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Fig.1 Schematic diagram of geometric model and coordinate

system of the conical-cylindrical-spherical shells with

both circular plates ends
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Fig.4 Schematic diagram of the force and moment at the

junction of the conical-cylindrical shell
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Tab.2 The first ten-order dimensionless frequency of the combined shell structure with and without end plates

ST S MXN
&M Brom 710 8 10 9% 10 10X 10 11X 10 1210 FEM

1 0.004441 0.004438 0.004437 0.004436 0.004436 0.004436 0.004441

2 0.006167 0.006166 0.006165 0.006165 0.006165 0.006165 0.006163

3 0.012616 0.012610 0.012607 0.012602 0.012600 0.012599 0.012621

4 0.012625 0.012613 0.012607 0.012604 0.012603 0.012602 0.012635

?E 5 0.013511 0.013508 0.013507 0.013506 0.013505 0.013505 0.013549

;E 6 0.016755 0.016752 0.016750 0.016748 0.016747 0.016746 0.016771

7 0.017268 0.017266 0.017266 0.017265 0.017265 0.017265 0.017359

8 0.020534 0.020529 0.020524 0.020522 0.020521 0.020520 0.020554

9 0.022745 0.022744 0.022743 0.022743 0.022743 0.022743 0.022923

10 0.023882 0.023868 0.023858 0.023853 0.023850 0.023848 0.023968

1 0.012633 0.012626 0.012623 0.012621 0.012620 0.012619 0.012614

2 0.013511 0.013508 0.013507 0.013506 0.013506 0.013505 0.013513

3 0.015792 0.015771 0.015762 0.015754 0.015750 0.015747 0.015702

4 0.017268 0.017266 0.017266 0.017265 0.017265 0.017265 0.017281

:ﬁ’j 5 0.022656 0.022674 0.022641 0.022614 0.022598 0.022586 0.022429

;E 6 0.022745 0.022744 0.022743 0.022743 0.022743 0.022743 0.022772

7 0.026709 0.026704 0.026695 0.026693 0.026689 0.026688 0.026708

8 0.028569 0.028551 0.028531 0.028525 0.028517 0.028515 0.028484

9 0.028650 0.028648 0.028642 0.028641 0.028639 0.028639 0.028668

10 0.029428 0.029426 0.029426 0.029426 0.029426 0.029426 0.029479
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Fig.5 The combined shell free vibration dimensionless fre-
quency under three conditions changing cylindrical

shell lengths
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Tab.3 The first eight-order dimensionless frequency of the combined shell structure with end plates at a=30°

S S ©,=30° ©,—45° ©,=60°
Present FEM Present FEM Present FEM
1 0.012619 0.012614 0.012619 0.012632 0.011896 0.011908
2 0.013505 0.013513 0.013525 0.013549 0.012648 0.012655
3 0.015747 0.015702 0.015688 0.015732 0.013521 0.013534
4 0.017265 0.017281 0.017331 0.017359 0.015864 0.015875
5 0.022585 0.022429 0.022509 0.022581 0.017287 0.017315
6 0.022743 0.022772 0.022867 0.022923 0.019483 0.019513
7 0.026687 0.026708 0.026773 0.026802 0.022806 0.022835
8 0.028514 0.028484 0.028504 0.028551 0.023043 0.023119

R4 HEFFTNAa=45°4H
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Tab.4 The first eight-order dimensionless frequency of the combined shell structure with end plates at a=45°

BB H a—— —— a—
Present FEM Present FEM Present FEM
1 0.012833 0.012883 0.012851 0.012885 0.011873 0.011913
2 0.013582 0.013616 0.013581 0.013617 0.012836 0.012919
3 0.016432 0.016466 0.016451 0.016490 0.013579 0.013623
4 0.017292 0.017349 0.017293 0.017349 0.016570 0.016648
5 0.022806 0.022854 0.022815 0.022854 0.017312 0.017350
6 0.024365 0.024426 0.024522 0.024580 0.019484 0.019517
7 0.026888 0.026945 0.026888 0.026945 0.022819 0.022856
8 0.028765 0.028835 0.028605 0.028673 0.025139 0.025187

R5 HEETAA a=60°H

BREWEISH T ERMME

Tab.5 The first eight-order dimensionless frequency of the combined shell structure with end plates at a=60°

