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Abstract. A theoretical model based on Hoff sandwich panel theory is proposed to investigate the vibration
behavior of curved sandwich panels with square honeycomb cores. The square core is an equivalent
isotropic layer and the curvature of the panel is taken into account. A finite element model considering all
geometrical details is presented to investigate the influence of internal pressure and to validate the
theoretical model. A systematic investigation is performed to quantify the influences of the morphological
parameters of the square honeycomb core and the internal pressure, It is found that the vibration modes of
the honeycomb sandwich panel are similar to those of a monolithic panel. The natural frequencies increase
and are far beyond those of the monolithic panel with equal mass as the internal pressure increases, The
results obtained from the present study show the advantage of curved sandwich panels in lightweight and
high-safety, and are helpful for optimal design of this kind of lightweight structures.

Keywords: head hull of oil tank; curved sandwich panel with square honeycomb core; internal pressure;

natural frequency; vibration mode

B A 2014-06-19. fEHEMA: ERAHEAQ989—) . B, @14, FEECGEEES . B.BXE. HLWH: TH4H
T8RS E S W E (2011A091200008) ; #4185 82 3 A< B & 05 32 B¢ B W H (xjj2011005)
2% 4 RRAd1E) . 2014-12-30 P4 R ik : hetp: / www. cnki. net/kcms/detail/61. 1069, T. 20141230, 0823. 005. html






#3H

TR 45 . 7 T M T 3 2 o R e B A HE B 131

B=2:E, Jg i B &9 - T L {6 B BE; R o o T B9 iy 2
12,
MR ez BN
ON, | N, _ aN

—_— == .
*

dx ay y

=0 (4)

e+ Q. =0
dy

M.,
Fry 9 y

Q. , 3Q, N, Pw
E_'_ + + a—tz- q = (5)

K :p=hp.+2tp,p. T o 533K J& B F0 AR 4
RERE ;g REM N EXPBABHENE) .
FIAN B R fﬂ& L 3T LB R
+9f
* 3.2: ay

_ow_ of
¢y_3y+3.r

w=a~,—2vza (6)

C
B&, ERNFRBAG RN EHH T E, B

%(l—w)vzf—Cf =0

-1 (1_Dge.
Dch—l-(l Cv)
4 ~
[1%37?+2vasa—v4(pw2a;)]=o Q)
AP0 HRIDABE,
P9ih & ST R & E R
0.4 a=Pe_3s_, 3f_
=0, a; w_axz_a.z‘_o’ 31_0
— - _ ¥ _da_ . 9f _
y =0, b; w—ay2—3y4—0, ay—O

8
oy A 3 2 U ) ST R AR AR BT =0, B AR A R
ZHHNER ¢=0, A&

& = Amsin " Esin 222 (9
AP :A. AFERH.
2] ACI K
S = Zn{f; (5 fg:gn;?:;ﬁ t ki (m'f +
D] o
K :0,=n2D/(b*C) ;8=b/ask;=2D;/D; kg =Bb*/

DRzt

http; / www. jdxb. cn  http: / zkxb. xjtu. edu. cn

2 AHRRTER

HTFAEERERBMENSERER ARAFRE
AR, R BIHNEBE TREMRES
BEMRENFRB. FRTEFEM AREBE
REMMANFNBRETERHHAEFR, XV E
A R4 COMSOL, 4 5% TH EMA N ER
HEATHEEERZMRSTESSFT. HPE
ERAWI L . EEHTRBEMBERZAER
BAST . REBEHTEERIN. ARTEETS
BEER1IORTEL, TSR R EH 53 - 8.
yRIFEE 20 ZMAEREER XA ; B FHEZE
WA R SNEAR LA R T 5 e B R AR TR
ERR T8, REARTEMPRATET(ZK
BT, F o ERE TERAMBGRSERETE
TLEREFE A NMARLE S HAK - MFFHRF
BB, RO XAR &G Mo RETERN
12 322, 3 # 47 T AR ; 3 2 s AR B9 N SME R
HMAREEY R 5 083-0 BEH., EHEHRNEE
WHME MR AEET LRGN AES &R
WMEE MR R, NEE S 258 0.1,0.15,
0.265.0.4.1 MPa, it 832 |2 il AR Fn 38 i 52 .0 il
ROBRDEE . BITEFEEELRHRAE. P
R K EMIKAR, RER3. 17 mmi 3
R EL AR A A PR TR A,

