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Tab. 1 Results of different parameters

4 4% % ;Eg St; Crma  Co St,  Cime  Cos
44104 0.05  0.124 0.008 1.349 0.124 0.023 —0.137
0.5 0.115 0.007 1.303 0.115 0.019 —0.132
0.05  0.121 0.009 1.308 0.121 0.024 —0.128
74294
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0.005 0.122 0.009 1.308 0.122 0.024 —0.128
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0.5 0.115 0.007 1.29 0.115 0.02 —0.125
228904 0.05  0.122 0.009 1.295 0.122 0.025 —0.12
0.01 0122 0.009 1.295 0.122 0.025 —0.12
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Tab. 2 Comparison of present results and literature

results
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Fig. 4 Numerical result of free vibration of square cylinder
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Fig. 6 Normalized PSD of vibration displacements for two cylinders in tandem arrangement
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Fig. 11 Wake structure of two cylinders in tandem arrangement



%5 2

BRAR AR, 45 o AN [RLHES /DN ) BRSOy A% s IR S BB UL T 52 341

@U, =3

©U, =30

Z Vorticity
0.10
0.08
0.06
0.04
0.02
0

-0.02

-0.04

-0.06

-0.08

-0.10

®U =7

@ U =30

El 12 0=30"HEF S5 H1: J2 i 245 #)

Fig. 12 Wake structure of two cylinders in the arrangement of §=30°

R 1] (B] BE A O 22, R A X 1R 4 B B D) 2
T T o SRR, RS U,<6.50, FliFtkty
JUTH IF AN REAZ P 11 () IR FETE L 25 F-AT W i o 24
6.5<<U,<8.3HF, XA AL T Jie 8 it 7 e PR R A 3L
JiE 0 8 1 Bl i 12(b) s, 5 1T1(b) 4 i —
H. MU, > 108, BUH: & 2B B i g P A 1R 09 e 5
S K A AR X R T RO HE B 0 B e T i AR i
RN B 3 T B o XY R R) BE A /N, i
I8 Vi T i 2 B WEAE B9 T IR 12(e) BTR 5 Y
XUAT: (] BE A KB, b i A 9% 190 T 18 A2 301 DA 1Y)
SRR /N B 12(d) s o i B OBURE [R] BB Y AR
A, 2 10 5 A — A 3 T bR S ] 3% AR 4k, R It
TE Il HL VR L 1) 8 T 45 A o

Kl 13 =601 X Jr ¥ HE 5 2 i 45 1) .
MU, <4.2K7.5<<U, <130, tAF XU (] [ 18] R

T AR E , I 5 5 1) 7 DU =22 (8] JE LA AR 1k, S 3
XURE S TG T 06 T o I 7 A8 00, an il 13 (a) fir s . Y
4.2<<U,<<7.51F, i XURE 4D F e i I v 6 4R R
A R MR T, TE I LA RE AR iR ) 118 451 R ] 0 T
RmammE 13(b) Urw. M 13<<U, &, il FH B
AT AL AR ] B Tk, A DB, RORE T iR 4% B
T i A B V& (T e AE T i AL AT 43 kAR A AR
FHL A 13(e) IR .

Bl 14 R T IHF T B s, 5 0=
60 MR AEHESI ML, M U, <4.5 K 6<<U,<<11
i, R mE 14(a) iR, 5SE 13(a) 1M 2K
o Y 5<TU,<<6 W, eI BURE b 5 103 B 7% S 4k
RS, RS 14(b) B 7R o M A I ] B 3
b 1] _E A PRI it A 32 B R 1 s g e AR
R AR I,k th g B T P 5(d) HP X BR A RURE 25 44

@U =3

® U =65

©U =25

E 13 0=60"HEF X7 #1: J Jit 245 #4)

Fig. 13 Wake structure of two cylinders in the arrangement of = 60"



