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Experimental investigation on hydrodynamic forces of
semi—submerged cylinders in combined steady
and oscillatory flow
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Abstract: The floating cylindrical structures, such as the floating frame of the fish farming and the floating
bodies of wave energy convertor and so on, are generally semi—submerged. However, the investigation on the
hydrodynamics on such floating cylinders are few. This status makes the design and analysis of the relevant
new structures face the essential problems of the force input uncertainty. The hydrodynamic forces on a semi—

submerged cylinder were experimentally investigated under the combined influence of steady and oscillatory
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flow. To simulate the equivalent combined flow, the cylinder towed by the carriage was forced to oscillate with
different amplitudes and periods. A significant mean downward lift force was observed for the semi—sub-
merged cylinders, which was obviously larger than that of the mean drag force. Moreover, the relationship be-
tween the hydrodynamic coefficients and multi-sensitive parameters was revealed. It is confirmed that the KC
number has a weak influence on the coefficients. The Froude number is seen to be the most important parame-
ter affecting the hydrodynamic coefficients. The empirical models for predicting hydrodynamic coefficients in
combined flow are initially developed. This work can provide useful references for the design of the related
marine structures and serve as the valuable guideline for future research.

Key words: semi—submerged cylinder; combined flow; hydrodynamic coefficient; overtopping;

model experiment

0 5]

i1

TR 575 1 XA 1 T P DR T R A PR I T T i Vit 3 8 ) PRV A AU T S A ) T Ay
PRBALR 2R B A IR A AN P S 2o S PRI AR E o TR IX P E TR -5 R
PR G VEIT L T p 2 e A2 AR AR I A AR L DI R | AR B AR = 2 o i
7K 31 73 0 1 G, K T X6 A DG S5 R ) 1 BB IR o 6 T i S AR5 T T i T AR 8 7K 3 ) 2 fir B
e 37 i A BRI X A5 AH D ZE A8 ) IR A% I P BE 25 8 A2 RN B &2 4 AU o PRI, T e e
W MR T 22 B AR IR B 1 B R T A b

[ AT: 28 3k P A — B2 3 Tl A7 AR B3 O3, A%z n) B 53 T 43k =288« T RROK IR I 52
BRI A B R AR LR R A . X S — AR A A T B . Achenbach
ST T RS T R AR 58 4 I B 20, ST 1 B T ORI K 31 ) 48047 Z [R] (1 C & 5 Keulegan™
Wi 7 AEIR G T R BRI 320K 8 1, i A B o3 M H 550 1 /K 30 ) 288 SarpkayaBF5E 1
FERTE IE 520 2R G 0 T 132 11500, 25 53R BH/K 801 1) 2505 Re 50 Keulegan—Carpenter (KC ) 5
SR A SR T B AR KR B2 A DG . DL BG4 7 ) 3R T XA AR K 3l 07 (4 S e AR 1 B A i LA
FEHIEZ%

[F] 25— AR AR 1L, T 1 H 2R DRI iR A AR I 9 b . XTI A i R AR A, IR A
FELEPTEE R T o RoshkoBFSE T % W T HAKET 32 F+ BT, I8 17 P 2 AR e (al B LE 7
K F 5 Bearman S5 HE— D WLGER] , F 1 2 TR Wi I8R5 A B K52 00 5 Reichl 551 Sheridan 557 T EUE
BT i 3T F pR 3R B AT AR 38 S AL T TR 5E .

BT XS 73 R AR A, Triantafyllou SFPIESE T 212 B IARTE & B AR N BARUE T 32 T e 4k
SN s Kristiansen S5O0 2 AR TEAT 17K 3l )5 S8 Bt A4 e 78 [ KT b B8 Hpl R 28 1
TG s Fu S5 SR H] = e KSRGS ST 1 2R B AR TE R B h iy s 2w 1

AR SCH 8 H B AR5 T ARG AE T 2 BRI AOK 3 )RR S0 oY . SO i SE TR AR 5K
0 P S B e N S TG o RN, X G BERE M S BUCRIK B ) BRI AT R . B L RGERT
PO L IR i S B R A e a8 RECRHIE AR DK 3 ) RS G i 2 R
] (R OC 2R , W12 FF e BT AR K 31y 0 A 22 B Hil A i) 2 B A AU 5

