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1



1.1.2 IR &

HERAERRLIC R Y 20 5, NI AFEDOIEENIC X 2 b D2 HARDEE) 72 D 2 K 28
TFEIEE2ONDEH, IPCCERMEZEBNCEET 2 BUFRI XA V) OFHAIC L V| EEHEGOD
RE Y2 OMRMIGRESZHIC EA->TE 22 BRI T3, 2 LT, HBRiEEL
I X B BB NI TR~ D ARSI LT\ 5 Fig. 1.2 13 1880 2> 5 2014 £ T?D NASA,
NOAA, HRDXRIT® 4 ¥ ) 2D MOHC 2MUEEL 72 T — X IC X 2 TE I N T A KITH
%, BEEBD T — 2 3%V FNHED 305, WOIE AR~ L TWBIELIT, ZATZARE
LDSIE L T W3 Z e a3bh 3,

Annual Temperature Anomaly (" C)

0.75-
s : — MNASA Coddard Institute for Space Studies
T - = Met Office Hadley Centre/Climatic Research Unit
z — A 1 | tic [
0.25- — Japanese Meteorological Agency

1890 1910 1930 1950 1970 1990 2010

Figure 1.2 Temperature changes from 1880 to 2014[3]

T 50, RB L OERIZ LR R EOWRMEMB T ZADMENMICH B L BbNTWwb, FE
EHFGLlk, TALF—JHE LTHBEINTE AR HIR E DL o MBEIC X 3
TELER BN L T BT, B R LI X 3 LR E O WIIE AR L w5,
Z DfER, Fig. 1.3 2R L TCWw 5 X5 I LRFEVF L4 Lo TE 7z,

2015
2010

1990 199 ;
1985 &F IMEEEEYT | | oEEEE
WMO WDCGG / JMA, March 2018 340 360 380 400 ppm

Figure 1.3 Concentration of CO2 in the Atmosphere[4]

2



113 BAHEI R —FOF ERNKE

NI 20 SR 1 S A
L, ALTIEOM B L & IS E g
FBIRIC

AR I ELE I L, Fig. 1.4 258

FTELTWD, ZL T, JANHEILE L TORES ATRETH L7, £ EEFEET
WCEZDZENTE, BAREITHETRTRLE—OP T b5 508

7 & R BB P
ZEEbhTng,

MW
900,000
800,000
700,000
600,000
500,000
400,000
300,000
200,000

o, 924wzo 696
100,000 72 900 31100 39,431 47,620 59,001 73,597 . I
= m I B .

0

HRORNEERRS

238,110
197 956
159,052

BREELIIALF—ZEI5MET 0L 05 T4V F—[H]
TR LR FE R LI X Bl & B BB A TEAE
BT, BAEWEIALF —PEAEED T L, AN AKEIIHEMMRED ALY
—DFTH AR FIMEND D TH Y HEMPHNWICESG TH 2720, HROEI)HKE

=L

X

LTWw3 XS5ic, 2017 4 £ ¢l BME 539123 [Mw]
TR

E= =1

817,000
741,700
671,700
607,000
539,581

487,657
432,680 I

369,862

318,697
282,850 I

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Figure 1.4 Wind power usage in the world[5]
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Figure 1.6 Flow separation during flow over a curved surface [7]
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Table 1.2 Flow regime around smooth, circular cylinder in steady current [8]

No Flow Region Description Range of Re
No separation.
1 ' Re<5
Creeping Flow
A fixed pair of
2 . . 5<Re<40
symmetric vortices
3 Laminar vortex street 40<Re<200
Transition to turbulence
4 ] 200<Re < 300
in the wake
: Wake completely turbulent. 300<Re<3x10°
A: Laminar boundary layer separation Subcritical
A: Laminar boundary layer separation | 3x10°<Re<3.5x10°
6 B: Turbulent boundary layer Critical (Lower
separation; but boundary layer laminar Transition)
B: Turbulent boundary layer
. 3.5x10°<Re<1.5x10°
7 separation; the boundary layer partly o
) Superecritical
laminar partly turbulent
C: Boundary layer completel
8 ywEr compierey 1.5x105<Re<4x10°
turbulent at one side
9 C: Boundary layer completely 4x10°<Re
turbulent at two sides Transcritical
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Figure 1.7 Karman Vortex Street [9]
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Figure 1.8 Strouhal number for a smooth circular cylinder. [8]
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Figure 1.9 Time history of Cd and Cl obtained from Drescher’s experiment.
Re=1.1x10, D = 8cm, and U =1.53m/s[8]
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Figure 1.10 The image of Added mass force and damping. [10]
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Table 1.3 comparison between VIV and VIM
ltem VIV VIM

Aspect ratio

Large
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Restoring force

Elastic force of the body itself

Outside mooring
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Free surface effect Small Large
Example Riser Floater
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Figure 1.11 Model of the flow around a finite height circular cylinder. [11]
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Figure 1.12 Classification of flow regimes in side-by-side and tandem arrangements for

stationary cylinders. [15]
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Figure 2.1 Summary of elements in CFD codes, adapted from Versteeg and Malalasekera
[18]
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Figure 2.2 The image of a flow through a control volume. [18]
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Figure 2.3 Stress components on three faces of fluid element. [18]
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Figure 2.4 Stress components in the x-direction. [18]
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BRFGEXICRAL, ROFFEMWERAEDOZTHAICH T 5 F LR b =7 2GRADPGED
ns,

Du d

p Dt =— a—z + div(uVu)+Spy, (2.15)
Dv dp .

pD_t = _a_y + div(uVv) +Suy (2.16)
Dw d

’DE = _G_IZJ + div(uVw)+Sy, (2.17)
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2.3 BRAIRIEIC & 2B

T CFD ¥ 7 b 7 = T I3 A REREEZ v Bt 21772 > T %, HIRAREEIZ =
YEu— R Y 2= A IREN, EHE DR TR 2 AL L T FiEo—o
TH 5, Hiifk%E Fig25 23R "L Twaayro—nR) a—LH50Eere bIEENS
LA THEIL, HEXE L ORERS Ot T,

Figure 2.5 The image of cell. [19]
Fig.2.5 DRl TWw3 Xk dic, BB LICE L, DA O FLETE LA
HoErzRET 2, 22T, PEEFEHE rOFLEL, NE2HEORLDOFLE TS, £IXM
EAOEEmOFLERT,

ik R R DBEERILIC O WTEHT %, (2.18) TR L T 3k HRER 2l L LT3,

ag—t(p+|7-(p¢u)=l7-(k|7¢)+5 (2.18)

TCZT, pREE, wdFED~27 b, kKRIEEREL Sy —RIHTHZ, Thz AR
L CHE LT 2720, IRz riCB TN T %,

f%’—fdv+f\7- (p¢u)dv=f|7- (k\7¢)dV+deV (2.19)
I L, RDOXHICET S

9
aifvp + f 7 - (ppu)dV = f V- (kVp)dV + SV, (2.20)

18



T, VpldiFEHE VP DFEEZRL T 5,
AT ADFEBGEMIC LD, FEUTRD X H Ik 5,

f V- (pwdV = f(q.')u) -ndS ~ z brus - Sy 2.21)

ZIC, n FHEEBEREOERNZ PR, S 3 ERKT 2 LN EROMEICD
WTHET, FNFNOEBEREI L L THO)Z ML (HERZ FLV) Th 5,
ST VICOWTHREL LI IC

f V- (kV$)dV = J (k7®)-ndS ~ ) k;(V$); -y 2.22)
AEEHDFEIC XS ICERT S L

J Vpdv = f dnds ~ Z S, (2.23)

T2 E TS 2 RIDIICER TE p3, ¢Vl o HHTLOEBRATDH 2,
ZNH DR LT CHBULOREEDRE 2, 2o OffiEPHEE Lo ko 2 L %, #ifil A
— 2 (interpolation scheme) PHERX{L A & — 2 (discretization scheme) 7z & &5,

¢pr ZRHATET,

¢r =wep + (1 —-w)py (2.24)

ZZTw 3EAT, fWEMEOSGETIE. w i3 N—f HomiEe P—N [HomEED
feeckahnsz,

_ |xr = x| (2.25)
lxy — xp|

HHODHR (Vo) IOV TIk. (Vo) -S; DI THDERTMDLEL L L CHERUL S
%

19



¢y — ¢r
——7JM| (2.26)

(|7¢)f'sf = |xN —

ELidogEcRI)DERTHE AR ZEELT 2 L. RDOBL D
Aptpp+ ) Ayt = b 2.27)

T 2T, Aps AyRRETREAXDREATINCHL L, b3 EOTRAOHHLICHY T 2, &
NZITXTORALTHDE S &, MDA Z L WSS 2 80T REICEETE 5,
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24 EHh—EEERFE
AIETCHBAL 72 X 5 ic, FRIEMETLIA O SCBCRE %2 ISR T,

JEE) R
ou V- = 1|7 ViulVv vu)T 1b 2.28
Fr (uu)__l_J p + V{u[Vu + (Vu) ]}+; (2.28)
HE D

Tu=0 (2.29)
T uBHEENZ M pldJEN BIRERES R b pl R, pl KR ET S B,
Rt Z o DX E RN & T X SR T ITIR AR DB 23D D> 5 23, kDRI

DIEFREGICE TRV, TNEHEL 2DICTREPVLETH B,
EE SRR Z T oI RIRREE cltib 2 &, Rk Hick 3,

Apup + EANuN - Vp+s (2.30)

HEup 2 KD BICEC L, RISk D,

_S_ZANuN 1

wp = —= S = Tp 2.31)
TNz ORITRAT 2 &,
_p. (ST AN (LN
V-uP—V< o ) v (APVp)—O (2.32)
IHICHMTE L,
1 . S_ZANuN

K231 &K (233) %< T & CIFEMIAEDOZEI R D25, LT CTIEENZMHEL 72dD
DDTNTY RL%EIRT,

21



24.1 SIMPLE &

SIMPLE (Semi-Implicit Method for Pressure-Linked Equation) i 350(2.31) & (2.33) % fi#
(7DD TANTY XLD—DTH b,

SIMPLE (£ TITHE u L) p 2 REFRETRkD 2, REFRICE T 2 H 2 FFEo®
Bu b p 2. A, okiiczhznriliE u,p* & ZDEIEME u,p’ OHTET,

u= u+u (2.34)
p = p'+p (2.35)

KEHEORKE T THEIEDH L — L 284, 2 \0I3Z OEPTFRHFHPNIC
HHY%E. BIEMHEIZO0 k5, (2348 235%KQ30)IRAT S &,

Apus + Z Ayity = =Vp" + s~ (Apup + 2 Ayity +7p') (2.36)

RO ND, (Apup + X Ayuy + Vp )HIZHRAIC 0IC72 2006, RO KDL

Apuh + Z Aty = —Vp* + s 2.37)
YAyuy 1

wp = — Y (2.38)
P Ap Ap

Z L, #EoRick v,

Viup=V-up+V-up=0 (2.39)

BELNE, Ibic, RQR3YERQINICRATE L, XROAB{ELND,

V-(ivp')z v.u;_v-@i’i“;v) (2.40)

CNTHENDEIEEEZ T2 KD 57223, HIUADOHE "IHHRATH %, HEDEIEE

FERAEINC 01072 2 25 AL DB —IHZ AR 2 (Z DIHZMH T 2 L v 5 RIEAH “Semi-
Implicit” & W) ZHTOHKTH 2), L7223 TRD 213G SN 5,

22



V- (— Vp’) =V-u} (2.41)

up = ——"Vp’ (2.42)

INTHN EHEEDEIEMEIFLILS,
SIMPLE #ElZ XD Xk sicE e vbn b

L K37z CTHED THlfEw %155, £ O FHEIE p* I IZRTE O KIEFHE 55
Nr-ExHw 5,

II. KQ4DZfESTHENDEIEE p' %155,

1. (Q2.42) CTHEDEIEE w %5HH T 5,

IV. @234 X235 THEuL T p 25tHT 5,

V. KR ELNE ETEEOTIEE VKT,

SIMPLE iEl3 XD 7ua—F v — + CTHEE 3,

INIT

l

Solve discrete momentum

!

