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Theoretical and experimental study on suppressing galloping of
cylinder by nonlinear targeted energy transfer

DAI Huliang'?® , XING Haoran' , HE Yixiang'®, LU Zi' , ZHANG Lanbin' , WANG Lin'"
(1. School of Aerospace Engineering, Huazhong University of Science and Technology, Wuhan 430074, China;
2. Hubei Key Laboratory of Engineering Structural Analysis and Safety Assessment, Wuhan 430074, China)

Abstract; A vibration control strategy based on NTET ( nonlinear targeted energy transfer) for suppressing galloping of the cylinder was
proposed. The effect of NTET on controlling galloping responses was explored from both theoretical and experimental aspects. The fluid force was
described based on the quasi-steady theory. The dynamic theoretical model was constructed based on the energy method for the coupling of cylinder
galloping and NTET. The theoretical model was validated by comparing the predicted results with experiments. The linear dynamic analysis shows
that increasing the spring pretension can increase the coupled damping ratio and frequency. As a result, the onset wind speed of galloping for the
square cylinder is decreased. The nonlinear dynamics analysis reveals that the NTET’s linear and nonlinear stiffness have an effect on the vibration
responses. There is an optimal value of linear stiffness where the suppressing effect is the best. The larger the nonlinear stiffness is, the better the
control effect of the NTET. What's more, the smaller the spring pretension of the NTET, the larger the spring stiffness, and the lower the amplitude
of the cylinder. This study can provide theoretical support and experimental data for effectively designing galloping control strategies in engineering
applications.

Keywords: galloping; nonlinear targeted energy transfer; vibration suppression; nonlinear stiffness; nonlinear dynamics

MERS R A TR TR P 2% M, B, SRS Nt 2 45 T RS R0 3
POANEEE TR AR TR UMUK B e e, A U AR A5 A B Sl B A 5
AU T REARAT N, AT LR R TR ARz T
FH Bk 3l % 48 BE 1ok O Bl A T B e It I AL S MITTE B X AR Sl il (R AR A AR S 1 T
WU TR T RA M AT N R A% Al sh RS, BT AR R R R h

I Fs HH#7:2023 -07 -28

EEWH :EZK AR SR A (12272140)

E—1EE AR (1986—) , B WAL, 8%, it 1+ 4 S0, E-mail ; daihulianglx@ hust. edu. cn

BEEE IR (1999—) , 55, WL AN 1 LAFFEA: , E-mail :361096498 @ qq. com

SIAMEC AW, MR, M3, % ARZRVE IR AR Ae 0 AL MR 45 A S ik A9 PG S SC R AT T [ T]. BB HOR 2 24l 2025,
47(5): 116 — 124,

Citation:DAI H L, XING H R, HE Y X, et al. Theoretical and experimental study on suppressing galloping of cylinder by nonlinear
targeted energy transfer[ J]. Journal of National University of Defense Technology, 2025, 47(5) . 116 —124.



%5 4

FRHISE 25 AR ML REAR I R AE (R S5 44 B PR 1y B 5 SE B 5 - 17 -

Bl R BRSBTS R S O A 7
AR, 53T AF £ PE W BE #8 ( nonlinear targeted
energy transfer, NTET) #EAT IR 0] , lUAS 742
FEHTE R i, Vakakis 26 FE0F 5% 4R 4%
FEl) 3 2w I, AR 4R T AR £ B A D
(nonlinear energy sink , NES) Ja{ 4 ¥ il #5 , L A
TH R B R AIG 22 M 52 25 40 19 o o AR 3 T 4
Tumbkur 452 2! ] NES 2 322 R 1 i i
PRBh AT IR S B9, 45 R R B PR A S 1
NES Z2$n] DL i 3 400 i 153 A% 14 39 84k 2l I i
Dai %51 i aof HE 57 M & R G080 7 2 BB R
WF5¢ 1 NES [ b BHJE Fo L W RE L 55 2 50000 T
PR S ANt P 2 IR 1 52, & A S 8
BB 2R G0 (0 31 3h 45 i s B B sl St B 14
IR T X P S A (B A 2 e AR L MR BE 2, DA SIS
EARSE TS . Zhou 451 4R M T I B AR
Je s NES BREG i a5 , DA3G s 414 4544 1
SEVEIIM R AR R VIR 8. Ding %% 5 R4 4
T3 B3 1 AR LR RE i DR AR T AR IR Sl o] b iy 1z
L AR AR S 45 i g% B Bt R Rar iR
7 EE RS SR, BL b, Zhang 2577 £ it
NES SRR 9T T AT NES (92 3
FMESEH W IR Sh ), 255 R TR A
BRI EREE, T 21T T 28000, B € T el
() 25 580l , Hasheminejad 258 JFJ@ T — 4
T3 AR 3 7 2% ( computational fluid dynamics,
CFD) fi FLAE 5T, 4R 1T T 21k [ AT e iR 3l iy
/2 E SR G A X R A, R kB, SR
B I A B, SR I NES 8% 3l #2564 58 41
A1 2y e 157 41 78R o

