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NUMERICAL SIMULATION AND HYDRODYNAMIC
RESEARCH ON THE INTERACTION BETWEEN WAVES,
CURRENTS AND COLUMNAR CYLINDERS
CONSIDERING VISCOUS EFFECTS

ABSTRACT

With the development of offshore oil and gas resource exploration technology, the
application of columnar marine structures has become more and more widespread. When
such structures operate at sea, they are generally subjected to the combined wave and current
loads. During their interaction with waves and currents, there will be obvious wave run-up
and vortex shedding around them, resulting in that the structures may bear significant impact
loads. There exists hydrodynamic interference between the columns for multi-column
structures, which makes the wave-current-structure interaction more complicated. Therefore,
accurately predicting wave run-up and hydrodynamic performance of marine structures in
complex ocean environments is of great significance, and it also has great practical
engineering application value.

This thesis develops a three-dimensional numerical wave-current tank to study wave-
current-structure interaction problems, based on the numerical wave tank module in naoe-
FOAM-SJTU solver. As we know, the numerical dissipation problem exists under high
Reynolds number, high Froude number, and high sea conditions. To solve this problem
brought by turbulence model and wave dissipation, the original SST k-w model in
OpenFOAM is modified to buoyancy SST k- in the wave-current tank. A series of
numerical simulations are carried out and validated using this numerical wave-current tank
module, including the interaction between regular wave and cylinder, the interaction
between uniform current and cylinder, the interaction between wave-current and cylinder,
and hydrodynamic interference among multi-columns under combined wave-current

environments.
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Firstly, the governing equation solving algorithm, free surface capture method,
turbulence model, and numerical schemes used in the naoe-FOAM-SJTU solver are
introduced. The development of the three-dimensional numerical wave-current tank and
adjunction of the modified buoyancy SST k-w model are elaborated in detail. A series of
numerical simulations for the numerical wave-current tank and modified buoyancy
turbulence model are carried out, verifying the reliability and accuracy of the wave-current
tank and the modified buoyancy turbulence model.

Then, a series of benchmark simulations for predicting surface elevations and wave
loads have been carried out under wave-only and current-only cases. For wave-only cases,
the run-up value (R/4) and wave loads are presented and compared with the experimental
data provided by ITTC. The good agreements between numerical results and experimental
data illustrate the reliability of the present solver in dealing with wave-structure interaction
problems. The effects of wave steepness and wavelength on wave run-up and wave load are
analyzed systematically. Two classical wave scattering types formed in the propagation of
free surface and the formation mechanism of edge wave are discussed. For current-only
cases, the run-up values at different slices are in good agreement with data from model tests,
proving that the present solver can deal with the complex flow around a truncated cylinder
with the free surface.

The run-up and loads on a finite-length cylinder under the combined wave and current
in the same direction are simulated. The time history data and FFT analysis of the run-up
and loads are compared with wave-only and current-only cases. The downstream load and
lateral load on the cylinder are analyzed with the vortex structure around the cylinder,
explaining the reason for the change of the primary frequency of the lateral load. The effects
of Froude number and wave steepness parameters on the run-up and loads of the cylinder
under combined wave and current are discussed.

Finally, the hydrodynamic interference among multi-columns is numerically simulated.
Firstly, by comparing the wave run-up and wave loads with the experimental data, the
reliability of the present solver to calculate the interaction between the four cylinders and
waves is validated. Secondly, numerical simulations of flow past four cylinders with free
surface and free ends are carried out at different current speeds. The interference phenomena

such as the waveform of the free surface and the evolution of the vorticity field are compared
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and analyzed. Finally, the hydrodynamic loads and run-up on the four cylinders under the
combined wave and current are discussed. The influence of viscosity on wave surface
distribution during wave run-up and the near trapping phenomenon between the four
cylinders is discussed. The time domain and frequency domain characteristics of fluid loads
under the combined wave and uniform current with different Froude numbers are also

discussed.

In summary, based on the numerical wave-current tank, this thesis has carried out
several studies on the interaction between wave-current environment and columnar
structures. The numerical simulations and comparative analysis are verified by comparing
with model test data, which demonstrates the effectiveness and reliability of the present

solver in dealing with wave-current-structure interaction.

Keywords: Numerical wave-current tank, wave-current-structure interaction, wave run-up,

hydrodynamic performance, naoe-FOAM-SJTU solver
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PRAC I A SRt 1) FUEAT T BUE B S I00E, S50 45 R A CFDShip-lowa 3K fif ds
TR BB A R AT 1 VR b o A [F)AL B B T A T e S5 A R e ) & R 1T,
RHIE 1 AR SO B SR AR s AE T 75 P T 0 BR A 54T A2 2 SR 1)l i Rt

BT PR ST, A IR A B LR i 7] A0 3B 454 T #5270 g i TE T it
1T 7 BAEARRA . RFEE 7 AERR AR AL BRI S AR IR 152 73 AN T e TR I
s MG A, o3 B 1 BT P 52 2 RO IBTIAC 1) 28 Ay AT e 2y, PRORE 17 6 1 2y 000
AAC IR R, RSt o B 1 Bk A A E R B A R AT i, RS TR
F S VAL T 46 A AR AN 20 SR 000 T R (AT 3 A T B RS AL, I L3R TR MR S AL b4
K LOUE N & B, PRI T i B BRI I B 2 Honh i it ik & AR R (38 i TE T+
i Pk edibE- AR

P ZPAUKMAETR, X 2 KB A TR AT 18U, 1 a5 IS 4R
e DL, WX PSS BAE K 32 IR BGRIE T, Sk S EREAT LU, Bk 1 SR AR &%
THEL VYT BT 5 W IR AR LA F R mf PEA T SEdE, b 1 AR AL B 32 0L BaRIE T
AN B, 3R 7 IR Z R AR BT o LK, Xt DY B 7 AN [R] 33 5 1 25 20 5K
TN SR T PUHEAT 1 BB, JFXH R AL 2 18] ) B T T B A S I R
17790 W e a8 17 BRERE 1S O T DUAL 52 71 5Tt SR 7 BRI T i
TRICT 3o 2 oS 14 X5 95 T A 52, LR DUAN AL 2 () KB 0 F 0B, DY [ A
FERRIUNE 5 AN R T (R 7 e SRS RF A o
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1.6 AXHEEFH R

AR R TR EAH [ FHF &) naoe-FOAM-SITU SRAESE, 78 BB IR K

AR b ST T SRR, X | I SR AT IR G5 A W R AR EL A 1) R kAT
T —RIVBON R G BAERA,, B SCHIQIHT RURBLAE LS =7 1 -

1.

BT U 1Y) naoe-FOAM-SITU K5 T K T JIMEIE SST k-0 B, O 1 /57
VERL R DRI BE T i VAR R A P AR ] D R S A e R
FE R, SEEL TR T B R A I BB AR, .