1 SCIGHEA

1.1 LB EE
ASZYGTE AN IS S RA 5T T B 4 K M SE i, 12K 192 m, T 10 m, IR 4.2 m, #i 4



0

114 WA - W IR AIR G AL R R - 1645

B RHE N 9 m/s, NS R0 0.001 m/s. S8R B S AR LA 421 N 7, thK-F8IE (38 B
B CER B LU PR AR . 4 3 S 5020 4 B AR R R S S0 I, ASF LT B Sl A A
DA [ i 0 Jo) U390 9 R IR 5 7 o T A ol ) AR R ATL Al JH T R IR B . 528
FERNERME PR, FRBEERBEREE (L) 2 m, HAZ(D) 4 0.25 m, {1 PP AR AL, %
TG, SER R B AN IA 2 TR

T
] A EEL L

TEEHE

I 23R BT A S 0 e s T K2 R E
Fig.1 Sketch of the experimental apparatus for a Fig.2 Photograph of the experimental apparatus

semi—submerged cylinder

R T I R A A AR AR gy 8 % 42 A0 1 3 RN, FE BIAT AR B i 22286 T A2 R 0.25 m A fBAA, IR AT 5 1
PR Z R B AR/ N R BE (<1 mm) o [R]AS, ZEABAAR M 22 B P A Al , PR ELAE 4 0.75 m, LAY/ N 5 45
FAAE TR0 HIR 37 R OGRS IR 0 IR A RS ] S T FH =53 A IR R A 12 BEAT B A r
Z KB 7, I E AL A 7 [R5 0 SR AR AR AL 19328 sl (7 B8 R B2 15 08 o

¥ T Y ] SR A S TR I AT AR B S 4R A K Y, I LU R 4
&1 3 B Ry 4 L B U,=0.4 m/s BF  FEARTE R 5 1) I 327K sl 1Bt g o A B S W0 s B B L2 U
B B e E B Be A 2B Be DO &8 43 o 1% 000 BEARTE AR Iy 1) BT 52 ~F- Y B 7 F o R 47.3 N AH D A BH
VAEY QoML = wa - R

Fyy

" 120DLU," @
o, p MK EE IR 1000 keg/m® . H S50 25 B 5 (W B 25 38, e L8 R BRSP4
J1 58 C, %974 1.18, 5 Achenbach Fl Heinecke 2 #5171 (1% 45 SR —F, X AERIEI] 14 52 590 4 ¥ 0 A
HEPES

d

‘ HADE ‘ ‘ ‘ TERR
100 | wseoee L " R B ol ]
s
. 3
50 ’_F_\ “_:i7_3_\_ _ IR b f ‘ [
Z
R
of ]
-50 L 1 1 1 1 |
0 10 20 30 40 50 60 70
Time(s)

K3 U=0.4 m/s it A BAEAK S T
Fig.3 Time history of the hydrodynamic forces on a fully submerged cylinder under steady flow of U;=0.4 m/s
1.2 K TR
R TN U S BR U A BIR G R I A, S RSO ph 4 44 R LU UL SO R



1646 WA 712 28 B 111

Gy, 5t 38 FCAER 5 1 AT 128 B ABAUIR 125 U 0 , P 4L D) R AU S50 ) o AR G5 L 6 i
A R 530 35 B S A B ST 57 8% X (o) A B P38 I BE U ) T 931 7R Dhy

2
X (1) = A, sin (75 0) 2)
2 2
Ur) = A4, 7 cos () 3)

P, A, siia ARG IR IR , 7oA R PR A

MUK 2R AT A, 227 2 A SRRSO o TR, U ) MUK PR 0 7~ R B OK 3l g rhots
(e i S B E AR AR BAE SRR R vh S AR IR R Lok 3l ) i 250 KCEM, i 5 & A
Y 2 TR 288010 25 X 9 AR 7K 8 g 28 582 i UL SR A P () R HEA T 3R AE . B mT UL, KC BRI Fr J2 35
BAEMOR B TR A SCES R T 2O AR 8 WA RN P8O & (6, R /e T
G AEEBERS R84k . O 1 7 IR, A SCE ST HE R (R PR () R R T (e ) e A 3
WL AIRG I T K S . RS EOMIFRR N