SR RINE Sy —Fh B2 i, &0 M
TAHRILE I IR 3. Baz % 4 T —Fhok
Bt 5 ) A%, DL ) 2 1 T A T 3O Bl
Mehmood 2" BiF 5t % BLAR £k 1k S5 15k 1 4 il 2 L
SRV R S e A k. Wang 2501 5| AR
il g , TR s S T AR A Bt IR o B, Dai
AR SCHR (31 ] 0 T F o Ak, RS T 4R
PR 5 A LAk B AL G A R SR, A o A R o
PRI o Cui 2510 38 5 SR HFSS 1
IS S5 AROGT (B A Y A 2l 1) 42 A 5 45 2R
FMY e T LA, M s A/ 1A
BB (. Li %6 B8 T % o RO 2 600 ~
9 10035 il A 4Fs A7 IR 20 U ARORS 22 4 57 8 U TR 3l
AP SR, R B E 50 o3 A B8 486 1A AR 7 T AOx iR
i PR 4 R B , T o T 28 2 s i Y 0 1A 2
R IR

H1 RL_EBISE AT, AT P A i 2
PREfPE R A, B 1 — Lo SRR (R 2 R
TR HABRUT e W5, SO H R T AR
W RE B s i 52 56 T T RO BIEE, S A B BT
S, AR SO X AR i 4 oz 410 A ) A, B2 b T — o
BT AL RE AR (10 R P2 SR, JF AT T e
BESSER BT, — 5 i SRR R kAR
LML RE A 15 U SR st T A s 75—
AT T 3 g 2 PR AT AT T A LA I B 4 X Bt
IR oM AL, DT A S A L RE A 1Y)
RILSHAE .

1 HAHFERER

ARSI FE X G2 R R K DA B S
FERERSSHE  IZAE S BN E D U AR 1) R L Y
PEFH 25 I 2o e S5, A A A A St i g
MBS A 32 BB 1] 249 23 o A T ik U B
(y) J5 1 AR 2l , A AR A B o B e I EE 7y
WFR A my, e Rk, o @it 5| A NTET DAg% il
PREVIBARIA Y . 1% NTET iy i m, MK N
Ly BHIED ¢ WIBEN ky Y FEH . 2 T2 Bl
TR A O T AR R IR LR W RE A8 ) BHJE R IR T
SRR I i B P AR R HLBBEL B o B2 5 P
NTET JCEAEAER A DL G AR X NTET 7= 4252
M, 54 7R TE A T TR

ALt

PR IR SR

CRNE
Fig.1  Overall structure
fEeisE NTET Jog 5 T ) 4 A B I, 68 17 1)
S LIRS P =k, (L-L,) . #3EAE
I Soa K- B R Je /1 0, 555 AT )5 1)
KREHN L. B m, fEia il fe 2 % #E L
SRETTRIMEI, 0P 2 Fron . i U A2 g1
KA ARIFILARL LT -
2x(P -k,L)

flx) =2k,x +
L'+

(1)



- 118 - (FE TR SR S AN S

547 &

s @

(a) WIAA1LE

(a) Initial position

(b) PRah{LE:
(b) Vibration position
K2 NTET 454
Fig.2  Structure of NTET
AP, x O NTET Jo o8 e fi 25 400 46 007 B 09 1 B
Wif () 76 x =0 Wb FRBRIF (|2 <1) 75

1) ~f(0)+-Q) <0> ff/z(?) ™ _+f/:;<'o> 00

P kL P,
:fx+
H1(2) 0T LA ), JER 51 T f(x) 7E4)

UGV AT AR T A 2 T 8 R A 2 v R 1
Gyo TR, 20 &° K LL BRI, 75 5 2k v W AR
%&ku =2P/L A LMW R ¥ by, = (KL -P)/
o WTLLE Yk, FEAER NTET (9L PERIEE {5
;Exﬂ%rmur“%%& by AT TN
WEREARFN NTET (445 sl 5 1823 504 v, (0) Al
¥, (6) W EATH SR 20K -

v +0(x) (2)

|
Tprism =?m1y? (3)
| S
Txrer = M) (4)
HREITINN -
1
Vprism = Tkly? (5 )

