K23 F18nBR1B877 9
R %=
Department of Mechanical Engineering
College of Engineering

National Taiwan University

Master’s Thesis

L RF - TEALRnE LIRS 22 SR B R & oy
Study on Fluid-Structure Interaction Mechanics of Vortex-Induced

Vibrations Caused by Geometrically-Featured Obstacles

% e

Ting-Y1 Li

RE S S IHEE S L
Advisor : Chien-Kai Wang, Ph.D.

dEA R 13 E T

July, 2024

doi:10.6342/NTU202401692



2+ 2
S

Thime @R AR a B Y for { LY BT AR FepE
L EF PR B B R e A AR R B R B P Bk b ol R
frmto F - RAFT I RR AEGAHA PR F B R TR R

WR s s o BRARPEET AR REfoRD o

Pl g S chdg R 3 2 g i*ﬂmpzﬁﬁﬂﬁ%nﬁﬁﬁﬁ%

’ft‘ﬂf‘m;szj%:o)lm,%ﬂf—_f:‘zi\ m,\_,;}ﬂ,_‘!;.«frﬁg; %}i ’g.u\. l__.q._a-}‘}%\:‘ @
R o B PHE AR I MR B A 010 A LRI IR A o

g2 CELH U E ] LR E T o B F o B BALDT - [§ o &

EaE R AN ] FETET o THAKLEBZ L o
&%*@ﬁ%ﬁ%gﬁy@ﬂ\iﬁ@ﬂﬁ%ﬁﬁkgw,ﬁwﬁﬁyﬁ&@

AT gend 4 o RSN E - i 2RI @ AN 5 A B A R

Famp APk

doi:10.6342/NTU202401692



# &

tin 748 & ( Fluid-structure interaction, fj # FSI) hp*4g? » X ¥ 4 L H o

48 & (One-way coupling) £ g+ 48 & (Two-way coupling) = &7 I 48 & = ;Lo

bESmEY o MWWAﬁwﬁmw%iéﬁﬂmﬁﬂﬁﬁﬁﬁtﬁ EFY R
TR ‘Jﬁﬁgﬁ%?%’g s e e ’ }?E’Lr]'ggi A8 e 2_§'_§ s F| LT B OB

w4 B{rAfd 82 gl e S ka7 1 fF o

A2 FE IR 4 2 5L R -+ P ( Karman vortex street )
TR D PR T PR R PR A A dEa A4 A AR ER 0 2 P -
RlerpEip E RS ¥ - RIPERF S e ot m L EGEFH » 4 8 05
WP A AR RS EMRIM 0 0 UL AR L ART @ 7 MATLAB f {7 B 5 4
REARS > JFd s b AR L BB R A R IR AR A R R R 1
R n g R REBRIE T FE ) S ARSI R R e
BR*fE* 145 Ansys BT H e e 0% L g AR T B A RAGR D
FRRRE s ¢ dEE B EE SR A E w4 8 Y BRI T ek RS
W VIR 2 - BE R OREMEN - e 88 HREREE R
FREIRE N R R DR R R R g i o

WEREIR G- R AV A E B R RE T L A R S EAR

Gl heh> % chlic® = 2 S HHRS 2> 2 463 ULA M REE

7 4

I
#\y

MBI Y B RS S S RREAH R AR R gy
(E PSR i R SN i SRSV AE Al L A S ST B E 1 E
FARAGRIER YRR B R Y H A e AR T A 4

B ARS S LB BT F

ET
n>‘_

e B A KB Y

MAET D AEA PR UL AR RS PR 5 i)

doi:10.6342/NTU202401692



Abstract

In the research field of fluid-structure interaction (FSI), there are two types of coupling:
one-way coupling and two-way coupling. In one-way coupling, the solid structure can be
treated as a boundary condition for the fluid dynamics model without considering the
influence of the solid on the fluid. In two-way coupling, the influence of the solid on the
fluid must be considered, requiring the combination of fluid dynamics and solid

mechanics equations for the solution.