IS A SR R SR AR AR B, SBT3 BE T 00 S OB (1 SR [B A e YR TE T
R R R RN T 0 A [ A SR I A A 2 AR TR ) A AR
AR T H TS E SUER T, R T RRBCEE R R, AR B eh R s A
TR IR G R LEE,  DLR B A 1) AT KR TR 77 0128 1 5 1 A

ISR AR SO TE R (SR g A, B 50 T DU KRS58 (1 7K 3 1 T4t i IR e T+ (i g2 i,
RIVRFE TOL T I TR 87 T BB 1EH T 24 A BT,
AR AR ) E ity X A 3 R0 O TR 37 AL
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FEE MM RERRKEERF L

AN A8 S SR A A AN T R 4 Navier-Stokes (N-S) 7 2t AT BUE A . 7E
EIZH H PR 1) CFD SRE2S naoe-FOAM-SITU [J3EaE I, £F5ti. Wi 459
HAERH R, FER 7 =48 B, 5l T 2T B IE RS e A, H
DABH 72 52 2 B A VR A S5 i) /K B 1R PE R R o AR 55 15 Je TR N1 T BUE T
EEAT I, A3 N-S 78, BHI 7R EE. B IR % BIREA, iy
PSP IR 5 KA EAE AR . Houk, 0 A SR AR 2% o I BB R IR K g AT 17 ] 2
e, FERLERAR b, 0 =GR KA H R T R R R AR A () Gk AT T VR AR 4
55, TR B = 4E P UK BT 3 AT T SR 58k

2.1 B{ES®

2.1.1 #MER A BF R
HUE A, AR TR AR & P AS AT IS R N-S J7 2

V-U=0 2-1)

opU
LAV (U =Vp, ~g XV + V- (1, VU + (VU Vit + [, 4/, (22)

Hrp: UREHE A IR ITCEE . pa = p-pgx NENETT, p NPT
WA EGE TRINBUE L, g NEITINEEFI R o per = p(riv) R B BN TR, v &
NBBEIRGRL, v BRI RERE . £ e T AU I

2.1.2 BEHELESZE

TAEEFE (Volume of Fluid, VOF) =& H Hi & T4 FRAKARVE ) CFD #AF sk i
PR AFTAL 0] SN FH B N ) 2 I V22— o 1% VR B el A T o 8 5 AR AR AR ) B
o KRG — M B RARLETHE IR 040, Ko o BUEVEFEITE 0 2] 1 2 [0, 0 fRFNSE,
1 AR AR, AT 0 ) 1 2[RRI H BT . PRI, @k iR 5 3 o 4 P AR
WRG— IR, o A 3 250 v 3@ SRR Ok AR, v S 1R
A P FORG FE AT LS A <
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{p =ap +(1-a)p, 23)

u=au+(1-a)p,
Horb, o 0 p, 3 R IRIKAI S SR BE BE R g, WU A ZKOR 2 SR 2
SKH VOF J7ES A2 B EH 1 ) 51 AS H0L r il 380 1) e Ay D B ) Il R A R 43 B ) <
TEVE, XTI AR TR B LR AR, WK A S EL 2008 1000, XFMEH T, —4
BUNPARRA B E R ZE e S EBUR KINYIEE S0 o [RIIHARRR 5 207 B e h 22
RARFIZR TR 77, B HIEE IR EERE BAHSS, — MRS oL, PRIt i A o2 [a] i) 5 i
IRIE JUZEMED , FF Hak5 85 500 WS 1) 40 HF 2R UK . AR A OpenFOAM
SO AT A N TR HOR B VOF J7iE R HE H BT ZI7E 5N T —ANEAk 0t
TRIT, AT ] LS AL RS 40 B ST o X P N T 4 £ R 7 V5 6 23 SRR R AR AR 4
iz 77 12 5 N
oa
57+V(Uﬂ)=o (2-4)
o(l-a)
ot
Horb IR g NAR 3 BIARGRK AN S S B AR 23 A FE T 1 | T ) 38 A0 R 5 AR AR
SR E LI DTk, A BRI A R0E R 3 n] DURAE D -

+V-[U,(1-a)]=0 (2-5)

U=aU +(1-a)U, (2-6)
M A (2-6) ATUAE BT 51!
0
a—‘j+v-(Ua)+v-[U,a(1—a)]=o (2-7)

KU, =U,-U, WXL, & Oy “ AL o 2 3 S 800 AUE = Aol 5
HH 7 T ALk )38 368 R SR

U,,=n, min{Ca %,max {%}} (2-8)

Hrf, MR fRoSHR T ERYEE, ¢RMEE, S, RN AITHkEFE, S,
RS T BRI s AR, C, 2 548 R4, n RAEF I B AL i, ol A it
P Pox A% T AR R J3008 P 3K A -

(Va)f .
kVa)f+@J

n, =

’ S (2-9)
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Horpr o, e Ae e R RAL MRS HIANEINE, € Lanh -

&
7 (2-10)

§=—
N
D
i=1

Hrb NSRBI R, ¢ NS H, KREIx107 . XA ERE T 7R fa] 5.3
HAT RAF I w] S PR ARG E 1

W B ES, WA RN A N DIE4E0i VOF faia ike, [FIRF, A LR 4E50
AL B FH TV Bl AT P 5 322 8 T PR 0T AR S U AN 52 52, T DU 288 ) (B FE A
MTTAS 575 209 1 3 e K T 25 R F v B B e i 25 kg =X H AT OpenFOAM AN [
RATRRAS A S H AN S 384T 1 — R B VOF J5ik el TAE, PR close B ) L
%‘%I}aiﬁqﬁ[lﬂ—lﬁ]o

eI (23 (2-2) ) FRRIE KA £ 2K T AL A BUNE 7]
PR B, HAARILEAT:

J, =0V a (2-11)
Horb o R EHIETF P, BT R RE RS
Va

A 2-11) Wk kg7 NG T RIKENE =M RS, X HERHK
AREECN 6 =0.0734kg / 57 o

2.1.3 AR R

H mr v & 2 R B TR EE A =M BEEBUEBENTTE

(Direct Numerical Simulation, DNS) \ K& 541l 77 7% (Large Eddy Simulation, LES) .

P EEA L7 (Reynold-Averaged Navier-Stokes, RANS) o = F [/ FEE [X 45
FrREst 2 BRI IR R BE, DNS ik x i sh &6 77 1% B k47 BUE R g, A
(TR e VAR R D 18 P S AN LA A PR PR B 1: s o = 5% N (9= TP = IR RN S S
TR & i sl . LES J7 vl 2% (B ROBE AT KN RBE i i o, KR
(R AT L BRI A i vt S, /N ROBE AR U & A A R R 3 . KA LES 77
AT EUE TR, B Re Bk S, ONMENTRELIIR SN I R RS R, TS
F) 25 B A 3G o ARG AN 5 e TR sh R 2 . AR . s IaE el LR
FEREERE /i, A RS F 2R A RANS J7 A7 BUE A, s Yk £ SST ko
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A, e THRUE k- B SST (Shear Stress Transport) k- TR 2E & T AR HE k-
PRt k- BB 5, & OpenFOAM H B H oA 32 B i 2 . Menter!! 74142 Hi 1)
SST k-o BERIAEIL FE WK koo AL, AR S E AN X385 3 B sh X 8eR
P k-e B8, JEIE VR A BREC (Blending function) ¥ —FH&h &, FaFIH T & M
R JEA A G T R S TR SRR )P 7 R i A R IR N AR

