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The issue of modeling geometrical imperfections in the dynamics problems of thin-walled shells was little
researched. In cases when the natural modes of shell coincided with its buckling modes, the issue of choosing a
dangerous imperfection model did not arise. When these shell modes did not coincide, it was important to investigate
and compare the effect of different imperfections models on the static and dynamic characteristics of such shells. The
choosing the shape imperfections model of a long flexible cylindrical shell subjected to force couples, the natural and
buckling modes of which did not coincide, was studied using procedures of the finite element analysis software
NASTRAN. The shell wall as a set of plat rectangular elements with six degrees of freedom at the node in the
cylindrical coordinate system was modeled. The action of force couples as the concentrated forces were distributed at
the nodes of the shell edges in accordance to the presentation of A.S. Volmir. The linear buckling problem and the
geometrical nonlinear static analysis of the perfect shell by the Lanzosh method and the Newton-Raphson one were
performed, respectively. The long half-waves buckling mode was taken as the first shell imperfections model. The
modeling of the second shape imperfections as the first natural mode of the perfect shell using the natural vibration
analysis by the Lanzosh method was performed. The different amplitudes of geometrical imperfections in proportion to
the shell thickness using a program adapted to this software were set. The results of the geometrical nonlinear static
analysis of the imperfect shell by the Newton-Raphson method showed that the shape imperfection model in the form of
long half-waves more reduced the values of critical buckling loads. Investigations of natural shell vibrations by the
Lanzosh method revealed the same influence of different imperfections models on the natural frequencies and natural
forms. We think that the shape imperfections model in the form of long half-waves in studies of forced vibrations and
dynamic stability of a long flexible cylindrical shell subjected to force couples will be more effective.

Key words: long flexible cylindrical shell, shape imperfections model, force couple, finite element method,
stability, buckling, natural vibrations.

Introduction. Long flexible cylindrical shells are elements of pipelines, aircraft and other
structures. The question of their stability under pure bending in two directions was studied [1-
4]. For the first time, L. Brazier (1927) considered the geometrically nonlinear dependence of
the shell deformation on the moment of the force couples under the assumption that all shell
cross-sections are deformed in the same way during bending. Taking into account the formation
of local dents, V. Flugge first theoretically investigated the stability of such a shell. In the
future, this model of buckling analysis of the cylindrical shell during bending became the
prevailing one. It was developed by many researchers, the results of whose works in the well-
known monographs of S.P. Tymoshenko (1961), A.S. Volmir and others are detailed [2, 4].

The first researchers of the dynamic stability of elastic systems were V.M. Belyaev (1924),
N.M. Krylov, N.N. Bogolyubov (1935), V.A. Bodner (1938), V.N. Chalomey (1939) and
others. The dynamic stability of cylindrical shells was first investigated by A.N. Markov (1949)
and O.D. Oniashvili (1950). But the problem of dynamic stability of long cylindrical shells
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under pure bending remains insufficiently investigated. The problem lies in its complexity and
the lack of the required number of experimental data.

It is known that the presence of small shape imperfections of thin-walled shells, which arise
in the process of their manufacture, transportation and operation, can significantly reduce the
critical value of static or dynamic buckling load and lead to emergency situations[1-14]. In the
articles [7-10, 11-13], the authors presented a numerical technique that made it possible to
estimate the effect of geometric imperfections of cylindrical shells on their bearing capacity
under static loads. The first bifurcation mode as a model of shell imperfections under the action
of one type of load (surface pressure, axial compression) was taken. When the shell was
subjected to a combined load, two cases were considered: when two loads were orthogonal, the
imperfection model was formed as the combination of buckling modes of the perfect shell
subjected to individual load with the corresponding combination coefficients; when two loads
were non-orthogonal — in the deformation form of the shell under operational loads or in the
limit state, which by geometrical nonlinear static analysis was obtained.