This thesis delves into the classic problem of fluid dynamics - the Karman vortex street.
This phenomenon occurs when fluid flows past an obstacle, creating a series of
asymmetrically arranged vortices downstream, with one side rotating clockwise and the
other side rotating counterclockwise. In the first half of the thesis, one-way coupling
simulations are conducted, setting the obstacle as a rectangular rigid body. Based on the
finite difference method and using a fluid solver program developed in MATLAB, the
system matrix is modified to construct the rectangular rigid body region in the flow field,
matching specific flow boundary conditions, to observe the formation and evolution of
the vortex street downstream of the obstacle. In the second half of the thesis, commercial
engineering software Ansys is used for both one-way and two-way coupling simulations.
Different geometric shapes of obstacles, including regular polygons and Reuleaux
polygons, are set to observe the vortex street structures downstream of the obstacles in
one-way coupling simulations. Then, a deformable solid material is placed behind the
obstacle, and two-way coupling simulations are conducted to observe the vibration of the
solid induced by the vortex street and the flow field changes due to the deformation of

the solid.
iii
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Content of the Thesis: Chapter 1 reviews the research background and related history of
fluid-structure interaction and vortex-induced vibrations. Chapter 2 introduces the
numerical methods and simulation methods used in this thesis, including the finite
difference method, the fluid solver, the modification of the system matrix, and the
selection of modules in commercial software. Chapter 3 verifies the accuracy of the fluid
solver used in this thesis and uses this solver to simulate the flow around a rectangular
rigid body. Chapter 4 uses commercial software to simulate the flow around obstacles of
different geometric shapes and employs its fluid-structure interaction module to observe
the resonance phenomena induced by the vortex street on the solid. Chapter 5 concludes

the thesis and discusses future prospects.

Keywords: Fluid-structure interaction, Karman vortex street, Finite difference method,

Vortex-induced vibration, Reuleaux polygon
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MR fr B i n e el Tl R F N K4 > 75 L REFA I - g

FRA T HATYS PR E BRE R IR 4 5 A KM S

\

R F R S RREE T R

14 FIpR%
A FrFEG S F2 SE R - PR TR D R T
G R FIER R A A2 8 AR A Y - IR S
V- RIAEEF et AT AEY CRHMT Y AR A AL B T
Ftrs o F L R R PR G B R A R R T R A L i R ble
R4 Fnn G RFOR S FinhAL o
Lo FBE DR REY o X ¥ o 5 H o4& (One-way coupling ) & w48 &
( Two-way coupling ) @ f&7 e 48 & = 5% o A H wig s v o 4R g A & R
HEMSHA 2 PP L A E b SR R B n BT 0 g R P e B
LT T OUKFM S TS e B B R e R A 2 Z R R
FAEH MR S e 8L P iR § B PP i 8 e B AR 8
Fou § PR o BRBEIRT R L RS F e 3 IR 0 F]

B

TR MEAE D B o RN m A ke kR
5

doi:10.6342/NTU202401692



Frort He BELEe e A AN FAMERIEY 25 2 b
RO EWE o T OLEEG A e P SRR A A S A
WP P e bty B LK F R TH v 48 & IR IR LA BRI
MF UL G AT " MATLAB f {7 B8 I R R B AR JEd B ec ks
o G E AR R R RS > P AR NS R EE AR
BITH T FaR ) N AR R R R B L REY F O 1 42408 Ansys
EFEHr O e BENE FART I RAPAR G ¢ 5 § A e
i b H e e R BRI T i e £ OT RIS okl - B
T ORAER AR e 48 8 B RR 5 RDE RS R 0 1 R R X T
SLES02 E EETE s Sh

WP EC GRS - R ATRIFSE BE RS T T F R B AR M AR

SRR AKT R DB FERR S 2 c G UL ALZ M REE G

GBI E F Y e S RRFEAGBY B T RREL By
'H’_’-ﬁ Lo 'Eéj' ]‘\ﬁﬁk %L%Ei‘l?"/ﬂ?m"' i %;’ Ié * ]’\3 * @\&ﬁ%&%’éz

o T A PR A AT B R BN A S AR I T A A

FEHFAME X DRIERE ST X5 AR LR EAREY -

doi:10.6342/NTU202401692



FoF EESHERDE

AR 0 GAN 2] HRP G VLB ML RF 228 Bl UL

S AARZ M ARE SRR KRN 23 &Y gRP o ki

A

s AR IE 2 R R RS 24 & E P B PR Y o

21 3 ULAH
7 V£ 4 ;2 ( Finite difference method, #§ #£ FDM ) & - fd#icie > /& » * 3t
i s > AR B BT IR 352 2 Ml ks S RN ER L A0 B
PR oz B @ F8 314 5 A0 @ ¥ g 414 3305 chfe gk ¥ IR 3
Aie AT E R DR B BR e DA B AR AR R BT HAT > 1
MR AT R AT o 2R fREE o Bl BeE S R RT U A g
B s AR GRT IR AAFT Y Y 0 € P R E R i RS R
B 02U OMEE AR ST 1 B et B
BTAE R B O ARG R R F oW 2-1 77 o U R A AT

xdedug koo U wintleRadf IV RALAE Ay 3 e

w

PELl chx @ hy AR A Axd ey e aipi L] oo

doi:10.6342/NTU202401692



@

O X0 xXx0XxO0O
@

O X0 x0XxO0O
L

O <X O0O x 0 XxO0O

®:U O:v X:P

Bl 2-1 28 %51 L H

211 -
ARt EE Y o U A b0 - PEEET U P S LA S T A

Uiv1,j — Ui-1)