2mA,
KC = N 4)
U,
Fr = \/7 &)
gh
.U,
Fr=—— (6)
v/ gh

Ao, h IR BRI h=0.5D; U, M U, 43 AR 3 T i s R % T e Kk , U, =A, - 2w/ T

R T a7 R AR 22 B T AR T R RIVE FH R Bk sl TR AR TAE TR T 7 % i Ak
a3 AR T B 25 2L R F T 212 A A K 3l 07 8 B R S0 o BT S SR T L T, SR A I
KT RN BB E 4(a)~ () Fis , Horp b o8 BIFAE R EREE [ b 210 9 EE 25, 1L i 424
HURAL ) e 3 7 ), CF 2R 5 2 3 o) A L9 7 ) o AR SIZ 36 v o D D 3 B R 0.4~1.2 /s, 5 GE R
GildfE (A,) ] 0.25~1.5 m, JR3F AR (T) M 5.5~11.5 s, HAR T AL 1.

1L U, _ IL P ue) 1L B Ult) -
b > > < > > < T,
CF CF CF m
Avd —D ) Avd D | hvd D )
= A — A = Y
- h=0.5D - h=0.5D - \ i h=0.5D
\ A \ 2 Yy

(a) %EH (b) J=& i (c) B
K4 S0 T oA

Fig.4 Sketch of the experimental cases

®1XHETR
Tab.1 Test matrix under different groups

TH Ufmes™) KC A,/m T/s Fr Fr
! 0.4-2 - - - 0.36-2.71 -
2 - 6.3-37.7 0.25-1.5 5.5-11.5 - 0.12-1.55

3 0.4-2 6.3-37.7 0.25-1.5 5.5-11.5 0.36-2.71 0.12-1.55




114 WA - W IR AIR G AL R R - 1647

2 KRENABRBIHRTTE

2.1 i m 7k 30 1 2 EPHATT %

VERIAE IR R I I AR L K 3 1 — et A 3500 25 MRS PR 5 1 B2 A9 gl L2200 o A ]
THREE ) b iRkl g ok v 5, i S 0 vERR TR T T I A 45 EROK BT
R T AN S5 R K B 7 M AT ) 8, Morison 51248 H — i 2058 19 T30 SO TR A e 28
IR, 3 — A SBEFR A Morison 2250 HEA AR AR I AR Z5H W)L 19K 30 3 0 ik s 7 «
He— R WA BT A5 0 R 2 R A X 3 B~ D7 JRCAE L 38 BT, 5 — A o3 2 55 DA B 5 N 2 A 5 A A
I EE BAE BB s o BARERIA N

P =5 LU, )| Uy )]+ Cop ™ 10,0 7)
S U 0 0, 53 SR B A 2054 A A IR 5 €, 0 €, 5 3 R B T2

BHL 7 2 BRI I it 2 AR 880, SR P /S — ik X AT HER
T AR T ARSI R IR

2

1 D> .
C,(0)= 5 pDLU, () |U, (0], €)= p ™ LU, (1) ®)
W5 (7) T A
Fy=0C(1)C, +C,(1)C, ©)
Fyo 5920 ) F, Z B2 7R J(C,. €07 DAy
J(€C)= Y[ Fi0) - Fou0)] (10)

P

o ol SRS MR 1R 22 Fe /N, WU D7 R (10) 596 A2 »
aJ (€4, C,) aJ(Cy,C,)

ac, O e, 0 (1)
¥ EXFOR BB A
;H\:EF', m
_ Ci(t,) - Ci(t,)
H{Cz(tl) Cz(tn)} (13)
K (13 (12) 74
Cd — LT .
bj*HH)HFX (14)