342 & L

036 %

@U =4

©U, =22

0.6
—o— 1
—_— EZ
0.4
i
~
02
0.0

0 5 10 15 20 25 30
28
BI1S  FRUT5 A TG ik 4057 3% - 32 R AT 5 D3 19 22 £k
Fig. 15 Variations of normalized displacement of two side~

by-side square cylinders with U,

BN — SR 0 A S O o [R) IR T BRI E 1) i % B
U R 5 RO N — B T s B 7 R A
1M FEAIR 1 ot 22 HE B A SR 0y T ] BRI R A
[ B A 5 5K, B T 45 0 A 38 R, OURE Ak T iR
AR A [R] B R, B 15 A AR A 3IR 3 6 4% 7 2 {E
R T A X T ANE U, IE51 U Y
] B 2 AR AR DL . 29 11U, <7241, 1t
P A A A R i Tt iR A 18] B ) 37 R Aol G 1] B0 A
KA Ee RPN BE R R iR A 14(c) fros , 5113
(R RIRETMARRL, 2 24<< U, B, A ] (9 3 —
AT AR AR A T3 B A S A A AR A AN 1 B AR
FHLJE ML, Bt 4 A 1526 A= TR I I i i /), 3 e 2 O
B WURE I 1 il 22 25 = A W 1 LAY S RO, T 38

Z Vorticity
0.5
0.4
0.3
0.2
0.1
0

-0.1

—0.2

-0.3

-0.4

0.5

®U =55

@ U, =30
B 14 0=90"HE3 X7 A B i 45 44

Fig. 14 Wake structure of two cylinders in the arrangement of = 90"

A WURE 22 18] £ FE T AR LA O 553 , Hh BB ML
AT IR, A 14(d) B .

3 & it

AILAERe=100,m" =3,¢{=0mf, % i) #E 1
P /D=2 W)X A HEFN #E U,=1~30 F 19 108 B ¥ 3
HEAT T HUE BB 5T, % I8 T H 5] IEF XL
FEHEZ G B, A5 5 T LR 458

(1) X F 53 51 K4 50 1 B0 #E HEB G B, R U
0 PR 20 3 R 8 A, b T AT 3 VR B R e 2 3 4
il o Xt T I HESAF B, SRR sl 2k L7 — 3K,
LS TR Bl e R AR M LG BRAE RS R o X T 0= 60" 3L
FEHES G B, 25 U100, R i s ik & A4 | 4% 1 b &
U, 1438 RT3 R o T 8 BUA H Al HE 5 17 5 o, R 0
i R AN AE 10<<U,<<20 B9 38 Bl N & 2

(2) 4 B2 3 Bt B & A= I, BURE A7 78 55 8 8 7 ¥R
AR, i eI TR BN IR SR W AE S U T
FETE o XF T 6=0", 30" By WU HEF A L , WU i 3l A5
RAENIER — IR I 0=60,90° 0 , Hk sh 4 %
3 TR 488 56 1) A 36

(3) B 0=30"HE51 51, H A HEFI (19 WA C, ¥ 7E
AR X R, 7 SR X AME R A AR . XFTF 0=30°
9 BURE HES R R AE C7E U8 Hh 34 X B
U, B 38 S /) , 1 WA Cp e 4z XA O
AR AESEIRIX P, BUR: C, B U AR L 5 A



# OB %5 7R, 45« AN (6] HEZ /0N 0] B ST A 168 R ) RO AR UL 5

343

U,

i 72 A 3 — B0 2 R R Bk Ik Kk AR C

Lrms

A—ERERI R, BN A TR, EHRU
W WU C JEAAAE

(4) B3 WAEAEAE 3FP A AR

i B

TR 2SR d] S M . 0= 30" XUAF HEF
B 8 AR X 5 ER B RO AR B 7R A S S R X,
B S ICIFIRA . 76 0=0607, 90" B A HEZ | 24

U, BRI, BURE B2 i 245 4 S TR SL IR 2% UL
o S, FE R 25 B 2k ST B E I

S X ke

[1] Williamson C H K, Govardhan R. Vortex induced vi-

[2]

[5]

[6]

[7]

[8]

(9]

[10]