A1 REUBARAEDILMMAHK mm

a b R1 Rz
400 396.5 916 907.5
d t l h
0.5 1.5 20 8.5
3 ZRitw
3.1 BHBRiF

HEFES BN TEERREMRARZNE.
FIHURTERAEREMEEARRHELHTNS
ARTEUGR RN THRHWHEN THRT
BUSGRNRE, R2EREN . WEYESEY B
REMERBAEMBLT REE M EE, X
B2 SCHR ) Y B R R TR NS A

HHBEIE MR 10 MESEME 2 5
. HE AR, RRKRBEMRNEHWE S, BEEK
SR AT 3 5L Ol AR o 1 B 3 B AR
Ab 2 Sy % S W AR B9 T T LR Sy W 4 5 e







E3W

RS TE B R 32 B i R 1 SR S AR R B 5T 133

HEEWRZEROBENE,RIEREEhRLE
E B /1N T 388 K T Y BE B 4 B e ok I ot AR Ky BT A A
#, Y Roolt, REMBBMLAKEFR . R
FHMAMSHERE, dEFEREE, U RE
XIS W. BB S5 AT, & B E A B R
i il R A A2 B /N T 38 K, FoeP 1.3.4.6.7.,10 B @
FRENBREFBE, W 2.5.7.9 \rEHHEX

HEINEEIN 8N
3.5 R/mm
-—0— 455.875
30F —e—911.750
—a— 1 823.500
é 2.5
i 2.01
oy
B st
1.0

3 s 7 s 1
B 3
B S ok R 3R o AR L R R

3.5 RE#ESHRALOHEEIL
FRGEXEMRS R EESREL.OMARES
SR LME 6 . il 6w, REMBRNE
BrEA R BERTRERYFLOHARNESR
MR, XREAXXEMR M RBEANEET iR M
BHERFE, NIRRT B8 SAKRIE

3.5

—o— R X E fiR
0 g IR

—— K

L —
9 11

1 CR 7
B 3
B 6 HRRREBMRSRSRENRE @K
B RER I
3.6 WENER

TR B AR R M R, R 51E
% 2 ARG B TE , TS0 T 3R 23 o AR 2 T 4
YO RFHE. A A¥ERRET R, XE)L
Rt AR wMERARIE, TENERMNRET
SRR B R DS, T B B IR Bh e 1 A R
AF, FE— BRI, JLAT TR K AR Y 3R A

http: / www. jdxb. cn  http: // zkxb. xjtu. edu. cn

KGRI, & B EX iR LA 2T 8 R
AT AR B B 9 E X S R B R ma . DAk
BB RO RS %, FE N X ih AR LA 45 vk A9
EEEE, 7 R iR T AR A RSOl
AR B B KL (B K AL B 8 A 7 T AR B JLAT R 0D
BN ENZAFLME 7 fin, il 7 TR, HEE
I B9 25 3 K, B R it AR LRI B TR AR S R 3 K,
[5] B4 T TA g 7E %5 R o0 38 4 5 B P 7 bl AR I
WHNEERELXEH KBS,

20¢
—o— 5 M B K 2 i R F AR
5 A R

——

A i 1 1
.0 0.2 0.4 0.6 0.8 1.0
A B/MPa

o

B 7 R IR R T AR A O SC.0 B AR B K
IR RN R A 1L

B8 ME 9 RIRART H%EREMRME
J B 33 360 AR 2 R TR 9 B B R s R I
WK R, PR XA EESTH A b RS
RNEHE., TUEH, ENEAREYMEIHTNE
388 i T 42 765 » BN O B P9 R 3 » S5 M LA AR T
MRIERFHRLE D. ¥ TFHRENHE.BEE
TSR, FREKEERETRABE, B
HEXMEB RS HERT X TR RS . RER
MERECHMRETEEEREMREHRHRY
A,

102{

>

—
(=]
]

|

10-1 i 1 1 J
Smi(i 7 8 9 10
A8 AERETREMBRENRAFARYKE

B 3 15 B 5 B 0 K T o B A 2 B S el AR, 7E
AZHFIAENRZMET K2 iR 35 R H K




134 W% X @ K % % # EaoH
g/MPa LU Tianjian, HE Deping, CHEN Changqin, et al.
10° r —o— 0.1 ] ) ] .
—e— 0.15 The multi-functionality of ultra-light porous metals and