Solve equation for corrected pressure

|

Correct pressure and velocity

!

Update values from Solve transport equationsfor other quantities
last calculation l

Correct pressure and velocity

|

Convergence

|

Figure 2.6 The flow chart of SIMPLE algorithm.
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24.2 PISO &

JEEH @ IC SIMPLE %2 EH T 23854, BB Ty 72 L ICKIEFHRALEIC R 5 72
B, B2 AEV, JEEEMNIC SIMPLE o KEHE 2 EIKST %2 729, PISO
(Pressure-Implicit with Splitting of Operators) LT X 117z,

PISO % SIMPLE i & FIfkic, 3 & E)) % FllfE & B EfE TR 343, SIMPLE ## X
h —fEEEE2 % W CTh B,

u= u+u+u" (2.43)
p = p'+p +p” (2.44)
rnrTnx 2RI,
ut= uw+u (2.45)
u= u*+u" (2.46)
p™ = p*+p (2.47)
p = p~ +p” (2.48)

EXEXQ30) AT 2 L

Apup + ZANu}‘V =-Vp*+s

(2.49)
- (A,,u;, + 2 Aty + Vp' + Apulf + Z Ay + Vp")
RQANFRD LI KT TFoN D
Apul + Z Ayl = —Vp' +5s— (Apu;, + 2 Aty + Vp') (2.50)
Apul + ZANu;*V* = —Up™ +s— (A,,u;,’ + ZANu;g + Vp”) @2.51)

JH(Apup + Y Ayuy + Vp") & (Apup + Y Ayupy + Vp' " VERALIIC 0 12/ 2005, ROAXD M
bid,

Ayu, 1
_LAx N1y (2.52)




—rp (2.53)

1 2 Ayuy
(—=vp )=V -us—v- 2.54
V(APVp) V- |7< " > (2.54)
o - " — . *k . 2
v (Ap Vp ) voup -7 (S > (2.55)

A SIMPLE i & [FERIC, & 2 TOALDOFE " THIZ B EEERNREIC0ICR 50,
ZTNmEET 5,

1
v (A— Vp’) -V (2.56)
P
1
u}, = —A—Vp’ (257)
P
1
v (A— Vp”) — 7wy (2.58)
P
n 1 n
Up = —EVP (259)

w7 FILEE SRR 2B TRD 2, uriconTiRu u bk 5, X245 %K (2.58)
IRAL T,

1
v (— Vp”) Ty VU (2.60)
Ap

Zz LT, RQ.60)icHX2.52) kAT 2 &,

1 Y Ayt 1
N 0 = C ot . [J — ! 2.61
V(APVp) v-up \7( " )+l7 (APVp> (2.61)

R(.56)IC &b

V- (i Vp”) =v- (Z Antt ) (2.62)



SIMPLE #: & [ti#i4 % &, SIMPLE i G2 (2.40) DV - (Z‘:ﬂ)ﬁ B EPEET 2 0
P

L. PISO kTl ZN%EET 5720, BIEEDOFHE % 2 Wi Tw3b, 2 KIEIEEILHE
HE 22, 1 KEEHEOEZMEHT 2 XY EENNIWEEZLLNS,

FfRIC PISOEIIXRD XS IcE oo’

K237 GRE O Fllfiiu 2152, £ o FilliE p* i ixpibl o KEFHR cfE b
7-Ex w3,

NQ2.56)% < 2L THEID 1 RIBIEME p' %155,

K(2.57) R 2 & CHEED 1 XIBIEE o ZiHET 3,

K245 QANL Yur,p™ HBELN5,

KQ.5Q)EML & TIEND 2 KIEIEME p" %2155,

R(2.59) ZfEd T L CTHED 2 XEIEE o’ ZERT 5,

K(2.46) (2.48) L WHEE u LIET) p REET S,

PISO i XRD 70 —F v — F TEHE S,

}

Velocity predictor

‘.

L4 &'-‘.T
Pressure cquation
+
PISC 4
laap Veloeity corrector
l”
_-—"'Jf. —‘-‘-‘—\_
No ~js contmunty "
.

—

- a _-"ff
. satisfied ?_—

Fressurevelocity o
7 Yes
Loa P o —

Ne - tesidual less
T than specified 2
.'“-u—.\_ ___,—""

I Yes
Figure 2.7 The flow chart of PISO algorithm.
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25 ELMET I

ELIILHE A D & CHRAE L, BAE L ZMEPNOME DR LEZFHEHKT 2D T, KA Ll
ERRETIEW I LICRD, B VNEVIREORERFERT L VI AN =X L
OWEE, AN TN RO R 0IRED YA XRBERR /NS, IR ETIR, %2
Nevial—vavd 33RO EETILEICZoTLE ), baAic, FERZ S
CldVvoThH, arEdu 7R EMINDS V4 X RE @EE'“/JHJ‘/f X THDHHB, ZNTH T
RCOWMEZREADA Yy V22 HET 52 L IIHENICAREETD 5,

vial—vaviEBENCTESL LI EL(IIL:ET/Vi)>’%=]\éﬂfCo Zzhicky, A
VaPARXTRRALILEDBTERVWNIWIRHEOEEZET VL L THYIAL, 2575
ERHER Ay a4 XHRERE LB DT, HENLRHENAEETH 5, Fig.2.8 2R L T
W3 XL ok ) R E AL L WO,

2TRA DT LIEAONREE BLARTE T ILEAIC X SMIR(E
0 ©

Figure 2.8 The image of turbulence model. [20]

2.5.1 RANS €5 /L

RANS ®7 Vi3 d RAEONIEMET VOREGETH 5, MHVilEE) T/ 2
DTN & IS, 2 ZTHGICE W CRREPPFE 2 iLo TEHR 3 %2 @12 RANS £ 7 V0K
HTh s, BT 2 LIEEHFHRTHI2MBER RO INTRAARL RS, 2D:D
MR A vy v 2 TR OGN 206, FHHEI R PBRIEICTIT 2 2 L3 fFC 5,

Lo L, ihoE L L, FHGIIENAORELZZ T 5D T, 203 fé&%hn%?éﬁ
3% 5, RANS £E7 LTI Z Nzttt wH T AV CRMT %, o ol IC
TN ELAL, RN OIS 2 72 IREE L 72 B, C DELNIT X » THAIICIER 3 Zaiﬁﬁjj X
LA ARG EMEN S, kg 2 RS & o Mgk L7z & 2 icBih 2k
BoN<Thd, VA4 7 VXIGHIGEEZICHEIT 2 L wo 2T A8 Hvbh s, Z o HpiIF
UL ERB L WX 2, 7o 3. KT  HLBIRE T & 2 K EREII W E o B IR 5
2 PRI L SRR RN ORI IR T 2 WBLR T H 5, WRERE D Kk 7
ID, k= e BT AARECLDOPDETARD L2, T THFLVIHZEKT 5,

N
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252 LESETIL

RANS ETVIEFHEIA I 2 T ITF22) v b3 55, ZNIC X 2MBITRKEORR DS &
%, 2D, LESETFTA~DMFHERE T > T3,

Fig29 /RLCWwWB X H51C, LESETATIEA Yy > 2TE b2 b KE RilxEEE
Bl Ay vaTRAoNB VNI ABIZETMICE > T, ZOMEZNKL CEHET %,
INE TR OB R T 5T LD Z & % Subgrid scale(SGS) L FEY, SGS 61 & F 5K
B RIS I TETMET 5, RERIMIITRCEENRET L6, ETVICHEHSLEEH
/INE L, RANS X0 SO RmWERTTELEE X %,

/\_/"/\/
/—\_..’v/\/v

TRERDFNES LES D im

Figure 2.9 The image of LES model. [20]

SGS EF A DREHITH 5 Smagorinsky EF AICDWTHIT %, Smagorinsky €7 L
Tl RANS & [RIBRICHEE A BC I el 3 2 (AR 72 60 % 4 5 . RANS CIEJ®E & 135
BREZANTH O N2 HIRT AV F — LELTIEREIC X o TRKEREZ 5 2 Tw 2 DI
Xt LT, Smagorinsky £ 7V CIIHBERIIMEL T, A v v a4 XL EELAROKE Ikt
Bl 2L LTRAD X 5 kit piir 5 2 £ 4,

nuSgs = C, - A? (2.63)

T Z T, nuSgs KERET, AP Ay 2 DI 4 XEKRL TS, EXDXHIC
Smagorinsky & 7 /L DIRPERELORICIIC, & W ) ET VEBMBE LT N T D, CIIRER
BRI T 2a—=v 2358, 01~02DMEZHS Z L 3broTW205 HZHRD 28
WERTRE 2 72 <L T ICBER I 3 U %, ZNERET 2720, G2 HBIMICIHEEL T
% Dynamic Smagorinsky Model(DSM) 23 2% & 117-,
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Grid scale Subgrid scale

Test scale : - .
B i
N N\
LA
P ©

N

Figure 2.10 The image of DSM. [20]

DSM T, BRI 2N ERE BV A X L/NS I 4 XL <, WEOMT
BT BEHEHBITH 2 LIRGEL T, CZatH T 5, Gridscale DHFTX YW RE RV A XD
FEIK (T Testscale LFERZ D H D, ZDFEMIT Fig.2.10 /R L TWwW3d X H ik b,
AR E A 7 LB O THENFTNRE T 2006, MirViEOEE 2 HIRT 2082 H 5
225, RANS TidwC7 <, LESET VDO DSM #ffio Ty Ialb—vavxiiki,

253 DES ET /L

RANS €74 & LES ®ET M ZENZNDRA Y v F e T AY v b35S LITHT TRt L
7zo RANS €7 & LES T A& MlAaAbER [N TV vy FETA| BERINZ, »
A7)y FETALIIEHRERD & 254 % RANS TRHEE L, 0 04 % LES TatHE T
5L0HbDTHDL, INT, fHEHOaIA ML TFOLNE L, Mi2ViEdEZONDE LI
o7, DESEFAD#E 27713 Fig.2 11 D/RL T3 X IR >TW5,

DES €7 VI TORADBERL TOBELIEA T — L WO MO K E X 2R THEEZ > T,
RANS & LES #Y]h #x %,

3
L = k2 (2.64)
&
Detached Eddy
BE3F < =RANS 31z ) _\\ // \\ I_r’ - |
Lt < A -- Ly o N A L
'I| T oo LESHEIE L, > A
|
| LS V) R )
| S/
&
B

Figure 2.11 The image of DES model. [20]
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2.6 OpenFOAM |[Z TAETE £ TORREE

WERFHEEZTRIICIE A VA R ANT A =R —DFEPBEIT TR > TL b, %@¢<
HNCADEIREZDDDH 50, THFRICE VD oTL2bDbH 5, HlZIL, i
OHZHEIT 2 2 PR EICRIUE, WEELX5 LES ET AL ERERETHS, L
2L, B ACH T O 4 X RO b5 b DTIRARL ., MRICEEL KT R w»
¥ CHGEED L EIC 7 5

Afifilk OpenFOAM DG & REHR E COMGEZE £ & 0 CHHT %,

2.6.1 OpenFOAM (2D T
OpenFOAM It Linux IO W THFE I Nko CFD ¥ 7 + 7 = 7, OpenFOAM I
FERRR Y VA=A I T 5 DT, AL ERIG, B, BScHah COBHRD > T2 —
212 %, & HiC ParaView & WO H=J7 DLV 7 + 7 = 7 LAlA T,OpenFOAM
DEHEHE R % 4 < ParaView THEZ TX 5,

|:| < cases

= |:| sysrem
cantralDict
firschemes
firSolution

- |:| constant

I: . Propertias
Ij polyMesh

points
cells
faces
boundary

time directories

Figure 2.12 OpenFOAM file structures. [22]

& A 7e OpenFOAM FHHECTH 49 0, constant, system D =DD T 4 L 7 + ) BEFEET
%,

system 74 L 27 P UDHICZNEND AT A =R =% LT ) NAN—TIEL DR ERT
% fvSolution RHEMTE%Z EFEZT 5 fvSchemes 22H Y, I HIC, ¥ Ialb—v ki e
D EEZXRT 5T A =X —%EFKT % controlDict 23 H 5,

Constant 7 4 L' 7 + Y O CHAKDOYIMEECHLITE 7V OFIRHATE 5, ZUShC,
blockMesh Zffi5 & & X v o 2 O % XA T % blockMeshDict 4 ZD7 4 L2 b Y D
ZH 5,

07 4L 72 Y O CTHIASGECER LN ZRETE 2,
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262 AETEDHREICOWNT

AR E T T PREA AR ED AN T A =2 =%k 5720 AGtHEZIT 2 5, G
BT EENT A =R —=IZDOWTHIAT 3,

Fig.2.13 [3atEmHZ 7R3, BWE I xy Pl & xz “FiCE T 2ME %R L,
BD IZ boundary DEEFRCTH 5, &N T Fig.2 13 DR LT3 X5 IcHERA &3 5,

SO R RS 5 720, xy FHOWIZ T 5 & X ICEHHEIM 2 HiKT 2729,
Fig.2.13 O/RLCWw% X 51C Nofreeend & W) v Faxt—vaviiEdT s, 2%,
lowerBD % Mt DUHHE E TH T 5 2 & Tl D& 2 72 < L, BIRINICII = RITIC R 5,

northBD

rightBD

(outlet)
leftBD

(inlet)

by

southBD

>

U

No free end

lowerBD

Figure 2.13 The layout of computational region.