The issue of modeling the shape imperfections of thin-walled shells in dynamics problems
was little studied. In cases when the natural modes of the perfect shells coincided with the
bifurcation modes, the question of choosing a of shape imperfection model did not arise. When
these shapes do not coincide, it was important to investigate their effect on the dynamic
characteristics and the critical dynamic load values. For example, in the article [12], the authors
performed a modal and nonlinear dynamic analysis of the stability of the tank shell with
variable thickness under surface pressure. The shape imperfections model in the lower
bifurcation buckling mode was presented. The study of natural vibrations of the tank shell
showed that an increase in the imperfection amplitude led to a slight decrease in the natural
frequencies and amplitudes of the natural forms, the number of circumferential full waves in the
corresponding modes did not change. Such an imperfections model in studies of the dynamic
stability of the tank shell was effective. A significant influence of the shape imperfection
amplitude on the critical values of the dynamic load and the corresponding stress-strain state of
the shell was observed. In the article [13], the dynamic stability of the hemispherical shell under
external pressure was investigated. The first bifurcation buckling form of static stability was
taken as the imperfection model. A significant influence of imperfection on the critical values
of the dynamic load and the deformation shape of the hemispherical shell had been also shown.

The issue of effective modeling of shape imperfections in problems of statics and dynamics of
long flexible cylindrical shells during pure bending remains open. In the article, a comparative
analysis of two models of shape imperfections of a long flexible cylindrical shell under force
couples in the buckling form of long half-waves and the first natural mode was performed.

Finite-element modeling of a long flexible cylindrical shell with shape imperfections.
Considered a long flexible thin-walled cylindrical shell with a radius R=1 m, length L=8 m
and thickness h = 0,002 m, made of steel with mechanical characteristics: E =2,06-10!! Pa, G=
0,792-10"Pa, x= 0.3. The finite element model of the perfect shell using the software

NASTRAN [15] was constructed. The shell wall was modeled by a set of flat rectangular finite
elements with six degrees of freedom at the node in the cylindrical coordinate system. The
nodes of the two shell ends were subject to restrictions on movement along the radius and
tangent and on rotations around the origin. The action of force couples characterizing by the
moments of couples were modeled in the form of concentrated forces, which were distributed in
the nodes of the shell ends according to the cosine law with constant value Fy(N) similarly to

the presentation of A.S. Volmir [2].

To determine the effective model of geometric imperfections of a long flexible cylindrical shell
during pure bending, the problems of static stability and natural vibrations of a perfect shell were
solved. First, the problem of stability of the shell under force couples in a linear formulation was
solved by the Lanzosh method and the geometrical nonlinear static analysis using the Newton-
Raphson method was solved [15]. The first bifurcation buckling mode (Fig. 3 (a)) and the long



ISSN 2410-2547 67
Omip marepiais i Teopist cnopya/Strength of Materials and Theory of Structures. 2023. Ne 111

half-waves buckling mode (Fig. 3 (b)) were obtained. The authors adopted the long half-waves
buckling mode as the first shape imperfection model of the shell. Fig.3(c) showed the
dependence of the maximum nodal total displacement of the shell on the load step change. This
dependence was non-linear and after the loss of shell stability, the unloading curve coincided with
the loading curve. The loss of shell stability occurred under the load, which corresponded to the
critical normal stress 2,4201-108 Pa in compressed zone of the shell.

(b) o ©

Fig. 1. The first bifurcation buckling mode (a), the long half-waves
buckling mode (b), load curve (c) of the perfect shell

The construction of the shape imperfections model as the first natural mode of the shell was
considered. For this purpose, the natural vibrations of a perfect shell were calculated using the
Lanzosh method [15]. Fig. 2 presented the first five natural modes of the perfect shell and their
corresponding natural frequencies. Natural modes had a different number of waves in the
circular direction and one half-wave in the longitudinal one.
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Fig. 2. The first five natural modes and natural frequencies (Hz) of the long perfect cylindrical shell

Thus, the first natural mode of the shell, which has seven waves in the radial direction and one
half-wave in the longitudinal one, was taken as the second shape imperfections model of the shell.

