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AHHOTALMSA

[lenapto paboThl siBsIETCS pa3pabOTKa pa3IUYHBIMUA CIIOCOOaMH, B TOM YHCIE U
JKCIIEPUMEHTAJIBHBIM, MaTeMaTHYECKON MOJIeIU KoeOaHuii TOHKOCTEHHOU
IAJTUHIPUIECKON 000JIOUKH MPU PABHOMEPHOM TeMIIEpaTypHOM BO3J€HCTBUU HAa OCHOBE
BapUaIIMOHHOW (POpMYIMpPOBKM 3adauv. B CTpOUTENbCTBE IMIUPOKO HCIOIB3YIOTCS
BBIPA3UTENIbHBIC BBICOKOA(P(HEKTUBHBIC KOHCTPYKLIMHM 3JaHUNH M COOPYKEHUH B BHUC
TOHKOCTEHHBIX HWJIMHAPUYECKUX O000JIOYEK. YUUTHIBAS, UTO BCE 3/aHUSI U COOPYKEHUS
WCTIBITBIBAIOT JICUCTBUSI BHEIIHUX CHJI, BBI3bIBAIONIUX BBIHYKJCHHBIE KoJIeOaHUS U
TEMIIEPATYPHBIC BO3JAEHUCTBHUS, KOTOPBIE U3MEHSIOT MOAYJIb YIIPYTOCTH KOHCTPYKIIHOHHOTO
Marepualia, 4YTO HE YYHUTBHIBACTCS MPU MPOEKTUpoBaHUU. Bo m30ekaHHME TEXHOTCHHBIX
KatacTpod HEOOXOJUMO BBHITIONHATH PAacUueThl KOHCTPYKLIMM 3MaHUN U COOPYKEHUU Ha
YaCTOTHBIE XAPAKTEPUCTUKU, MPU JAUHAMHUYECKOM HM3MEHCHHHU TEMIIEpaTyp H3MEHEHUE
MOYJIA YIPYrOCTH MaTepuaja TOHKOCTCHHOW IWUIWHIPUYECKOW OOOJOYKHM BIUSET Ha

JMHAMHUKY YaCTOTHBIX XapaKTEPUCTHUK KoJieOaHU KOHCTpYKIMi. CyllecTBYIONIME MOJIENN
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JUTSI pacueTa KojaeOaHuil TOHKOCTEHHBIX IIMIMHAPUIECKUX 000I0YEK HE YIUTHIBAIOT TAKHE
W3MEHEHUS, TO03TOMYy TpeOyeTcss pa3padOoTka HOBBIX MAaTEMAaTHYECKHH U UX
JKCIIEpUMEHTAJIbHAA  mpoBepka. [lapamerpel  HOBOM  TEOPETHYECKOW  OCHOBBI
NOATBEPKAAIOTCS HA PEATbHON YMEHBIIEHHOM MOJEIN KOHCTPYKLUWH, M MPOU3BOAMUTCS
CONIOCTAaBJICHHUE IKCIIEPUMEHTAIBHBIX U TEOPETUUECKUX JAaHHBIX. B cTaThe onmcaHa HOBas
pacyeTHass MOJeib KoJeOaHMH TOHKOCTEHHOW MMJIMHIAPUYECKOM O0O0OJOUYKH MpHU
MOBBIIICHHOM TEMIIEpAType HA OCHOBE BapUMAllMOHHOM MOCTaHOBKE 3amaud. [IpoBeneHa
AKCIIEPUMEHTAJIbHAA MPOBEPKA IMOJYYEHHOW MATEeMaTHUYECKOW MOJEINM W ONpPEAEIEH

JAAIa30H €€ MPUMEHEHHUS.

KiioueBble c10Ba: TOHKOCTEHHAS WIMHIpUYECKast 000JI0UKa, BBIHYKICHHBIE KOJICOaHuUs,
pacueTHasi MOJIeJb, SKCIIEPUMEHTAIbHbIE HCCIEAOBaHUs, BapHallMOHHas (HOPMYIUPOBKA
3a/1a4H.
BBenenue