S 4%
2

10! PR N PR . N e

B9 AEAETHREECHERSH R ARME KR

BORAR T3 BRSOl AR, X FE R E e 2 il 4R Y
BAEREER, RZNEREES/NLE 7, R
kSR N B LR T G

mERLOE . BTEARAR, YHANELEHK
ZHRERIES. A, TSR LEHE &R
1 MPa 375 A, H 58 10 BraRsh A &2 0 (3,
3, M THRELLMBRZNENNEEEK, LU
HESTAEMNAD.

4 4 ®

Xt I 32 18] 32 07 T e S I 2 AR B % Bh A 1
AXRIBEREA, ZRESNTHREE BTK
BE A B R AR X A SRR R ZE MR b B
SETHRROTEE, B — BB R T W EST k2 i R iR
ik sgeA: R A

BRI R AR REER R /N ®
A0 R S 2 G OO L A B R (LR MR ST BT T 1
B /N o T 6 B A T 4 R e S ol A Y B L AT 4R
Fi 3R 2 AR 0 & BY B A R MR TR R & A
TR S o T AR S22 AR B B AR KW AR, AT 4R
BT HEEREEE; RENEAIRELEAE
RN R . ERB E A SRR B EE T KT
RO EAAR, BN ELEL SRR EEHRE
MRS MAE. @ TRZNERNEZ PR
ENREFRBREARTHHEKEZRTRER
P 357 J3 5K > B AR

AXERE R TH— P ITFREEXE AR
8T, LB B W IR e .

X0k

(1] AxaE, [MEE, BEH, 5. SR LEMEK
EURBHERNA (1] H¥E#ER, 2006, 36(4); 517-
535,

http: // www. jdxb. cn  http: // zkxb. xjtu. edu. cn

their applications [J]. Advances in Mechanics, 2006,
36(4): 517-535.

[2] HU Y C, HUANG S C. The frequency response and
damping effect of three-layer thin shell with viscoelas-
tic core [J]. Computers & Structures, 2000, 76(5) .,
577-591.

[3] LIUJ, CHENGYS, LIRF, etal. A semi-analytical
method for bending, buckling and free vibration analy-
ses of sandwich panels with square-honeycomb cores
[J]. International Journal of Structural Stability and
Dynamics, 2010, 10(1). 127-151.

[4] LOK T S, CHENG Q H. Free vibration of clamped
orthotropic sandwich panel []]. Journal of Sound and
Vibration, 2000, 229(2); 311-327.

[5] LOK TS, CHENG Q H. Free and forced vibration of
simply supported, orthotropic sandwich panel [J].
Computers & Structures, 2001, 79(3); 301-312,

[6] XINFX, LUT]. Analytical modeling of fluid loaded
orthogonally rib-stiffened sandwich structures: sound
transmission [J]. Journal of the Mechanics and Phys-
ics of Solids, 2010, 58(9): 1374-1396,

(7] XINF X, LU T J. Analytical modeling of sound
transmission across finite aeroelastic panels in convic-
ted fluids [J]. J Acoust Soc Am, 2010, 128(3) . 1097-
1107.

(8] XINFX, LUT]J, CHEN C Q. Vibroacoustic behav-
ior of clamp mounted double-panel partition with en-
closure air cavity [J]. J Acoust Soc Am, 2008, 124
(6): 3604-3612,

[9] SHEN C, XIN F X, LU T J. Theoretical model for
sound transmission through finite sandwich structures
with corrugated core [J]. International Journal of
Non-linear Mechanics, 2012, 47(10): 1066-1072.

[10]J MENG H, XIN F X, LU T J. External mean flow
effects on sound transmission through acoustic absorp-
tive sandwich structure [J]. AIAA Journal, 2012, 50
(10); 2268-2276.

(11] k&, ¥&%, &8, % HAMEIMB=ZHLEE

FEYERERTRE [J]. A RZEREFR, 2011, 45(7);
22-29.
SHEN Cheng, XIN Fengxian, JIN Feng, et al. Sound
insulation behavior of simply-supported sandwich
structure with parallel study [J]. Journal of Xi’an
Jiaotong University, 2011, 45(7); 22-29.