1 1
Vrer =?k2,1<yz _9’1)2 +Zk2,2(9’2 _3’1)4 (6)

BHJE 81535
1

Wprism = 7‘%5’% (7)
WNTET:LCZ<:)./2_5/1)2 (8)
M MR ks W H 72 15
d(aT\ _al  aW v _
E(aq) og, Toq, Tag (9)
Hep: T,V W RS R G R G0 A
e O FRE T S AEHLRE g, RN RGN XAk

PR.qr =y, ¢ =y F, AT X170 #a5TiRIAK
FRAS(9) BT RE R L AT 15 215 NTET AyAE{RL
PRA A P

myy, ey +hiy + e, (¥
_y2)3 =F (y,)
_}"1> +k2,1(y2

-,) +k2‘1(y1 —-y,) +

k2,2(y1

_y1)3 =0
(10)
B SR Z B BT & L B = my/my o |1 TR
IR IR A 25, AT 22 B T A4 S5t m, 1Y
MR F (y,) R AE FITERR BRI TR AH A1 )
B gi F7 , H 4 Barrero-Gil 261 Y BIF 5T, FH MRS A
FEOkAA B o
RO =000 3 a(3) (D)
o, ST B L. 2 kg/m® s D SR HEAA A 0
J—Vﬁﬂlﬁ'fé 79 0.03 m; U%‘%/?JMZMET“ BT
13RI LN e S S N S R ST N R B R
R0 T E AR TR 3 WORRAL AR 1 E 2
X, 28RS a, (n=1,2,3) 5IAREEAH
5, L E  Ba, =2.3,a,=0,a, = —18,

2 HERSWEE

2.1 IRIPREBIIGIFE

0T B UEREAS R i v 1, BT TR R S
B, 8 NTET 23 e FE AN R S50 h AL A 1 )
AU SEC m, =0.023 kg, D=0.03 m, ¢, =
0.01 N+ s/m, k, =24 N/m;NTET gy¥ 3 S50
m, =0.003 kg, ¢, =0.02 N + s/m, k, =8 N/m,
L=L,=0.035 m, P=0.01 N, Dl F¥#ZS51E
H SER I AT E] A ERGUREREIF R AR
PRBNI B e A XU E SO IR KU, 120 U,.
K325 T BB AT SL 56 0 L 25 2R, JF 25t T 7E X
Oy 183 m/s NAERS ARSI TE DL, MIEL 3
AU Y, AN ZE0E NTET I, #1425 44 i) B2 4% X
HUNT 0.5 m/s, i M B XU R 52 BUAS Wy | T
e N 2 m/s I, FEAR 4R IR C© 2
2 em, T NTET J5 , A4 42 ik XU R 2]
0.8 m/s 7 Ay, JRME K MR IE/DN , I HLBEHE X3 2
FER, PR B 19 I BB W s 22 . &% NTET n]
PASUISAE RS 4 9 8l 7 27 R P, DATITHE R T Il ¢
T, AR E M, I TR RS AL AR IR
2.2 KMEHNFESH

FT A B X — TR T SR AL R4S
ARG AN 122000 EE ST NTET Hr
L) P XS R GRS 5 B L A5

myy, +¢, (¥, -5) +k2,2(9’2



555 1 PSS, % AR PE T RB S0 T AR S5 AL S PR 1 B8 5 SE IR A 58 - 119 -
N R MR Re (A,) N IEAE, I 4 R G M = A FE 1Y o
© S (R%HNTED) 0 MK U, , RERXGHER ,Re () =0,

25 | e FIE A (Z2RENTET)
A FE{E (F23ENTET)

20 F

AR HRIE/ mm

ZEHENTET i
1.83m/s

0 0.5 1.0 15 20 23
JU# / (m/s)

I3 e TS SE AT RN
Fig.3 Comparison between theoretical predictions and

experimental results
IR KU W 2 2 J7 72 (10) Hr g
FRLRMEIT, MO, B ) 0T RN
myy, +ey, +ky e, (v —y,) +k2,1(y1 -¥)

:%pfalDU e
myYs + ¢, (Y2 =y,) +ky (3, —y,) =0
(12)
SIARAS A
A=[y 5’1 Y2 j’z]T (13)
A XF B[R] PR — B 5
A=B(U,m,k,c)A (14)
Hrr,
o0 1 0 0 7
hothy, g @PPU-ame
B(U,m,k,c) = “my-m, my =y my =My My =y
0 0 0 |
L M m, m, m, |
(15)