ToHKOCTEHHBIE IWIMHAPUYECKUE (POPMBI KOHCTPYKIUN YAaCTO MCHOJBb3YIOTCS MPHU
CTPOUTENBCTBE 3/JaHUW M COOPY)KEHHH H3-3a XOPOIUETro IOKa3aTeias COOTHOLIEHUS
BHYTpEHHEro 00BbEMa 3MaHus K IUIOMIAAM BHEIIHEH TOBEPXHOCTH U  BBICOKOH
AKOHOMUYECKOHN dPPeKTUBHOCTH. Takue COOPYKEHHUS YaCTO CTPOSTCS B KIMMATHUECKHUX
30HaxX C IEpenajoM CyTOYHBIX M CE€30HHBIX Temmeparyp Gonee 150° C. Ot TemmoBoro
pacimpeHus (CKaThs) u3MeHsAeTcs (opMa TOHKOCTEHHOM MUIMHAPUYCCKON 000a0ukn [1-
4], a Takke MOIYJb YNPYrOCTH KOHCTPYKIIMOHHOTO MaTepuayia 000JIOUKH. DTOT (akTop
3HAYUTEIIFHO BIIMSIIOT HA YaCTOTHBIE XapaKTEPUCTUKH COOCTBEHHBIX M BBIHY)KIIEHHBIX

KOJICOAHWY TOHKOCTEHHOHM IIMJIMHIPHYECKOW 000m0ukH, [5-8]. A mpum coBnameHuu
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YaCTOTHOTO CIEKTpa COOCTBEHHBIX W BBIHYXICHHBIX KOJICOAHUN TOHKOCTEHHOM
IMHAPUIECKON 000I0YKH MOKET BO3HHKATH SIBIICHHE pe3oHaHca, [9-12] u pa3pymeHwnro
ob6onouku, Tak Hanmpumep: B 2010 rony Ha cragnone B Munnecote (CIIA) obpymmnack
OJIHa U3 CEKIIMI KPBIIIHY, 3aBaIuB TpUOyHY; B 2015 1. aBapus cTposiierocs pesepByapa Ha
HedrezaBoze B (r. Komcomonbcke-Ha-AMype) n3-3a KojieOaHUN, BOSHUKIIUX OT BETPOBBIX
Harpy3ok; B 2015r. (c. Bepx-Upmenp HoBocuOupckoit 061acT) KpoBJsi KPHITOTO KaTKa B
HE BbLJEpKaja COBMECTHBIX BETPOBBIX M CHETOBBIX HArpy3ok; B 2017 roxy mpowu3sormresn
00BaJI KpBIIIX MIKOJIBI B TT. MypuHo, B 2018 roay AedopMaiiii KpbIIy CTPOSIIIETOCS KaTka
r. Mctpa HOCmim katactpodudaeckuit xapakrep; B 2018r. B 1. bamammxe Bo3HHUKIa aBapws,
B pE3yJIbTaTe€ KOTOPOW OOpYIIMJIACH KPBIIIAa METAIUIMYECKON CTOSIHKM apO4YHOU (HOPMBI;
HKOJIOTHYECKOM KaTtacTpoda n3-3a pa3iuBa AU3eabHOTO TorumBa noja Hopuibckom 29 mas
2020 r. B pe3ysbTaTe pasrepMeTH3aluu aBapuiiHoro pedeppyapa Ha TOL[-3 AO "HTOK".
W3 ananu3a npuBEIEHHBIX TEXHOTCHHBIX KaTacTpod cleayeT, YTO MPH MPOECKTHPOBAHUU
TOHKOCTEHHBIX NMUJIUHAPUYECKUX O000JOUEK HYXHO BBIMOJHSATH PACUCThl M YYUTHIBATH

JaCTOTHBIC XapaKTCPHUCTUKHU COOCTBEHHBIX U BBIHYXKICHHBIX KoeOaHmii 000JIOUKH.

MarepuaJjbl 1 METObI
PaBHOMEpHBIN HarpeB TOHKOCTEHHOW IUIMHAPUYECKON 00OJIOUKHU - 3TO Hamboliee
IIPOCTOM M 4aCTO BCTPEUYAIOLIEEC TEMIIEPATYPHOE BO3IEUCTBUE, MATEMATUUYECKAsl MOJIEIIb
pacdyera 4acTOThl KOJE€OaHWW TOHKOCTEHHOM UMJIUMHAPUYECKOW OOOJOYKH IpHU
PaBHOMEPHOM HArpeBe HCIOIb3yeM TPAIUIIMOHHYIO MOJIEINb, OMMUCAHHYI0 B paboTax [12-

16] onpenenenuem nepeMenieHus u 1ehopMalivH.
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UJIMHIPUYECKON 000I0UKH.


http://trudymai.ru/

Tpynet MAU. Beimyck Ne 117 http://trudymai.ru/

1 029_'_629_'_629
T\9x2  9y2 02z2

= _W0+C3£

h
Ea;Ty 0 \1—-2v|1—v 2ar (2

ro_ (V2F — (p, +p2))+TTjh9dz—zV2W
2

+1—2v6t 1—v | Eh

1+v

+1—v

arl ¢;

h
L ysp L %Ty2 (2 1 2.
—VF +—V f_§9d2+2L(w,W)+ka—0 (7)

