 3a3BU-
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JIJ1st KOMIIOHEeHTIB ,uedpopMauu/I 1 KPUBU3H Ma€EMO
3BUYANHI 3aJI€KHOCTI:
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TYT U, v — TaHreHmaani HepeMimeHHﬂ w —
uporuH, R, R, — BinmoBinHI pangiycu KPUBU3HU.

Jlist oTpuMaHHS JAudepeHIlaJbHUX PIBHAHD
PIBHOBATHW 1 CyMICHOCTI ITedopMariii s IiaKpi-
IJIEHUX ODOJIOHOK 3a3BHYAN BUKOPHUCTOBYIOTHCS Ti
$K MEeTOIH, 110 1 JJId TJIaaKuX 00010H0K. Takum un-
HOM, MOYKHA OTpI/IMaTI/I‘
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Y (bopMyJIax (12) mpuitHATI Ti K TTO3HAYEHHS,
mo 1 B piBHaHHAX B.3. Bracosa mis 13oTpomHmx
000JIOHOK, /e ¢ — OYHKITIST HATPY:KeHb, ¢ — HOP-
MaJibHe HaBaHTaKeHHd [1; 2].

B sagavax crifikocTl HOpMaJIbHE HABAHTAMKEHHS
q CKJIQJAEThCS 3 IIPOEKINM MeMOPaHHUX 3YCUJIb, IO
BUHHKAIOTh B CEPEIHHHIN II0BEPXHI 000JIOHKK Bif
3a/]aHOTO 30BHINIHBOTO HABAHTAKEHHS, 1 BU3HAYA-
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Ilopsamox poss’sa3aHHA 3a4a4l 3 pO3PaAXyHKY 000-
JIOHOK HA CTIMKICTL Oy[e 3BOIUTHCS 10 HACTYIIHOTO.
Tpeba 3amatu Bupas JJIsT IPOTUHY, AKUAM 110 MOK-
JIMBOCTI OLJTBIIT TIOBHO OIIHCYE XapaKTep OUIKyBaHOTO
XBUJIEYTBOPEHHS HA TOBEPXHI 000JIOHKH TIpU 3aa-
HOMY 3OBHimHLOMy HABAHTAKEHHI. 3 TOYKHU 30DPY
reomeTpil BHDA3 /71 IPOTHHY Mae OyTH pIBHAHHIM
KOHTYPY YM'ATHH 1 OIyKJIOCTeH, dKi YTBOPIOIOTHCA
Ha IIOBEPXHI 000JIOHKH BHACIILIOK BTPATH CTLHKOC-
i. Ha koHTypl yM'ATHH 1 OIyKJIOCTel IIPOrUH II0BU-
HeH JOPIBHIOBATH HYyJII0. SKIIO YacTWHA KOHTYDPY
YM'AITUHHA 30IraeThess 3 BLIBHHUM KpaeM O00JIOHKH,
To B 1IboMy Bumaaky w T 0, a momepedni cuam go-
PIBHIOIOTH HYJIIO:
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Coripg mMIKpecInTH, 10 PO3B I3aHHs 3a1a49l CTil-
KOCT1 IJIsI IOKPIILIEHHX OOOJIOHOK 3 JOBLIBHUMH
rPAHUYHMMH YMOBAMU BHMArae 3aCTOCYBAHHS YM-
CeJIbHUX METOJB, TOMY II[0 PO3B’SI3aHHA aHaJITHY-
HUM ILJISXOM MOYKHA OTPUMATH TLIBKHU /I TUX BH-
MaIKiB, KOJIU PO3B’SI30K MOsKe OyTU IpeCTABIeHIN
y Burysagl psamy Oyp'e.

Bucuosku i nmpomosunii. B po6ori HaBemgeHo
AHAJNTUYHUN OIIMC PO3B’'S3aHHS 3aIadl CTIAKOCT1
ILI/I.THH,Z[pI/I‘{HI/IX 000JIOHOK, 3 YPAXyBAHHSAM CTPUH-
replB 1 IIIaHTOYyTIB. OTpI/IMaHl O3B 'sI3yBaJTbHI
plBHHHHH ITorxaszano, IO I PO3B'A3aHHS 3a/1a4

eThCsI 3a POPMYJIOIO:

CTIAKOCTI KAPKACHUX IMJITHAPUIHUX 000JIOHOK 3 J0-
BUIBHUMH T'PAHUYHUMHU YMOBAMM HEOOXITHO BHKO-

(13) pucroByBaTHU qgceﬂbHi MeTOM, 30KpeMa MeTOI KiH-
IIEBUX €JIEMEHTIB.
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