T BHE R A B A VAL, B
A (i=1,2,3,4) FIPTRFIEIE A, F1 A, SR 4R
(1, EA A RS AR SRR 5%, I PSR AIE
{EA AR B P R GRS IR, IS R
HR LI XHEA R R RS FLE L. 5 =AM
SEVUANMFFAEE A5 A0 A, BRI, I H55IA
[ NTET 45444 3¢, BTSSR 2 e fafl ., i %
R SR T RGN A HLERT, RgE4
MBURAEIRS . UL, 5 BBk R G -F )L
ik (AR RE IR BT TP SRR AR (ELAY S5 Re (A) o
2R Re (A, ) I OUE, IR ARG i BERE E 1Y 5

MR (12) BSERE(LS) rTRAE B i R 5
HRERPEI &, | = 2P/ L 25 Wi R R ) T 22 A
o (MRS, 1 P =k, (L - L)) W], BiL
J1 PIFARMSL AR B . N 7T RE R A, [ E i
FWIEE by THEA IR AR (L - L) FEIHLS) P
X BB RGBS T E R R [ 4 ~
6 Jr 2zl 12 NTET S3ENIE &, =8 N/mirf, <,
S 2 GE A 5 BH e L AR 5 4R BE XU U
LR PR AL RGN RS ETE S S
BHJE LEAHOG , HBHJE He o S, R GERE R AR
FOIR 305 24 BB O IE (R, RGER AR & A 5
fiRo diPE 4 m] RUWELE], XTI BT P,
FBHJE L NGB R KON IE MR, AR R G AR E
B R AGs TR]— KGE R, UL ) PR IS iy X 7
A BELJE He At B R 33k 158 T 45K 4 T2 g T g
SHEHARGRE. MBS AT UE W, F—#H g P
TG U B 208 I A 25 T BOM & R B A8
e IR —idE U R, g1 T BB P AL 2257 i
Tt (12) Wiy LU R &, N 0L g P 3R
I, RS G RIER, B 6 43t 124 NTET 3
WL by =8 N/m i, AR R PIRE T L3 T
NTET 54224 NTET fE ik KUGE X} L, 7T LA
i, 23T NTET {9 3h 9k 28 G2 14 kS Uk XU 1A
G, TS P I Ik X8 % R AR
H I T A — R BRAE

MGk

0.050
0.025
10
0.4
03
0.2
—0.025

Ol High /N
Bl 4 FEABHE Ho b RUEE R o AR Ak

Fig.4 Variations of the coupled damping ratio as function of

0.050

0.025

MEHER

—0.025
2.5

SR / (s 1O

0

the wind speed and pretension
2.3 LU NFESH
X TR e 2D P NTET JEHERES 1Y
AIAEL Sl et o IS S0 1 £ 103
P NTET B TL Ay | W RE S5 2 B0 FE A5t ik 4
ShEfl 2, BB R R R0 NTET 4544
H b — B A A, R IR By, 23



- 120 - (FE TR SR S AN S

547 &

A% /He
315
315
g 305 305
%
& 295
®
205
285
25
0.4
1.0
A m/s
JAE / (m/s) 0.2 285

o U HigH/N

PSR 0 R o X A L ) 22
Fig.5 Variations of the coupled frequency as function of

the wind speed and pretension

1.0

0.9 e JZENTET
e A2 RENTET

08

07r

AR / (m/s)

06

05F

0.4 ! . !
0.1 0.2 0.3 0.4 0.5

Wik /N

El 6 iR X TR A2 ik
Fig. 6 Variations of the onset speed of galloping as

function of pretension

S 2l TR AR G S iR XU, R A 4 ) D7
RE(10)  HEMZNEITRLL by SARLEIURLL £,
SR R GERI RS o PR, 3 A AR X
P20, BT NTET (92806 HEAR 2 SR 3l i
IV

K7 M 8 45 i 1A RIS HC T A R4k )
UEIIAION:H ES - bk s -3 R S QIR IR | 23 d
T AT ke o LAl P — A8

BT 2 1 S E M AR 8 by, 1 5 000
i, ANRIZEEI R by DA PRI 2. A
R MEER by o T B Ky, AOANWTHE R A
(LSRR ANEE - PNFEE- R NS DN
FIR—{H)5 , NTET 25095 T HE & 2 G819 I IR 5%
SR 5 , e 2k i 2R 80T T AN 2 NTET
HIIRIE T ZE ;s IF By =1 B NTET ZRA5 8 R
BOR o B8 45 T AN AR Rk, TN 1R, A
AR L by, FAERROIRIE N LR . 1HE /Y
ko B BB by o BN TS O, RE AR B8 32 B )
VA NTET XfF R Gulikshiz il e 1 B k, , O

