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Abstract: [ Objectives | The mounting structure of a ship is an important piece of equipment for vibration
reduction. In order to improve the vibration reduction effect of the mounting structure, damping material is
often pasted onto its surface. [Methods] The vibration level difference of the mounting structure's
acceleration parameters is defined as the evaluation index. Based on the Solid Isotropic Material with
Penalization (SIMP) model, a topological optimization model of free damping material distribution is
established. In the optimization formulation, the constraints ensure the optimal distribution of damping
material on the surface of the structure while the total volume of damping material is certain. Finally,
based on the Finite Element Model (FEM) of the structure, the optimal damping materials for the laying
scheme are ascertained. The results of topological optimization are tested and verified by the model test.
[Results] The optimal free damping material distribution of amounting structure is obtained.
[ Conclusions ] The research results have value as a reference for the design of the mounting structures of
ships and the application of composite materials.

Key words: free damping; topological optimization; vibration level difference; experimental verification

Wi EH: 2017-05- 17 [ 4% H R Bt 18] : 2017-11-28 10:56

EEEN: 25,5, 198044, Wit:, Y TR,
Ml GRISIES ) . 55, 197544, 1, BhBEpssin. Orsern . Meinsstsh 455
W54k, E-mail: cluyun@sjtu.edu.cn




5 6 1]

2 3 4 < I 2R A B bR SRR 1 e S B 5 87

0 51 &

B AATTOT AR A 7 3 R A 75 o B
BRI HE R, e B N 7 2 B0 e A AR
B 5 R TE VS U 14 T T B 45 4 el i 1) R e
T RGBT 0 T 2w L IR R
15 52 A OBHZE 3 04 2% FloB AU R OBHS ) Tz B
FH o WAL S5 3 TS N AR RE vA M S5 48 B 1
PEAR BRI, T T FH BELJE 4k % 14 k328 Y A Ak
WHoE . BRI T REEZSH BIET
B —32 G b RE 2 5 AR B A L Joi R e T G Y
PRACRE o 0 35 JAR 45 40 DL HR 25 R i PP, T B A 4
ARG 0k B R Hog 2 5S40 Hoh IRBE
5 I8 RYAE R LN LT P SR (B EE S5 48 )
i A i e L i G4 R Sl 1 =2 L, R 9T 25 28 0h
F 5 i amiAs )z .

RELJE A4 B2 ) FH 55 41 B4 R B RY 33U 4 i 51
ML RE % Ak A PR RE T B, DA T 552 390 9 I P4 M2 H
P B — RO B A S A RL . BEJE A RERT 43 29 SBH
JEM BRI A R BEJE B RE 2 B, B0 R B A B A
Wk R R ARROR . MO S TR T
FEAR R BEL ) A b B s T A R 25 A0 b X EE T Bk
AT AL i X I sh A ARG S A R e AR
AT T TR R R 2 SR BEL A R I [ AT: 5T 45 A 1 4R
SRR IR e T RS MR o A E 2U0HR B0
FEMEAISZIR . Saravanan 55 B 5E T B FLE B R
FA T [0 A 5 1) 75 R AR TRD L, 5F e T BELE A1 R
TC 5 XoF 4 By e 17 %) 5 e RLAERE o

RELJE A4 L 80 a2 — S F L Ak R] A,
FEAS ARG TR S5 M S LA S R UL AL 25 0
BT XN 5K B UL A R 3 A7 ], 1988 4
Bendsge 55" I & T 3 T 34 50 (L B 14 45 K4 1 $h
Dok ot 5%, FF B T % 2 45 0 P Ak B 46 k.
Zheng 55" LAZE 4R Sh g i /MBS B AR 64T T
BHLJE A4 L9 A5 R P AL BF 9 o Kang 55 LLEE & A
B IRSNFEE N 2% R ML R X B e
MM 2 A 64T T W9 o Takezawa %6 LABH JE #4
B SR /MBS Y, DU A SR 1 B AR S R A
KACH AL H AR, R FARZS 25 [ /9 2 B8 & n
X BH R A R AT T I AMEAL . Zheng % IR
BRE it e/ ME S B s, R Ry 8 B0 29 1 2 BEL e M
B R EERIEAT T AL . Yan 557X 2 A8 306
YERT &5 Rl 3 BELJE A4 kL 00 &5 44 E 17 #0 M4k, 52
BT AFERHJE MR f — A5 1T T R A5 A iR B0
SN e ME