BEROBE L Table2.1 ICF L DT 5,
Table 2.1 Boundary condition

Boundary Pressure Velocity
leftBD zero gradient fixed value
rigthBD fixed value 0 zero gradient
southBD&northBD zero gradient zero gradient
upperBD&lowerBD zero gradient free slip
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Z O fixed value (I3CFHH Y, BIE I N TV BHEZEK T 5, zeroGradient (34 lLH
0LWwH ZezERT 2, 20, HHAOMEPFRBEHMDOETHRE 2, £ L T, freeslip &
V) DIFIES & FIESTENC IR DS 0 ICHIR T, BEFUTIANC IR B BNICHAL B BT
TH b, HHRMDEKDHEIIARNEONRITH Y, EFFTH 70— FED/NE T,
e %/ % &\ 5 #& 2 T, upperBD #% free slip i LT, HHERETIIdH %25, & OME
DA 2 TR\,

ZLTC, vIalb—vavoixEld Table22 itz b b,

Table 2.2 Parameter for the simulation

Parameter Value Unit
Diameter D 0.25 m
Aspect ratio Ar 1.5
velocity v 0.3 m/s
Reynolds number 75000
Turbulence model LES DSM

FIFEDER LT O T TR D Z A DE TEE L 72, Re 1% 75000 TH 5, At
RO ZBET 5D T, LES ET AV EFERL 7o 502, FIHEDEL &2 5 TirAw
EIATODETLVERDENE LD Z257®, LES €7 LD H D Dynamic Smagorinsky
Model #ffioCv Izl —va vkl

HHER T L VFRARMEZES T2 LR TELZILRHFBELLC TV RED XY v T,
AWFRIIHERF 29 . TORNTIIFHRBER O 71 v 75313 2773,

2D

1.5D

2D

Figure 2.14 block division on xz plane.
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5D 10D

Y

v
A

5D

Figure 2.15 block division on xy plane.

xy “FHICE O T MIEOEED b —E OREREE TOMIIL A v ¥ 2 OBIRE IR S .
ZZHh o ERTHEAE CORBEMNAE O 5, 0501077 TG 2AFIHTE T %
FOEEHI A2 5N b, blockMesh ZflioT 7y 7 Z L ICHEIE S TERZR(DH B\ ITHEN
R)EIRET S TA Y v 2%l 5, DEMICHIHEER OB A& IcHEEs 7L L, FfEo
U ICIRAFEIET 5 DT, MHEOE I 2 Wik 28] 5, 2 hicif L, HEFE i3z
N EEETIIR L, FHRERFEZER ST 2720, &F2H U5,

xz FHICEWTHEL XS ic, FIHEL 2 O0BRE TR iRl Twl, 272l H
HEoORIFHFMICHE T, bW EHE DAL E WA 6, MiEDi& T2l < 32 BE1 H
%o

AITRERE LHHEOMEDANT v 2% E 2 A X0 % Fig.2.16 D X 5 125 7z,

1.3e-01

(0]

[, B
0.1 .*é

_ 008 8
-006 2
004 &

K

| 7.60-03©

Figure 2.16 Contour of cell size on the whole region.
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263 BREBREEEICDONT

By 22—y avicbnTHRBER 2 M T 2 20, MR Y o55E % i<
¥ 5 L9 IC, TOMEEALEICE > TL %,

ML DAYy v 2%l LCEHRET 2200 TRIZERKE WS b Th 5, BEES
e LT b T ax#lxH 5, WEH & 1%, Fig2.17 0G0 0 77 7D X 51
B2 OO | X CTOWMMEDORNE T ZMMTRRN L L ZICERICERLINMTH L, 7
7 71 XY, AR YEEE (Laminar sublayer), #&f%/E (Buffer layer), % L CHLITEE
(Turbulent layer) ® =2 DFEIKIC /31T B B,

25
20 | HTEE AW sgoREs |
10 u*=(1/k)in(y*)+C
u—:='1?j'+
0
1 10 100 1000
y+
Figure 2.17 The law of the wall.
ZNENDOFHIIIRD X 5 Xl T, ERAPERI N TS
L OREHEEE - 0<y*<5 (2.65)
. EE 5<yt<30 (2.66)
I ELyRaEE 30 < y* < 400 (2.67)
T 2T, BEHE DO OMEXTTHEREy T IZRD X S ICERI N D,
uT
+ = 2.68
yr==y (2.68)

ul & IZREMEEEE CRD X ) ICERI NG,
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(2.69)

Ty, (FEEHIC B 1 2 ¢ AWIGT) T, MBI X Y RD K S ickw b3,

Au
(2.70)

Twz.uE

BERAR R D R WIR Y . LES SLiRE T A% - T, MEHEE coYZ{LziEzons
I, y*ES5HE0VIFZENUTICHIBT 20823 H 5 L EbiLs,
Ay

)
D

Figure 2.18 Image of mesh around cylinder.
BEIC—FHL WIS T OERGT MO R X R IT{tEAy/D2Y 0.001254 H&E%EFIE LT, H

HERITOyHIcOWTHHT 5,

yPlus

Ml

Figure 2.19 time-averaged yPlus around the cylinder.
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Fig.2.19 I3RHAAEE 2 %8 LT U/ = 12), 12 MO 7 — % &P L T b N7z FIHEEE
HTOytOav2—XThbd, Mrobhr s ko, MEMEHZy 25 282 Tokn,
FIFEERNIC B W CTEEE DAL m 72D, yTOEWE ZTAHLZ ) ThRwE 2 ADTFHE
35,

EEMWICZENE DT 2720, W DOpDL A%y 27Ty 7 LT, 70y F LTHMH
T2, HIORTYyTOERZFHL 7225, OpenFOAM IZEBWTIHELIRE T MIC X Y y*235&E
SEICEEINT WS, LESERETAMCEVLWCTIE TO LI IKEHEIhTw 3,

t=d,; /v x gradU /v
y min eff ) /wall (2'71)

T 2Ty dpin VBT CORFEIEE, oL SBEmP.OE COREcERIN TN S,
Vers WEMMIE Z K L vy BECORE 2K T, HioX 2% S 2 L, OpenFOAM iC ¥
WCIRFEILRUCEIE I N TV B Z & TR TR 5,

M b2 5 2=-0.004D. z=-0.75D % LT, z=-0.1496D (% 12 W[V D TEE. Hisk,
JEE) D & Z AOMMIE AR LT, y*2 7 ey b ¥ 5L, Fig220 236 n 3,

——vyPlus_top
4 yPlus_middle
yPlus_bottom
n 3
= ;
//\/./ \. / \_.v'\\
Ly
0
-180 -135 -90 -45 0 45 90 135 180
Degree

Figure 2.20 time-averaged yPlus over degree on different circle.
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Figure 2.21 time-averaged yPlus over x direction on bottom.
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Figure 2.22 comparison between CFD and experiment.
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Fig.2.22 MM 7213 25& 5 CFD #5HR & iR 2 £ L 072K <TH %, Cd_mean,
Cd_rms & Clrms (3% N Z PR D VFI9E. FUMRBOZLBIE. BIROZB)E %
B2, MHlcoWT, y+4.41 13Ay/D=0.001868 DFFHEAER T, 4.41 A DK
Wi COy*DRKIETH %5, y+t2.96 1ZAy/D= 0.001254 DFERTH %,

¥ 3. CFD R0 Hlg 2 5 TR TOHEICB W TITIZITEN LW L B ERTE 5,
ZOFER A S, MHEMAIEIC B W TIEAy/D= 0.001254 < S5 \0ORT-ClEHo8E5E % iR
TEBLEz26N3, 2O, ZhUBEDY I 2L —32a v TldAy/D= 0.001 & L, 5
B9, 2 LT, KHEIRBWTHRAL XS ICHEFCE 72, 22 TlRZ0BREEKBT 2,

L2, EEE ol cid, Cd rms i2BWTIZ CFD 258 WiERZH L 7228, Cd_mean
TIHEBR L V/NE L, Clrms TIHEBRI VW KZWHEHAZRL TS, 295 ho7RA»R
oFzbNb, —DOHEMEDEHOK IR ELET T EVELTHL, b H—2lt xy
T W CHRERRELNCRER S 2 06T b, TNETHT 5720, Z LT, Gt
PR % ik 3 5 729, Fig.2.13 CT/RL 7z Nofreeend v F 2T — 2 VEZRE Ll 21T
molr, ROFITZ DA EZIAT S,
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A BT DILRFEC PR O D12 EIBIC O W T %,

BRERHI L LT, T DIERZEN 0.88 205 1.22 DR ZYFE L b TWwa A, ZFick
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Figure 2.23 Comparison between different cell expansion ration on no free end condition.

Fig.2.23 23R L 72 TR COFHE T no free end SefF TfTb L7z, xy “FIIC B> CTUE FIHEEE
A —FL W FZAy/D= 0.001 TEEI N T2, [T R v 7 COFILREL Z
Z1n1.02, 1.06, 1.1, 1.14 & 1.18 & LR % 1T o7, 24D 7 v v 7 TOKTIZT
RCEALTH B, BlOFAESIHEIZATEF LT, week L WHTHIZZENEND T — 2D
Rfilz R L CH ., BETH %,

K26, VDO 0EHH 50, FIAKKDO 7 — R FHiAEITIcE L TRIZIF—HL T
5o 7272 Ly HERF1.02 (3 1.18 1cxf L, 2 (5L L oGRS % 21 7o, GHRIRER & GHERE
EDNT v 2% 2, TNUBEOFHRITEARMICHE FIEREEZ 1.1 L35,

FLT, 3 RTCDOT—RICBWTIE Cd_mean 28 0.8 ZHE 2 TWic vy, T NELITHIFERD
MREPHWT 22 & T, xy FHCTOMTFICHELRS 25 L5 02 HIHTE 5, Fig.2.24
TRICHEERICE W) 1B W T Cd_mean & Re oG EZ RTHTH B, 2006
2 XICT Re 075000 TlX Cd_mean 28 1 A T2 Z &R bH» b, 2F D, ZRILTH
NS WA Z R LT, BED xy FHCTORF B AT0 L bbb,
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Figure 2.24 Variation of cylinder drag coefficient with Reynolds number. [8]
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Figure 2.25 Cd vs division number on one block over circle direction.
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Fig.2.25 1% Cd_mean & LS » O3 EIEOBIRZ R L T 5, Mililiz—2>DMilo 7 1
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HEABFONS,
X2 5 B DA FE Y Cd_mean 2384 2 T 2D 5, T T, B H D
DEMEATH IR L OFHHE Td . Cd_mean 258/ NGl & A7z —-2 D R IE FIAEE © D 5]
ﬁﬁﬁ@ﬁh;kk%é bbb, LT, 55 PoBITCOREEZRL TS, OF
« EECE 55 123 2 kol TR SE, T HUMUBEDEIR T oMl
oy 7 [T a0 EE % 55 CTREES 5,

Fig.2.26 2357 &% 55 & 10 THHA Y O D iz R L Tw 3,

i |||||||||’l"||||||l|I '

MLI |
Figure 2.26 Comparlson between division number 55 and 10
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Figure 2.27 Velocity magnitude on different section.