The influence of the shape imperfections modeles on the shell static stability. The
geometrical nonlinear analysis by Newton-Raphson method [15] was performed for half of the
cylindrical shell. The half-shell wall using planar rectangular elements with six degrees of
freedom at the node was modeled. The nodes of one shell end were subject to restrictions on
movement along the radius and tangent and on rotations around the origin. At the nodes, which
lay on the symmetry plane of the shell, restrictions were imposed on movements along the
generator and on turns around the radius and tangent. The amplitude of the shell imperfections

was equal to & = [O, 5,1,0;15;2, 0] h, h=0,002 m - shell thickness. The action of force couples

was modeled for all settings in the form of concentrated forces, which were distributed in the
shell end nodes according to the cosine law with Fy= 25300 N. In the tab. 1 the critical
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load/stress values (N/Pa) for the shell with different models and amplitudes of shape
imperfections were showed. The long half-waves buckling mode of the shell influenced on the
critical load/stress greater than the second imperfections model.

Table 1
Critical values of load/stress on the shell with different models and amplitudes of shape
imperfections (N/108 Pa)

. . Amplitudes of shape imperfections (h=0,002 m)

Shape imperfections model 520,50 S=h 5=15h S=2h

. 20240 18976 16445 15180

The long half-waves buckling mode 2,063 1,934 1676 1547
. 23193 22939 22086 21244

The first natural mode 2,364 2,338 2,251 2.165

As an example, fig. 3 showed the results of the geometrical nonlinear static analysis of the
shell with an amplitude o=h and d=2h of the imperfections, which were modeled in the form of
the long half-waves buckling mode (Fig. 1 (a)). The pre-critical behavior of the shell in both
cases was similar and nonlinear. Minor nodal deformations in the compressed zone of the shell
near its attachment were observed. The maximum deformations had the form of densely located
shallow dents in the compression zone of the shell middle. The maximum displacements were
12,5 mm and 10,8 mm for the shell with imperfections amplitude 6=h and 6=2h, respectively.
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Fig. 3. The shell with imperfections in the form of the long half-waves buckling mode with 6=A (1) and 6=2h (2):
buckling mode (a), load curve (b)
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The results showed that with an increase in imperfections amplitude the critical load
decreased maximum on 36,2% compared to the critical load for a perfect shell, the maximum
displacement values also decreased.

Fig. 4 showed the results of the geometrical nonlinear analysis of the shell with an
imperfections in the form of the first natural mode (Fig. 2), the amplitude of which was equal to
J0=h and §=2h.
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Fig. 4. The shell with imperfections in the form of the first natural mode with 6=h (1) and 6=2h (2):
buckling mode (a), load curve (b)

It can be seen that the pre-critical behavior of the shell was much more nonlinear than in the
case of the shell with the first imperfections model (Fig. 3). The increase in imperfections
amplitude also affected the increase in nonlinear behavior of the shell (Fig. 4 (1b), (2b)). Minor
deformations in the compressed zone of the shell near its attachment and maximum
deformations in the compressed zone of the shell middle in the form of a long half-wave dent
were observed. When the shell had lost of stability, the maximum displacements of the shell
with imperfections amplitude 6=/ and 6=2h were 21,6 mm and 33,4 mm, respectively. An
increase in the imperfections amplitude reduced the critical load maximum on 10,5% compared
to the critical load for a perfect shell, the maximum nodal displacement values increased.