brations| J]. Annual Review of Fluid Mechanics, 2004,
36:413-455.
Bearman P W. Circular cylinder wakes and vortex-in-
duced vibrations [ J]. Journal of Fluids and Structures,
2011, 27(5-6) :648-658.
Sarpkaya T. A critical review of the intrinsic nature of
vortex-induced vibrations[J]. Journal of Fluids and
Structures, 2004, 19(4):389-447.
Gabbai R D, Benaroya H. An overview of modeling
and experiments of vortex-induced vibration of circular
cylinders[J]. Journal of Sound and Vibration, 2005,
282(3-5):575-616.
Alam M M, Kim S. Free vibration of two identical cir-
cular cylinders in staggered arrangement[J]. Fluid Dy-
namics Research, 2009, 41(3):035507.
Qin B, Alam M M, Zhou Y. Free vibrations of two tan-
dem elastically mounted cylinders in crossflow[J]. Jour-
al of Fluid Mechanics, 2019, 861:349-381.
Obasaju E D, Ermshaus R, Naudascher E. Vortex-in-
duced streamwise oscillations of a square-section cylin-
der in a uniform stream[J]. Journal of Fluid Mechanics,
1990, 213:171-189.
Nemes A, Zhao J, LoJacono D, et al. The interaction
between flow-induced vibration mechanisms of a square
cylinder with varying angles of attack[ J]. Journal of Flu-
id Mechanics, 2012, 710:102-130.
Sakamoto H, Hainu H, Obata Y. Fluctuating forces
acting on two square prisms in a tandem arrangement
[J]. Journal of Wind Engineering and Industrial Aerody-
namics, 1987, 26(1):85-103.
Sohankar A. A numerical investigation of the flow over
a pair of identical square cylinders in a tandem arrange-
ment [ J]. International Journal for Numerical Methods
in Fluids, 2012,70(10) : 1244-1257.
Alam M M, Zhou Y, Wang X W. The wake of two
side-by-side square cylinders [J]. Journal of Fluid Me-
chanics, 2011, 669:432-471.

Alam M M, Bai H, Zhou Y. The wake of two stag-

[13]

[14]

[15]

[18]

[19]

[21]

[22]

gered square cylinders[J]. Journal of Fluid Mechanics,
2016, 801:475-507.

Bhatt R, Alam M M. Vibrations of a square cylinder
submerged in a wake[J]. Journal of Fluid Mechanics,
2018, 853:301-332.

Han Zhaolong, Zhou Dai, Malla Anamika, et al. Wake-
induced vibration interference between a fixed square
cylinder and a 2-DOF downstream square cylinder at
low Reynolds numbers[J]. Ocean Engineering, 2018,
164:698-711.

Nepali Ramesh, Ping Huan, Han Zhaolong, et al.
Two-degree-of-freedom vortex-induced vibrations of
two square cylinders in tandem arrangement at low
Reynolds numbers[J]. Journal of Fluids and Struc-
tures, 2020,97:102991.

e PC, B o, X Al IR 7 5 B80T HR 3 BT R R Il i
ARSI FELT ] A% 3 TR %41, 2020, 33(5) : 985-993.
DU Xiaoqing, QIU Tao, ZHAO Yan. Numerical simu-
lation of wake-induced vortex vibration on two tandem
square cylinders[J]. Journal of Vibration Engineering,
2020,33(5) :985-993.

FhIGE DR, SRV AR RERE , A5 AR TR v b A% ) B R 21 XU
R T R Sl 0 A L [T ). IR Tl R 2 2 4R
2020,52(10) :94-101.

DU Xiaoging, QIU Tao, ZHENG Deqian, et al. Nu-
merical simulation on vortex-induced vibration of two
tandem square cylinders with medium spacing at a low
Reynolds number[J]. Journal of Harbin Institute of
Technology, 2020,52(10) :94-101.

FhIE DR, Bl , A AT E Ty KR 51 00T HE VR BUIR 3 L
RO BAE T[], Ty 22441, 2019,51(6) : 17401751,
Du Xiaoqing, Qiu Tao, Zhao Yan. Numerical investiga-
tion of mass ratio effect on flow-induced vibration of
two tandem square cylinders at low reynolds number
[J]. Chinese Journal of Theoretical and Applied Me-
chanics, 2019,51(6):1740-1751.

Guan M Z, Jaiman R K, Kang C W, et al. Freely vi-
brating two side-by-side square columns with combined
1. ASME 2016 35th Internation-
al Conference on Ocean, Offshore and Arctic Engineer-
ing, Busan, South Korea, 2016.

Guan M Z, Jaiman R K. Flow-induced vibration of two

translational motions| C

side-by-side square cylinders with combined translation-
al motions|[J]. Journal of Fluids and Structures, 2017,
69:265-292.

Guan M Z, Jaiman R K, Narendran K, et al. Fluid-
structure interaction of combined and independent con-
figurations of two side-by-side square cylinders at low
Reynolds number[J]. International Journal of Heat and
Fluid Flow, 2018, 72:214-232.