Fig.2.27 3R L 72 db v D T2 —v a v 33T, MEof.LE2E L TR
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%, ZOoOWH”» S b, MHEDIHHRICE O CTIIEHEDOZRKE W L R3bh 5, FIEy
WITHE LA RN DR 25, upperBD DG H A IZ > Z Vb bRz,
y=0.504D ® & Z AICBWT, z AT z FFADREPFEEEZ 72 v b LThiz,

Fig.2.28 IC B\ Cld, K2 Uz DRE 22K L. B3 m/ s T #tfih2s z 7710 D HEEE %
KL, B{UZmTH b, AL v IO freeend DfEZRL T3,

9. freeend DL TAFBML VEBEOELER L2, T Fig.2.22 225 OfER L [E L
ThHbd, ZL T, HROMRH-72L A% RS &, upperBD fllDuiHERIC H K & WA fd
BHET D LBbh 5,

ZOOMP L, I E W TIREEALE R TE 3 X5 KT 2 M <Y 2 BEH D
LZLBb0b, ZL T, ZNBHD L ZAHEZABICEMANBEHL DI TlEARV2 6, &
RN Z i3 2720, Tx2H 28EH< T 5,
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Figure 2.28 Velocity on z direction over different position.
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Figure 2.29 schematic diagram of mesh on z direction.
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upperBD TOEF 2RO Z70D, ZL T, sfRaXFEFEZICANT, TOMD LI IC
TRk % D T, nofreeend FFHFICRET 5 2 & T, LN THImEl®H Y @ upperBD & [
CHRIC 2o T %, FIFER XA A XD 5 ¥ —18 T o T, MR D& IC
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Figure 2.30 schematic diagram of the case for determining mesh on z direction.

EOMT VA XORER ToRICELOOLNS, £ LT, Fig.2.27 28 Cd_mean & z /i
FEROBRERL T 5,

Table 2.3 Result for z direction test

name | partition number Zmin/D cell number | Cd_mean | Cd_rms | Cl_rms
ztest0 20 0.01 798800 1.38567
ztestl 24 0.008333 958560 1.347979
ztest? 16 0.0125 639040 1.484236
ztest3 12 0.016667 479280 1.743575
ztestd 26 0.007692 1038440 1.314588 | 0.145225 | 0.692748
ztesth 28 0.007143 1118320 1.242827 | 0.145554 | 0.614804
ztestb 30 0.006667 1198200 1.320021 | 0.281788 | 0.799147
ztest7 32 0.00625 1278080 1.301194 | 0.160176 | 0.70076
ztest8 34 0.005882 1357960 1.393062 | 0.157464 | 0.882741
ztest9 36 0.005556 1437840 1.333289 | 0.210598 | 0.775918
ztest10 40 0.005 1597600 1.255401 | 0.116249 | 0.623812

ROFIAIMMHEOR I TTHTONEREZRL TV H—RTTHLD TD 2T
M COMAIULE Zmin/D AHICENTE 5, Z LT, vV ECHEIREDE L DS
N7z, ztest0 225 ztestd T TIFETED I 2T, Cd rms & Cl. rms &SN o720, &
T T OMGEE I H T, Cd_mean 22HNIE+HEETE 5,
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Figure 2.31 Relationship between Cd_mean with division number on z direction.

K726, DEBOEM,. ©F WIg T+ A4 XOWAIcHE, Cd_mean 238 5 {E[A % /R d,
Z LT, 25 ZHICHDIREIL T 328, IORLTWw3 &b, TnUEostREICE
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KEITIE z HRITORFORD ST EFHHL 72, % L T, upperBD TOIEFD ¥ 4 XDk
a7 0722 8 T, 2 HAICE W TR F DY A B LHRdDON L, L L, BER 3
2 b—va v &7k 9 ICTE 2R A ORREE & SRS OGRS S E T, ROfiTtzh
b ORGEEZFHHT 5,
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2.6.6 RAXIAIZ DN T

REfE 4 A DIREE % 177 5 HifiC, CFL 5 (Courant-Friedrichs-Lewy Condition) IZ D\ CFit
B9 %, 21t CFD GtRICE VT, (FRPMEFT 2 x| & [EEROBR Tl & 28
BT 2| JVHRILATNE RO R E W BESFFDOZ L TH D,

CFD T v xR b —7 2Rz BT, v RRZ 7 v 7Mo% DkE O b
Rz s e, ftE EOHRICEREDFEHR O IERETE FTICEERRECTL
T, PHIICERO 2 EERTLE Y, 2o, RTFOY 4 Xe/ha 35 L, Kl
ATy 7D EZNLIGLTNILK T IREDD D,

ACTHHATEE, UTDXkHickhs, EOBRZEEEEL C OEFTH B LT 5,
ZOWRREROER TR i En b,

ou N u 0
ot ox (2.72)

ZoXZHHE A T v AL #&FiEAx e LT, RO T — KA 2250 % v CHiERR
ft4 2L,

T P
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AL,
untl :un——t(un—un )
L 14 Ax L -1 (2.74)

7%, COR, EERAMEET 5 HE 30/, T KBROBEOHEX I CTHE 25
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46



DFEDCFLEF IR =7 vE 1T X0/ e brwnwevw) 2 &tk b, CFL
DL A D TIRZHIRL T2, FHRBE L a2 b DN T v 2D bIREZ] 2
ZRD DI ETEHGEEZITR ) LENRDH D, T2 T, Imik e L CHREE L 7248 1 2 [EE L <.
EH ORI A D I ab—va VORI TORICE Do D, il L CHREES 2 D
FETREHE 2 Hii T 5720 TH 5,

Table 2.4 Result for time step test

name Cd_mean | Cd_rms | Cl_.rms | VortexC/TS | Co_max | Co_ave
ctest10_1 1.258363 | 0.111785 | 0.777953 | 41666.66667 | 0.051291 | 0.002053
ctestl0_2.5 | 1.442643 | 0.171177 | 0.894633 | 16666.66667 | 0.106869 | 0.005187
ctestl0_5 1.605445 | 0.148493 | 0.977653 | 8333.333333 | 0.211075 | 0.010644
ctestl0_8 1.524107 | 0.257844 | 0.892818 | 5208.333333 | 0.337101 | 0.016809
ctest10_10 1.552897 | 0.178969 | 0.918748 | 4166.666667 | 0.414951 | 0.021168
ctestl0_12 1.391815 | 0.334845 | 0.785535 | 3472.222222 | 0.430448 | 0.025977
ctest10_20 1.411178 | 0.14469 | 0.641742 | 2083.333333 | 0.761531 | 0.042439
ctest10_40 1.250096 | 0.181788 | 0.454707 | 1041.666667 | 1.47714 | 0.082369
ctest10_60 1.134016 | 0.145009 | 0.317143 | 694.4444444 2.333 0.124089
ctestl0_100 | 0.904098 | 0.089401 | 0.345967 | 416.6666667 5.2 0.189
ctest10_200 208.3333333

ROIFIZDOWT, ctestl0 1 (% ctestl0 2AEE XN TH D, 1 HBAt4 =2 —v 1%0.0001 %=
9 %, VortexC/TS (2@ H D JEHA & A A0 lb 25Kk L T3, Co_max & Co_ave X
INENRRKD 7 — 7 VEEFREEOVE 7 —F YRR L Tw b, miED ctest10_200
TIHTORRDIGONE 2 o D FEITHRBHER L CLE o722 TH S, KEICEDOR
TN THEFHE=ZFHDY F v — F YV VIMEEIC K 5 v&v DIRFRHIZI R ITEE L 72, % L T,
ctest10 40 7»5 Co_max 28 1 A CHEMKRDO D 2R EF LN/ — A3 H > T, CFL
ST L72Ic 2 225, 2hid OpenFOAM DD 7 — 5 VEIDERICE 3B DT, H
& THT 5,

Fig.2.32 | Cd_mean &IKHEZNA DR EZR L T 5, 20 £ TIERREZI A QA ITHE
Cd_mean 28 2 CW L HRAIZR DD %, £ LT, 20 KD /hNTWiEIHIcEWTldiE-&h e L
AR Z 2T IRBILCwa, Ll IRLTW3E Z ERFR D,

Fig.2.33 351 R KM & R A DBIRZ R L T 5, YR 5 X A oA Ic X b |
HED R T v 7z CEERRSE 2 205, 20 X W/NX WHEICE VTR, B0
WALy, FHREEERSHICIHEZ 5,
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Figure 2.32 Relationship between Cd_mean with time step.
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Figure 2.33 Relationship between calculation time with time step.
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Figure 2.34 Image of flow through a cell.
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2F Y, OpenFOAM I B W TIRFHED Y v ITATHB720, FHHTD 7 —F VDR
ZWoT—DDIEREL Lz, —2DHl T CTENEWELET 5, Uiild » OFHRFHEKIC B »

T = VER0T 2z A% 7vry P LT, TOXPELND,

Choose one cell randomly

Figure 2.35 The distribution of cell whose Courant number is over 0.7.

Fig.2.35 2o, 7 =7 VEDEWE Z A IEHHEOIRERICETR L Tw 2 2 23T 5,
Z DJRRIEZ OITEED L FBM 0D TH L, 7V X LIL—DDENLEFEAT
REHNIE2 L, TORICELDOLNE, BiaARIC, Fig.2.35 O O OEEINE TN

72 VTDI—F VETH B,

Table 2.5 Results on different point from the selected cell

Co u:0 u:l u:2 Points:0 | Points:1 | Points:2
7.00E-01 | 3.72E-01 | 3.95E-03 | 4.33E-02 | 1.18E-01 | 4.21E-02 | -4.48E-01
7.13E-01 | 3.79E-01 | 2.48E-03 | 4.12E-02 | 1.18E-01 | 4.21E-02 | -4.41E-01
7.10E-01 | 3.79E-01 | 2.06E-03 | 4.05E-02 | 1.17E-01 | 4.38E-02 | -4.41E-01
6.97E-01 | 3.72E-01 | 3.50E-03 | 4.25E-02 | 1.17E-01 | 4.38E-02 | -4.48E-01
6.24E-01 | 3.72E-01 | 3.89E-03 | 4.31E-02 | 1.18E-01 | 4.20E-02 | -4.48E-01
6.36E-01 | 3.79E-01 | 2.42E-03 | 4.09E-02 | 1.18E-01 | 4.20E-02 | -4.41E-01
6.34E-01 | 3.79E-01 | 2.07E-03 | 4.02E-02 | 1.17E-01 | 4.37E-02 | -4.41E-01
6.23E-01 | 3.72E-01 | 3.52E-03 | 4.23E-02 | 1.17E-01 | 4.37E-02 | -4.48E-01
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Figure 2.36 The distribution of cell whose Courant number is over 0.7.
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JELEHR D a X+ Dfid b At% 0.0020s ICEE L 7, Uik d ) THALD 72 Z DHRATZ D
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OpenFOAM TORMHICEWTZ =7 VHD 1 2BATCHOEMRO D 2HER1 /LN &
oW T, %21 > T OpenFOAM TD 27 — 7 VEDERD & 2 A0 LML 72,

FRHFIIRD > 2 2 L — v a Y CIEEREICED 5006, RFEZI A AL % [E5E 3 2 USRI,
BRRK7 =7 VBEEELCGGIHREZITRIEZLEZON D,
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Figure 2.37 The sketch of towing experiment and computational region of CFD.