JENMTTEBLIE M RHR ML i s T — 28

B AR 22 B0 0 F 5 R AT Jmg B T B8 TR
KB I3 M7, A A R T S B [ AL PR 3 A7 A — 7 1Y
R BRPE o T ot H A, SCE K LLBH JE B RHE A AR
L L OB ) B W TR G, O JE A di B e AF
B ML SE , I AR Y S 56 19 J7 96 XAk
SERPEATIUE, DL SCHE BRI A R

1 &5k 5l )i i 2 o 7%

1.1 S5ka8h i )i #

i 1 BELJ& B4 kR 3L 1 R AR 235 A Sy AR 3% 422
G K 52 HMETIR B 1 VR FEIE 28 25 3k % N B 3
73w I8 4 T AR ]
Mii+ Cu+Ku=f() (1)
Kb w AW AN R, M AR REER, JFA
M=M_+M, ; K J %5t Wl & 5% & , 3F A
K=K +K,; C HEEBLEREFE P C=C + Cy ;
f@) RINEh . Hodre M, KR C 43 Bk
P L A 235 Ky 1% SO ek R I R R G R BEL JE R I
M, , K, Fl C, 53510 B Je #4120 5T 4 58 B (W
FEFEREMBHIEHBE . 25 M, , K, 1 C, ¥ 0, 0]
& T SR SR 2 s Y O B e M kL.
T BELJE B4 Ak B 45 AR R 38 T L A4 e 1 45
FE R 7, st X (D) g B2 M € T 5 AR
Cc=C,.

1.2 Rk 7E

Xf T RE PR A R G e TG R AR 5 R ) A S/
b 4 27 S A TR IR G 7 2 S DAl G B R 2k
Ao I ARG v 22 (A7 - dB) E SCANE

a,,

L.=101g (2)

a

down

X, a,, M ay,,, 73590 D 26 38 45 R4 1) i A s
Ui 22 ) AT A B A A T B R

2 BLUEHMeHAMEIE T Fe

2.1 PR M RHE A

7 IS7 FH BEJE B4k S5 it 205 4 D 41 1 38 o BHL
JERPRH IE — i Y J5E 3 O T ik B PR 5 4 0 3
T, P 1T 7 S BELJE A7 R B AR 5 4 B Y B
BN EE

TE e AR B s ML 5 SO 2
PR EE g S e it DXk, BHL e #OREHZ ol it IX
Sl R TSR R AN R Y 0 R T e A RLZ
(P8, 6355 45 K W 2 AR P e, T 22 DR i L



88 O M B % 124
““““““““““““““““““““““ 2 — 1.000
By A3 - AL
o
/é’-tz » | ¢ ‘4. I .'ii. T2 T
BrR “""tzsﬂt-;é'a—:~"-~:‘“ SuNNuRENRNNa ]
A4 %ﬁﬁi‘%i&%ﬁﬂ T
,f;a,‘;uli i..i i =~ -2?#.1-&. ]
R e R e 2
S i
Wy N T+ L1 [T
S
S FEE A N
T B bR S =-.-§5;=5 u 'EE S
Fig.1 Sketch of damping material distribution iiHiE: :‘_:Eg ;: NN Bl
e S N wapt Bl
oy
2| N /. N g - ] :: :: g
JE B2 131 2 0 B o B BV B MO B A e [ yliliis T
I e B R % A ;%é_ = —
] f =
[~ My Z
2.2 TSR 22 eA BHA ML L