Modal analysis of a long flexible cylindrical shell with different shape imperfections
models. The natural vibrations of a flexible cylindrical shell without imperfects were studied by
the Lanzosh method [15]. In the tab. 2 the first five natural frequencies of the shell with
different models and amplitudes of the shape imperfections were presented.
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Table 2
Natural frequencies (Hz) of the shell with different models and amplitudes of shape
imperfections

g %‘ Fist model — long half-waves buckling mode Second model — the first natural mode
g § Imperfections amplitude Imperfections amplitude
<& 0=0,5h d=h 0=15h 0=2h 0=0,5h d=h 0=15h d=2h
1 10,50254 | 10,49721 | 10,48988 | 10,48171 | 10,50380 | 10,50077 | 10,49573 | 10,48867
10,50358 | 10,49941 | 10,49319 | 10,48576 | 10,50503 | 10,50490 | 10,50467 | 10,50436
2 12,73322 | 12,75346 | 12,78790 | 12,83655 | 12,72606 | 12,72422 | 12,72113 | 12,71677
12,73436 | 12,75771 | 12,79716 | 12,85274 | 12,72614 | 12,72538 | 12,72122 | 12,71686
3 13,59332 | 13,56788 | 13,52743 | 13,47379 | 13,60042 | 13,59689 | 13,59103 | 13,58288
13,59683 | 13,58134 | 13,55674 | 13,52393 | 13,60135 | 13,59782 | 13,59195 | 13,58380
4 17,54469 | 17,58733 | 17,65830 | 17,75620 | 17,52856 | 17,52263 | 17,51252 | 17,49805
17,54516 | 17,58903 | 17,66178 | 17,76269 | 17,52864 | 17,52314 | 17,51423 | 17,50207
5 23,78734 | 23,84533 | 23,94081 | 24,07174 | 23,76858 | 23,77089 | 23,77501 | 23,78061
23,79157 | 23,86247 | 23,97943 | 24,13963 | 23,76863 | 23,77103 | 23,77504 | 23,78064

We can see that in the case of modeling the shape imperfections of the shell in the form of a
long half-waves buckling mode, with an increase in the imperfections amplitude, there was a
decrease in the values of the first three natural frequencies and an increase in the fourth and
fifth. In the case of modeling the shape imperfection of the shell in the form of the first natural
form, with an increase in the imperfections amplitude, there was a decrease in the values of the
first four natural frequencies and an increase in the fifth. The maximum decrease and increase
in values of natural frequencies did not exceed 1%.

As an example, in fig. 5 presented the first five natural modes of the imperfect shell. The
results showed that they had the same type and the same number of waves in the circular
direction for different models and amplitudes of shape imperfections. In all productions one
half-wave in the longitudinal direction of the shell was observed.

Natural mode 1 Natural mode 2 Natural mode 3
10,48867 12,71677 13,58288
10,50436 12,71686 13,58380

Natural mode 4 Natural mode 5

Fig. 5. The first five natural modes
of a flexible shell with different
imperfections models and amplitude
0=2h

17,49805 23,78061
17,50207 23,78064
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Comparing the natural modes of the shell without (Fig. 2) and with shape imperfections
(Fig. 5), we saw that they did not match. Thus, the first natural modes of the perfect shell,
which had seven waves in the radial direction (Fig. 2), coincided with the fifth natural mode of
the shell with imperfections (Fig. 5).

Conclusion. The choice of shape imperfections model in the problems of forced vibrations
and dynamic stability of a long flexible cylindrical shell subjected to force couples is important
and necessary. In this article the first step to solving these problems was a comparative
assessment of the influence of the different models and the amplitude of the shape
imperfections on the static stability and natural vibrations of such a shell. The long half-waves
buckling mode and the first natural mode of the perfect shell were taken as the shell
imperfections models. The results of the study of the shell with different models and amplitudes
of shape imperfections showed that the imperfections model in the form of a long half-waves
buckling mode was more effective. In studies of shell natural vibrations, two imperfections
models equally affected the natural frequencies and natural modes. We think that the long half-
waves buckling mode or a combination of two different imperfections models can be applied to
the dynamics problems solving of such a shell.
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Jlyk anuenxo O.0., I'epawenko O.B., Kocmina O.B., Ianiti O.M.
BHUBIP MOJIEJII HETOCKOHAJIOCTEN ®OPMM B 3ATAYAX JIMHAMIKH HABAHTAKEHOI
MMAPAMH CHJI IOBI'Oi THYYKOI IIAJITHIPUYHOI OBOJIOHKH

