MR ANTT 52 5 34 & 5 11 3] Applied Mathematics and Mechanics
2013 4 11 15 H HER Vol.34,No.11,Nov.15,2013

XEHS:1000-0887(2013) 11-1165-08 (© RLFECH R %92 23 1SSN 1000- 0887
EERREMA SR EEREL
BER, WEAME, MIEN
ChERsh Bt Be RN R B HHAR T SRR, D 610041)

WE. TSSOV HESS Y b i AR 28R R A e AL T L VB TSR Y TS5
A EAEH IR ) A BRAR R 2 B BRI AL (large eddy simulation, LES) B9 & 5 2, A
FRIT T R A Bl J1 2 5 e IR AS G ai BIRE BOR T = 4R RS & R 3 i B B3 0 4
RARARBY IR B M SRS, SEB B 45 ¥ 30 F1 2% ( computational structure dynamics, CSD) 51175
Wik 712 (computational fluid dynamics, CFD) 2 [8] TR &5 BL 1 G, 25 T 0 [ RR A 5 6 6 B4 iy
TR FFEIEAT T PEA 53, 438 1 Bl g 20 -5 3 7 e 5 ROV R T A A% BV R
PRENTI AT WE5E TP IHFN A R FIAE L& 3x3 IE IR HES A R Bk s 78,

X B W WBURS; AAHAERG KIREHU(LES);  HRIRIATE(CFD)

HESES: 0322 NEARERG: A

DOI: 10.3879/j.issn.1000-0887.2013.11.006

C1—

TE S STHESSH b AL SR 3l B B S B AT 45 R RIS 3R, B An s ) A R 2895
RABAEIE PRS2 5 R 57 P, 45 RO HE 22 Al R b e fa

FUR, BIF5E 8 R B IS8 4 R A vs S IR ShHLEE (i e B R PHIR RS 3t 3l 4
) T R TAR, JCig R B RO SRS — e HE R $ ) T —Se i B A e
SR AT T — RIVEBET, AR AT BROTEE ) s FRAR RIS SK /% N-S(Navier-
Stokes ) 75 2> 45 AEL S BUAT 11445 It B 20 0L 3E 6 5 22 S 6 M0 LA T AL 0 L VR A L g
FBAFAE—E R BRI F HXAE SRR BR SR U, h TSRS A 2 18] A R 5 R
AR ZUASE E AR L, B — T S AR 22 s R A M Bl ) 27 0 2 AN RE I R AT Y 2
SR e SRS A 1) A BB AR 4 AT 45 R RN R A (A LR P, AR o 3 BT 48 2R vy TR T
FE.
PR , A SR TR L [R5 T 1%, 456 S AR P B [R5 JE R -5 4 WA~ 1) B3
ZIBIAHE AR K& CFD A1 CSD J5 ¥E R FE A& BV R i ER S Re I, O 28R AR A
LRRHE R S B BUR S He Bt 2%

1 B fH
XA 4 S I A RS 2 BT 4 S I L. 37 401 4 B

« UeFSHEHEA: 2013-07-08; {&iTHHA: 2013-07-19
EE® . &AM (1986—) , B, Hilt & T A, TR, -+ GERA/ER. E-mail: zhipengfengl @ 163.
com).

1165



1166 oE s CISE g W

B A -S540 22 BAE R B A 1L 42 5 5 B AR AR B N-S 5 B RN iR 454032 Bl 0 3
J12E .
1.1 wEEHE 7GR

ARSCH TR K, R =4 AR R AR RE B BT R

Jou; 0 ()
ox; -

Jdu, Jdu, 1 0 el du,

+uj:_P+(r“*j, (2)
ot 9x; p dx;  Ox\p Oux;

Hodr | p MIRIAREERE kg/m’; ¢ HIHE] s; p AEST, Payu NS K Pass; u,(i=1,2,3) Ak
JEor i, m/s; v, (i = 1,2,3) HARFRI M.
1.2 imimtEsy

e TN AE AR B R e ) R, R4S E () RANS I B LU Realizable k-& I RNG k-g #5
RUBRIR AT, 1% B4 R b 9 T S RE SR B2, TS 20 A% T 19 LES 45 R AT LS F DNS (di-
rect numerical simulaton ) FISZH4E F TR I A S0 SR FH R I AR 400 D7 92 8 7 o b A 4 7 O
XPHTRE (1) R AR (2) TR B2 () 8% 1T 75 20 FCedvs i 42 i 7 2 .