WE 1 Fr 7R BELE 4R o 59 # 0 A TR) A
Je > 01 B A i) B B0 A )il o Bk
WA BHLIE MR, 7R Ry 15 45 A Bk B e #4
BERIR N 00 BEXTBEE A BEB 30 MG AL R L
WA IMEAL T A S Y S T 1 R R
FiF I oR B IR T 12 RS JRE L A o AR R U
rp, BT ) E SE A T A REE B 5 (Solid Isotropic
Material with Penalization, SIMP) 1 i JH tb % |~
12 o ARICHET SIMP ik 57 1 BHLJE A1 RHBOS 19 4R
IR Eecy s RIS T RE ] WG (U iP5 R R L S
P A i A BT AR X %8 HE 22 ) AT AR 2 A o B 5
FLHBOT AR R B O [0, 1] 22 1] 4 v 1]
A 30 o A5 PR R AT AR Aol R e 7 i
I, DTS 32 R B R T e 3 3T 01 8 HIUZS b 1Y
DAL,

AR J3E 45 AR Y BT H b, AT S LS
IR % 22 Ak AR SR FMICIL T 72 o R ml i
TH X E BHJE B4R AR X %5 B e OB R &
TE B JE b BT i — s 1 25T, T A 4R KAk

Ay,

4 T B PR G 7K 2, B Max(L,)=10Ig .

3 SiBIsrBr

DAL AR5 A AR B B3 JE 45 48 S ], T SR e

EBE A5 ) F0 M A EE 53 A Al 56 50 iE
BRI A

PR AR 2 LR S5 R BT SN T - K 0.68 m,
B& 0.64 m, &5 0.53 m. FE L5 H T AR LR ) AR .
AR AR R A ol M S A 2 AR . I A B T vk X
BE S5 AT A PR T AR, B 45 A A R ST AR
FI45 3 340 LB TT AN 3 5024 5, IR 2 s o

TESL 5 R EARSE A B AR . iR
i 25 A 5 A T ek i A50R A IT Al RT A T AR ) Ak

3.1

P2 JEJEEE R A FROTAE Y

Fig.2 Finite element model of the mounting structure

T SA-3 e KL, HIEE N 1.0 mm, 59
FHREFIBELE A R J1 2R 32 1 R

F1 MHHERFGE

Table 1 The mechanical properties of materials

PR PR £/ MPa JARAEL BFER Py HE/(kgem™)
Gl 210 000 0.30 0.001 7 800
R 44 75 0.49 0.750 1500

3.2 ghikagh iy B

FE HEAT 5L B 25 K 2 g e 1 TSR , B SR A
A 5 P 1) VG o A S R X i A48T 2R 1) 0 A
I F SRR IE 1 T e 5 3 445 4 1) A5 78 4
TE, DA$E e 5 e 5 b A B T AR R R B L A ik s
5 K] 1) TOUTHS it I 3 Sl 0, O T Rk A 45 4 1) )
3 R B VT A e AR A R AR R S R
E XS S REACRTAL A2 B A3 FIEL A4)
M2 S BB B A5 B2, 5 B3 1 B4) ki A
viig A L I, A0 2 B .

% ] MSC.Patran/Nastran {4 17 47 35 Jis 45 4
(14 8l 3 mm Rz 43 A, B A R LB T ~ 500 Hz,
A2 Hao 5 i A2 25 55 1A i 2
2 AR R JI0 E HI R 2 Oh BE JE 2 K ) UR
RAr o WA 2% s B AR R

2 2 2 2
aA:\/(aAl) +(a,,) +(a,s) +(ay,) o

4
BB W m #® E HEH N

_jwmf+wmf+wmf+mmf
ag= n

B3 5 7% o B A 0 5 X T 1 3
B P4 7 0 M A S S )
I P A 2

o



5 6 1]