OTcroga moJiydyaeM reOMETPUYECKH JIMHEHMHYI0 CHCTEMY YpPaBHEHUH CBA3aHHOM

3a]]a49u TEOpUU 000JI0YEK B TEMIIEPATYPHOM TIOJIE:

A 629+629+629 ”
T\ 9x2  dy?2 0z2 0

( h
| 2 1
Ear 0 |1-2v|1—-v , 2a; ,
_1—21)%< 1—v | Eh (VF_(p1+p2))+T-[19dZ—ZVW

1+v o\ = ¢ 69_
1—p %17 (= beg

_|_

J

h
E = 02
DV*F +—=LV? [?,62dz — ViF = —ph==+q. (8)
2


http://trudymai.ru/

Tpyast MAU. Beimyck Ne 117 http://trudymai.ru/

YuuThIBasi, YTO BCE MPUBEJICHHBIE CUCTEMbl YPABHEHUMN MOJYUEHBI JJIs1 CTATUYECKOTO
pacnpeziesieHns] TeMIIEpaTypHOro MOJs MO TOJIIMHE O00OJIOYKH, MPU TOM, YTO 000JOUYKa
TOHKOCTEHHAsI, ’TUM OOCTOSTEIIHCTBOM MOYKHO MPEHEOPEYb.

Jlnst mpoBeneHus AKCIEPUMEHTAIbHON MPOBEPKU MOJYYEHHOW MaTeMaTHU4ecKOou
mozaenu Ha 0Oa3ze Komcomoibckoro-Ha-AMype TroCyJapCTBEHHOTO YHUBEpCUTETa ObLI

CO31aH BKCHepHMeHTaHBHBIﬁ CTCHI pHUC. 1.

Pucynok 1. DxcriepuMeHTaIbHBIN CTEH/I.

OKCHEepUMEHTAJIbHBIN CTEHJl JEHCTBYeT N0 MNpPUBEACHHOW cxeme (puc. 2):
OECKOHTaKTHBIM AaTyuk BuUXpeTokoBoro npuHimuna aeiicteus ZET 701 peructpupyet
BBIHYKJCHHBIE KOJICOAHMS TOHKOCTEHHOW IWJIMHIPUUYECKONH OO0O0JOYKH 3aJaBacMbIe,
ucneiTarenbHbiM MoONMOTKOM AUQ03, ucnonp3yemsplii MpU MPOBEACHUHM TUHAMHUYECKHX
MCTIIBITAHUH TOHKOCTEHHBIX [MIJIMHAPUYECKUX 000JI0UYEK U KOHCTPYKIUH ISl OTIpeAeTICHUs
UX YaCTOTHBIX XAPAKTEPUCTUK, U NPUMEHUMBIA NPU AUATHOCTUKE U MOJIEIUPOBAHUU

AUHAMHUYCCKUX XAPAKTCPUCTUK, H3MCPCHUC HMIIYJIbCA COO6IH&CMOﬁ O6’beKTy CHJIbI
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ucnoiib3yeM natuuk cuibl AC21; aHANIOTOBBIM CUTHAN ¢ OECKOHTAKTHOTO BUXPETOKOBOTO
JaT4MKa MOCTYMAeT Ha aHAJIOTOBBIN YCHIINTENbh CUTHAJIOB, 3aTeM npeolpazyercs Ha ALIT u
nepenaércs [I9BM rae nanusie obpabareiBatorcs B nporpamme ZETLAB; Temneparypa
000JI0ueK 3a7a€Tcsl TEPMOHArpeBaTENIbHBIM  JJIEMEHTOM  PAaCHOJIO)KEHHBIM BHYTPHU

00O0JIOYKH JIJIS TTOJTyUEHUS] paBHOMEpHOCTH e€ Harpesa (puc. 3).

AHanoro-
Yeunurene ~ uu(b.poaoﬁ
curHana - npeoGpasoBaTens
BecKOHTaKTHbLIN .
0aTYMK \V/
Ob6ono4ka NnaBm

TepmomeTp
HarpeBaTenbHbIN
anemeHT

S,
-

Pucynok 2. Cxeme 3KCIIepUMEHTAILHOTO CTEH/A.

0O06omouKa

Pucynok 3. PacueTHas cxeMa TOHKOCTEHHOW HUIMHIPUYECKON 000IOUKH MTPU

PaBHOMEPHOM HarpeBe, Korjaa 0001049ka CBOOOHO ONEPTA.
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Pucynox 4. O6muii Bua. BuxpetokoBsiii OeckoHTakTHBIN gatauk ZET 701.