o,

— =0, 3
o (3)
du;, du;u, 1 95 ou. a7,
R f:_iaip+iyi - (4)
ot 0x; p Ox,  dx Ox, 9x;

=K, T A TN T STy = — WL, K Smargorinsky-Lilly £33 48 SCF 3L T4 BRAAFL
i) CFD F2JF7 Fluent KRMETTHE(3) L (4) , 2R95 587 P a0 & B8R AT ) AR 4.
1.3 BhM1&HEE

AR SR AR Ry 7S AR A% >R FH B0 285 A J2 242 T e Xk XA B 8T 12 3 AR B A 48 7 — >
AR By, SRS ERTTIZ R b > (1 + @) hygou B, SRTCREARYE T0E S 5 BE AR R EA T 0
200 h < ayhyy B XS FRITEH S BIE R BROTE S TR o, AR HIT
ZE00 5 AT
1.4 SHoihEs

A BRIC T RS A5 R 1A T B 15, BV AT 45 380 41 487 1) Jo ot 6 P4 5 1) 88 6F . R FH New-
mark BB J5 R g asab 2 g 2 05 #E AT RS 3 1223 i -

Mx + Cx + Kx =F(t), (5)

K, M, C T K 53 501 546 1 5 5 6 B | B JE 6 4 A I BE SR, e rh B JE R Rayleigh FHJE
C =aM +BK,x ,x Fx 53500 F% GRS, F () Sl is | EAT, @it CFD
BEAUTH A B8 BE T b A1 S ) 4 it i B R 540 RIAT A3 F (1) .

Ry DS AR AR S A S8 AR XU 5 43 BT ab AN AT b | [] I 75 225l R I LA K
FH RS TR A A 18 IO s A2 T [ AL, I 2 Tt 37 D 118 72 T [ A [ A Sl 0 A4 S ) %) X3 ) 8 1
JH 8 3o SR FEAR [7) Fsf ] 25 ) A TS RN A5 4 3 g 273 SR R AR 2 3, it A Sl R T Kl g 35
45 Ll 3ok it A S S TR FAL 3 YR RIS IR — I 20 0 3158, A e 6 36 L 3
LS SR 8 ] RS I RSN AE R S O A S MUSC IR A5 R A5 T RGNS b, SR T I A
B B A AT AT (%) R0 TE A 1.



LA ROV TR 5 U 3l R R B AL 1167

2 WyEARE KT RS

BHYHSHEK 0.5 m, M2 D =0.01 m, 42 D, =0.009 5 m,Poisson [t v = 0.3, % ¥
p. = 6500 kg/m’ BHJE L ¢ = 0.047, 3PEREE E = 10 000 MPa .

TARSH . WA MK, B p = 998.2 kg/m®, B TR w = 0.001 003 Pa-s, #F i o =
0.5 ~ 4.8 m/s,Reynolds $ik 10" 2% I B i ok (28 fL i A2 1k

T DK I BN 55 AR SR T T DX B A i 1 B, DR F-AMELBEF ICEM
CFD 1ER WA o TH R 7S TR M40 A% B 1 i 220 A DR FH A Dl B 25, F
Ui Ayt 1 R R 7t i SR 2R A | L A SR R R i SRR [ B TR AR B A8 BE S AR -5 4
S B A B

BB 250 I IR] A5 KO 0.000 25 s, HHEIT RS 0.5 s .

10D

OT—>x 5D 15D

1 TR RS s T

Fig.1 Schematic of computational domain and mesh
3 PERRESIRSFE
o T AT L R R B IE O 1E 5 ABREHR A o/ D = /5 + /D LIS T

F e FATH I T5ARAE F s, Fo0 D B 1.5 2.5m/s 3.0ms 3 6m
HME % an T Vs TP IEETE « 7 ) Ay 7 1.0 ~ g

R B (R (T 8 5 7 AR T 2 osl 48m/s
TERFIE T xoy (181 |- 0938 S0, ;
AT S R ke S &
S, TR R K B RS, E 0S| s A s
Shi 22«8 FIE Y Strouhal B IR. FEE L0 """""" gl N """""""
VOB AR, A R RO B i