2.2 @R EK B N REIR T

BEXT 2 BAEARTE IL )5 [0 FI 52 (K 30 7, Ren 85811 YRS H 76 6 T AR 7 T SR/ FH A A4
32K B I GBS B IR R S AT AL, CF J7 8] (9 77 55 TL 75 [l AH X 38 B2 1 °F- 5 B OE b ARG
PA_EARE , A THEWTE W i AR K A A AT CF 5 10 57K 3l 1l LR 7R A

P = 3 CopDL[ Uy ()] (15)
Skt By, R4 CFOF BN A1, C, T 38, R/ — T S T L. KB (15) ¢, 7]
LAy

C =[Q- -0 -0-F, (16)

Hr,



1648 WA 712 28 111

O =[C,()),Cy(t;),--+C5(1,)] (17)

1
C5(t) =5 pDLIUL () F (18)

3 RS

3.1 2R ARk B

5(a)~(e) 7l R H U R it LA S LA A R iR B A K 3l ) g far i Dy 1, L i 2 A
212653 ARERAEARAENT IR [ (inline flow, IL) FI# 3 77 1] (cross—flow , CF) 32 J1 F L F,o 41 5(a) FirR,
FETRER A 1.2 m/s B8 B AE N 2 AR BT 32 I ¥9ME F R 454 N K TR I ¥91ME F, (106
N) o [R)E H AL, QLS (b) (o) i, 2835 T AL & i /E T 3SR sE UL 2R K 7t g . 71
5(b)H,KC=31.4,Fr=0.83, T+ J1¥5#EZ (STD) Ky 89 N, IL J5 [a] X 1 11 B bR #E 2= Ky 55 N 7EE 5(e) L U=
1.2 m/s,KC=31.4,Fr=0.83,1Z .00 & CF J7 M FILJ7 0] i 32 7K 1 1 A2 5351 383 NFI 147 N, F+ Jih%
WEZEZ) R TL 7 1) 6 I 319 2.6 F% o ARRE DL 20 B ol 0 EAS [GR I T 2 3R Bk R0 25 22 AR K i) 7
J1, MR B TE I 2025 F 18 AR KR , 76 58 b T AR Hp R m] 200

Uy=1.2 m/s A,=1.25m T=8.5 s KC=31.4 Fr=0.83
800 . : - 600 . y
—F, ——-F,

600 Fy=454N 1 400 F
%400’ - T %200*
2 ! . =
£ 200+ A . F=106N \ b £ o

0 M o ) \;‘»—"“” 4 200

0 20 40 60 80
Time(s)

(a)

Uy=12m/s A,=1.25 m T=8.5 s KC=31.4 Fr=0.83

© —F. ——-F,

1500

1000 -

v

=3

S
T

Force(N)

0 10 ) 30
Time(s)
(c)
K5 ARl T2 B K 3 Jy i ]
Fig.5 Time history of the hydrodynamic force for a semi—submerged cylinder under different flows

7 b3 LA CF J7 [ (497K 3l 3 40, it v APl G i sz 20 E A Can &l 6 s ) o ani&] 5 DX sk
LBz, 25 G i 30k 0 e SAEL N 2 e AR e BR G . AR R ARAS S L T KIS E AN IR e e , A A
75 IL J5 1] ) s 3 28 5 AN Bt I ) 328 32 F) 1 P I 4R S48 O, T3 il e e vy sl BRI 0 P2 o ] IR 7 DX

N1-12-23 12:04: 16 2001-12-23 12:04:20

(a) Vi (b) FFili
P 6 i AT

Fig.6 Sketches of the overtopping and slamming phenomenon



114 WA - W IR AIR G AL R R - 1649

1L, SR ek ) 5 2 2h s, il LIS A8 MW SR SN FE S ot T KRB 25 7 3800, A A4 1) i iz B Bsf
Wl A BRI Z 8 8l YA AR R IR AR IE Sl 7 0], 32 BIBE RS2, FEAR S J7 17K R gk 22 1) iz
Bl W A TR A R o DT =2 A ) o PR R U G S 5 R IR AR ARG K 3 ) i 58 AR 7
X AH IS K ) ()50 B AT BE T R R I T B — 2 %
3.2 FREEEAKI N RY