PRSI OIEIC O WT, Kifo ZhicHbE TAIFEICEWTIZ 14D &35, %
L M0 RS o w i, GHRMEIERS I & —fgicifiia s 2 e 28K T 2 &,
Z 2B WTIEFEETITHEED 2 AT R TR X 7 2 & T, freeslip 5=
tRicT 2003Z 4872 EZ b5, Freeslip FFCTORR L A — 7 v EHTDZEND IR
I CEIIAT %, AR LRI o wTid, BT CIRERE W ICHY 3 % 0 T,
CFD CTHHERVBED O i\ CHEfOWGEZ 32 LERDH 5,

MAEREZRIAFT 272007 —ZADFERLDORIAFERELUT O L 512 5,

Table 2.6 Results on different inlet boundary distance

name inlet_dis/D | outlet_dis/D | wide_dis/D | Cd_mean | Cd_rms Cl_rms
old_region 5 10 1.594899 | 0.1587292 | 1.004543
testl 10 40 20 1.370216 | 0.2156072 | 0.759094
test2 20 40 20 1.301237 | 0.1966202 | 0.715284
test3 40 40 20 1.319539 | 0.2198356 | 0.7775226

PR Z EE LT, AR O OFFEES T 22 2 T testl 205 test3 #1178 > 72, %
nic, T 2720, ChE COFHOBEBMTOMED T L7z, Fig.2.38 1387 — 2D
R E L LD KTH B,
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RL TRV, test2 & test3 (FIFITER W LR Z 5, 2256, MARROHEE %
20D ICT B DHBRGIELEHEZDbNG,

BEE X 7z 20D Z i AR Ol L, M2 Koz eEE L, AT DX 5 i
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Table 2.7 Results on different outlet boundary distance

Cd_rms

m old_region

m testl
test2

test3

Cl rms

Figure 2.38 The results of different computational region.

name | inlet | outlet | wide | Cd_mean | Cd_rms Cl.rms | Cd_mean | Cd_rms Cl_rms
testl 20 40 14 1.254299 | 0.291293 | 0.624021 | 1.334718 | 0.104742 | 0.668738
test2 20 60 14 1.369655 | 0.21156 0.73145 1.511492 | 0.134862 | 0.843551
test3 20 80 14 1.401362 | 0.377249 | 0.888462 | 1.653556 | 0.180387 | 1.122515
testd 20 100 14 1.527084 | 0.183075 | 0.882638 | 1.574921 | 9.63E-02 | 0.916743
testb 20 72 14 1.657887 | 0.14992 1.106995 | 1.582527 | 0.265687 | 0.915878
test6 20 30 14 1.645109 | 0.228429 | 1.066915 | 1.562776 0.1594 1.0238

test7 20 50 14 1.521519 | 0.247829 | 0.888056 | 1.406213 | 0.128773 | 0.775296
test8 20 120 14 1.462141 | 0.193389 | 0.810086 | 1.529691 | 0.148931 | 0.863373
test9 20 140 14 1.503964 | 0.153997 | 0.921619 | 1.547607 | 0.119317 | 1.023685
testl0 20 340 14 1.352929 | 0.320563 | 0.809461 | 1.628209 | 0.211617 | 1.091738
testll 20 160 14 1.579412 | 0.203749 | 1.009089 | 1.676238 | 0.146977 | 1.175665
testl2 20 180 14 1.508045 | 0.245064 | 0.95361 1.523437 | 0.157627 | 0.935332
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FITOWT, inlet, outlet & wide ZFNFNETLOFLDOLFHAER, HHER LIE
FCOERZRLCEY, A D TH D, kDL 2 AD4ET 1E 10s(tU/D=12) 5 12
o7 — 2 CionfERTth 5, 2 LT, HW & ZA00iEE 46s(tU/D=55.2) %5
2o T -2 cflionfRch s, thzn7ay b F5L, TORPELND,
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Figure 2.39 The relationship between Cd_mean and outlet distance (green data).

1.8
1.6 ® .‘ ® o0
1.4 °
1.2
1
0.8
0.6
0.4
0.2

0
0 50 100 150 200 250 300 350 400

Cd_mean

Ourlet distance

Figure 2.40 The relationship between Cd_mean and outlet distance (blue data).

Fig.2.39 2> 6, JiHEROBER ORANICHEY, Cd_mean 23— EDHM Z/RL THH T,
340D 7 — A% FIE L 7 D Id, @ CEm 2550 7% T, KD R T 07 — X TIRFA %2 3RE
T2LEEZT-DOLTH D, EHIHPETOT — 2 THLNFERD Fig.2.40 TH 5,
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Fig.2.40 5, %20 FNnnH 225 80D £ TIEHMML T aHAZ/RLTEH Y, Zhld
BIIREI L A8 LRV OIREEZ R LT3, Lo L, BT IR GEP ICEBZ TV 3
Ho, ILICENEEET 5720, RRINDOKEREZ T ~7=,
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Figure 2.41 Time history of Cd from different case.

Fig.2.41 5 10s 223 EBEZICREL T2 e b b, Zhads Fig.2.39 ic i
BHWREKZLEEZLNDE, LI, KPHLIELWREZE220, dot kv ialL—
avETRIMBEND D LFEZ LMD, FHER D 20D, 30D, 40D & 50D 7 — %
% 180s(tU/D=216) £ TEH %177 > 72, 20D & 40D OFHfAES OMERFNII T D X 9 TR L
Tw3,

Fig.2.42 & Fig.2.43 75 Z O FHHEFEKICE T, 10s(tU/D=12)D & = 513 & f:“?ri%irbiz'f
ELTORWI EBDD %, &b, ZoDfRAZ I L <. RO
STHORERDPEL 7B L dbbhr b, TNITHHAREL b ico2n T, KT D; fﬁn#w
o T, WEDELSRDLEZLND,

EREICTRANEBEZF T 2720, 40D 0 Ialb—va viREflioT, EH)RL—

FARA VN EES RO T — 2 TR EEH L7z, % Of5F0 Table2.8 iICE & ®
63’117‘:0
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Figure 2.42 Time history of hydrodynamic force coefficient (20D).
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Figure 2.43 Time history of hydrodynamic force coefficient (40D).
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Table2.8 DFERICE DO NWT, Fig2d4d 0 k5 mav x—K»3Ehs,



Table 2.8 Results on different start time and different cycles

4c 8c 12¢ 16¢ 20c 24c 28c 32¢
40s | 1.396284 | 1.481457 | 1.4644 | 1.536553 | 1.569701 | 1.687972 | 1.590158 | 1.597399
50s | 1.457902 | 1.473937 | 1.537327 | 1.683341 | 1.610822 | 1.6052 | 1.599433
60s | 1.56747 | 1.535071 | 1.598098 | 1.629615 | 1.637597 | 1.623104 | 1.640014
70s | 1.457801 | 1.594618 | 1.627678 | 1.645381 | 1.630614 | 1.627558
80s | 1.602326 | 1.656447 | 1.68597 | 1.6691 | 1.641305|1.670441
90s | 1.752997 | 1.727659 | 1.711566 | 1.684461 | 1.677196
100s | 1.721397 | 1.72107 | 1.673071 | 1.646018
110s | 1.724164 | 1.696849 | 1.648095 | 1.671429
120s | 1.698481 | 1.635023 | 1.627438
130s | 1.618516 | 1.57435 | 1.654921
140s | 1.603175 | 1.625629
150s | 1.564846
160s | 1.741412

m1.4-145 m1.45-1.5 m1.5-1.55

_S

60

Figure 2.44 Contour of different start time and cycles.
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ZTCW3, TNIEIREHEBROEIELHZ TnE3NnLEEEZOLNSE, Do LERICAZ—

57




KAV IERDD -0, E)RAX—FFA v FTOES B COMEEOELERZE% Ko
Too Fid23 Fig245 iIcE &b,
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Figure 2.45 Standard deviation of different cycle on different start time.

160

Fig.2.45 2> &, 140s @ & & % D& 9 JAHH T OFE R O BEHER 7223 —F /N X 7223, Table2.8
BobhB LI, ENEFYF VIR —FNI L LEEZ NV, Y TV LE
JEICANT, 80s DIE 5 IF—BIEHERFEN NS WTH B0, ZEAX—FFAL Vv FITT

LO0RRYBEEEZOND, TT, 20D 225 50D ¥ TOHUEAIRED KD b5,

Table 2.9 Results of different outlet distance on different cycles

cycles 4 8 12 16 20 24 average std
20D 1.688412 | 1.680137 | 1.658553 | 1.659115 | 1.669706 | 1.671253 | 1.671196 | 0.01068
30D 1.478428 | 1.540544 | 1.5617828 | 1.546654 | 1.578886 | 1.59272 | 1.54251 | 0.037818
40D 1.602326 | 1.656447 | 1.68597 1.6691 | 1.641305 | 1.670441 | 1.654265 | 0.026948
50D 1.476473 | 1.518505 | 1.52882 | 1.557907 | 1.569013 | 1.578006 | 1.538121 | 0.034661

Table2.9 25/R LT3 D33 _T 80s 226, &) B DT — &2 TR 72 Cd_mean T
B 5, average & std 2%E ) JAIH CORE RO FEH L FEHEREEZRL Twb, KicEe v b
L. Fig2.46 B350 %,
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Figure 2.46 Standard deviation of different cycle on different start time.

Fig.2.46 7» &, 20D 2>5 50D O#if{ Tl Cd_mean LD LW LBb» b, T
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Figure 2.47 Comparison between different boundary condition.

Fig.2.47 \3MGE & 172 FHEMEIH DGR T, northBD & northBD 2% open & free slip TD
WENOWKTH 5, WESDOFIRICHE 5727 — £ 13 80s(tU/D=96) % & T 24 D 7 —
X2 TH?b, Open £ 0| freeslip DIz 9 ICH T, Cd_mean 25 3.36%. 3.66% & 8.94%/\ X
WZ ERbD 5,
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3B HMAZENYI 2L —va Yy
ARECIHHREMAEZFENR e T 2EE L HmHEINRS X2 —v a vOoERZ{TR I,
Z DHICE 2 BTl L ORIE CREE S Nz R 2 imHH » THAEL, VFrx—F YV v
T X % Validation 21772 9,

31 C®Ic

K OFEHEED 27 v F135 2 D Fig2.13 DR LTWw3a X5 d, RiTH N
LzX e, IRRREBHIR T w3 DShic, Kz TSicEh 35720,
upperBD % free-slip ICF 25 Z & ¢, HHERMOMEEZWNRIMC Lz, £ LT, il s
fEIHS 2 728, no free end Dl 7% L DEMR S 1T o 72, & Dk 7z L D HAELIL U R E
e P, TR COFREN D V) OFFHOZNERLTH S, fHROREIFITO LI IC
RINTWE, Gt BEDOZ N L IFIEMAID southBD & northBD % open 2> & /K BRI YT >
free slip IC L 7=,

Table 3.1 Boundary condition for fixed simulation

Boundary Pressure Velocity
leftBD zero gradient fixed value
rigthBD fixed value 0 zero gradient
southBD&northBD zero gradient free slip
upperBD&lowerBD zero gradient free slip

Z L, RS LR T OIERICRIZIRDO L5 IR IN T 5,

20D 40D
11
11
o
= 1.2 11

Figure 3.1 sketch of computational region and cell expansion ratio on xy plane.
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Figure 3.2 sketch of computational region and cell expansion ratio on xz plane.