Borazjani I, Sotiropoulos F. Vortex-induced vibrations
the

proximity-wake interference region[J]. Journal of Fluid
Mechanics, 2009, 621:321-364.

of two cylinders in tandem arrangement in



344

& @ L

%36 &

(23]

[24]

[25]

Papaioannou G V, Yue D K P, Triantafyllou M S, et
al. Three-dimensionality effects in flow around two tan-
dem cylinders[J]. Journal of Fluid Mechanics, 2006,
558:387-413.

Bao Y, Huang C, Zhou D, et al. Two-degree-of-free-
dom flow-induced vibrations on isolated and tandem cyl-
inders with varying natural frequency ratios[J]. Journal
of Fluids and Structures, 2012, 35:50-75.

Wang H, Ding L., Zhang L, et al. Control of two-de-
gree-of-freedom vortex-induced vibrations of a circular
cylinder using a pair of synthetic jets at low Reynolds

number: influence of position angle and momentum co-

[27]

[28]

[J]. Ocean Engineering, 2019, 191:106505.

Zhao M, Cheng L., Zhou T. Numerical simulation of vor-
tex-induced vibration of a square cylinder at a low Reyn-
olds number[ J]. Physics of Fluids, 2013, 25(2):023603.
Sahu A K, Chhabra R P, Eswaran V. Two-dimension-
al unsteady laminar flow of a power law fluid across a
square cylinder[J]. Journal of Non-Newtonian Fluid
Mechanics, 2009, 160(2-3):157-167.

Sharma A, Eswaran V. Heat and fluid flow across a
square cylinder in the two-dimensional laminar flow re-
gime[J]. Numerical Heat Transfer. Part A, Applica-
tions, 2004, 45(3) :247-269.

efficient[ J]. International Journal of Heat &. Fluid
Flow, 2019, 80:108490.
[26] Zou Q, Ding 1., Wang H, et al. Two-degree-of-free-

dom flow-induced vibration of a rotating circular cylinder

[30] Sun Q, Alam M M, Zhou Y. Fluid-structure coupling
between two tandem elastic cylinders[ J]. Procedia Engi-
neering, 2015, 126:564-568.

Numerical simulation on vortex-induced vibration of two square
cylinders with small spacing in different arrangement

WU Yi-dong', LI Hai-quan®, WANG Xiao-xin', SHI Li', WU Xin-xin'
(1.Institute of Nuclear and New Energy Technology, Tsinghua University, Beijing 100084, China;
2.Huaneng Shangdong Shidao Bay Nuclear Power Co., Ltd., Weihai 264312, China)

Abstract: In order to investigate the vortex-induced vibration characteristics and vibration mechanism of two square cylinders with
small spacing in different arrangements, numerical simulation on vortex-induced vibration of two square cylinders in tandem, paral-
lel, staggered arrangement is carried out at Reynolds number Re=100 with the spacing ratio of 2 and the mass ratio of 3. The am-
plitude and frequency of vortex-induced vibration (VIV) response of two square cylinder at U,=1-30 is studied and the lift and
drag coefficient are obtained to understand the characteristic of the aerodynamic coefficient. The wake structures of two square cyl-
inders in different arrangements are analyzed. The results show that the vibration amplitude of downstream cylinder in tandem , stag-
gered arrangement is much larger than that of single square cylinder while the vibration of upstream cylinder is suppressed (except
the case of §=60"). The amplitude curves of two cylinders in parallel arrangement are almost identical, with the vibration ampli-
tude larger than that of single square cylinder. The wake galloping phenomenon of two cylinders is observed in all arrangement,
which make the cylinders maintain a lager amplitude as U, exceeds the resonance range. The C,, of two cylinders in different ar-
rangement abruptly increases in the resonance range and keeps constant beyond the resonance range (except the C, of downstream
cylinder at #=30°). In the resonance U, range, the variations of CLrms with U, of two cylinders are related to the A" while that
keeps constant beyond the resonance range. There are three wake mode of two square cylinders in tandem arrangement. The wake
structure of cylinders at #=30° is similar to that of cylinders in tandem, while it is in a state of chaos beyond the resonance range.
As 0=60" and 90°, the shear layer of two square cylinders sheds disorderly at lower U, while the vortex sheds individually from

each cylinder at higher U,.
Key words: vortex-induced vibration; two square cylinders; parallel arrangement; tandem arrangement; staggered arrangement
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