AT R A R4 K 3 REHRUr TR S T SRR T 235 B e (A7 R 0 1] AR 1)
B 7K 2l Ji 28 Ar 280, Ren™ S 2 M T /8 H I F A RNZ BEBRE AR AR 197K 85 77 3 far 22850, IR AR SC
FEXTA AT AR SEATRFSE , K45 AL R PR 5 I A 7 0] R

(1) BHJ7 KBt fon Joi e 4K

TEPR Wit PR TR KC BT ARk sl 2505 Frioy A an & 7 s, Hoh | 7 (a) B &80 C,,,
B 7(b) M i 24k C,. 4 KC<20 1%, B 1 25 C B Frny 3 mmi /N, 24 KC>20 05, C B Friy 3
KM PEE K. LEE 7(h) Y KC<20 1}, FE 25 Froad s, B hn i 28k ¢, AR rEsshn, 24 KC>20 1,
Bl Fridsin, C, SRR It . R P A AR PR B b T v AR R 34

0.6

——KC=63 12
—e—KC=1838
0.5 —8—KC=314 1
——KC=377
- 08
< 04 £

—8—KC=314
——KC=37.7

02 - 0.2
0 0.5 1 1.5 0

Fr Fr
(a) B 72K (b) B s 2 4
K7 IR AR T R B AOK 3 1 2805 Froc Rtk
Fig.7 Hydrodynamic coefficients versus Fr for a semi-submerged cylinder under oscillatory flow
N T BB ERGEE H IR AL R AR T SR BHEAOK 3 ) R BRI AR SO TR AR
YERIR Fri5oKah ) REOCER IR 8~10 Fr 7 o &1 8 Hhe it i s 48/ (U,=0.4 mis) , T i AR &
Ao BT C, % KCESEWREYN GRS R 0.2 240 , /N T IR T ik G A T AR P2 B 2
Beo A ISR SR R O 2 U R E AL A AR S EOK AR BN s o AR G I A
ARz Sl s B R KA Ez g o YRGS ST ) kAR AR i TR B KA SR R
R JRT 1 ARSE R FiTis 2l o 3l S BORE U G R 03 K TR 5 T 0 il s Sld R . i e A e

1 1.5

S
0.6
—+—KC=63
0.3 04 / —o—KC-188
0.5

06 " |—+—kKc=63 —=—KC=314 ! ‘ ‘ "
—o— KC=18.8 —v—KC=37.7 e
0.4 ] _
S % < 05F _ ~ ]
—+—KC=6.3
02 1 j\ e/e/j/ —6—KC=1838
v —5—KC=314
v KC=317
0 : ‘ : 0 ; :
0 0.5 1 1.5 0 0.5 1 1.5
Fr Fr
(a) B 25K (b) BFfn s i 54

K8 Uy=0.4 m/s A4 2 BEAEAROK 3 71 R4k Frifd 22 1
Fig.8 Hydrodynamic coefficients versus Fr' for a semi—submerged cylinder under

combined flow with U,=0.4 m/s



1650 WA 712 28 111

FHTF Y4 B 3R FIAT A2 3 1) AR ) s, A AT TG K AR B2 AN 2 FE ik iz sl A S . R4t
PR T WIBH ) RECE LA AU T R

C, B Friity o3 A an & 8 (b) Fi 7 , Fr'<0.7 Bf, th T H i R AR 3059, C IR FEE 05 A4, %4 5
T A M ERE I NE O T RGBS S R —8 Y4 Fr>0.70F, C, B Frg3g misg . R b ri,
FERK Fro R 35 S i 5 59 T /KRB 200, B Fro i35 KA B 26 80N 20 o 4 32 5 b
7o

2 UK F) 1.2 m/s B AER T 27K 3 F1 250K 9 s o DR TE & Fr A B kA I A
Fregh0.6, MG Frogiain, C a4 FaETE 0.2~04 4, SHAT T U=0.4 m/s I 9880 . 7E3E
TR X, C R FFAE 0.8 Z2 47 o 24 Fri>0.6, M BRVETE RE NG &L B Frifiik ¢ 2 W Rt &
BZAR AR R F 0 R R B T R S | R s b4