R 14D [FEERDKEICE T, FRASESR & iR D 20D & 40D iFi0HEGHR TN
UL THZEDLL W oGt Nz, 2T, HRHEREUIMNI T X TEEREL[F LT
H5, MOFDORNCKFHPIETDILRFEZRL T2, ThHHE 2 ECHRIAEIN{ETDH
%,

xy FHICE W TR, TG DIEF DI A4 X0 y+ TRO LT, ZRLADOE 1T
PLRFETRE D, AV OT vy 73RO ET 5 & 25T, Bl HOFRET 5 L
ACHDBID, FIOWTEM»L T BHBENH B DT, Figd.l ARLTw2 L5 ic, [
M7 my 7 Ello 7 ey 7 EERlO 7 ey ZicE 0TI TIEREE /NS »IC 1.1 LT
5, %2 LC, BIRANCEE D 70720 SHRIELZ LT 5720 i TIERKEZKEDIC 1.2
L9 5,

xz FHICEWTIE, Fig.32 2R L TCW 3 X HIC=20RICo T b s, bnghic—&Fil
WIS y+HTER D 5 LT upperBD 12 B W T HETDOMEE T Zmin/D =0.005 1239 & 7z,
Z LN DT IR ECTRE 5, FIHED L& —F T OKOET T Z g EEB 23
LBV T FFRITKDE BRSO GHREMEL L5720 MTFIEREL 1.2 LT 5,
FIFED TE IC B W TS DB CHE AR m 720 I TILREEZ 1.1 L35, ZL

T, #&fico Validation Tli3% Z TOILKRFEE 1.05, 1.1 £ 1.2 & L TiTh I,

SRR T 2L — 2 a Vit on T, AFRICELTRIETF AL L X )i, itz
EE L, MBI ORE L MEELY 52 5Ty Ial—vavTsl et BRIZBL
THZNICEDLETCHET 2LELD 5, TTHEL groovyBC L) 74 7 7 ) CHIEEE
CHDYETCHRET 5, £ LT, ESTDOWTII rightBD THEHEDZED 5025, open & L
726

Table 3.2 Boundary condition for forced oscillation simulation

Boundary Pressure Velocity
leftBD zero gradient groovyBC
rightBD zero gradient zero gradient
southBD&northBD zero gradient zero gradient
upperBD&lowerBD zero gradient free slip
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32 inEBH Y ETEICH 1T B IRE M

CFD #5580 FHicBA L . o offa L LT, Validation & Verification 73 %, 8# CFD
v&v TH b, ZNENUTD XS ICFEo T b5,

I. Validation : IEL WE T A ZfENT W5 D,

II. Verification : €7 LV ZIEL { BT 5% 2>,

Validation iICB5F 2 IELWET A LIE, SURET A D Z L7210 25T O Tl <, Bl
ROMENREMHGLSETMEL TR0 EI DI L TH D, Bl 21X, IEEMIRMAIC L
TWDh, Bzl CZYR0orDl LAb b5,

Zicxt L, Verification 3£ L 72 & TV DEREUEIRE) 72 LICIE L { i@ N TWn 3D
D EWRT 5, YRTDH L0, RA DD 2 BT R CRLE DR 2 R 2 © A3 K
720 13D N B ORI Z S DT ETHET 58 TE 5, 2N ikKkD 572
»IZ, TD Table 7R LT3 X H1C, ZDODKT & =D DRRZIA T 9 7 — A DEIH
Z{Tleo72. ZL T, ZOFERD Table34 ICE L ® b7z,

Table 3.3 Space discretization and time discretization

name Cell num. Expansion ratio hi
M1 6218596 1.05 1
M?2 4981156 1.1 2
M3 4279940 1.2 3
name A Vortex C./At Ti
T1 0.0012 5000 1
T2 0.002 3000 2
T3 0.004 1500 3

Table3.4 Hydrodynamic force coefficient Result of different case

name Co_max Cd_mean Cd_rms Cl_rms
M1T1 2.04317 0.890952 3.38E-02 0.131604
M1T2 3.43114 0.881998 3.63E-02 9.69E-02
M1T3 6.62169 0.906128 4.96E-02 7.87E-02
M2T1 2.04923 0.901554 6.25E-02 0.112338
M2T2 3.44132 0.906023 4.13E-02 9.73E-02
M2T3 6.58312 0.922021 6.40E-02 0.144236
M3T1 2.05245 0.909584 6.35E-02 0.128459
M3T2 3.44816 0.905651 3.99E-02 0.130872
M3T3 6.71253 0.929111 6.94E-02 0.178087
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Fig.3.3 & Fig3.4 132 & —F FA4 ¥ F % 10s ICEE L T, 2 ZHh bffdpF— & TEHET
%72 Cd_mean & Cl rms DR 2R L T3, “ODOXbFFATFZAZEHNL 0 5 HA%
R L72, Clrms CTIEOFHENRDH 2720, HTIREIL TV 228 UKL TWw2Ici 2 %,
CORTAZ—FKRA Y PE10sICL T, 35s DEIRTIRZDEARE D T3 LR T
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Figure 3.3 The relationship between Cd_mean and the period of data.
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Figure 3.4 The relationship between Cl_rms and the period of data.
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Table3.4 OfEE %2 Z N3 Cd mean & Cl rms ICBWTHFEZIA L X v v a3 ERICE
2 LB NT 5,
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Figure 3.5 Cd_mean convergence analysis in terms of time step.
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Figure 3.6 Cd_mean convergence analysis in terms of mesh.

FDOZoDp b, TRTOFEMEPERGER LV REWHAZ R L, 2L T, Xy
Y2 lA L B i o T Cd_mean 23 F23> CTWABHRBNICH 5, KEfEIZIAIC B WTIE, &
A LZT v THNEL B BITHE, M1 & M3 Tid Cd_mean 25/hN& £ R 3B %R L 72,
Ay v aRREAIAO T b B3 L, EERERIGE O W T {EMZ R L 72,
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Figure 3.7 Cl_rms convergence analysis in terms of time step.
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Figure 3.8 Cl_rms convergence analysis in terms of mesh.

Cd_mean OFERICHRT, Clrms CTIXHERERZ R L Ty, LA L, EERERIC
W ENEZ D, #L T, Cdmean L[E L X 52, CFD OFREPZER L O Kx WiHAZ
ALTW3, FRicE &I X > CHRRIEFORAE 1, Cd_rms d Cl_rms
BN T, AR TIHEROHEN A > Thrvizd, EBRI Y KEWEETRLAZEEZ
biLd,
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T ZClda— Fo Verification 21772 b 7\ H3, FHE D Verification ZE%3 5, FfiliGt
HICBW T =MEEORENEZ bND, TNETNNOFE, RERAE & HERLIc X 235E
TH b, AOEEIIER% double precision 122 Z & THHTE 3, REMEZIZFICIER
JPIHIC L o TR ENTWE A, EEX1077L §5 2 L TIRETE 5, RI nzBfibic X
ZAEIIAIE CHMAL 2 X 2 I T OMKFEES K 2 $ THRAL T 2 LE 2 H 5, HIET
IFTERNEZ Z[E T 5729, no free end & ) Uil 7 L OFHE CHXT A — X ZMGEL C
i, TIZTIEZOEMED ECmED Y OFEE Y F ¥ — F Y vIMEERIC X 2 3REHl %
779,

[23]2ZMBICY F ¥ — F Y ViMEEICE S W, EERAToRD X S icKHTE 3,
Sre = 0 — Bo = ahi™ + .1}t (3.1)

T T, PR B EREF L IC X 2RTRFRTH V. 9olFIEL WEHRERTH S, ©
T O T AERICH > Ve ZOHRTHEY, KT —ADOHRICKXVRDONIETH 5,
a, & a iz NE S TIE & REITHORET, P L PAMET L HIHO R T AR L T\ 5,

ZFNO DRI A KD 720, BHIWKT LEIBHEANAD T — 2 %77, RB.D%
fRd 2 & T, QDREE UL B, Ibic, EBOBEAEUDED T, b —XARMEE
WHBUTD XY ICERIND,

Utotar = JUDZ +Ug® (3.2)

ZI T, EBi L CFD T OFE R DEC M Upprr & D /NS TSR SBEEX Lz 2 &
1272 5,

Rl % T1 LEE LT, P28 1.3906 & 3K E o7, WL X 5 k&% M2 LEE L <,
PA33.7531 L3kE 572, TN Tay ka2 NZ 4 0.006537, 0.000358 L FLwbNd, %
hic kb, ERIE T Cd DHEEEIZ 0.884057 & 72 5,

HEZE(2018) D FEBRT — 2 I X W HECTH L7z Cd DFREURA 0.00663 T, M2T2 TD
AU, % 315 D8R T 0.065895 & L, kw2 b h b, b —ZARHEENU, o2 0.06628
THb, M2T2 5 51572 Cd_mean 23EFRD Z L & DFD 0.076 (FHXFRAE 9.15%) T, A
EXHPASTH D03, ENI v, I 50, EERCTIIABREOEEDS H 2505, KT M2
DPRIALCEZLEZEZDLNS,

KT, KR B LT M2 Z[EE L CEUER R R DR RAZD 3 5T Up2* 0.0613998
ERDI, THITEY, b= ZARHEENEU, 75 0.06176 TH 3
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RECff 5 M8 FCFHRMEE Fig.3.9 1IC k%, E2mila LC. Fomild b oG
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Figure 3.9 Computational region and mesh distribution of 2D and 3D simulation.
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Figure 3.10 Position and name of the section on single cylinder.
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Figure 3.11 Time history of Cd and Cl (without edge).
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Figure 3.12 Time history of Cd and Cl (with edge).
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Table 3.4 Hydrodynamic force results of without edge and with edge

name |Cd mean| Cd_ rms | Cl_rms
2D 1.357989 | 0.160841 | 0.708946
3D 0.89861 | 3.99E-02 | 9.99E-02
Exp 0.830246 | 0.084622 | 0.070526
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Figure 3.13 Time history of Cd and Cl (with edge).
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FFT analysis of hydrodynamic force
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Figure 3.14 FFT analysis of Cd and CI (without edge).
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Figure 3.15 FFT analysis of Cd and Cl (with edge).
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vorticity Z

Figure 3.16 vorticity on z2 section (without edge) (tU/D = 141.6).

vorticity Z

Figure 3.17 vorticity on z2 section (with edge) (tU/D = 28.32).
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vorticity Z

Figure 3.18 vorticity on z3 section (with edge) (tU/D = 28.32).
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Figure 3.19 Time-averaged Ux on z2 section (without edge).
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Figure 3.20 Time-averaged Ux on z2 section (with edge).
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Figure 3.21 Time-averaged Ux on z3 section (with edge).
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Figure 3.22 Time averaged velocity in x direction at Re~12600, AR=2.0, DR=2.0. [21]
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Figure 3.23 Time-averaged Uz on z2 section (with edge).
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Figure 3.24 Time-averaged Uz on z3 section (with edge).
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Figure 3.25 Time-averaged Ux on y1 section (without edge).
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Figure 3.26 Time-averaged Ux on y1 section (with edge).
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Figure 3.28 Vorticity on y1 section (with edge) (tU/D =33.12).
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Figure 3.29 pressure and velocity direction on y1 section (without edge).

e

Figure 3.30 Time-averaged pressure and velocity direction on y1 section (with edge).
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Figure 3.31 Time history of Cd and Cl from forced oscillation (fD/U=0.3, A/D=0.4).

Table 3.5 Hydrodynamic force results of CFD and experiment

Item Cd_mean Cd_rms Cl_rms
CFD 1.003878 0.4952664 1.585644
EXP. 0.970285 0.149615 1.8775
Error 3.46% 231.03% 15.54%
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Figure 3.32 Hydrodynamic force results of CFD and experiment.
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Figure 3.33 The relationship between time and step.
FFT analysis of hydrodynamic force
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Figure 3.34 FFT analysis of Cd and Cl from forced oscillating simulation.
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Figure 3.35 vorticity on z2 section from forced oscillating simulation (tU/D = 32.4).

Figure 3.36 vorticity on z2 section from forced oscillating simulation (tU/D = 40.8).
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Figure 3.37 vorticity on z3 section from forced oscillating simulation (tU/D = 32.4).