30
e/, = 0,01

o5 | == k0
—— k=1
— K, =10

== kZJ: 100
15 | m— 2 ENTET

2
<

AR HRIE/ mm

0 0.5 1.‘0 1‘.5 2‘.0 25
JRa / (m/s)
K7 FEARIEREA R by 178 A 2R
Fig.7  Vibration amplitude of square prism for

different values of £, ,

30
gk, =5

=@ k,,= 50
b Ky, = 500

20 | == k,,= 5000
—— k,,= 50000
— R RENTET

25

AR HRIE/ mm

0 05 1.0 1.5 20 23
SR / (m/s)

K8 FEAIRIEREA [ by , S 2R
Fig.8 Vibration amplitude of square prism for

different values of k, ,

KIMEHIE R o BB AL I8 00 A FE PT DU R : 2o é
NTET Z J& , HAR e A # % # 8] NTET I,
FRARER(6) AT 21, 24 NTET 2544 1 3 L8 L I B ke
i, NTET F34 R LR , RGEAEHT NTET F)RE
R TS T AR R RSl R, DA oy
it , 25 I IR SR A HEiB UE o
2.4 TR A F0REE TR AR RO BN

FFX AR EES 4 B T R SE ISR, 2F — 5 B
58 NTET ({557 7 W B2 2 2 8508 Al ) 45 il
REAY S

X AHIRI SR WIEE kb, AR PR NTET (1)
FEHIROR RIS IE, 5256 Hh 38 2o 2l AR 358 fif K i
(L-Ly) Wy Xck#E6 Py, Tk
NTET J5i X AT AR S5 46 JoT i 5% ), DR T it L B
BNB=0.1) o SE5sH i AR 0 P B K L 2
el m, =0.023 kg, D=0.03 m, ¢, =0.01 N - s/m,
k, =24 N/m;NTET ¥ B S50k m, =0. 003 kg,
¢,=0.02 N - s/m, k, =8 N/m, L, =0.035 m,



%5 4

FRHISE 25 AR ML REAR I R AE (R S5 44 B PR 1y B 5 SE B 5 - 121 -

LG T AR FURL 3 AR (56 B i A
0.1 em. 2 cm) SEEFIBISNS AR, AT LI H
SLH RS AR — B, BEE WAL PR
WO, NTET (IR S8R B #5423
NTET 52845 R X5 LE, 222 T NTET J5 kLR
PRI 9 )5 , I HARSh IR W] 2 T R 5
PSP RATRE/INIE, R GEARLRNENIE k, 38 3 i
R, B NTET 345 e s R BCR o

12

— PR
0F [ O EE o Oooo
2 |
=
E 6
&
# ,1
2 F
0 1 1 1
0 05 1.0 15 20 23
JAE / (m/s)
(a) P=0.01 N
25
—_— P
O IR o
20 b o
E 15}
=
®
® 10t
&
5k
0 a®
0 05 1.0 15 20 23
JAE / (m/s)
(b) P=0.09 N
30
— (o)
25t 53
O Bl o
E 20t
L
&
ﬁ 10 -
5k
0 , \ .
0 05 1.0 15 20 23
JAE / (m/s)
(¢) P=0.16 N

B9 AN[R) BL ) SR 45 A B S B ) 1L
Fig.9 Comparisons between theoretical predictions with

experimental results for different values of pretension

DAL B 118 28 Gr 4 P IR A AR 2 M
JEXT NTET I BOR W . 9 T IHER RS P
AR SR BRI, 45 BURE T PRy S L, e HOA
[FIMIJE &y (ky =8 N/m, L, =0.035 m;k, =6 N/m,
L, =0.045 m;k, =4 N/m, L, =0.055 m) [{) 5 5%
HEATSEE o S S g B SRR ) K/ — B, S
R FH AN ) 79 IR S s h R . T8 10 25
TARHHIPIRES T, A RN ky B S50 A0 818 %t

25
—
20 F O FmfAE o
é 15
=
b
P 10
5 -
0 , , ,
0 0.5 1.0 1.5 2.0 23
JA3H / (m/s)
(a) ky =4 N/m
15
— A
O LB
é 10 F
=
®
=
# o
o
0 . , .
0 0.5 1.0 1.5 2.0 23
JA3H / (m/s)
(b) k, =6 N/m
12
— (R
or o Wi o °o°° o
e |
=
E 6
=
# ,1
2 -
0 . . ,
0 0.5 1.0 1.5 2.0 23
JA3H / (m/s)
(¢) ky =8 N/m