%+V-(Uk) =G-Bko+V-[(v+ay,)Vk]

or (2-13)

%—?+V-(Ua))=}/S2—,Bcoz+V~[(v+awV[)Va)]+(l—F])CD

ko
Hr, kMo R AL BEAFERCR . FOVRE AL i ek 80 DL Bl I e
T A0 R AR AE k-0 B, T AEIZE B DR DX IR T e TR

Kb T 55 A B T PR 3L 1) B BB AU S B o 3 T 5= N DR Bl 20 R PR
JZ ARRAECRE, WA 2-1 fos. ERVER RS T, TR R I EE Ut
A 204 Tyt R AR OC AR

Ut=y' (2-14)
ENMBRZRT, Uy B ERMEELMEL K.
1 +
U= n(&) (2-15)

K

Hef, U =U/lus y =yu lviu, =,/ p NRENBIYIERE; « RURITHEG 1,0
WA L B B

20 5 P B SRR 75 3 S O T 5L ) — 2 A 6 FEAE R PRS2 2 19 o el T
PEJR AR, 33 R LR TE DL 0 I b B T OB B »* <1, B 2 X S 3
TR BRI, KRR R R S VR SRR B, M T A TR
{2 R P BT B 8, BT 56— J2 MG B BCR 2, X RF 30 < % <300, Mk
PRV . IR, S A PR T R TR R T S R v, R TR T
BCGEE . [RIL, BRI B MR YZ SR 4 A CFD B ek, Akt
S T MR LSRR 1 7 5K
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¥y

viscous sublaver | buffer layer log-law region
inner laver | outer layer

E2-1 AR E RN E & RIS

Fig.2-1 Diagram of velocity distribution in boundary layer!!’>!

BeAh, @I 2-1 ATPURBUVE IR RIAEAE, AR A, AN 2 2 B X AL
%%,&ﬁ*A*%Txmﬁi%#LL DX N s At . AL, 5 P BE i e 4K
) R A R R 2 B U BRI 2-1 i 2% i 2 L U L SE 2L A

K BE T PR ROV, — RCR BETHT 28— 2 1 A BT X AUR 302 DN Dyl BE T (13
A BRI R LR L ARG, Q0 A WA Bl X — X, 2 oK BB R 1Y
W Bk, NERUETFSEASE, 75 OpenFOAM 1, I IEY)IH 25— 2 W K i 3
R v, RS o BRI 13 9 R RS J2 A B2 o 8] 5052 — Nl FHE, 41 2-1 P
Hisk, eI S Bt

V= (2-16)

Hr, ©=041, E=9.81. AJLRIFIGFE N y* =11.53 . MRS KRGV EK
AW

y' =p

SRARE T LA FHE X 73 2 Wit 3h XA it 3h X3, A2 R X A S RGN 2
T A2 Jm i i 3 DX 38 i SR EE v, 3l T S ORAS

2-17)

s A
14



AT I R AL S B ORGP EUE B IR KRR R
y'k
= ~1.0 2-18
v, V[mﬂbﬁ } (2-18)
2.1.4 FHIFEER

OpenFOAM X H B FR1AFH7E (Finite Volume Method, FVM) X%l 7 #2481 VOF
Ji AT B HE TR B IR R RS SR IT R Oy, BT o b AR N S
Tﬁ@ﬂhﬁﬁﬁ%%ﬁ%ﬁﬁhﬁ%ﬁ*ﬁ%ﬁTMHﬁim%%ﬁOmﬂ@wl
et 7T 2 MEEE A, A SO N B HCR FHES SN Buler #3026 R T R
TR Fl w7 VanLeer PR e84 %5 () vanLeer #%30, &5 FEH B3 BOTCR H 0 2 70 4 X
(Cental Difference Scheme, CDS) ZRFFH%Hill 410 F i _F S E{E . X OpenFOAM H1
3 RE R HH P 34 ] LLZ 2 RO 76,

2.1.5 BREREEIER

FE SR AR R, PORIEH 5K —FER .. SR S5/KRMEERTE
{ Doppler BN, BUIRRET AR, mks, W K AN, bR, K
UEAEARIRAFLER, X T I IR A A e 8 7 2235 FE L . 10 KR N U, B
KA L, BRHEKER, WERREU MAET, K LREEU, BN

5:—U+O+4gﬁ“] (2-19)
.§:Zﬂ+a+4gqu (2-20)
0 w

HFE (2-19) Al (2-20) W51, M/KMSEIRE R, FEBK, BEMEBK,
R LN N
TR EECN U, WEIEA A, RS RESRKIEOL, WERE U, AL
T, WiE AZEN:
A_ 2 (2-21)

A4, U, U, unqn U, unqn
1+4—<+(1+4—*< 1+(1+4—<
[ U ( U)][ ( U)]

w w w

DR Lk 24 0 T B IS, B 2 Tl /) o 2% 1T 90 0 ) /) i 2 9 A 5 9 T F 486 2
LRV R AR, T2 WA I A I, J52 Rl PR/ s S i/ o
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2.1.6 FR AR R
P KR WO AR U,y AR U Z M, A S5RVILE R T BT 2 13
WiII Col C o BT LN P 3T 70 2 R, — 0 70 R 4RI, oy — T 20 DUk B 4K
A T X A VIR g AN AR T TINBCT- 21 T 45 BB A I T I BGR AT, i a3 (2-22)
A (2-23) Fin:
ity TC U C, KC +C,KCa C,, +C,V,a
u,+U, KC +KC.«a 1+V,a

D

(2-22)

c =Gt *C Ui CWKC, +CyKCa _ Cyy+ Curt
. u,+U, KC, +KCa 1+V,a

Horb o INBURE DL R OR TN - BORAE RIS T I L, Cpy A1 Coe H1 KCy
M Rey, WE, AR w RoRAEPE; Cun M Crie BT Re WE, TR ¢ RoR4LHR .

(2-23)

2.2 BUERR K ARR T &

FEBUE BRI, EANG RERE I, SR A S 2 B 225 R8I I AN R N
ANEEDNRERI KB P AT T =Rb: JRIUE B DGR AR I 3G L A
N T IE B BT A LA 2 PHE T e X . REBURMEE 5S4 S00T
IR I 5 A 7 T R A B 3& BT VR AN N FA 3G £ 3k Al B3 EAT i
5 CER A, T RO LI AR R e IX I HHR DG s AU E K A B
Ak T e P R I 18] A AR A D0, 45 R R VR AR A 4R X A K b 1 ST o

2.2.1 BUERRRR

SKAARS T N3 SR I ) BB I I T S SR A 10, dd e SR AR T T AR, T R
13 BB IR WAL 3R DL IR 5 240 T NN D G AR T o, 2 O i
FHR&E R T73%, (B2 23 BRI HUE AR A DL A B VR 22 o 30 FRAT 38 1 R 1542 1 Bk
R e X R ARAETH S8 N 5T Sy, AR a8 X A 9N s T 22 KSR gl - 5
W HET, KRS HRTDLSEIURNGE . AN ST DA SR £ 55 22 Fh 2 T
TREA AR
(1) A

TERARASH, Stokes —FMARIC N stokesFirst, HEIE 814 /NIRRT L 9w 5127
RS, FERIEN T (B=0°) , Zi% Stokes I M3 1 772
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n=acos(kx—awt+9) (2-24)

TR B 7K P T SR BT D -
_agk coshk(z+h)
@  coshkh
coshk(z+h)
sinh kh
_7H coshk(z+h)
T sinh kh
_agk sinhk(z+h)
®  coshkh
coshk(z+h)
sinh kh
_ 7H coshk(z+h)
T sinh kh

cos(kx — wt +0)

cos(kx —awt + 9) (2-25)

cos(kx —awt + 9)

sin(kx — wt + 0)
cos(kx —wt +0) (2-26)

cos(kx —awt +0)

PR AU R 58 «

 porat H coshk(z+h)
P=—pgz+tpg— > —o Wi
op H coshk(z+h) .