Figure 3.38 vorticity on z3 section from forced oscillating simulation (tU/D = 40.8).
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Figure 3.39 Time-averaged Ux on z2 section from forced oscillating simulation.
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Figure 3.40 Time-averaged Ux on z3 section from forced oscillating simulation.
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Figure 3.41 Time-averaged Uz on z3 section from forced oscillating simulation.
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Figure 3.42 Time-averaged Ux on y1 section from forced oscillating simulation.
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Figure 3.44 Vorticity on x1 section from forced oscillating simulation (tU/D =42).
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Fig.3.45 & Fig.3.46 138 5 Wizl o y1 BEWTTICOIES & ME %K LT\ %, Fig.3.45 295
L7-tU/D =24.72 ® & %<3, BEELF L X 5 I blow-up & recirculation 23RS T & 7z,
Z LT, AL X 51T recirculation DFEIIIKETEIRTH H 5,

L2>L. Fig.3.46 2R L7z X D IC y HIMOEERE R Tldhwe i, yl ‘FHEHICEWT
IZ blow-up & recirculation 2355 % o T, “RITHNTRE 2 Z L R TE 5, WESKZ
(7220302 I, MENOZHED KREL22DITTH 5,

Figure 3.45 pressure and velocity direction on y1 section (tU/D =24.72).

Figure 3.46 pressure and velocity direction on y1 section (tU/D =37.2).
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Figure 4.1 sketch of computational region and cell expansion ratio on xy plane.
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Figure 4.2 sketch of computational region and cell expansion ratio on xz plane.
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Figure 4.3 Computational region and mesh distribution of 4 cylinders simulation.
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Figure 4.4 Position and name of the section.
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Bt & MO ERE DT, D/U 23 ERTTIL D 5RHUINR D AT A/D H35RFIINIR O R &
EEDOLZRL T2,

Table 4.1 Case setting and naming

No case S/D fD/U A/D
1 fixed 2 0 0
2 s2_f012_a04 2 0.12 0.4
3 s2_f014_a04 2 0.14 0.4
4 s2_f016_a04 2 0.16 0.4
5 s3_f012_a04 3 0.12 0.4

7= ADFEICOWT, MFIMIROBIERE L U<, BED T — A% Ff L 72, Zh%zHifh
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ZLT, 226 4FFTTICOWTIE, Figd.5 257 L 72 HEEE(2018) D EEREE 2> H o 72 D
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Figure 4.5 curve of Cdamp to oscillation frequency (left: S/D=2, right: S/D=3). [10]
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Figure 4.6 Time history of Cd obtained from different cylinder on casel.
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Figure 4.7 Time history of Cl obtained from different cylinder on casel.
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Fig.4.6 & Fig.d.7 13 Z X NEFHEIC BT 2 PR L BB ORI 2R L T 5,
tU/D = 20 gigicFnsEHins, FUKAICHE T TOROMRL 72 X 5 I ES DEZE
WL, B L ZA1XFigdl 25RLE7 0y ZHEE —EOMEEEZ R L2720, *
T COIGFOETGHERR & HEHI L 7=,

Figure 4.8 pressure z2 section from casel (tU/D =19.6)

BRI, B OMFEICE W TR X VL WiIRE 2R LT b, 23RO FEEED
728, Figld2 259" L7z X 5 i oW E I icHMNE T 2 2 & T, iiFoME TR
Az o, BAFTIHIREIBNMLL s hrbtE2LNS,

Table 4.2 Hydrodynamic force results of CFD and experiment

[tem Cd_mean Cd_rms Cl_rms
cylinderB 0.6570482 2.96E-02 8.50E-02
front cylinderC 0.8203757 7.30E-02 0.1351677
cylinderA 0.2487361 0.1001632 0.2712581
edt cylinderD 0.3455565 8.98E-02 0.2056573
front_CFD 0.73871195 | 0.051259087 | 0.110095135
rear_CFD 0.2971463 | 0.094995011 0.2384577
front_Exp. 0.90639 0.0423855 0.038616
rear_Exp. 0.188785 0.07608425 0.092333
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Figure 4.9 Comparison of hydrodynamic force on different case.
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Figure 4.10 FFT analysis of Cd and Cl on cylinder B (front).
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Figure 4.11 FFT analysis of Cd and Cl on cylinder A (rear).
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4.2.2 ERICOWT

Fig.4.12 & Fig.4.13 3z hZ il L iGEi D 2 T OMEEZ R L Tw 3,

Fig.4.12 % & Fig.1.12 2R L 72 Wi /7 CTHAE L 728238 /7 IS E T 2 R AR T & 2,
THXY . HIT TG S . BT TIHTT A b DM EAE TS 2 LT BICB L
THIH LV EOCIRERHE 2720, B ICEOTHENREBEIAE A2 2 L2HHT
R

Fig.4.13 2 &, A5 (I & 2 BEEE DS PO I He R TR 70 0 oo S VI 9 2305
2> & @ trailing vortex ICKINE N7z EZ LN D,

Figure 4.12 vorticity on z2 section from casel (tU/D = 38.4).

Figure 4.13 vorticity on z3 section from casel (tU/D = 38.4).
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Figure 4.14 time-averaged vorticity on z2 section from casel.
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Figure 4.15 time-averaged vorticity on z3 section from casel.
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4.2.3 FEAKFEEIZ DN T

Fig.4.16 & Fig.4.17 13 % N2 1AL RER & Il T D x 1A O FEEE 2 R 5

TODRD B, 5T OMFEIZETT OFEDIKEIRICH B 2 L AR TE 5, Z DI,
FHOMEIC Y 72 2 MNP E 2720, BAOMFEICETEEHNIPED 2D TH 5,
% L T, Fig.4.16 & Fig.4.17 © LK CThini

SRS LD ITHE | HTER D FIFEIC 35 THEKTEIS
DD EHbrd, LT

25 D blow-up ICX 2 bDEEFEZ L5,

ge X

U_avera

Figure 4.16 Time-averaged Ux on z2 section from casel.

ge X

U_avera

Figure 4.17 Time-averaged Ux on z3section from casel.
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Fig.4.18 & Fig.4.19 3 Z X NLMIHHRFR & il C D x Jm DL 2R,
Fig.4.18 2* 6 /7 DI RICHIT O X 2 KEMEIRICH 2 Z L b b, Th

THIT X VR OMHETOFGI N/ NT W L AFIATE 5,

Fig.4.19 2> 5| Wific B\ Clid, MM X 2{ERFERE NS K h o/ T &b b, Z L
T, BITOMETD SEHEATE T d 2 LR TE 2, TNIERED b OIRNAES
Y722 ZeBFREZEEZONS, £ L C, HiZiOMEORE T, T oMED L AT

ZIOKFIRC IR 7R TR o7z b, BIFMEL R CICEEMEEATE T s bEZbN D,

Figure 4.18 Time-averaged pressure on z2 section from casel.

Figure 4.19 Time-averaged pressure on z3 section from casel.
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424 TRERFRAIZDUWNT

ARETTIEEO DD S 7 5T L DIHER DALY & HghiE. blow-up & recirculation
ICOWTEHET 2,

Fig.4.20 1% yl #WiAICOMEDOMEZRL T3, RO DOHI2 S b trailing
vortex 234 U B 23, R/ 25 D trailing vortex 238 5 DIsibic S22 0, 2 LT, B2 H
D trailing vortex d —E D FFREIC B W CIIFATCTLHMICH R T ER 2 AER RS TH 5,

Fig.4.21 3R UEEWHE COEN LHEEZRL T 5, ENDa v 2 —h»H X HICHIN T
DVIGFIN BT LY RE W L AR TE S, 2 LT, BTOMEICK Y, 2L D
blow-up 2872 £ 72 U . #7J7 T 3 recirculation 2372 72 U . blow-up ® A EL 21T 78 - 72,

vorticity Magnitude

Figure 4.20 Vorticity on y1 section from casel (tU/D =41.52).
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Figure 4.21 Time-averaged pressure and velocity direction on y1 section from casel.
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Figure 4.22 Time history of Cd obtained from different cylinder on case2.
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Figure 4.23 Time history of Cl obtained from different cylinder on case2.
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Figure 4.24 Time history of Cd obtained from different cylinder on case3.
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Figure 4.25 Time history of Cl obtained from different cylinder on case3.
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Figure 4.26 Time history of Cd obtained from different cylinder on case4.
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Figure 4.27 Time history of Cl obtained from different cylinder on case4.
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Figure 4.28 Time history of hydrodynamic force obtained from cylinder A on caseb5.

Fig.4.22 %> & Fig.4.28 ¥ Tl3& 7 — A TR OLNME S ORERYIZ /R L T\ %, Fig.4.22
26 Figd.27 F TORMPR L IZRERY| D& & case 2 DRED & & AN 2L WIRE)
3. 2 OtEEH L CIR® =05 TH 5, Figd.24 & Figd.25 DREDO L ZHDEL W»
IRENIETE SR L CLE o206 ThH 5,

Z LT, case3 IOV T, @HTHRMLTLI W, 220027 —7 VBEREEL CGHES
BT T RAINCHER L T L v, PEECEEMEZFHHE T 2 1B T — 2 3L 75 2>
2 7zo TAUTIEHIINIR O J A £ 7V D EH HREIGE 720, Lid, K7 —7 vV
DFREPBEKIZEEZ LIS, cased ICDWT, Figd28 »bbh» 5 L Hic, tREIFIERIC
REER -0, EBNROTZETIC, EMNICHRGOERZ TRA 3,

ZNLID T — R IR O N7z T — 2 TR 7= FUATIREA Tabled.3 iIcE L ® H T
%, [ CAZE O MHEIC 315 2 JiR R Heic L <., Hi/7 TD Cd_mean 721F (3 =5 D FkE
CREVEVWRRWD, ZNLIMNE—EDEERL T3, THIET — 23R Y T
BHiEEEZLND,
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Table 4.3 Hydrodynamic force results of CFD and experiment on forced oscillation case

[tem Cd_mean Cd_rms Cl_rms
—_— cylinderB 0.80475040 0.09564708 0.22362180
cylinderC 0.81679480 0.10905670 0.19472550
cylinderA 0.38449230 0.14256520 0.29472310
ear cylinderD 0.46175200 0.17177430 0.32754880
012 front_CFD 0.81077260 0.10235189 0.20917365
rear_CFD 0.42312215 0.15716975 0.31113595
front_Exp. 1.14800000 0.10857050 0.29639250
rear_Exp. 0.26102750 0.08780300 0.22992500
[tem Cd_mean Cd_rms Cl_rms
—_— cylinderB
cylinderC
cylinderA
rear
014 cylinderD
front CFD
rear_CFD
front_Exp. 1.17605000 0.13575750 0.50772000
rear_Exp. 0.25108000 0.10152800 0.30397750
[tem Cd_mean Cd_rms Cl_rms
cylinderB 0.87892280 0.25617220 0.36294500
front cylinderC 0.88521880 0.19988060 0.49121930
cylinderA 0.42465560 0.27625810 0.41628940
ear cylinderD 0.63964160 0.21781190 0.37626180
010 front_ CFD 0.88207080 0.22802640 0.42708215
rear_CFD 0.53214860 0.24703500 0.39627560
front_Exp. 1.20257500 0.13532750 0.69126250
rear_Exp. 0.28406000 0.11521600 0.46120250
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Figure 4.29 Cd_mean vs foscD/U on experiment and CFD.
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Figure 4.30 Cl_rms vs foscD/U on experiment and CFD.

Fig.4.29 & Fig.4.30 iZZzhZxnFEEi & CFD 1§57z Cd_mean & Cl_rms 2356l I#HR/E
BE L OBfR RS, FEETDH CFD THMRERESKE S k21t G LYo
771l oTwd, THUE, REEAKRELS %2 2 L TEHENPREL Ao T 20 TH
%, L2 L. Cd mean ICHWT, CFD (3EE#IZ EHiFZDOZENRKE CHTWiRw, Clms i
BT, 0.12 TEHERLHOREREZRL TEH D, 0.16 I W TIFEBRDERTT OEICHT WE
mZmnRL T3,
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FFT analysis of hydrodynamic force
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Figure 4.31 FFT analysis of Cd and Cl on cylinder B (front) obtained from case2.

FFT analysis of hydrodynamic force

—
0.40 1 0.120

/ —

0.35 A1

0.30

0.25 A

0.20 A

Power Spectrum

0.15 A

0.10 A

0.05 A

0.00
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

fo/u

Figure 4.32 FFT analysis of Cd and Cl on cylinder A (rear) obtained from case2.
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FFT analysis of hydrodynamic force
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Figure 4.33 FFT analysis of Cd and Cl on cylinder B (front) obtained from case4.