2 3 4 < I 2R A B bR SRR 1 e S B 5 89

8 .
T —iﬁ/\%’iﬁ'

o || — i

"\ 6

g 5t

=

S oAar

=

R

B

QE 2|
il /\M
00 50 100 150 200 250 300 350 400 450 500

Frequency/Hz

P 3 ST A A R 14 ok 2

Fig.3  Acceleration values of the evaluation points

Acceleration level difference/dB

st
~10 . . . . . . . . .
0 50 100 150 200 250 300 350 400 450 500

Frequency/Hz

P4 PR SRR IR 22

Fig.4 Acceleration level difference of the evaluation points

H L3 AT L R A B i A it A o s
T8 R i 14 i 5 E AV B, A A St LR S i 14 o
JEAEAHZE AN K . 4 mT 50, 78 B 00 R B iy A g
14 45 S Jon S P MR LU B, AR 75 25 (E AR,
TE RIS BB RL T 10 dB, 765 43991 B e 2l 1ok
T 15 dB; FEARAI BL , 8 5390 Bt 1 Wi v 2=k B {EL,
IX 22 B LE AR BN i g 8 (R T 4
N\ it (4 T . TR 4 3¢ B 7R IR A B, BELJE 44 R
14 DR AR A T itk

4 JLPEMLEARHESE

4.1 JEPEIRP K AL iR

HT 1] 3 1P 4 TTAD, Shy 12 i ik A8 445 ) ) ol A1 25
R, T X ML 222 AR 1 ~ 500 Haz A5k 4 179 41k 2%
ik ZEVEATOEAL , LIS B4 e R IR G 22 19 H Y
312 g o 45 K ) I AR S8R

TE T RESE PR b TR A G\ A A 2 T s
BELE AR, JFR3x 2 AN IX0E X BELE #1 R $h
AR BT X, 322 240N B TT . S5 G IRMTE 2
3, BHJE B RE AR X 4 B S i 22 o, BHJE #4
AHE A O PR BR 29 SRS A, DU e 235 g BEL e A Rk
AR ML T R T 5 R R

Find x={x,x,, --,x} ;i=1,2,---,2240

au
Max L, =101g—=

adown

s.t. Mii+Cu+Ku=f(¢t)

zioxir/,.— V,<0, V0=42§)V,.

O<x,,<x,<1

g(x,v)<0 (3)
K x, ABHIE RS i BOTHYARXS % B, RIRc iR
o, AL R B AE & x, 1Y B T RRZTR,
B 1k AE STk R b BRI B A, R
X = 0.001 5 L by K5 JAE 25 55 i A S /i 114 355 2 2% A
HE B B R iR 9 2=, B H BR eR AL 1, AR FME
LT BELJE M B R TR v, R BEJE 256 i Bot i ik
Bl CMIERBUA s g(x,, v) AL HR A A, 6
TN 25 ey [ AT A0 S5 4 8 T 25 4 Bl N ) 5 2
. 458 SA-3MRIN 1 S8 wiin it b L B
JEM B BT 298 1.5 kg

SR 2 (3) g aT BT SIMP BRI T
PHJE ARSI AL, B HIZ A S B AT AR A5 BH e A1
Ao i e (] 25 B, L BE AR A5 5T W8 04 BELJE 44 B
FEEH o RS A BEJE AR BT Y SR AR
WA T et R O RO R R 53 310

E,=xE; , M,=x!M , K,=x K, (4)
Kb E], M]HVK 535008 24 x, = 1, B AR
JZ 5§ > BT I B R R R O A R R A
KPR p RIETIH T, p>0 FEAR LT p=3.

[, 5 I AFEST R, AT BELJE A4 Rk i v ]
W REHEAT AR, LA RELJE Ak % RH X % AT RE
BT T O 1 P s, DU 45 4y ) S BELJE 6 T 5
Tk

C, = 2§0(y(x[)p'M,.* +7(x)"K) (5)
2,y B Ry BELJG AR ARG 25 B 429 S 1 B Y
Jiit K BHLJE R, AR R il 2 p,>0.p,>0 ,7E
A W p=p,=3.