— =——pghk—————=sin(kx — ot 2-28
on 2 re cosh kh sin(r — o) ( )

Hr H = 2a Xonlims TN h KE;: o ZRBEIREZE; kR § #ow
FHOL; PRI ORI IR IR N
@” = gk tanh(kh) (2-29)

cos(kx — o) (2-27)

(2)  BFEANHI g
FH B ) AN KD 9 ) 2L ol e B AR TR) AR 4 ), DRLe L B el T 2R 08 AT A
KRN

¢ = Zé’Ai cos(kx—a,t+@,) (2-30)
i=1

Con kin i fh BIFOREBA IO SR B, HA, SRR

P-M i . JONSWAP i,
(3) PR
PRSP e FA B — YR R, R T SRS IRAL 1K 77 32 3y, A5 R INAL 3 1
R LS SR . AT I P 386 1D 75 2 DA R KSR A A8 Bl A -
n = Hsech® {k[(ct—(x—x,))]} (2-31)

32 W



Entis 5 PN o 2 VATLS'S R RVERMERGRUK BRI K

H
"aarVst

[2d’ +d’H +12dHz + 6 Hz* +(2d” —d’ H — 6dHz —3Hz" ) cosh[, /?;{;I(ct—(x—xo))]] (2-32)

coshﬂ\/iﬁi (ct—(x—x,))]

H 3\1.5 . 3_H _ _ .
w_@@(md) (d+72) tanh{ /4d3(ct (x xo))}

[2d° = 7d*H +10dHz + SH* +(2d° +d*H — 2dHz — Hz*)cosh[ /36{—[;](01‘ A

cosh [\/ S (ct = (x—x,))]

He: k=\3H/4d*, c=glh+d)-
(4) R

W T — R, B R R . P B s AR IR R A5y A, I
A TUIE H A R AR PRI R I AR . R AN AR AL A, A
PRAE T 5B I ) FIHE € 0 B 28 £E, TR RN . R AN T

n(x,t)=Zan cos(kn (x—xf)—a)n (t—tf)) (2-34)

Ho x NRENE, (NRENZ] T HHRREER B R AR, SRR
AEYSE
4.5 (w)Ao,

—_¢ca ny /" n 2_35
") S, (Ao, (233

Hir s, (o) NEERWE, Ao, WIIRIEE, A, NEMERIE, HWTARXER:

A, =2m,In(N) (2-36)

For N YA BRI, mo JyBEE TS B FHY L)

222 BRBKEIERER
1E naoe-FOAM-SITU KRAARZS T, TR KK H 25 FEIR AR 17 1 A 2 Xt R

n=acos(k-x-awt+9) (2-37)

Hrb o, RoRIE BN
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®,=w+Ujkcosf (2-38)
B(deg)RRPIRMERE 717, B = 0°FKRIRIEN: B =90°K/RHIRIGI; Uy Row
YRR RT IR . ERKFE , BN RE T AR aT dE g o, BRI SR %
TR, R T IRIREIINER, BRI R AR TE IR T, WA B R TR &5
W n) A IR AR EAE IS L. BRI B SRR BI2 Bl TR A TR A% 45 7 1) 1 2
Ao
RN TR BIR SR AR BEAER, TEHITR — MR RBCAEH B, Hit
HIIRE MG IER, AL EMARKRTHEE . B EA REBETE AR (2-38)
WA 0, = o . IXFEF B B IR B ARy 5 8 @M 2 J00¢, nT LU Tk e i 1

K 2-2 Jeerr 1 = 4ESUE SR AR IR R 1 AR SR . = AR S K il i N 30 5 s
BLBGRACRIL AN, Hoxt TR T, R SIRGTEEN LA 5 X T HuEiE
B, B R, i B R A A\ S S A 2 B T RE, RTSK

BRI 5 5 AR 387 O BB AL, A 1~5 B i B FEse Brip . JONSWAP 1 AT P-M
WEAE AN B IRSLE . SRARPAF BRI, AT AT LA SEELBIR A AL RS & 28

PR
femiE

"”””””’ﬂf ””””””””””””””””””””” }
;| |
| + Y |
e . | Ao !
gL ' CRAPR B W 1
! N i !
T I £ w
! HfR A |
‘ Btk |
|| & f !
! & [ \ !
B ks Bl R

/JIL |
W I
1% | :
N ST ARSI
e f —t !
g | | [P | |
o Stokes | | Stokes | | Stokes Sy = e !
} R E SRR N e
|

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

F2-2 HAR IR K AR AR R & B

Fig.2-2 Framework of the numerical wave-current tank module
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223 BHMEHEER
TER A, BAVEBUE KM DR E — NG ZE, DUH R H A B IR T
THES N EUE T B2 . 145 22 7 N-S 5 FE A s IR s B i, IR I R
NN
ﬂm:—ﬂw%%ﬁU%%)%ﬁEw
0 ENAEE
i, xRV X PRI E, L2 XK, a 25 P R N TR R
o BRAVEHBEX AT FEFREIN T — NS HERE Uy, RIS HE R E R NN
THRE, XA ] DUORUEEE AN TS 88 PN 1) o B AEL

(2-39)

224 BT R HEENRRER

S5 VR R AL P I8 YR A 3 )L, i AR B ) 5 N S AR E 1 E T PR A7 B K
VURERE, A A5 IR 7 A 7™ O U 1) . o Tl R o) B, 2 AN R TR R
BB, —BCR A Z M BEAT T, AR VR I DR A I o (R T K BE Bl
AFAE R T, T 75 R s AR R 2R B o O 2 R shid AT ik, R
WO G W AR AT AZ IR, AT R A& T e &1 FH Bim s IR A . 4%
Tk, X AURG P I K 1 1) AR AT TR L o AT

S WA R AR 2 SR L, T B sors S B R R E B B L f b i
FFAEHE 1L KT8 B % UL OpenFOAM [ JE 4 SST k-co R A, 4776 B A ) 8 -
— IR JE UG SST k-0 EIUTE N 1) TR AL RIS B T B AR Y, 35 07 R R AL 15 B
Tl fEFARA, B H T T B R AR, R RO A SR R . 2
SFFWAHIIN S, R0 RS T 5] N T &R B AU 5 5 % 5, JE%
A58 H T AR, R R 5] N5 R AR T T