[12] {EWE, 8k, SRR BREERBEREWESD
AEARHBR [J]. ¥ %R, 2013, 45(2). 349-




E3IW

ERE % . TR KR R QIR TR 135

358.
REN Shuwei, XIN Fengxian, LU Tianjian. Vibro-
acoustic performance of simply supported honeycomb
sandwich panels [J]. Chinese Journal of Theoretical
and Applied Mechanics, 2013, 45(2); 349-358.

(13] PEMRERIETASHAFBEAENTERFTLH.
kEHEXNTHB MRS (M) . BEHR
#, 1977,

[14] MAIS P, FLECK N A, LU T J. Optimal design of

box-section sandwich beams in three-point bending
[J]. International Journal of Solids and Structures,
2007, 44 (14/15): 4742-4769.

[15]) #EAE, BEE. WHRFEATXBEERNBRHE-H
BHEXE [J]. TRA%, 1997, 14(2): 139-144.
DU Guojun, TIAN Yubao. Load-natural frequency
eigen relation of circular sandwich plate under uniform
load [J]. Engineering Mechanics, 1997, 14(2): 139-
144.

(%8 &%)

(LB% 84 TD)

BAFRLEHFE HRERPRERS. XF
SHTHEA,RHTETEMMA. R, & T
EMTFRUORERITRAE G, TUETNAT
BMHEARRE M AHKRE RERE BBRE
4 3L 4b 4T B B AR R B i BT R AT R

SEIR.

[11 TONON F, BERNARDINI A, MAMMINO A. Deter-
mination of parameters range in rock engineering by
means of Random Set Theory [J]. Reliability Engi-
neering and System Safety, 2000, 70(3): 241-261.

[2] JENSEN H A, KUSANOVIC D S, Reliability-based
optimization of stochastic systems using line search
[J]. Computer Methods in Applied Mechanics and En-
gineering, 2009, 198, 3915-3924.

[3] ADDURIP R, PENMETSA R C. Confidence bounds
on component reliability in the presence of mixed un-
certain variables [J]. International Journal of Mechan-
ical Sciences, 2008, 50(3). 481-489,

[4] Hk®% ZHWE5REHHDETREHNK [D]. AX.
B FRBKE, 2013

[5] WANG Zequn, WANG Pingfeng. A new approach for
reliability analysis with time-variant performance char-
acteristics [ ]]. Reliability Engineering and System
Safety, 2013, 115; 70-81.

[6] ANDRIEN-RENAUD C, SUDRET B, LEMAIRE M.
The PHI2 method: a way to compute time-variant reli-

ability [J]. Reliability Engineering and System Safety,

http: // www. jdxb. cn  http: // zkxb. xjtu. edu. cn

2004, 84(1): 75-86.

[7] GRIGORIN M, SAMORODNITSKY G. Reliability of
dynamic systems in random environment by extreme
value theory [J]. Probabilistic Engineering Mechan-
ics, 2014, 38; 54-59.

[8] JIANG C, NI BY, HAN X, et al. Non-probabilistic
convex model process: a new method of time-variant
uncertainty analysis and its application to structural
dynamic reliability problems [J]. Computer Method in
Applied Mechanics and Engineering, 2014, 268. 656-
676.

(9] AME, Bxd, %5 5 HEFREHIHEE

Hak (U] dbRBHE R EE#|, 2008, 30(9): 1050-
1054.
SHI Bogiang, YAN Yongye, FAN Huifang, et al.
Mechanical design method with uncertain evolution
[J]. Journal of University of Science and Technology
Beijing, 2008, 30(9): 1050-1054.

[10] BA¥, A8%. LEAHSHEERONETREET
Bk (1] BEXEKFFB], 2007, 41(11): 1303-
1306.

YAN Yongye, SHI Bogiang. Time dependent reliabili-
ty analysis under uncertainty [J]. Journal of Xi’an
Jiaotong University, 2007, 41(11); 1303-1306.

{11] LO A W. Maximum likelihood estimation of general-

ized Ito’s processes with discretely sampled data [J].

Econometric Theory, 1988, 4(2). 231-247,

(RE B