B 3ajmayax OuHAMIKH TOHKOCTIHHHX OOOJIOHOK MHMTAHHS MOJENIOBAaHHS HEIOCKOHaJocTedl iX (opMm € Mmaio
JOCII/DKeHHM. Y BHIIaJKaX, KOIH (OpMHU BIACHUX KOIHMBaHL OOOJIOHOK 30iraloThcs 3 opMaMu iX BTpaTu CTIHKOCTI,
MUTaHHs BHOOpPY HeOe3meuHoi Mojeni HeJOCKOHAJIOCTi 00O0NOHOK He BHHHMKae. Komu ui dopmu He 30iratoThes,
BXIMBO JOCITIANTH 1 MOPIBHATH BIUIMB HEZOCKOHATOCTEH Ha CTaTHYHI 1 JMHAMiYHI XapaKTEpHCTUKH 000JO0HOK. B
CTaTTi PO3MSIHYTO NHUTAHHS BHOOPY €(eKTUBHOI MOMENi HeZOCKOHANoCTeil (opMu AOBroi rHydKOl IMIIHAPHYHOI
000JIOHKM TP il map cui, (OopMU BTPATH CTIHKOCTI i BIACHHX KOJNMBAHb SIKOI HE CHIBMaAaroTh. JlociimkeHHs
BHUKOHAHO i3 3aCTOCYBAaHHSM OOUYHCIIIOBAIBHUX IMPOLEAYp KOMIUIEKCY CKiHdeHHoenemeHTHoro anamizy NASTRAN.
CriHka O0OJIOHKH 3MOJIENIbOBaHa CYKYITHICTIO IUIOCKHMX NPSIMOKYTHHX CKIHUYCHHHMX CJIEMEHTIB 3 IIICTbMa CTEIICHSIMH
BUIBHOCTI y By3J1i B IJIIHAPHYHIN crcTeMi KoopauHat. [list map Cuil mpezcTaBlieHa y BUIVISAL 30CEPEIKEHUX CHUII, SIKI
PO3IIOJINICHI Y By3Jlax TOPLIB OOOJOHKH 3a 3aKOHOM KOCHMHYyca 3rimHo mpezactaBieHHi0 A.C. Bonbmipa. Po3p’si3ana
3a7a4a CTIMKOCTI 0OOJIOHKHM B JiHiMHIM mocTaHoBI MeTozoM JlaHIoma i HediHifiHa 3a1a4a CTaTHKHU 3a JOIIOMOIOK0
Merony Hetorona-Padcona. Otpumano mnepmia Oidypkamiiina ¢opma BTpaTu cTilikocTi oOomoHku 1 Qopma
nehopMyBaHHS OOOJIOHKH B TPAaHHYHOMY CTaHI y BHIVIAI JOBTHX IiBXBHJIb B CTHCHYTOI 30HH CTiHKH. 3a IIepIIy
MOJIENb HEIOCKOHAIOCTI MpUiiHATa GOopMa BTPATH CTIKOCTI MO JOBTHM MiBXBUIISIM. MOJIETIOBAaHHS HEIOCKOHAIOCTEH
y BHUIJIAAi neprioi (OpMH BJIACHHX KOJMBAaHb OOOJOHKH BHKOHAHO 3a JIONOMOIOIO PO3B’s3aHHS 3a/adi Ha BIACHI
KoJImBaHHs MetonoM JlaHmonra. AMIUIiTYna pi3HHX MoJelneil HeIOCKOHAJIOCTeH 3a/iaBajiach IPONOPLIHHO 10 TOBIIUHA
00OJIOHKH 3a JOMOMOTOI0 aJalTOBAaHOI M0 KOMIUIGKCY MpOrpaMu. Pe3ynbTaTH MOCIIKEHHsS CTaTHYHOI CTiHKOCTI
00OJIOHKH B HeNiHiIHHIH moctaHOBLI MeTonoM HeroroHa-Padcona mokasanu, mo MoJjeldb HeJOCKOHANOCTI y BHIIIIL
(hopmu BTpaTH CTIHKOCTI 1O JIOBI'MM MIBXBHJISAM € OUIbII eeKTHBHOW. J[OCIiDKEHHS BIIaCHUX KOJIMBaHb OOOJIOHKH
MerozoM JlaHIonia BUSBIIM OAHAKOBHI BIUIMB PI3HUX MOJENEil HEJOCKOHAJIOCTEH HA 4acTOTH 1 (HOPMHU BIACHHX
KOJINBaHb. BBakaeMo, 110 MOZeNb Y BUIILIL 3THHY OOOJIOHKH IIO JOBTUM IIBXBWJISIM B JOCIIDKCHHSX BHMYIICHHX
KOJINBaHb 200 AMHAMIYHOI CTIfKOCTI ZOBroi THy4YKOi IMTIHAPUIHOT 0O0JIOHKH NPH Ail Iap CHII € OLIbII e(EeKTHBHOIO.