Fig.4.31 2> b Fig4.33 % Tl case2 & caseb Dk 1o FFT #R Tdh 5,
cased(foscD/U=0.16) (i 2 2 7 — ZEA R S 1172 7= 0 BHIIIIR O JE1EEL 72 1 58k < & 7=,

Fig.4.31 % case2(foscD/U=0.12) ® cylinder B(front) i 351} % AN ERCTH 5, N
PRIEEH0.12 2f, b 35 L, £, 2/, DL T AICE =T PRoTWBE I LHRbR b, 2[,DHK
PHRENTZD IR LRI TL 2 ) OFEL L DD ELZZ F2bDiZeE L2 LND,

Fig.4.32 % case2(foscD/U=0.12) ® cylinder A(rear)!C 3 % FEEFANTFER CTH 2, f..
2f,, 3f & A, D& AT — 7 BENT, f & 20, DRI & A U TR T & %,
3, & A DI ER T OO THIC L2 b D7ZeEZ LN,

XL, HFFFEICB I 2BENREIIU T X 3 ek b, ZIcBd 2 ZRI1T7EE
fEkr o & 2 A TS 5,

Table 4.4 Hydrodynamic force results of CFD and experiment on forced oscillation case

foscD/U | cylinder | Cdamp | foscD/U | cylinder | Cdamp
B 0.023669 B -0.01744
C 0.039754 C 0.081882
0.12 0.16
A -0.05036 A -0.05996
D -0.01628 D 0.072802
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432 AIERICOWT

TOMRIEZENZ A case2 & cased D z2 BEWIHICOVPEME LR L T 5, EEDZNIC
< @B O MERIER L7 2 2 3b b5, ZAFIRENC X 0 RFER 232D 5 2 & AR
K7zeFEz2bb, 2L T, cross A2 HDOWMNHBME S Z LIk Y, &TFHED OB
NPT o722 & HERTE B,

X HIC Fig.4.34 & Fig.4.35 o<, MRAME2ME 21X b, B » bR
WOIMFEDHITT L VBT L BB TE 2, £ LT, Fig.d.35 225, y TN FIEHLED T
ECWB T enibhd, TN 7T — XD FHROWMIERM T, ERELEL Tz b
TH b,
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Figure 4.34 Time-averaged Vz on z2 section from case2.
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Figure 4.35 Time-averaged Vz on z2 section from case4.
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Fig.4.36 & Fig.4.37 (3MFEDS y OIEHANC A TRAREICE L TO R0 w e &
2TH 5,
TODRE b IT, BIFTEED S S NEBAET I B DR TE B,

Figure 4.36 Vorticity on z2 section from case 2 (fosc*t =5.0112).

Figure 4.37 Vorticity on z2 section from case 4 (fosc*t =3.9936).
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Fig.4.38 & Fig.4.39 DSHID 2 DRICHIET R ENLETH 5, WBFEET 5 L 2 AI1FE
HNOENE ZAHLERTE S, 2 LT, MJ7& 1T cylinderA @ & T AIC cylinderB iIcD 7
D3RRI 3 B2, 2T cylinder B 2> B S -0 i 2Bl L 72226 & & 2
b,

-5.0e-02

Figure 4.38 Pressure on z2 section from case 2 (fosc*t =5.0112).
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Figure 4.39 Pressure on z2 section from case 4 (fosc*t =3.9936).
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4.3.3 FEAKFEEIZ DN T

[ 1Tt~ T, Fig.4.40 13FEKFEAER L T wic B 2 2 0, FIEZEE L <TFE
B> T, SUKTEIR D > T 2525 Th 5, EERDIKTIRDIEKR L 72 D X FIFEMRE) L
ThY, AMREIDPRELS o0 bTH 2., £ LT, Fig.ddl 295 L 725K 03 i 23
STW3DIR1AMHDOF—Z LMo TnAanrsTHs, LT, Figdddicknc, #%
TR b DA T 5 2 & DR T & 72,

Z LT, Figd4l » 50y HFIANPFHEERH T 5 2 L b AR T 72, & O3

23 Table4.4 @ 0.16 @ cylinder C & D 23 UM %7K L. cylinder B & A 23[A] UftH[A % 78
LBl FEz b5,

ge X
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Figure 4.40 Time-averaged Ux on z2 section from case2.
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Figure 4.41 Time-averaged Ux on z2 section from case4.
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434 ImEFTNIZDONT

Fig.4.42 & Fig4.43 Iz nZh y OEFAEED RAD & ZICHIEMEIC B T 2 W5
ZRL TS, HiAEOEMNCHEICHTRlMATETCwi 2 e rbr b, LT, 20
WIT i< 35\ CL Uil 2 b 023 S £ ) FIRETHEICEE L T wnwZ L h T 52, 2hid
WERE N & LBRFICED 2 2L T, WA EZFEL T nC L AHKRE &
EzZobd, Z LT BITICECTRATHME? b 0% Z T ERREEZREL T3,
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Figure 4.43 Vorticity on x9 section from case 2 (fosc*t =5.0112).
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Fig.4.44 & Fig.4.45 1% case4 IZH W T, ZNE NS HRK y IES A TOMEEZ 5L &
ICHIBRMFIC BT 3BEALERL TWw3B, case2 LR U L 5 i, BT TIEFMAEICEITS 54l
AN 5 DI L, 27 TIRELIL TV 2 A8 & 7z,
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Figure 4.45 Vorticity on x9 section from case 4 (fosc*t =3.9936).
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Fig. 4.46 2> 5. Fig. 4.49 ¥ TIXZ N Z N case2, cased DD D y IEJT AN HEL %
HLCTw 3 LHESEORIEEMEZ R L TWwa, TXTORICE VT, T2 0 & L
EOREREN TV, ZHiE Table 4.4 2SR L 2B DB/NI W & & —F L TWw3,
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Figure 4.46 Time-averaged Vorticity on x3 section from case 2
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Figure 4.47 Time-averaged Vorticity on x9 section from case 2
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Figure 4.48 Time-averaged Vorticity on x3 section from case6
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Figure 4.49 Time-averaged Vorticity on x9 section from case 6
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Fig.4.53 26, WiffMED S I N2l A MEIC Y725 2 e 83br b, 2N LY
S/D=3 OE5AETH /1 7 LM TEBEET 5 b b,

Figure 4.50 Velocity on z2 section from case 5 (fosc*t =0.8928).

vorticity Z

Figure 4.51 Velocity on z2 section from case 5 (fosc*t =0.8928).
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KM DEMICH =20, L DHFADPL I E W& E L, 22T, L2 bREED
BrHELEFET,

TRERB DA EIC T, HEEZMEMINICIRZ 2 BB 2 RE L R FETCnEE
L7ze MIRDEEN R EICIEDo TR AEZNE Lo T LD EHWTL
I, HIWRBICDE VY EEZ L L2220 TFE L, 72, RSB LETESME
NTWIEERELCTeY 27 POERE LT 7ZE), ZORFICEWTHEFRIALY L7,

TR B ORI, KR ICENTH o & b BHHELICARY £ L7z, VIM % CFD ©
HFBZF o Fo T oA, SEDELZFEVHBZ T, L TChbr )T JHE
LTWAaEWAEZLICREHOEED I WERA, HHEOFHICMEDITEFHE -
A2BRHYFE LD, FMREEDCTERDH o7 TCRERIVBEZONZEB-TEY T3,
ZLT, AP OHEATOEZ 0 [RIEEAZTEL [ELZTHLLEET] & WoLX VER
T Dz ESBONEICDVBHAELZVWEESTED 1,

RITFEH B o Bl AE I, PR & 2@ L T, B Y v —(SHEEOBEEP
FHERFEICBI L C B R W22 & F Lz, BFgELSb I, RGO 2 & VT
FEFE L, HBOVBRESITI0ET,

Gongalves [KiCiE, EEROREF & VIM B3 2 3kCHRZ K (v =T LT/t &%
L7zo Z LT, RS TOREMIC XL Y HrOWIE~DIESTEE £ L 72, HFESLUNC,
BHEZFo0, HROEF ZE T NZD LT, LAREV T Lz, RYPICHY LD
TXVET,

72, 5F 3 AICREOER T — 2 2w T 2720 0EE 21T 5 BRI, HRE o1
BX A, MES A, BRIALFHEMEBO KRB I AICKEBMGHIC R Y L, A
DPFT e EBZ Tz & ERFFHZER LA E Ao T2 & RY b £ L7,

e E ofbE O AR L /NHIFRRICH 2 FRIREBHERCR ) L, AEKR»OEL
ANeFx vy FVvEREE W Z R, TR D EPERREEEECTE X L7,

F UL 2 AL LCREE 2%k 200 X AL AE., SR, IHEIC D BHEE
Y FE L7, 2HMEZHXAH>TEC, NHK ROHAGEL 22025 72> o 72 FAITEHE D H
AKFETHDOE LD E Lz, LDICHEETYRZ T, & IR =E CHElik % /F -
T, HWHORHFAEICETEROCKRELEAEIGEERDL LN TEZ L,

¥, MREOREECTH 5. BHE. FH, WEE., WHE. S8, FHE i, &
BEOWFEAERICE W THHEEICAR Y T L2, L2 LEHL 3. 2 b oW -CuikiEH)
BEDRANL o TL 7230,

BRI, HPEEEHEN 52 T i FKRICO» S EHHR L B E T,
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Appendix F&HIHNHR Y N/S3—

BEINMIEEBRZ Y a2l —vavcE b X5ic, TTMENEEBHRKICOWTEET
%, EERCIIIIER AU C. FRICsin B D Wit cos DEMNEE5 2 5, HHE. K@%
Bz onrZRre T3,

y = Asin(wt) (a.1)

Z RIS L% & FRICEG 2 2 ZERINEE A RD b 5,
v = Awcos(wt) (a.2)
a = —Aw?sin(wt) (a.3)

T, mllRE Y a2 —v a v TR0 HERE X LMD, U & DIFEER
RITEET, HEEHRIC(@)DEMN 25 2 TR T W HETH 5, b 5 0 E23HEIcHD
MEEZE5 2Ty Ialb—va v 2ETHL, 2OHFEFEINENDORAY v 23D
DH, Ay v akBRip\ T ETAMEICE W TRIIRICHEOIEE %2 5 2 5 /7iE2 2,

OpenFOAM TN % FEHT 21cix, 3T _X—RL 7% 3 pisoFoam Y /L»¥—(OpenFOAM-
*#+¥applications¥solvers¥incompressible¥pisoFoam)% 2 v’ — L, Z D H1 D createFields.H 7 7 4
MACLUT @ X 5 IR 2 5a 3 5 o

volVectorField a
(

IOobject

(

n_n

a,
runTime.timeName(),
mesh,
[Oobject::READ_IF_PRESENT,
[Oobject::AUTO_WRITE
),
mesh
);
ZLC(@3)D L) IChEEZER L KE > Ty —RIHE L TNS HERIC AN S,
LoLl, R@)@2) @377, A v ot ZARESRAMELZINS, 2Nz BT 27
W, K@) THT VDL ZA%HIRT S,

A = A« min(currentTime, 1) (a.4)

ZZETIE, GBI WTHEE L NEEDORENT T T8, IELLFHETE S X o1k
RCOEEZRETIVERD D, INVA—HNTHERENEZBIET LR TEDLIR, £
L7z OWHEITRATE kb, 20z, groovyBC & w5 BREMGE% C++oEAXCTHE
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ICHETE 5 OpenFOAM [AIIJD 74 77 U %fii5 LIz,
BIEL 7y v N—REEo—B e L, Ao FEME IR 21T - 72,
Vg T A — X —DEFKEIL Table a.1 2857m L T 5,

Table a.1 Main parameter for the test of modified solver

Parameter Value Unit
fD/U 0.03
A/D 0.5
Time 240 S
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Fig.a.2 Time history of acceleration on y direction at left boundary
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