K10 ANTR) BREE NI BE T S B2 SR B IE T X Le
Fig. 10 Comparisons between theoretical predictions and

experimental results for different spring stiffness



- 122 - (FE TR SR S AN S

547 %

g5 AR 10 ol LU G, AR TR ) PR,
W2 NI E &y B9, NTET B0 35 0CR % Wi o
IR E N RGAELRYERIE by, = (k,L-P)/ L’
TEEWHEIC . R I 2 5 R 3 R g R, R 5%
Ryl 2 P I 32 B fg O, I NTET 37585 (i
PRACR . DL P SE e RS BE TN 45 A
BRI SR T NTET U A0 5 5 45 19 28 1 R
JiE ARZAERIEE 22 18] 15 2

O T I — T R AL 1 5 AR K TE B, A
TR T R B A 15 ) R G R i AE L
FIAZE R p =W, (0)/W, (1) Fm 1Lk,
W, (1)~ NTET i SR, W, (1) Ronfr A R
Goiy BRE R, R KR N

W (1) = magi(0) 43k [ (8) =3, (D) )+

L@ =01+ [ e a0 =50 P
(16)

1. 1
Wi (1) = Wo (1) + 5miyi(e) + ki (o) +

[ Jesio (17

B 1L 2l 25 1 DB P B0 S 56 Y RE
1 AR B ] A8 fE £k MIE 11 (a) FTLAE
Wi TR ) PR B R, e AL i R R T
W, SRS P BCIMEE N 0. 16 N, RE A
fEAR TS . HRAGIRBBIREEZ
Ja , BERAL I R AR E . B 1L(b) ATLIE
LS P RF AL, B WL &, BTN, gt
iR GG EIt, HNIE by =8 N/m i fRshfasE
JEREIHZ R 50% o Z5 BT LAE L R R
GEARLPENIEE RERS ST NTET 4544 ALY 4
SR RE R A RE T, DA TTT Bt o S PR AR 50
)5 e R T NTET 25 fE e E S 50T

60

50 F

<40

30

REEMEIBAL/ %

0r — P=0.16N

m— P=0.09 N
m— P=0.01 N

20 3;) 4I0 50 60
mfIH /s
(a) AN[E TR

(a) Different pretension

10

60

50

40

AN

REEMEIHE/%

30 — ;=4 N/m

—— k=6N/m

e 2,=8 N/m

20 L L
10 20 30 40 50

B/
(b) [l AR e
(b) Different spring stiffness
P11 NTET [t £ Sl [ 42 1 H &
Fig. 11  Energy transfer efficiency curve of

NTET over time
FEAA 235 1) ke 41 XU B A2 R 2 m/s B (9 4R
W, [ Esf A5 S A 40 XL 49 D3R 5 R M s/ N3,
P RGO A8 5 PR R/ N

Uy-U
oy, = gNU £ % 100% (18)
20
=10 TN 009 (19)
Y10

/E\:EP : UgN il leﬂﬂf{‘% NTET Hﬂ‘ﬁ:ﬁiﬂ’ﬂﬁﬁﬁﬂﬁ
FRIE 5 Uy 1y AN L2 NTET B A 44 (14 8 4
G AR o

®1 NIET RESHTRBIERTULE
Tab.1 Change rate of key indicators under optimal
NTET parameters

AR o EIRA -
o . WwiE/ PRUE I
eS| R/ IR
mm INR/ %
(m/s) /%
K2z%E NTET  0.45  22.328
7% NTET
(P=0.01 N, 0.80 10.549 77.78  52.75
k, =8 N/m)
3 it

ARSCHR T — BB T AE LRI B4R AOAT 145t
PRGN IR . BT RER I L T AR IR AN
JELE PRI RE#HRE & 1Y AR LM 3 ) 2 BB AR, i
W SLIRHTIT, xHIS B RARR] TSR A R AR IE
BT B, oy 50T e T R AR L3l
SFOPHT BESE T NTET R AL (A5t 4 i 137 490 ) 280 R



%5 4

FRHISE 25 AR ML REAR I R AE (R S5 44 B PR 1y B 5 SE B 5 - 123

(52 KA, 25 R B, NTET 28 1 I i R £
A X400 o) 0 R A AR SR B . I K B
AT B A D 2 ol 74 L R Bt iR 400 o BCR B £ 5
TEFARLNEWIBE 26 F T, AR A NI EE O, NTET
AR AR R 3B v o PR S B BE T B SR B
NTET 55 SRS ] | 55058 1 38 B K, St i 311 )
RORBGF , FERAR BR8N

2 % 3L ( References)

(1]

[10]

DHEEE, AT, FWE, & B TR AR
PR S R ALBEAT R ()], 3000 % 5 22 4
2023, 21(6) : 72 - 80.