Ux)ij = oh
X

(2-1)

ZAenz g e U gt > Lol g FRAKENRFEL 2T Flt 8L
Aehiz e Ap S U R ghen? 7

Uiz1,j — Uy

™ (2-2)

(Ux)H_%J ~

dopt - RTT @I E RS S L ATE S FEE RS P B E o *

Bt 2l VOV BB F LA

Viiie =V
)~ = (2-3)

doi:10.6342/NTU202401692



212 - ¥

—Hr P L L TN USNVE PSR P AEE S

Uvj—2Us i+ Uisr; Usjoq —2Us; + Uy pa
Uij = (Uxx)ij + (Uyy)ij = —J hzl] 4 hzl] S (2-4)
X y

Vi =2V +Vigr; Vijoa —2Vii+Vije
AVl,j = (Vxx)l'] + (I/yy)l,] =~ d J LJ +1,j + L] 1) 1,j+
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FAREE S 7D R Q9)E B S KT AR % g
p u
ug + ?x = _(uz)x - (uv)y + '[_) (Uxx + uyy) (2-7)
py 2 :u
vy + ? = —(uv), — (v )y + ; (Uxx + vyy) (2-8)
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Sen and Mittal [14]
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Modal Bl E (GPa) p (kg/m3) f(1/s)
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E:Modalo
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B:Modall

Totsl Deformation
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P AR AR

Vorticity Time = 5.000 [ S ]
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-

20
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| 16
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C:Transient Structural
Total Deformation

Time =4.8999 s

Time: 4.8999
Deformation Scsle Factor: 10000

0.0086 Max
0.00058
0.000508
0.000435
0.000362
0.00029

0.000218
0.000145
7.25e-5

0Min

Bl 4-90 iff jcdr b Bkt 2 A7) 4 %

C:Transient Structural

Equivalent Elsstic Strain

Type: Equivslent Elastic Strain L —

U ey Time =4.8999 s
Time: 4.8999 "

Deformation Scsle Factor: 10000

1.91e-7 Max
117e-8
1.02e-8
874e-9
7.28e-9

5.83e-9
43709 *
2.92e-9

1.46e-9
448e-13 Min

Bl 4-91 b poirie sz A% S

C:Transient Structural
Equivalent Stress

L);;i)t:ez’:g:'rva|en!(von—Mlses) Stress Tim o h— 4- 8999 S

Time: 4.8999
Deformation Scale Factor: 10000

0.0381 Max
0.00234
0.00205
000176
0.00147

0.00118
000088s §
0.00059

0.000296
3.36e-8 Min

Bl 4-92 JF R b kR AR B %
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-G (7 =4R)
M-S 0 S BBk 5 20 GPa o H % - WO ehp ARHES 5 32227 Hz -
PN R E A o IR B RS R Ar B 4-93 0 > 3 AR R B R drag
% % 32258 Hz ; MY ch% 755 % 4o 4-94 7 » Bt =8 5 1.64 mm -
AL 486 2 B AT R E - R PR R R AoB 495 4T 0 B4 R
5 38%107°; AM kS 5k 4ol 4-96 477 0 dt bt G 0758 MPa - ji
B%kF o SN S A BT FIM g RS AT H R G T

RO E B E IR 2T 190 B 24 0 B F 2% T 100 ,%j\i;u

iR TG P AR A
Vorticity Time =5.000 [ s ]
Contour 1

20

ol

18
16

[s*1]

0 1.500 3.000 (m)

0.750 2250

B 4-93 i iR b Wik 2 i B %
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C:Transient Structural

Total Deformstion

Type: Totsl Deformation T- e 5

Unit: mm —

Yo ime S
Deformation Scale Factor: 100

1.64 Max
1.09
0954
0818
0682
0546
041
0273
0137

0 Min

B 4-94 iff jpedm b kR 2 AR 8 %

C:Transient Structural

Equivalent Elsstic Strain

Type: Equivslent Elsstic Strain . -
g Time=5
Time: 5. I e S
Deformation Scale Factor: 100.