AT ACE BT R, N 3.6 m/s B ik %) ‘ o M b
B K, B i D) Bt 5 A T P8 38 G TR/ | 7 B2 KRG I8 Su

— B IE BN (2.0~3.6 m/s), VRN Fig.2 Tube trajectories vs. flow velocity

Jih5 9 St T IR L R IR 4 Ik Sl (B /N T 1 9% 0 4 ik S EL P 3 P 4 230 D B S
{EL T+ 45 75 FRAE A IR 158 B B AR AL B TR, F s A s/ D %,/ D BB T8 B 38 00T 384



1168 oE s CISE g W

I F s 2 s D 0 Bl 26 308 PR 388 001 ST 38 000 i/, 44 378 A 3 il A0 %6 5 A7 1) 1 00 %8 A 42
ULA, A & A SR B AR R

LR 5 6 FTLLAEL, T 7 AR Ak A % HEA 61 Hz, 182 Hz, BH J7 1Y 728 {454 3
BIA 120 Hz,243 Haz; AHNHE B8 ) B2 9 28 iR 4L T 61 Hz, 181 Hz, T[] i B 1) 28
EATARAE T T 120 Hz,243 Hz BRI X B 77 75 0] (0 9 20 o 38 B 1 2, 4 B0 X6F g e A0 3 e 2 AR
WA s XT3 1) AR St B3 4, T 5% I R A3 S Q0 s X e R TR TS 2k
IR IR AR 2 AR AN W8 5 DA b A A U DA Il PR S AR B e iR S A R 1Y) 2 A AR Kk
ELE IR B 3 B A4 T e AT S AN BE A5 A 4 B , BEL 7 %) A5 AR A5 %5 mh BEL g )y 1]
(R 2 KA 17, T 7 P8 788 A 51 3 B 0 5 T 7 o) ) 245 4 D

80 - deean S 13 —_ xmean/D
E 60 —— Firms 2 1.2 = 2ypys /D
- = ——Apus /D
= Q09 l
&~ 40 2
=
5 & 0.6
£20 a
Lés Q= 0.3
0
s L oy 0
0 1 2 3 4 5 0 1 2 3 4 S
v/(m/s) v/(m/s)
B3 By TR R R Al £k 4 PRI R AL 2%
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grids for a tube bundle

43 EARER

h T IR B 3x3 IE TR HES A A SR TR IC, B IR B 204 G LA SR AR T 1
F&AnE 17 Fros, B 18 FIEL 19 435000 0.2 s B ZI 0 IS AR T2 [ R A it 5237 | 161 20 S 45 A5
TH932 shBIE. FA ] 19 AR 20 0T LUK, X —HER 71Uk, FHAR B WA U AR IZ 3h i
WIS —  HEE TR RN A 1 54 4 55 4 557, RN IR RN R
FHARAE A4S 1 o 125 i 0 1 e B2 Ty — B [] () 3 ) 935 , Bt s R 1 I o0 R B i 384 K
IF HLIR 1) 55 = HEE 1912 2h & A8 15 A SR AL, A0 55 T AR S e 0 A e o AR AR 4R | 25 % AR



B RO R A R s B (A 1171

PRALTRE A HE PRI IO 4 A8 5 A 6, B 1 (088 ORI e T B P HER i I FURRAS A 1Y
DAL 1) A2 A MU [ A2 A AT DUACER, TR AL ) 2 — A 5 O B R 1) A2 R, B KT
ERHFE A, AL TR ) O A HRE T BRI A A B, UG RAE R A A AR SR A A AR
YEHI.

y/D

A— - 0.8k

0 0.2 0.4 0.6 —0.2 0 0.2 0.4 0.6

20 HEHIB NPT
Fig.20  Trajectories of tubes in a bundle

5 4 1w

ARICHET XU T R 778 VERAT TS T R B TS PRSI DL 3x3 IETT B
HEVE R AR EAR ST, EEARH T RUR 458

1) WA K BB AIR B ) 32 2R A rR AR PR T A REL 0 22 A B R B, BHL D A 22 A 3t
FRNTBEL 3 75 1) (8 A5 AL R 1S S MRV, T3 AR AR A B4 T 3 5 1) B 5 A T I S MRV, 24
RESE OB SR A I R EIE S S i NN TR A 26 b VB2 <8 1