FRAFAEIPA ) 2 T B IRAERE I FE T, SST k-0 A S8 45 3 IR P (1 3t U
KEEEZET I, st EE R, BT A ab . PLRIIR T X N AMLE, #6
S IR FOR I m R . Rk, FEEAE OpenFOAM H 5] NMEIEJS 1) SST k- £
B, AR IEBR A T ) BRI R . 0, TE SSTh-o BRI G| NB RS p, DAFJE
FAE B B A Bl K, ETRIRBIEE k TR 5l N2 8% BRI 118 IE
T, ZiEIEJG 1) SST k- it AR AL (3% 7 F2 U0 B 781790,
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opu .k
apk , dpuk _ &

V4oV, P +G, wk 2-40
o o, &fm k),]p N e
opu.mw
8pa)+p_]_i[p(v+o_ Vt)_]_ pG pPo’ +2(1- F)p % ﬁ@_a) (2-41)
ot Ox; Ox, @ Ox; Ox,
G, =-L P, (2-42)
o, O,

Hrr, Gy RIFIIT, 0,=0.85 F—HH, HAHK/DRE TEACKITE DR, 7771500
SN2 e T PR A AR ) it AR L, 56 152 [ %85 R PR A O ) DX 338 ) it i B
T2, M SEBL T E R AR (B IR A AW e s Bl 6 i, 3 B FEE T
HEH /W7 mAEAHE, AT B0 R T 0, 35T IR4E1 SST k-o sy,
- AN R

Bl 2-3 J&7R 1 51 NF 74 T T (i ASE 2 i H0OE U3t 7K TS e 1 oK A it 72 -

(1D BE I E LR KA FIYIGE KA

(2) Kf# VOF J7#%;

(3)  FEHria s % FEAURL L

(4) I BB E 7SR AR AL FE 3

(5) SRR THI 5 0 R 18 s

(6)  SRMIE 177 R I AR YE 75 Bt DAL 5t 2% A5

(7). BIEHH T EREE,
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Fig.2-3 Flowchart for flow solver algorithm for the numerical wave-current tank module
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Table 2-1 Test conditions

BRI s Peb LI
(s) (m) (m/s)

Th1 1.0 0.0234  0.0536
THt2 1.0 0.002 0.0463 0.08

B 2-4 B 4 EUE PR K B R 2 B, KK 7.5m, & 0.6m, 7K
R 03m, FAFAHEN03me BUEKMA M AR A, AMEER 1.5 m B9
PEIX, FHRAHCTH A B IR I B, THEIR TS 1 8 B R N AR A, TR
SR E AT IR 2 . ERREIGEPIA S 2.0m. 2.5m, 3.0m. 3.5m 1 4.0m
bV B IR A

ARATERE H AR IR S BONB S H=0.0234m, A T=1s, K L=158
m, F|H OpenFOAM RUEHIHRAL: blockMesh £ AL, FHxt (1 F T B30 i R0 A%
TN, ARAE AT AR A BN KL, KCE T A AN K A A B 80 A
PR, — AN A E 20 ARG, Wil 2-5 BoR. TFEEEIE KN 0.001s.
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Fig.2-4 Schematic of the computational domain of the numerical wave tank
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Fig.2-5 The computational mesh during the numerical simulations
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Fig.2-6 Comparison of simulated and measured surface profile in wave only condition
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Fig.2-7 Comparison of simulated and measured surface profile in wave-current condition
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Fig.2-8 Time histories of surface elevation at each wave gauge for different turbulent models

K 2-9 73 e 1 AN PRI IR GG SST k- BEBURTEFE JIE IE SST k-0 FRLH
ik B, BRI BAE SR /B IE SST k-« 17 B b T A ) R S5 EL
J45 SST k-0 BATUAR T IS, JLTF N 00 X T IBEBCRIIBAR, B Hi AL 8
TURSRERS 2880, T BUEBA A R AR, ] 2-8 Fra, XA R L 4

#4171



RS PN VRS 5 E R VESMERLRUK BRI K

4
e

N, e 3 PR IR T Uk ) 2R R o SR JIMB 1 SST k-0 B RLIF A H LW S ) SR
TR, I MEIESUELS H AL R RUR L 0, AR AL B R R R
PR QHEATRREAEL, AT AT AGRE G SRR DL (R 9RVIR Hh E™ B (R T

Turbulent kinematic viscosity (m?/s)
0.00 1.25e-4 2.50e-4 3.75e-4 5.00e-4

— s —

(a) /245 SST k- 2!

Turbulent kinematic viscosity (m?/s)
0.00 1.25e-4 2.50e-4 3.75e-4 5.00e-4

— s —

(b) /11 £ SST k- A

E2-9 5K B R i AR A 6 i R Bk L &

Fig.2-9 Contour plot of the turbulent kinematic viscosity vt (m?/s) for different turbulent models
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Fig.2-10 Contour plot of the turbulent kinetic energy & (J) for different turbulent models
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3.0 HEITAFMBEERERDR

3.1 HETITR
PRGN FE BT R AE (1 I TR U 5 - T 52 45 M W) S BRI IR S 05 i o AR A 49 4>
B, AT DU BIRIE T 51 BE 52 SN BAT TUAN Y BE 2 50 of 30
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Hr, RAPIRICTH S p N B ¢ NEITIERE; whal ikt ok s
SARFTHRETE ;. A NBIRIEE: TRBEIRBE: LMK Uy, Ji0g AR i hnik
FEs b AR d NSSIEK R, X BAREA RS D, BIRIEH & 5L LA T EN
e CEPN
R/ A= f(ka,kA,KC,Re, Fr,kh,We)
Hrb, RJAJIPIRIC T AN &1 s ka = 2n/LNIRIREUN S8 kA = 2ma/L = tH/L N
BBESH: KC = mA/d N KC ¥ Re = 2pUy,d /uNTE WG Fr = U,/ 2gd Wl
s kh = 2rnh/LAKMKIZEG We = U,/ 2gd /o N5
AR B 3k B — ST [ R A SR 9006 G R AT R T 35 [ A 1 9 TR TE T R 9 TR AR A
AL, R EAAN 16 m, WZ2/KA24m, BEKREIREkh > 1, X5 HRIRE
RUSIANKT I T IE 3 T4, PR YR E s AN B e/ P 2R o S B = AN AN (3
W T=7s CGE) , 9s (i) F115s (K IR IR AIF 55 0 000 N 555 380 [
JE BB s, RN IR R T = AN NI BE R 284k H/IL=1/30 (/NEBE) , H/IL=
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Table 3-1 Test conditions of the interaction between regular waves and fixed cylinder

BRI BBE UGS P D/L KC#
T(s) H/L L (m) H (m)

T 1 7 1/30 76.44 2.548 0.209 0.500
T2 7 1/16 76.44 4.777 0.209 0.938
TH3 7 1/10 76.44 7.644 0.209 1.501
TH 4 9 1/30 126.36 4212 0.127 0.827
TS 9 1/16 126.36 7.898 0.127 1.551
TH6 9 1/10 126.36 12.636 0.127 2.481
THL7 15 1/30 351.00 11.700 0.046 2.297
T 8 15 1/16 351.00 21.938 0.046 4.307
T 9 15 1/10 351.00 35.100 0.046 6.892