B m oo A A
Present FEM Present FEM Present FEM
1 0.012987 0.013027 0.013006 0.013030 0.011878 0.011915
2 0.013637 0.013665 0.013649 0.013665 0.013030 0.013065
3 0.016847 0.016876 0.016866 0.016900 0.013618 0.013672
4 0.017306 0.017368 0.017330 0.017368 0.016997 0.017063
5 0.022806 0.022865 0.017427 0.017444 0.017291 0.017370
6 0.025411 0.025475 0.022825 0.022865 0.019483 0.019518
7 0.026940 0.027038 0.025591 0.025627 0.022806 0.022865
8 0.028799 0.028885 0.026901 0.027040 0.026158 0.026262
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Fig. 6 The curve of the ratio of the thickness of the end plate to the thickness of the shell and the dimensionless frequency

3 &

ARCHE T HE 2 oK, R FH — Tl ek iy 48 5L ik g
BT W SR g 1A 8 v Al 1 R S AR Z5 R 9 A R
S I =V i ol B o TR U (o A s B L
BEAY A SCR N T 3838 AR RS 5 5L T Al 7 e
TR A A OIS ES Y S LN S R e et
Fa 7 28 H2 A A TN fR DL S D R R B i et .
J b A Rayleigh-Ritz 32 115 5K i 45 44 (%) [ A3 40 %,
5 A BRIC TSR 4 R LR, B E T A SO
20 HE PR RS SN, 2R S A 0T IR B DL 4508

1. 38 5 X AR STk i WSSO DL R HE B A o A
IR IR S5 R 54 R Tt b, A 7 ik m i
S5 R B A BV A B U] T AR SO R Y TE A
Ky

2.4 150 g M P A A -BR S A Y A R BRI S
20 BB 43 0 8 A 7 A B (B 4 e Y o TRAR DA B Bk
TGAINE S i KRl i SO 1 DS s N N A
Gt i o OB RN 0 HL A i 23
/N 5 B — QR FFHE ST BUZ BRFE B IF AR AR 3R B,
W/ Ty — S5 R TT T A1, AL 50 45 K0 1Y) 818 A 3 1
23 Wi 22 38 R B )N

3. U TR s R JRE BE X A K A5 AL i iR h
PERABRMEW . 4G 7c 450 T = NIR Q&

Ui Al JBE B2 A5 e MR JRE JBE 22 L & A AR Ak it 2 A A TR AR A
TEA SRS B Gk — g B E S, 00
R TIRE . X — A, MR R B 045 7o 4
Fy g et SR 3 70 i BoAT — e 19 TR 5

2% Ak

[1] Leissa A W. Vibration of plates[R]. NASA SP-160,
1969.

[2] Leissa A W. Vibration of shells[R]. NASA SP-288,
1973: 31-43.

[3] Qatu Mohamad S. Recent research advances in the dy-
namic behavior of shells: 1989-2000, Part 1: Laminat-
ed composite shells [J]. Applied Mechanics Reviews,
2002, 55(4): 325-350.

[4] TIrie T, Yamada G, Muramoto Y. Natural frequencies
of in-plane vibration of annular plates [J]. Journal of
Sound Vibration, 1984, 97(1): 171-175.

[5] TIrie T, Yamada G, Muramoto Y. Free vibration of
joined conical-cylindrical shells [J]. Journal of Sound
and Vibration, 1984, 95(1): 31-39.

[6] Li W L. Vibration analysis of rectangular plates with
general elastic boundary supports[J]. Journal of Sound
and Vibration, 2004, 273(3): 619-635.

[7] Bauer Helmut F, Werner Eidel. Determination of the
lower natural frequencies of circular plates with mixed

boundary conditions [J]. Journal of Sound and Vibra-



34 gD, S o A R SR B O HEREER B TS A AR 3D

609

tion, 2006, 292(3-5): 742-764.

(6): 733-751.