LUO CY, ZENG M Z, WANG X J, et al. VIV suppression
and mechanism analysis based on the surface aspiration of
rectangular section [ J]. Journal of Dynamics and Control,
2023, 21(6): 72 —80. (in Chinese)

RO, AR, O, & SNRMEA T Bl R E S
Rtk 2t Eat )], s S sk, 2023,
21(6):3-17.

HE Y X, XING H R, DAI H L, et al. Research progress on
fluid-structure interaction vibrations of pipes subjected to
external flows[ J]. Journal of Dynamics and Control, 2023,
21(6): 3 -17. (in Chinese)

PSR, Bed 2, iR, AN AL R iR ST )
FARAEM SRR O[T B ] A 4, 2019,
17(6) : 546 —552.

SUI G C, DUAN M L, WU X D. Experimental study on the
dynamic features of traveling wave of vortex-induced vibration
of a long slender cylinder [ J]. Journal of Dynamics and
Control, 2019, 17(6) : 546 —=552. (in Chinese)

RN, EZEE. W BCR 30 K R AE R AR 0 OF R
RELI]. iz SEhlsAaR, 2022, 20(4) : 12 -23.
SHENG L J, WANG J L. Research progress of piezoelectric
energy harvesting from flow-induced vibration[ J]. Journal of
Dynamics and Control, 2022, 20 (4). 12 - 23. (in
Chinese)

DAI' H L, ABDELKEFI A, WANG L. Piezoelectric energy
harvesting from concurrent vortex-induced vibrations and base
excitations[ J]. Nonlinear Dynamics, 2014, 77(3): 967 —
981.

MENG X K, LU Z, DAI H L,

experimental investigation and effectiveness of sphere- and

et al. Comparative
cylinder-based piezoelectric energy harvesters [ J ]. Smart
Materials and Structures, 2021, 30(8) ; 08LTO1.

ZHANG L B, MENG B, TIAN Y, et al
vibration triboelectric nanogenerator for low speed wind energy
harvesting[ J]. Nano Energy, 2022, 95 107029.

ZHANG L B, MENG B, XIA' Y, et al. Galloping triboelectric
nanogenerator for energy harvesting under low wind speed[ J].
Nano Energy, 2020, 70 104477.

ZHOU K, DAI H L, ABDELKEFI A, et al.

modeling and nonlinear analysis of piezoelectric energy

Vortex-induced

Theoretical
harvesters with different stoppers[ J]. International Journal of
Mechanical Sciences, 2020, 166 105233.

LEE Y S, VAKAKIS A F, BERGMAN L A, et al. Passive
non-linear targeted energy transfer and its applications to
Proceedings of the

vibration absorption: a review [ J].

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Institution of Mechanical Engineers, Part K: Journal of Multi-
body Dynamics, 2008, 222(2) . 77 - 134.

DAI H L, WANG L, NI Q. Dynamics of a fluid-conveying
pipe composed of two different materials [ J]. International
Journal of Engineering Science, 2013, 73, 67 -76.

DAI H L, WANG L, QIAN Q, et al

vibrations of pipes conveying fluid in the subcritical and

Vortex-induced
supercritical regimes[ J]. Journal of Fluids and Structures,
2013, 39: 322 -334.

YANG TZ, YANG X D, LI'Y H, et al. Passive and adaptive
vibration suppression of pipes conveying fluid with variable
velocity [ J]. Journal of Vibration and Control, 2013,
20(9) . 1293 -1300.

DAI H L, WANG L, QIAN Q, et al. Vortex-induced

vibrations of pipes conveying pulsating fluid [ J]. Ocean
Engineering, 2014, 77 12 -22.
FENG Z P, JIANG N B, ZANG F G, et al. Nonlinear

characteristics analysis of vortex-induced vibration for a three-
dimensional flexible tube[ J]. Communications in Nonlinear
Science and Numerical Simulation, 2016, 34 1 —11.
MEHMOOD A, NAYFEH A H, HAJJ M R. Effects of a non-
linear energy sink (NES) on vortex-induced vibrations of a
circular cylinder[ J]. Nonlinear Dynamics, 2014, 77 (3) .
667 - 680.

VAKAKIS A F, GENDELMAN O V, BERGMAN L A, et al.
Nonlinear targeted energy transfer: state of the art and new
perspectives [ J |. Nonlinear Dynamics, 2022, 108 (2):
711 -741.

g, E58, XK. YRS UIC & 1 R S AR 30
sl (1] By R K 2% 4, 2018, 40 (1)
161 - 167.