06 —+—KC=63 —B8—KC=314 12k |
—6— KC=188 v KC=37.7 : T
0.4+ N
5 & 08¢ v
02
—+—KC=63 —B8—KC =31.4
0.4 ¢ . |—eo—K(=188 —vKC =377
0 n n n
0 05 1 15 0 0.5 1 L5
Fr Fr'
(a) FHJI R EK (b) B hn BT i ZR %k

E9 U=1.2 m/s AT 2R 84K 85 1 2800 Friid 281k
Fig.9 Hydrodynamic coefficients versus Fr' for a semi—submerged cylinder under
combined flow with U,=1.2 m/s
ME LR B 2 m/s B, BIMEFAE /N Fr R s R AR T AL R 10 i o X LGB 8 FIE 9 &3,

FEH IR U 5B RBOE M/ X C MK . 24 U=2 m/s B, B 2 BRI BEA T 0.2~0.4 IX (8], {H
B 5T £ 2R 500 S K T 9, S R A BN T i R AT LUK # 3.8, BRI A% T00 N ik iis L4 2 %
SR KRB RO B [T REE Fr 30, 23 A0 0 G ok i ™ &, S 258 B i R ACE B R Y
INESEE

0.6

—+—KC=63 —8—KC=31.4 " [——kKc=63 —=— K314
o KC=188 v KC=37.7 367 v —6—KC=18.8 —5— KC=37.7
0.4r
< < 2
~v
0.2 ]
‘ 04}
0 0.5 1 15 0
Fr
() B (b) W B 52
E 10 Uy=2.0 m/s BFALA TR R EAAROK S ) R4 Frii 224k
Fig.10 Hydrodynamic coefficients versus Fr for a semi—submerged cylinder under
combined flow with U,=2 m/s
(2) IR

B 11 B oR TAESiHR5 i O R KCECT TH 1 280 C b6 Frgt i A8 b g il . B8Rk B, 24 KC<31.4
i, C, B8 Fr8 38 KOs o, i 24 KC>31.4 10, €, FE Froif 8 Kam /) [R ik a] LU R AE R — Fr R,
CERILRKTCpo fEEFrF,CAN1.4,C,29H503, ER KA SHENES,



11 W BEHE ST E W ARG AL R R - 1651

|
il

o 1.2r
<
I —O0—K(=6.3
—+—KC=18.8
0.8 F —X—KC=31.4
) ) —8— K(C=37.7
0 0.5 1 1.5

-
B SR TN T 2k 32 Bk T ) 2B P 75 £
Fig.11 Lift coefficient distribution versus Fr' for a semi—submerged cylinder under oscillatory flow
B 12 gk — 45 1 T 7 Uy=0.4 m/s 1.2 m/s F12.0 m/s BOLHL-G L, AR KCECT TH 1 2805 Froi
OYATE AR KT C, 5 KCEAH MRS o Uy=0.4 m/s IS, Tt 1 ZECBE Friil 59 N Z2 18 14k, (B AR5
FRE 1.0 i K% TOL MR AT sz B ) 240 X FalifisZ i 19 ¢ v LR B A T BT
T3 FZ BT i I TR [R)RE AT DAUA 2850 2 8 T A A A S B 5 T T e A8 niz 9 55 o

121

S S 08F
0.9 ] 0.6 \
| e [ i o gmawe
"0 0.5 1 15 0 0.5 1 15
Fr Fr
(a) (b)