Oo6o3Hauenne uHdpakpacHoro tepmomerpa DT-8802. beckonTakTHOE M3MEpeHUE
TEeMIIepaTypbl TOHKOCTEHHBIX HUIUHAPUUECKUX 000JI0UEK B JlMana3one temmneparyp ot 20
°C o 300 °C, ¢ Tounoctsto u3mepenus — 0,1 °C (0,1°F).

B kadecTBe MO/IENBHOTO UCIBITATEILHOIO 00pa3iia UCIOIb30BAIaCh TOHKOCTEHHAs
(6=0,5 mm) mumuHapUYeckas obonouka quamerpom 200 MM, Beicotoit H=400 MM u3 ctanu
X17.

PesyabTarsl

Ha pucynke 5 mokazaHo cpaBHEHHE KCIEPUMEHTAIBHBIX M PACUETHBIX JAaHHBIX
4acTOT KOJEOAHMM TOHKOCTEHHON NMJIMHIPUYECKOM OOOJOYKH OT TEeMIEepaTypbl IpH
PaBHOMEPHOM HAarpeBe MO TPAAUIIMOHHOW MOJENIH, a TakKe IO MOJEIM Ha OCHOBE
BapUaAlMOHHOW (OPMYIMPOBKH 3aJadydl W Pe3yibTaThl HATYPHBIX OSKCICPUMEHTOB Ha
TOHKOCTEHHOM IMIIMHApUYEcKoi obomouke auamerpoM 200 MM, Bbicotoit H=400 mm u3

crtamm X17.
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Pucynok 5. 3aBUCHMMOCTH YacTOTHI KOJICOAHWN TOHKOCTEHHOW NUJIUHIAPUYECKOU
000JI0UKH OT TeMIIEpaTyphl PU pABHOMEPHOM HArpeBE MO TPAAUIIMOHHON MOJIENIN, MOJIENN

Ha OCHOBE BapHAIIMOHHON (hOPMYIUPOBKH 3a/1a4l M YKCIIEPUMEHTAIbHBIC JJAaHHBIC.

3akioueHue
Ha nuarpamme mbl BUguM (puc. 5), 94TO HOBasi MOJIEb, HA OCHOBE BapUallMOHHOMN
(GbOopMyIMPOBKY 3374, JACT JyUIIHe COBIAJCHUS C pe3yIbTaTaMU HATyPHBIX UCIIBITAHUHN
HaunHas ¢ temmepatypsl 200 °C u Bbime. CrnegoBatenbHO, HOBask MOJETb, HA OCHOBE
BapHAIMOHHOW (POPMYIHPOBKH 3a/1a4l, MOXKET HUCIIOJIB30BATHCA MPHU PACUETe YACTOTHBIX
XapaKTePUCTHK TOHKOCTEHHBIX MWJIUHAPUYECKUX KOHCTPYKLIHN, palbOTAOIMUX TpU

PaBHOMEPHOM Harpese.
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Abstract

The purpose of the article consists in verifying mathematical model of thin-walled
cylindrical shell vibrations under the impact of the uniform temperature based on variation
formulation, and employing various methods, including the experimental one.

The state-of-the-art construction often employs expressive and cost-effective shapes
of buildings and structures in the form of thin-walled cylindrical shells. These buildings
herewith are being exposed to temperature impacts and external forces action, leading to
technogenic accidents. To avoid these accidents, frequency responce of buildings and
structures should be computed. Dynamic temperature variations of the shell lead to the
elastic modulus of buildings changing, which affects the frequency response dynamics. The
existing vibration analysis models for thin-walled cylindrical shells do not fully account for
this fact, thus, improved analytical models development is required with confirmation of the
high quality of the developed model. Experimental verification is one of the most common
methods of mathematical models proofing. The new theoretical basis parameters are being
verified with a realistic scaled-down model of the structure, and comparison of experimental

and theoretical data is being performed.
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The article presents a new design model for thin-walled cylindrical structures
vibrations being exposed to the uniform heating, based on variation formulation. The
obtained design model has been verified by experiment, and its application range has been
determined.

The new verified mathematical model can be used for performing structural analysis,
in design bureaus conducting vibration analysis for cylindrical shells.

Comparison of experimental and theoretical results of was performed. Convergence
of the results is less than 5%. It was demonstrated also that the experimental data revealed
a discrepancy with the results obtained while vibrations computing of the open cylindrical

shells by the well-known mathematical model.

Keywords: thin-walled cylindrical shell, forced vibrations, design model, experimental

research, variation formulation of the problem.
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