2) WISV BT 5 ) AT MR AEAR A AR AR B A2 AR AR TR | BEL 0 A AL,

3) PRSI B TH I R i) (SR AR 22 AN K, A 3 ABM A ] B AR S A i e A 5 L T A )
BEL 3 RN o) IR MR T R A Y, T U A2 BB R DR B IR S AR T i Y A 52

4) X 3x3 IETTIEHESAE O UL, BE—HEE 5 A0 28 B0 0 R SO IZ Bl Y 5 TE XA A9 5
—HEAE T BEL ) R i) (S B8 B K AE T3 ) m O B2 HEAE T AR ) 2 AR R R TR ) B =R
T B B2 AR AR IR L , A R B A7 A SR 2 AR E AL

2 % 3k ( References) :

[1] Weaver D S, Ziada S, Au-Yang M K, Chen S S, Paidoussis M P, Pettigrew M J. Flow-induced
vibrations in power and process plant components—progress and prospects[ J |. Journal of

Pressure Vessel Technology, 2000, 122(3) . 339-348.



1172

I CISE g W

(3]

[4]

(8]

Price S J. A review of theoretical models for fluidelastic instability of cylinder arrays in cross-
flow[ J]. Journal of Fluids and Structures, 1995, 9(5) ;. 463-518.

Eisinger F' L, Rao M S M, Steininger D A, Haslinger K H. Numerical simulation of cross-flow-
induced fluidelastic vibration of tube arrays and comparison with experimental results [ J].
Journal of Pressure Vessel Technology, 1995, 117(1) . 31-39.

Anagnostopoulos P. Numerical study of the flow past a cylinder excited transversely to the in-
cident stream—vpart 1. lock-in zone, hydrodynamic forces and wake geometry[ J]. Journal of
Fluids and Structures, 2000, 14(6) . 819-851.

Al-Jamal H, Dalton C. Vortex induced vibrations using large eddy simulation at a moderate
Reynolds number[ J |. Journal of Fluids and Structures, 2004, 19(1) . 73-92.

Guilmineau E, Queutey P. Numerical simulation of vortex-induced vibration of a circular cyl-
inder with low mass-damping in a turbulent flow[ J |. Journal of Fluids and Structures, 2004,
19(4) . 449-466.

Benhamadouche S, Laurence D. LES, coarse LES, and transient RANS comparisons on the
flow across a tube bundle[ J ]. International Journal of Heat and Fluid Flow, 2003, 24(4) .
470-479.

MG, TP, SR, RO 4RI R RS AR AT [T ] T T 2
2013, 34(9) : 976-985.( FENG Zhi-peng, ZHANG Yi-xiong, ZANG Feng-gang, YE Xian-hui. A-
nalysis of vortex-induced vibration characteristics for a three dimensional flexible tube| J].
Applied Mathematics and Mechanics, 2013, 34(9) . 976-985.(in Chinese) )

Numerical Simulation of Fluid-Structure
Interaction for Tube Bundles

FENG Zhi-peng, ZHANG Yi-xiong, ZANG Feng-gang
(Science and Technology on Reactor System Design Technology Laboratory,
Nuclear Power Institute of China, Chengdu 610041, P.R.China)

Abstract: A numerical model for three-dimensional flow induced vibration was proposed. It
was conducted in order to further improve the solution of fluid-structure interaction problems,
occurring in the nuclear power field such as the behavior of PWR fuel rod, stream generators
and other heat exchangers’ tubes. A three-dimensional unsteady Navier-Stokes equation was
computed with LES model. The numerical method was based on finite volume discretization
large eddy simulation approach on structured grids combined with the technique of dynamic
mesh. The model presented a three dimensional fully-coupled approach to solving simultaneous-
ly the fluid flow and the structure vibration, for the tube bundles in cross flows. The flow in-
duced vibration characteristics of a single tube was first analyzed based on the FSI method.
Both the dynamic response and flow characteristics were obtained. Secondly, the mutual influ-
ence of two tubes, either inline or parallel set was investigated based on the FIV numerical
model for tube bundles. Finally, the flow induced vibration characteristics of 3x3 tube bundles

were studied.

Key words: flow induced vibration; tube bundle; LES; CFD