——K(=63 —B—K(=31.4
——

—6—K(C=18.8 —v— K(C=37.7
505t
U,=2.0 m/s AN
N o

0 OiS 1 1I.5
.
(c)
12 AR TR A ROk 3 R 80S Fre Rtk
Fig.12 Lift coefficient distribution versus Fr' for a semi—submerged cylinder under combined flow
M E S ) 1.2 m/s BF TS IR B, T RECS R AR A, fEART G X C R
FETE 122540 8638 U=0.4 m/s T00F C B KAl . Bl Fridt—5 3K AR IEE KR At 2210 T+
S BRI NG . BUR RS R T R 2200 T R TR S Fr 2 B
TR R
M U=2.0 m/s B, T+ REBCEAR DARSRFN Fr 2 R 5 K &R 1EI EE TR SR 6 55 P G ok )
A A D T R A e R i W AR TR, kiR B BT B OS2 T R B R AT
KARKIFAME . O TR MR 278 T — 7 bt 5% . é’mmmu_i"ﬂuim 2 m/s B, BT G L4 Y
WEL, T RS LR TR X C R ETE 1.2 4847, 3538 U=0.4 m/s TULF C i RIH . Bl
o Fr e — PR AR BN I AR R R LR R B v IS . R R B AR R R
T2 T AR TR 5 Fr 2R RO R




1652 WA 712 28 111

33 FREEEKNBETRYETRE

HUAR: L3R % 30, 6L A VAR R K2 R {5 KCBOE S , JUA A RE A 3952 Rl
BRIEENE o O T — 20 AT 8BS 7K 3h Ty ZR BRSSO AR RGP Fr, WO, R
U+ U,

%
v 2
ST IESEC ARG AL WA N AR B 32K 8l 1 2 8r 22 fe a4 an & 13 firzs o i G R 2L @

ST A B FE 24 T R 35 A ) 2k i vk |
R BT 32 7K 30 71 28, TR 0 1K 38R i s B 4 % 2k o™ o

Fr, (19)

I8 T LA i E

— N (8] 4r (o] o

(1) €% Fr, I BLR B 0B , 8 1k © g 0850 0 & o
LR RO AR (0204 2. B s B0 8 g, 85 o

H1 T 3 TSN B4 R 0 3R 57 3 A T SRR
BEREMR I 32 B 2 BB R T AL & A T BY

FH 1 B8 ! QO (,=-2.68Fr +8.803

PN o 3 o & \‘QOO y 4

JHa 2 S, pRV N >, 22 - R 2] =5
(2) W B R LG , C 2 RAERE A & Ao
e g3z 1op I e \ R RSl e,
RCCHP BN G ) a0 0
P AR R B BN B i SR B K Bl  C,=0S176Fy, | : il
0 05 1 15 2 25 3 35

S TG 1 22 K AT R IR B 2 R, €, 4 mon -
5y 5 P (A B8 1 25 B 13 KBS RECS Fr, X 15
S . P AT T‘JJ}/F@TL@Z: % 5 Fig.13 Hydrodynamic coefficient versus Fr, for a
R B AR I BT R B B Dy
C. =0.5945Fr, +0.1, Fr=0
C, = 0.5176Fr,, Fr,< 18 (20)
C, =-2.68Fr, + 8.803, Fr,> 1.8
) WG IMAMAER T, C o An b AR . BEE Fr 038N, CIGZARIFFE 142 5 . TEEH I
ARG AL FEAE TR, € Fr ORFF RAFRY R sREOC R, P S EIm A Fr BT . 7ED U200, T &
BRGNSk 37 54 i G R R R N SRTH R 228N, B R R MR DL oA R
AERT DAy Ty REIARTRL, an A (21) iR
C, =142 Fr=0
{CL = —0.38Fr,% + 0.94Fr, + 0.54, Fr # 0
R B ARL > TR T A AR R 2R AR A OK Bl 7 R AN T S AL, D AE S
FIBETHR AL T B e S 4% . (HEHh FIA B 2 i T00, Tkt — i e e i F il g &4k
J& Fr XK 80 7 ZE0 500 o RIS SERRIESE i R TR B R BB A (R A8 R AT R G T AT Y S
5, WK 30 ) R A e TR 2R

semi—submerged cylinder

(1)