254 30(3)~20(5) , BRI i Sk e 25 # BELJE #4
BT A 0 MG AL, FEAT B S bR T 8 45y
T e Lo A o e Akt A% v i 0 7E iSIGHT £
AT & 3T R IF R, R B W B L
HRl St ] U R G4 Jy doe A0 e 48 2R B ) ) ast 1L B
AT FOR M BEATBHJE AR N A A, 52
WKL AR 2 ) R WA A

4.2 FLJeMREMEAL

TE T I 35 e 25 A4y g BEL JE A1 R R A M A R,
A AT AR, BB O AL i BELJE A Rk B0 0 IR R 2 A
SRy, BRI . AL 2R BE e A4



90 OEO O W 5

EAVES:

HEHAE JE e 25 A B 1 o3 A 5 DAL A 5 AR 45
BERLUNIEL 5 o o [ 5 v, 20403 B B R
W DX, P AR BELJE A4 R4 20 Ai T BR R 1G4 i )
—2 A A B BLE A RHEE 4 2.0 mm.

1.00-001 1
|
|

1.00-001

K5 BHIER R i

Fig.5 Distribution of damping materials

on the mounting structure

P 6 T 7 S 0 A MG AR i A S i S o 2
SR BE (R 17 PR O MRS A
S i 1Y 3 2 7% e TR 1) AR DI o JRE i 9 2

5
— AT
774' [
£
= 3r
ks
=
=2
(5]
15
<
< 1F
olaam M
0 50 100 150 200 250 300 350 400 450 500

Frequency/Hz

Flo LA E P U 9 0 3 B2 R

Fig.6  Acceleration value of evaluation points after optimization

20

15F

— 5
——iMif

Acceleration level difference/dB
wn

1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500
Frequency/Hz

7 RS WA R AR 2 7 22
Fig.7  Acceleration level difference of evaluation points after
optimization

XL &L 3 IR 6 TR i BE e B kA M
o, ik e 5 R H b S o e (L4 i o B O
[ B, 38 2o Xof LU PT 4 TP 7 W] £ BH JE B4 R 1
P LIS , Toie 2 e MBI 2 AR B , Ik 90 7% 224
A — R RGN, X 2 B AR LA IS JE e 2
A F) DRl A1 AR WD Y 8, A T A ALY

5 BRI

5.1 SEERpOR

Shy B E 9 A5 4 BELE AR PR ML AR T 5 45
B TF R T BN SCEG | BH e AR B0k o R ST
FIMICAL R EE R . SEIR AR Ay 4 BRI 42 1 AR
M1, an Pl 8 T 7 o

P8 R e ML S5

Fig.8 Damping materials distribution experiment

S B B A FIACHR £ 45 MTS 45 14 3 71 Jin 28 &
4t \SCADSIIL 8y &5 54 3 Mok 5 R 4¢ L 2 38 1 &)
B S PCB AR I 2 o ik i i R 5
S IR IO R AR A AR 5 R A5 TR A L TR A
N AU IR R o FE RS SE v AT B
FA BT R L E
5.2 SRS

P 9 it 7 S S92 it BEL J A A3 4 0 P A 78 5
56 Je A i A\ S i R i 2 2 R ) 1% 3 i 2
%%O

F AT O RT R BELJe A BT ME Ak 9 R e 5

— ML
SR

Acceleration level difference/dB
wn

0 50 100 150 200 250 300 350 400 450 500
Frequency/Hz

[ YR 22X L

Fig.9 Comparison of acceleration level difference



5 6 1]

2 3 5 < I 22 A B bR SR e S SR 5 91

S5 2 5 R S ) IR G 22 (E W) 5 B Bk T

BAE TR R A R
6 45 W

AR SC AR v 2 JAE 45 4 1A D4R OR O F AR,

SET FRJE R RN A LA T7 7, O R B 3 A

It

77 SER SR, A R LR 2458

1) i3 I R e ARL B #Hb o A LA, B2

T BEJERT R BRI IR

2) i AR S B TR TR A AT A

LA R AT

3) A SR T AR R AR R B e A4 R 40

IMIEAE 5 R A A A B2 8, o 2 HROAE B Je 1 ik

SE

(1]

L6]

RIBEIRO E A, PEREIRA J T, BAVASTRI C A. Pas-
sive vibration control in rotor dynamics: optimization of
composed support using viscoelastic materials[ J]. Jour-
nal of Sound and Vibration,2015,351:43-56.