GAO W J, WANG L, LIU Y G. Active vibration control with
optimal actuator for flexible structures[ J]. Journal of National
University of Defense Technology, 2018, 40(1) : 161 - 167.
(in Chinese)

GEORGIADES F, VAKAKIS A F. Dynamics of a linear beam
sink [ J].

and  Numerical

with an attached local nonlinear energy

Communications in  Nonlinear Science
Simulation, 2007, 12(5) . 643 -651.
TUMKUR R K R, CALDERER R, MASUD A, et al
Computational study of vortex-induced vibration of a sprung
rigid circular cylinder with a strongly nonlinear internal
attachment[ J]. Journal of Fluids and Structures, 2013, 40
214 -232.

TUMKUR R K R, DOMANY E, GENDELMAN O V, et al.
Reduced-order model for laminar vortex-induced vibration of a
rigid circular cylinder with an internal nonlinear absorber[ J].
Communications in  Nonlinear Science and Numerical
Simulation, 2013, 18(7) . 1916 —1930.

DAI H L, ABDELKEFI A, WANG L. Usefulness of passive
non-linear energy sinks in controlling galloping vibrations[ J].
International Journal of Non-Linear Mechanics, 2016, 81
83 -94.

DAI H L, ABDELKEFI A, WANG L. Vortex-induced
vibrations mitigation through a nonlinear energy sink [ J].
Communications in  Nonlinear Science and Numerical
Simulation, 2017, 42, 22 - 36.

R, ATROH, sk, . BET AR W AE LI Y R
PRENBIR IS 5 LIRMITE[J]. J17E5ER, 2022, 54(11) .
3147 -3156.



124 -

(FE TR SR S AN S

547 %

[25]

[26]

[27]

[28]

[29]

LU Z, HE Y X, ZHANG L B, et al.

experimental study on vortex-induced vibration suppression

Theoretical and

based on nonlinear targeted energy transfer [ J]. Chinese

Journal of Theoretical and Applied Mechanics, 2022,
54(11): 3147 -=3156. (in Chinese)
ZHOU K, DAI H L, ABDELKEFI A, et al. Cross-flow-

induced transverse-torsional vibrations of slender structures
mitigation via coupled controllers[ J]. International Journal of
Non-Linear Mechanics, 2022, 142, 104000.

DING H, CHEN L Q. Designs, analysis, and applications of
nonlinear energy sinks [ J ]. Nonlinear Dynamics, 2020,
100(4) ; 3061 —3107.

ZHANG M J, WU T, @ISETH O. Vortex-induced vibration
control of a flexible circular cylinder using a nonlinear energy
sink [ J ].
Aerodynamics, 2022, 229 105163.

HASHEMINEJAD S M, MASOUMI Y. Smart hybrid VIV

control of a linearly sprung cylinder using an internal semi-

Journal of Wind Engineering and Industrial

active NES-based vibration absorber coupled with two active
rotating wake-control rods [ J]. Ocean Engineering, 2022,
266 112310.

BAZ A, RO J. Active control of flow-induced vibrations of a
flexible cylinder using direct velocity feedback[J]. Journal of
Sound and Vibration, 1991, 146(1) : 33 —45.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

MEHMOOD A, ABDELKEFI A, AKHTAR I, et al. Linear
and nonlinear active feedback controls for vortex-induced
vibrations of circular cylinders[ J]. Journal of Vibration and
Control, 2014, 20(8) : 1137 —1147.

WANG L, LIU W B, DAI H L. Aeroelastic galloping
response of square prisms: the role of time-delayed
feedbacks[ J]. International Journal of Engineering Science,
2014, 75. 79 - 84.

DAI H L, ABDELKEFI A, WANG L, et al. Time-delay
feedback controller for amplitude reduction in vortex-induced
vibrations[ J]. Nonlinear Dynamics, 2015, 80(1) : 59 -70.
CUI G P, FENG L H, HU Y W. Flow-induced vibration
control of a circular cylinder by using flexible and rigid splitter
plates[ J]. Ocean Engineering, 2022, 249 . 110939.
LIFH, GUOHY, LIX M, et al. Experimental investigation
on flow-induced vibration control of flexible risers fitted with
new configuration of splitter plates[ J]. Ocean Engineering,
2022, 266 112597.

BARRERO-GIL A, ALONSO G, SANZ-ANDRES A. Energy
harvesting from transverse galloping[ J]. Journal of Sound and
Vibration, 2010, 329(14) . 2873 —2883.

ZHANG Y W, LU Y N, ZHANG W, et al. Nonlinear energy
sink with inerter [ J ].
Processing, 2019, 125. 52 —-64.

Mechanical Systems and Signal