FERAE A 10 M E R BRI A B K 3-1 ffisx, WPB (inner circle)
TR WG [BAE RIS E, WPO (outer circle) o nih g BA: O —DNEAKALE,
F 32 45T H AL E, ARV R ED AN IR 2 43 A AT AR R BE B [ 0 D2 R D
NG A (R v B o R AUM IR e AR v B S v SR e B

k3-2 BBz E

Table 3-2 Location of each wave gauge

EREE XA Y RiAsAR mEEEE XEAsbR Y Rl

W 5 x (m) ¥ (m) DU A x (m) Y (m)
WPBI -8.2063 0 WPOI -16.0 0
WPB2 -5.8027 -5.8027 WPO2 -11.3137 -11.3137
WPB3 0 -8.2063 WPO3 0 16.0
WPB4 5.8027 -5.8027 WPO4 113137 11.3137
WPB5 8.2063 0 WPO5 16.0 0
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Fig.3-1 Location of each wave gauge
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Fig.3-2 Computational domain
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Fig.3-3 Computational mesh of cylinder and free surface
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Fig.3-4 Wave propagation in the numerical wave tank
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Fig.3-5 Validation of R/A4 values at different wave gauges
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Fig.3-6 R/A value at each wave gauge under different wave conditions

o 5] BAAS [R) B BE s FE RS 00, LA T=7 s R4, X T BRI R0 2 D2 #)
Mg s WPB1 A WPB2 fE, R/A A FESBE = 3G inmsgm; WPB3 1 WPBS {7 &
() RIAEHE 1, BEIRBEBLAIAE; 7€ WPB4 R sS AL B, R/A {HBEI BER N
M FAK, PR BERCKIT R/A=0.6. X TR0 D I FH A WPO I3 55 3% B H AN R A

52 W



Mt S PN AT FEE ANBERAE A BRI RE K 3 Sk i B B

—RERREE . X T R BBEAS R RIAR O, BL H/L = 1/10 1 =2k [T A5 & th 220 Bl 7y
r, MBI RT DU TR ] 30050 I3 s ) R/A AESZ MR K o B o) 300 5 /N g[8 A A
PBARAE IR AR T AR B K

20
| T3 T=7s, H/L=110
| —e— WPB
: —a— WPO
15_ ______ - ______ . e E__ WPO2 WPOS _- ,,,,,, . ,,,,, : ______
-
3
$0] ¢ ot 45 v vk saiilin 5 v P s
05 | T l I | 1 T I

I
0° 45° 90° 135° 180° 225°270° 315°360°

B3-7 T3 T &M 58 R/IA 1A

Fig.3-7 R/A value at each wave gauge for case 3
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Fig.3-8 Time series and FFT analysis of surface elevation for inner circle wave probes for 7= "7 s
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Fig.3-9 Time series and FFT analysis of surface elevation for outer circle wave probes for 7="7 s
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Fig.3-10 Time series and FFT analysis of surface elevation for inner circle wave probes for 7=9 s
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Fig.3-11 Time series and FFT analysis of surface elevation for outer circle wave probes for 7=9s
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Fig.3-12 Time series and FFT of surface elevation for inner circle wave probes for 7=15s
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7ig.3-13 Time series and FFT analysis of surface elevation for outer circle wave probes for 7=15s
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Fig.3-14 Free surface elevation at the front and back point of the cylinder vs. horizontal wave force
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Fig.3-15 Phase difference analysis of surface elevation at the front and back point of the cylinder
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Fig.3-16 Time series and FFT analysis of horizontal wave forces
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Fig.4-10 FFT analysis of lift coefficients of the cylinder under different Fr numbers
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(1A T 25 AN [0 1) T Ak ) e K TG DR B THT 6 T B HOoof Nt Il 2 B . AT AR I, y=0.25D
FITHEA y = -0.25.D 1| 1Ak #) f5 R TS PR I T 46 T PR R 22 7390 9 3.29% (Fr=0.1) .
2.17% (Fr=02) . 0.31% (Fr=0.3) f10.33% (Fr=04) , XN R E KRR
Z N 2.15% (Fr=0.1) « 821% (Fr=02) . 2.75% (Fr=03) f12.01% (Fr=
0.4) , LB R AT B3 A AL R I BRI R . XF LGy = 0 I y = -0.25D
T Ak 1) e R TG R IR B TR T, & T E B L T A VA R IR N 2 N 47.5%
(Fr=0.1) \ 34.6% (Fr=02) . 28.73% (Fr=0.3) f122.82% (Fr=0.4) , 2J/h
M, ATLURIL, BEAE IR O, TR AR I TR TR R« R
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=0.3) Ff119.67% (Fr=0.4) , SyE/NEH, Ul B RE P8 208 5[5 A 2 T A0 % 1
eF#e Ak K, RN 7ETE RS B 4-5 AHL I RR B R X
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Table 4-3 Non-dimensional maximum surface elevation on the leading edge of the cylinder and its

corresponding in-line positions at different profiles

Fr=0.1 Fr=02 Fr=03 Fr=04
h/D max 0.00334 0.0138 0.0326 0.061
y=-0.25D
x/D -0.558 -0.609 -0.619 -0.596
h/D max 0.00636 0.0211 0.0456 0.0793
y=0
x/D -0.5 -0.5 -0.5 -0.5
h/D max 0.00345 0.0135 0.0325 0.0612
y=0.25D
x/D -0.546 -0.559 -0.602 -0.584
0.12 -
Fr=0.1
0‘09 _ Fr=0.2
Fr=0.3
0.06 1 Fr=0.4
0.03 1
9‘ &&
N
0.00 J\/
-0.03 - \/
-0-06 T T T T T M T T T T T T T 1

E4-12 RRME A /23T y =0 3] @ 4k 69 2 E R -F ¥ 0@ 467 33 b dh 4%

Fig.4-12 Non-dimensional average surface elevation on the cylinder under different F» numbers at y =0
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Fig.4-13 Non-dimensional average surface elevation on the cylinder under different Fr numbers at two axial

symmetry profiles

UN3% 4-4 P, IR J5 2% AN [5)3 TH A R B /N6 DR R T TR B JHESof R 97 ) A3 B
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0% (Fr=04) , XNRRAAE TR IRZED N 3.19% (Fr=0.1) . 8.95% (Fr=
0.2) + 0.66% (Fr=0.3) f10.66% (Fr=0.4) , Tt RFE)5 S A: Ak i M 5 AR
PRI SR R FRAE o X by =0 FITHI AN y = -0.25D I THT b 1) B /> T BRI 38 T T s
5 VI AR T 0 ) T B TR T g VA [ml RO BG OR 53 il 1221 % (Fr=0.1) . 2.67 % (Fr=
02) . 161 f% (Fr=03) Al 144 % (Fr=04) , 2E/Na%. XEWH, ERRET
DU 5 [T J5 25 0 I 1 TU s X gk 3= 22 o fE PR, 17 5 A 1E 5 07 gt I 2 PR T A X
bt s (R BGOC, [AT PAN Be DX 380 9 R Ea %, IF i 4815 B A IR )5 U7 X 45
077 A A [ B % P I T TR o B (T B R R 3 R, I 5 5 P 38k T TV e v A ) 9.4
M SO ARy BT I HAR 2R SN VR 5 TR S 3 TR 1 T A
[F) T B B S P 95 22