AT, E A, XU AR A 2R Y SR S ) 1%
e PELT]. b B A 58, 2015, 10(6) - 81-86,
94.

YU Q, WANG L, LIU W. Transmission characteris-
tics of propeller excitation for naval marine propulsion
shafting[ J]. Chinese Journal of Ship Research, 2015,
10(6) : 81-86,94 (in Chinese).

WAL, FpRAE AR IR, B2 i T BELJE AR L T2
Aoty (] T B ARET S, 2012,7(4)
48-53.

JIANG Y L,LV L H, YANG D Q. Design methods for
damping materials applied to ships [J]. Chinese Jour-
nal of Ship Research,2012,7(4):48-53 (in Chinese).
FURRAE AR AR N — 525 Bk 20 & S AR el iR 15
EO7 ko e (). 1 2808 R 2 4k, 2012, 46(8)
1196-1201.

LV L H, YANG D Q. Study on vibration reduction de-
sign of steel-composite materials hybrid mounting for
ships [J]. Journal of Shanghai Jiaotong University,
2012,46(8):1196-1202 (in Chinese).

VIR R, 7752 22 G0 B PRV BE A4 T R TP AN 4
FRLIL. A2 ,2012,16(5) : 567-572.

XU S H, GUI H B. Power flow estimation of float raft
isolation system[J]. Journal of Ship Mechanics, 2012,
16(5):567-572 (in Chinese).

SRATRR, A7 18 D, A 42 SC. i T 25 0 % ol 9 2 Dl

L10]

(11]

PERESHTLI]. T LA SE , 2013,8(4) - 52-58.
ZHANG G L,YANG D Q,ZHU J W. Performance anal-
ysis of a novel marine honeycomb vibration isolator[ J].
Chinese Journal of Ship Research, 2013, 8(4) : 52-58
(in Chinese).
PLBb A IR T AR I BEL & A A X e e DRl IR ) 2
sl 1], MR, 2015(2) : 50-53.
ZHU C Y, WEN H B. An experimental study on butyl
rubber damping material applied to base structure[J].
Marine Technology,2015(2):50-53 (in Chinese).
TR T, 2R N A JR S 2 AR BELJE AR SE IR Bl 4y
B A A B [T 4k 30 5 ob il 2013, 32(22) -
146-151,173.
SHI H R,GAO P,LI Z G, et al. Vibration analysis and
optimization design of a cylindrical shell treated with
constrained layer damping[J]. Journal of Vibration and
Shock,2013,32(22):146-151,173 (in Chinese).
SARAVANAN C, GANESAN N, RAMAMURTI V. Vi-
bration and damping analysis of multilayered fluid
filled cylindrical shells with constrained viscoelastic
damping using modal strain energy method [J]. Com-
puters & Structures,2000,75(4) :395-417.

BENDS@E M P, KIKUCHI N. Generating optimal to-

pologies in structural design using a homogenization

method[J]. Computer Methods in Applied Mechanics

and Engineering, 1988,71(2):197-224.

ZHENG H,PAU G S H, WANG Y Y. A comparative

study on optimization of constrained layer damping
control [J].

structural  vibration

Thin-Walled Structures,2006,44(8) : 886-896.
KANG Z,ZHANG X P, JIANG S G, et al. On topology

treatment  for

optimization of damping layer in shell structures un-
der harmonic excitations [ J ]. Structural and Multidis-
ciplinary Optimization,2012,46(1):51-67.
TAKEZAWA A,DAIFUKU M,NAKANO Y, et al. To-
pology optimization of damping material for reducing
resonance response based on complex dynamic com-
pliance [J]. Journal of Sound and Vibration, 2016,
365:230-243.

ZHENG H, CAI C, TAN X M. Optimization of partial
constrained layer damping treatment for vibrational
energy minimization of vibrating beams[J]. Comput-
ers & Structures, 2004, 82(29/30) : 2493-2507.

YUN K S,YOUN S K. Multi-material topology optimi-
zation of viscoelastically damped structures under
time—dependent loading[ﬂ. Finite Elements in Anal-
ysis and Design,2017,123:9-18.