4 % it

ASCHIFSE T 2 5 i FIR 2 T (R 4 1T 2 35 B AT E N o) FVRE 3 1] 1) 7K 3 0 88 far R AIE L Ol 1
SRR 25 U T , A PR R 3 42 5 | 1) i iz 0 14 [ st 358 LA TR 9 R AU 41R 327 , S5 36 b UL 1 i
it BRG LA K KC UM Fr K3 71 250520, 2 A58 E



114 WA - W IR AIR G AL R R - 1653

(1) [l 5 P AR 5 AL, 1A R VE T IR A AR AR Ok 52 BAR KW T o, e KR i &4k C nT
ik 1.2, 3 KT IHTAZ B ) 72 50(0.2~0.4) , an b R A T+ 77 ol BES | RS 254 I B IR, £ S B T AR rp R 3 DA%
JEo

(2) TEHA WA, B BRI 527K 30 1 R ECM KCHCA W B9 S7 Me | Fro2 s 7K 3 ) &
GBS IS

(3) Wl PR 0 2 A 2 vR AV AR R e 1 o ARAIE 7K B ) 8T 2R B B S R G s %) o A LA
ARSI L T ARFEDRTE /K8 ) R BT 10 2 A7

DL TAERD RS B TR R AR K S i R3S % A 5 1 TAE h ik R 2 AR R
SR FI HETTE R R G IR B IR Bl ) B R S

Z £ X #:

[1] Achenbach E, Heinecke E. On vortex shedding from smooth and rough cylinders in the range of Reynolds number multiplied
by 10° to multiplied by 10J]. Journal of Fluid Mechanics, 1981, 109: 239-251.

[2] Keulegan G H. Forces on cylinders and plates in an oscillating fluid|J]. Journal of Research of the National Bureau of Stan-
dards Research Paper, 1958, 2857: 423-440.

[3] Sarpkaya T. Vortex shedding and resistance in harmonic flow about smooth and rough circular cylinders at high Reynolds
numbers|J]. Vortex Shedding, 1976, 2(2): 186.

[4] Roshko A, et al. Flow forces on a cylinder near a wall or near another cylinder[]]. Journal of Fluid Mechanics, 1975, 6: 1-6.

[5] Bearman P W, Zdravkovich M M. Flow around a circular cylinder near a plane boundary[J]. Journal of Fluid Mechanics,
1978, 89(1): 33-47.

[6] Reichl P, Hourigan K, Thompson M C. Flow past a cylinder close to a free surface[]]. Journal of Fluid Mechanics, 1997, 533:
269-296.

[7] Sheridan J, Lin J C, Rockwell D. Metastable states of a cylinder wake adjacent to a free surface|J]. Physics of Fluids, 1995, 7
(9): 2099-2101.

[8] Triantafyllou G S, Dimas A A. Interaction of two-dimensional separated flows with a free surface at low Froude numbers|J].
Physics of Fluids, 1989, 1(11): 1813-1821.

[9] Kristiansen D, Faltinsen O M. A study of wave loads on fixed horizontal cylinders in the free surface[C]//Proceedings of the
8th International Conference on Hydrodynamics, ICHD 2008, 2008.

[10] Fu Shixiao, Xu Yuwang, Hu Ke, et al. Experimental investigation on hydrodynamics of floating cylinder in oscillatory and
steady flows by forced oscillation test[J]. Marine Structures, 2013, 34(34): 41-55.

[11] Keulegan G H, Carpenter L. H. Forces on cylinders and plates in an oscillating fluid[J]. Journal of Research of the National
Bureau of Standavds, 1958, 60(5): 423.

[12] Morison J R, Johnson J W, O'Brien M P. Experimental studies of forces on piles[C]//Coastal Engineering Proceedings, 1953,
4:25.

[13] Ren Haojie, Fu Shixiao, Liu Chang, et al. Hydrodynamic forces of a semi-submerged cylinder in an oscillatory flow[]]. Ap-
plied Sciences, 2020, 10(18): 6404.1-6404.17.

[14] Ren Haojie, Xu Yuwang, Zhang Mengmeng, et al. Hydrodynamic forces on a partially submerged cylinder at high Reynolds
number in a steady flow[J]. Applied Ocean Research, 2019, 88: 160-169.