IR 4-5 FioR, SN BAREAS [R5 T A 9 R 3t 3 6 T 46 T TG DR M B L5 2 33 1) o7
Ho 6E 4-12 FE 4-13 7TRURIL, BFRRSY y=0.25D HHH y=-0.25D i
A ) B3 K TE R P TG TR AR ZE 20 BN 0% (Fr=0.1)  4.97% (Fr=0.2) . 0.867%

(Fr=0.3) f10.617% (Fr=0.4) , %N A Az B R R iE 2 05008 0% (Fr=0.1) |
242% (Fr=02) . 1.21% (Fr=0.3) f10.6% (Fr=04) , % 71 Fr=02 THLHH
TEONWHERNRZESS, HRUTHE TR RS A6 FA B & — SRR . XFE y
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= 0 FIAl y = -0.25D T 4k 1) I S Jo PR RS A6 5 & 1F 5 000 B 30 46 T VR A
6] (I8N B0 )l 38.89% (Fr=10.1) « 35.51% (Fr=02) . 24.38% (Fr=20.3) Al
30% (Fr=0.4) , 2I/NEIERIES . B @B 8K, B R i
FETHE R ks R RBI - R BT (AR

R4-4 WAL % TR &)@ 4 69 3 TR R 8 W G B A e i e A B
Table 4-4 Non-dimensional minimum surface elevation on the trailing edge of the cylinder and its

corresponding in-line positions at different profiles

Fr=0.1

Fr=02 Fr=03 Fr=04
d/D max -0.00431 -0.0138 -0.0255 -0.0423
y=-0.25D
x/D 0.69 0.894 0.907 0.91
d/D max -0.0000348 -0.00495 -0.016 -0.0294
=0
g x/D 0.5 0.5 0.5 0.5
d/D max -0.00425 -0.0132 -0.0258 -0.0423
y=0.25D
x/D 0.668 0.814 0.901 0.916

*4-5 B A B &) @ & 69 BIR S 8 @ 46 L IR R B R 33t p i e s &
Table 4-5 Non-dimensional surface elevation on wake flow of the cylinder and its corresponding in-line

positions at different profiles

Fr=0.1

Fr=02 Fr=03 Fr=04
h’/D max 0.0011 0.00443 0.00923 0.0162
y=-0.25D
x/D 1.87 2.871 2.902 3.147
0 h’/D max 0.0018 0.00721 0.0121 0.023
y=
x/D 1.47 2.079 3.521 3.113
h’/D max 0.0011 0.00465 0.00915 0.0161
y=0.25D
x/D 1.87 2.176 2.867 3.166
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Table 4-6 In-line positions of the surface elevation cross the horizontal plane in the wake flow at different

profiles
Fr=0.1 Fr=0.2 Fr=03 Fr=04
y=-0.25D x/D 1.592 1.748 2.13 2413
y=0 x/D 1.169 1.518 2.071 2.204
y=0.25D x/D 1.528 1.702 2.125 2.406

WK 4-6 Frox, AR R T AL ) R 3% 0 O & s i AL . AT AR I,
[HAE R y = 0.25D HIH A y = -0.25D T Ab B35 i 25 A5 R 1m0 7 B T i 22
3N 4.19% (Fr=0.1) « 2.7% (Fr=02) . 0.24% (Fr=0.3) #10.29% (Fr=04) ,
Ui W A R 3 (R TR 2 A7 B AR A R I B R X AR M . RFEE y = 0 HITHIAT p = -
0.25D i AL A9 TS 2 AR ) A2 B, & AR 00 AR T I 3 PRI i) o7 B PR 1 R
BN 36.18% (Fr=0.1) « 15.15% (Fr=0.2) . 2.85% (Fr=0.3) 19.48% (Fr
=0.4) , FEEMILEEE R, BIeREVNEIE RIS . IRV, SRR EB/NS (Fr
=0.1) , BEFMRRSFEALE A HERFIM MBI S; R K,
OB T TV o 1) [ R b B A e, AT/ 17 B A AN [ 3510 T A T 2207 B 1) 22
B R P e — 23K (Fr = 0.4) , [BFEAMI73E 25 Hh 18]35 2 1R 8 THD [T 0 5
Wb — P3G ag, W@ e [ A AN (] 351 1 Ak 38 1ok 227 1 72 S 1) PO BS KR

Kl 4-14 A FME LSS TO0 N MR ke = Bl B 4-14 () TRk
L, ANAEBAE IERT T P BCNEE N I T BRI SIS, JF Bk e THiE A
(AT A [ SRV PR o A (B P 2 A RIS B 1 280 B S 8 T TR B 5, AR el T
R B FE RS (Fr=0.1) , IR EH S BB BE AT /N, ER] M 5 2 T PR 98¢ 1 1M1 e (X
TCAEA R ) [ A 7 A PRAMRF 82 5, e 24 AE [BUAE ) J % HE B 1 I T 1 X WSe 4 P B
R WEAE I T I RE DX7e 2 AT IR 5 2%, B AE AT 1) R i 3 R BR AL “ TR ST ” 1Y
R AL o RIS, WRSEIRIAE: IR J5 07 1 Js SRS IR 46 TH 2= B, T LR IR A 22 4 9 )
PR R XK T8 B B 5 2, 7R RS T AR R IX . 4551 4-12 FIE
4-13 FIHA, ISR 5 S ) o PR G T Y B AE y = 0 3 T AL 1 f/IME 25-0.0000348,
IMAE y = 025D My = -0.25D F [ ALK 2/ ME 73 79 9-0.0027 A1-0.00281, 5I& 4-14
2 LS 21 (1) (8] T I R AR FF 5
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Fig.4-14 Non-dimensional surface elevation contours around the cylinder under different F» numbers
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Fig.4-15 Instantaneous iso-surface of three-dimensional vortex structures of the cylinder under different Fr

numbers (left: side view, right: top view)
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5.1 FREKEER TEHMZ HREBERZA S

5.1.1 HE IR EE

ARATIEI 3.1 WA EAEE R SO R, BB RS, A AR A N R
W52 77 e H R B AT HUEpE 7E . R RERIAE HA2 0.2 m, FZ7K 0.3 m, BFFTXT
FNARKEME . ARKESE R T B BmEE, HERAEHEAR T LR KR
FERIHRE A

N T TR B 5 43 0 i TR AR R B R B s, BRI 2 R — IR
I —Fh R 1 DU AT R ZE A b b, BRI R R AER 5-1 foR s

F5-1 FAEAE L P R A K

Table 5-1 Wave and current parameters in numerical simulations

WIRZE Kz
IR ids Vg I FER7 R
T(s) HIL H (m) Fr Re
TH 1 1 1/30 0.053 0 0
T2 1 1/30 0.053 0.4 2.8x10%
T3 - - - 0.4 2.8x10%

NTHERASRG. ApGREB TR, HEEONRE S 4.2 AT FER)
TrIRS AT, S T AR AR, HoE R s ARR IR KON B ARG, x RO AR
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Fig.5-1 The setup of cylinder in wave-current conditions
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Fig.5-2 Mesh generation around the cylinder

5.1.3 FARBKAIER TR
AT SR T A A U A AR R R A 52 J1 s e, R AE 7 0 13T TE R A
M

C, = b (4-1)

P, +U,)*Dd

F
C, = v (4-2)

'y
pU, +U DA

Hrp B B BIKT 71, By 2 B 2 2R E 77, U A U 50 5IARR B
AFE, D ANRFEELRR, d NBEERK.