[8] Bashmal S, Bhat R, Rakheja S. In-plane free vibration [13] Li Haichao, Pang Fuzhen, Wang Xueren, et al. Free
of circular annular disks[J]. Journal of Sound and Vibra- vibration analysis of uniform and stepped combined pa-
tion, 2009, 322(1-2): 216-226. raboloidal, cylindrical and spherical shells with arbitrary

(9] S&H , A%N, 20k AT B LR 540 T 5w E A boundary conditions [J]. International Journal of Me-
PR SRS AT [T]. PR 3h TR 2441, 2014, 27(1): 1-8. chanical Sciences, 2018, 145: 64-82.

SHI Dong-yan, SHI Xian-jie, I.LI Wen-long. In-plane vi- [14] BME 2R & 6,5 3T X B4 0 87 47 -
bration analysis of annular sector plates with arbitrary B 4% 5¢ - HEST A & 450 B i R3S [T]. 4R35 vhifi
boundary supports [J]. Journal of Vibration Engineer- 2012, 31(22): 1-7.

ing, 2014, 27(1): 1-8. QU Ye-gao, HUA Hong-xing, MENG Guang, et al.

[10] Z=XRE % R, & W% . SEEERNIF O A domain decomposition method for free vibration anal-
MR SR M [ T]. e rh Bl R 2e223R ( A R B2 ysis of a joined conical-cylindrical-conical shell[ J]. Jour-
R, 2018, 46(11): 1-6. nal of Vibration and Shock, 2012, 31(22): 1-7.

Li Tianyun, Zhang Jun, Zhu Xiang, et al. Vibration [15] ABBAMS , S SCHs , PNVERI, 55 . 7 o 5] Al 355 A [ A 56 A
characteristics analysis on rectangular plates with arbi- PR h 0 2 g AT (T]. AN 1%, 2012, 16(11) :
trarily-shaped cutout[J]. Journal of Huazhong Universi- 1306-1313.

ty of Science and Technology (Natural Science Edi- 7Z0OU Ming-song, WU Wen-wei, SUN Jian-gang, et
tion), 2018, 46(11): 1-6. al. A semianalytical solution for free vibration of a cylin-

[11] Efraim E, Eisenberger M. Exact vibration frequencies drical shell with two end plates[J]. Journal of Ship Me-
of segmented axisymmetric shells[J]. Thin-Walled chanics, 2012, 16(11): 1306-1313.

Structures, 2006, 44(3): 281-289. [16] Xie Kun, Chen Meixia, Zhang Lei, et al. Wave based

[12] Caresta Mauro, Kessissoglou Nicole J. Free vibrational method for vibration analysis of elastically coupled annu-

characteristics of isotropic coupled cylindrical-conical

shells [J]. Journal of Sound and Vibration, 2010, 329

lar plate and cylindrical shell structures [J].

Acoustics, 2017, 123 107-122.

Applied

Modified Fourier series method to solve the free vibration of the coupled
conical-cylindrical-spherical shell with closed ends

ZHANG Shuai®, LI Tian-yun"*®, ZHU Xiang"**, CHEN Xu"*®
(1.School of Naval Architecture and Ocean Engineering, Huazhong University of Science and Technology, Wuhan 430074,
China; 2.Collaborative Innovation Center for Advanced Ship and Deep-sea Exploration, Shanghai 200240, China; 3.Hubei
Key Laboratory of Naval Architecture and Ocean Engineering Hydrodynamics, Wuhan 430074, China)

Abstract: A semi-analytical method-modified Fourier series is proposed to solve the free vibration of the coupled conical-cylindrical-
spherical shell with closed ends. Based on energy function, the classical thin plate theory and LLove shell theory are combined to
construct the theoretical model of the coupled conical-cylindrical-spherical shell. The natural frequencies of the coupled structure
with different cylindrical shell lengths, different semi angles of conical and spherical shell and different thicknesses of end plates are
studied. The displacement of each substructure of the coupled shell is composed of the standard Fourier series and the auxiliary con-
vergence functions. The introduction of the auxiliary functions can not only remove all the potential discontinuities of traditional
Fourier series at the connections, but also improve the convergence precision and speed of calculation. The research shows that the
present method has good convergence, which the calculation results show a good agreement with the finite element method results.
By analyzing the natural frequency, it is found that the changes of length, semi-angle and thickness of end plates have obvious influ-

ence on the free vibration of the conical-cylindrical-spherical shell.
Key words: structural vibration; coupled conical-cylindrical-spherical shells; circular plates; Love shell theory; Fourier-Ritz method
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