3.8e-5Max
253e-5
221e-5
1.8%e-5
1.58e-5
1.26e-5
945e-6
6.3e-6
315e-6
3.31e-12 Min

Bl 4-95 iR w2 A B R S *

C:Transient Structural
Equivslent Stress
Type: Equivalent (von-Mises) Stress

Unit: MPs Time = 5 S

Time: 5.
Deformstion Scsle Factor: 100,

0.758 Max
0505
0442

0379
0316
0253

019

0127

0.064
1.69e-8 Min

Bl 4-96 JF iR b kR PR B %
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>

[=3

3 FoWE (5 xR

el A O S\ HCHK 5 0.508 GPar B % - HCR chp AXHE S 5 3.219 Hze
L REITIR HOE o SRR % oW 497 H1m 0 ) B % 3B R g
F— $k 5 3.2258Hz; HA %52 % 4oB) 4-98 #7570 B =4 5 0.665mm -
LR A48T WA TR - R AMORERE SR 499 417 0 B2 R
%% 838x1075; FRE 4 &% hoB 4-100 757 > B % B4 % 0.0425 MPa-
R ERF o RIS A REBET AW RS @7 £ER G 5

s- PRGN % ek F] 150 Bk f TP AT DA o

Verliclty Time =5.000 [ s ]

Contour 1
20

B

| 16

[s*1]

0 1.500 3.000 (m)
0.750 2250

Bl 4-97 iR 2 B R
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C:Transient Structural

Total Deformation

Type: Totsl Deformation T' -

Unit: mm — 5
oy ime S
Deformation Scale Factor: 150.

0.665 Max
0499
0437
0374
0312
0.249
0187
0124
0.062
0Min

Bl 4-98 iff ctm s Wbt 2 A B, 5+

C:Transient Structural

Equivalent Elastic Strain

Type: Equivalent Elsstic Strain ] o
Time=5
Time: 5. I e S
Deformation Scale Factor: 150.

8.38e-5 Max
6.63e-5
5.8e-5
497e-5
414e-5
331e-5
248e-5
1.65e-5
8.26e-6
9.5%-11 Min

1 4-99 i peim b o2 AR S %

C:Transient Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress

Unit: MPs Time — 5 S

Time: 5.
Deformation Scale Factor: 150.

0.0425 Max
0.0336
0.0294
0.0252
0.021
00168
00126
0.0084
0.0042
2.06e-8 Min

Bl 4-100 5 jpedmds g B4 B %
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>

[=3

FZHE (7 FH)

Jir

A P K 5 0.065GPa B ¥ = HOfE chp AR4F S L 32244 Hz
ZoF BATIR O S o SRR S % o B 4-101 21T o d & %R B R g
F - th s 3.2258 Hz: AN %255 % 4o B 4-102 #777 > B~ =4 5 0.752mm>
AR 488 2 WA REE - K FMAREEE IR 4103 17 0

%5 167X 107* FRE Gk 4 % % 4o §] 4-104 #7557 > B % 4 5 0.0109 MPa-

P

v

5k F o d IR ERHE S A BT HM O RIS o A0 ERR G T

a0

)

L H

i

ﬂ
e
A

o

A5 &< F g,j; C | P AR RS

Vorticity Time =5.000 [s]

Contour 1

|

20
18
16

[s"-1]

0 1.500 3.000 (m)
—
0.750 2250

Bl 4-101 3ff jpedm s HogR 2 3 %
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C:Transient Structural

Total Deformstion

Type: Totsl Deformation T- i 4 9 6

Unit: mm l I I —

Time: 4.96 I e * S
Deformation Scale Factor: 150,

0.752 Max
0542
0474
0407
0339
0272
0.204
0136
0.068
0Min

M 4-102 3 cle B o2 AR5 %

C:Transient Structural

Equivalent Elastic Strain

Type: Equivalent Elsstic Strain » e

o Time = 4.96
Time: 4.96 I e " S
Deformstion Scale Factor: 150.

0.000167 Max
821e-5
7.19%e-5
6.16e-5
5.14e-5
411e-5
3.09e-5
2.06e-5
1.0e-5
4.33e-10 Min

B 4-103 i e d B2 AR R % %

C:Transient Structural

Equivslent Stress

Type: Equivalent (von-Mises) Stress T' _ 4 96

Unit: MPa fea

Fine 408 Ime = 4.90 S
Deformstion Scsle Factor: 150.

0.0109 Max
0.00532
0.00466
0.00399
0.00333
0.00266
0.002
000133
0.00067
1.72e-8 Min

Wl 4-104 fF e b g2 B4 %
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