0.87 wave
0.6 current
0.41 wave-current
£ 0.2 :5 :5 ;3 ; é ; 2 E
O
0.0
-0.21
-0.4 T T T . )
15 16 17 18 19 20

Time (s)

B 5-3 H A& @ KPR 7 7 X

Fig.5-3 Time histories of drag force on cylinder in horizontal direction
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Fig.5-4 FFT analysis of lift coefficients on cylinder
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Fig.5-5 The run-up around the cylinder in wave, current and wave-current
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Fig.5-6 The slice of wave run-up around the cylinder in wave condition (left: upstream view, right:

downstream view)
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Fig.5-7 The slice of run-up around the cylinder in wave-current condition (left: upstream view, right:

downstream view)
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Fig.5-8 The slice of run-up around the cylinder in current condition (left: upstream view, right: downstream
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Table 5-2 Wave and current parameters in numerical simulations

BIRZHL KMz

IR 3 ¥ids i dE] LS I

T(s) H/L H (m) Fr Re

T 1 1 1/10 0.158 0 0
TH2 1 1/10 0.158 0.2 5.6x10°*
T3 1 1/10 0.158 0.3 8.4x10°*
TH 4 1 1/10 0.158 0.4 1.12x10°
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Fig.5-9 The time history of non-dimensional horizontal drag force of cylinder under different current

velocities in combined wave and current conditions
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Fig.5-10 The FFT analysis of horizontal drag force under different current velocities in combined wave and

current conditions

¥ 32 77 F A B A A it 2 b B — B A B AR DA A S — B R i i A ) A
BEATHREL, AT LAE BIREAE L E R AR AL, — B IR AR AR A I O, Wi 5-
11 frone nJ VR, BRBG 1E MR B9 = Ama a2 T aiBaR oL =k /1, B
BB TR I IN, —B T RIMEAE B s RIS A DA Y, 2R A A A2 BIBER T IR
FHI S — B A0 B Foi (B B A0 2 SR AARAT Ok, Bl — B IR SR A i

99 T



RS PN VRS IR PRI AR A PR AE 2K 3 A R 0 B AR,

4
ﬂ

IRPR . AE SRS E RS OL T, — B 3R R 77 RmE e B D0 A 30 2 B0 H AR 2 i
AL DL o

0.35 9 1.02 5
—A— present CFD

1.00 4
0.99
0.98 - \

—A— present CFD
0.30

1=

0.254

0.20 4

0.15 4 \
A

first-order frequency

first-order normalized force

0.10 T T T T T 0.97

0.0 0.1 02 03 04 00 0. 02
Fr Fr
(a) —Fr 7 hafh (b) —Wr 71 %
& 0.06 4
E [ A- t CFD z 2 —A— present CFD
—A— presen
E 0.05 L gz_n E — A
E 0.04 1 3_:’ 1.8
i<} L
g 0.03 4 'g 1.6 4
$ / E ]
—% 0.02 4 . g1z
2001 . . . . . 1.0 . ; ; ; ;
0.0 0.1 02 03 04 0.0 0.1 02 03 04
Fr Fr
(c) =F 71 hadd (d) = /1 %

@5 11 4)§imuff7":/\’f/ﬁ)ﬂﬂf7f: = /}lb _F.#I—" N ___F/‘y](_%j] \*ﬁ—
Fig.5-11 The first-order and second-order force analysis under different current velocities in combined wave

and current conditions
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Fig.5-12 The FFT analysis of lift force under different current velocities in combined wave and current
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Table 5-3 The wave run-up in the front of the cylinder

P T/ & (R/AD

Fr=0 1.775
Fr=0.2 2.112
Fr=03 3.161
Fr=04 3.169
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Fig.5-13 The FFT analysis of wave elevation under different current velocities in combined wave and

current
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Fig.5-14 The first-order and second-order wave elevation analysis under different current velocities
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Fig.5-15 The run-up around the cylinder under different current velocities
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Table 5-4 Wave and current parameters in numerical simulations

WIRZH KL
TR JE e b B B T IEEL
T(s) HIL H (m) Fr Re
THL 1 1 1/10 0.158 0.4 1.12x10°
T2 1 1/16 0.099 0.4 1.12x10°
T3 1 1/30 0.053 0.4 1.12x10°
T 4 - - - 0.4 1.12x10°
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Fig.5-16 The time series of non-dimensional drag forces of cylinder under different wave steepnesses
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Fig.5-17 The FFT analysis of drag forces of cylinder under different wave steepnesses
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Fig.5-18 The first-order and second-order horizontal force analysis under different wave steepness
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Fig.5-19 The FFT analysis of wave run-up in different wave steepnesses
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Fig.5-20 The first-order and second-order wave run-up analysis under different wave steepnesses
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Fig.5-21 The run-up around the cylinder under different steepnesses in combined wave and current
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Fig.5-22 The slice of run-up under different steepnesses in combined wave and current
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Fig.5-23 The slice of run-up around the cylinder of case k4 = 0.1 (Fr = 0.4, left: upstream view, right:

downstream view)
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Fig.5-24 The slice of run-up around the cylinder of case k4 = 0.2 (Fr = 0.4, left: upstream view, right:

downstream view)
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Fig.6-2 The setup of numerical simulation
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Table 6-1 Test conditions

BARF BBE EN P HUR 25

T(s) H/L L (m) H (m) ka
T 1 2 1/50 6.28 0.1256 0.2
T2 1.42 1/50 3.14 0.0628 0.4
T3 1.27 1/50 2.512 0.0502 0.5
T 4 1.16 1/50 2.093 0.0419 0.6
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Fig.6-3 Location of each wave gauges
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Fig.6-5 Computational mesh
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Fig.6-6 The comparison of the first-order harmonic force of cylinder 1, 2, and 3 between present numerical

results with experimental results under different ka numbers
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Fig.6-7 The comparison of the second-order harmonic force of cylinder 1, 2, and 3 between present

numerical results with experimental results under different ka numbers
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Fig.6-8 The FFT analysis of horizontal force of cylinder 1, 2 and 3 under different ka numbers
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cylinder 1, 2 and 3 between present numerical results with experimental results under different ka

numbers
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Fig.6-11 The non-dimensional wave run-up of cylinder 1, 2 and 3 under different ka numbers
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Fig.6-13 Non-dimensional average surface elevation at the front of the cylinder
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Fig.6-16 Instantaneous vertical vorticity at different draught positions
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Fig.6-22 The first-order non-dimensional wave-runup of cylinder 1, 2, and 3 under different F» numbers
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Fig.6-23 The second-order non-dimensional wave-runup of cylinder 1, 2 and 3 under different F» numbers
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