KiiouoBi ciioBa: 10Bra rHydka HUTHAPHYHA OOONOHKA, HEAOCKOHATICTH (HOPMH, mapa CHJI, METOA CKIHYCHHHX
@JIEMEHTIB, CTiliKicTh, 6idypKais, BlnacHi KOJIUBaHHS.
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Hocniooceno enaug pisnux mooenei i amnainmyod HeOOCKOHAAOCMel GopMu  HA CMAMuyHy CMIUKICMb | 61aCHI
KONUBAHHSA 006201 HYUKOT YUNIHOPUYHOT 000NOHKU 3 YpaxXy8anHam Oii nap cun. 3a mooeni HeOOCKOHAIOCmell NPULIHAMO
Gopma empamu cmitikocmi 06010HKU Y GU2TAOL 006201 NIGXGUNL MA NeEPUa GopMa GIACHUX KOIUBAHL OOCKOHANOL
o06on0oHKY. 3a0aya 61ACHUX KOIUBAHL MA 2eOMEeMPUYHA HeATHIlNG 3a0a4a cCIamuku 000I0HKU Q0CTIONHCEHO MEeMOOaMU
Jlanyowa ma Hvlomona-Pagcona 6ionogiono. 3a modens HeOOCKOHanocmel 8 3a0ayax GUMYUIEHUX KOIUBAHb i
OuHamiunoi cmitikocmi 0aHOi 060IOHKU MOdHCe OYMU NPUTIHAMA MOOeNb y 8UA0I 006201 Niexeuli abo KoMOIHaYis 080X
PI3HUX MOOenell HeOOCKOHANOCMEl.

Tabu. 2. In. 5. bi6miorp. 15 Ha3B.
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dynamics problems of a long flexible cylindrical shell subjected to force couples // Strength of Materials and Theory
of Structures: Scientific-and-technical collected articles. — Kyiv: KNUBA, 2023. — Issue 111. — P. 65-73.

Influence of the different models and the amplitudes of the shape imperfections of a long flexible cylindrical shell
subjected to force couples on the static stability and natural vibrations was investigated. The long half-waves buckling
mode and the first natural mode of the perfect shell were taken as the shape imperfections models. The problem of
natural vibrations and the geometrical nonlinear static analysis of the shell were performed by the Lanzosh method and
the Newton-Raphson one, respectively. The long half-waves buckling mode or a combination of two different
imperfections models can be applied to the solving of forced vibrations and dynamic stability of such a shell.

Tab. 2. Fig. 5. Ref. 15.
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