—t

62 www .kjdb.org

RS2 2024,42(13)

FaRBRKEATHREEREREYMYE

i i 3 3 U L 52 36
RET By XSO K G

VU A MRS A I S R AR TR, IR 610500

WE  BHEAIRM L IR IEAR SN 5 5 TGS sh R RRIBAE FR A7 e I 55 R ZBOA
o SR BB AARALAE A A 1 S S 48 (9 F- 10 N 45 F- T SMIR S 88, I M FTROL
WAL R LI T _ B3R5 B NG 0 A% . SEEH T F 518 3 5 S IR S A 5kl
HRASSARIE , Forb , SR S o SRS R A GiE s BT 2 F . S A S w A
RS A B A AR B R0, HAE G R B A I A 2 A8tk . =2 F B NG RIS, SO E IR
ST A ARSI BRI R . i T AL YRS A ] LA AR T A BT AL AR > T
AN TR B A S0 I s AR AR RO [, 3R e 4 il S ) S A PR R BT RE AN R 22, LR 2 31)°F

His s ) B B
KA

KA LU Z2 P 37 48 2 TR K Il S i % 9 41
W, TR PR T AEAE IR PR 3 (VIV) W N, &) &
APE S . AR BE L A iR Ak KT
SEN G T Pk S 45 W IR sl e 1 A, DT i
TR ST AR R A R A T R AT T
SEAE IR BN R AR

FARA 5N BT T 79 g [ PR o 50 22 1)
F ST AE IR B 53 BT o Gou FE" Han %57 Pang
ORI M ST IR R T A AE 20 S 5 T A

V1532 3l 5 TR AR B0 5 7 WA B 5 P s 3 AR

T 22 358 PR AT 000, I Sl B30 P91 Jes SO P M 7 A8 g
JO7 A4 2 TE] AR X FR PR B W Gedikli 25 BRI f7)
PR ARSI SR I R 3 A 5% ARBE T 245 1)
PRBNAIAESVE . DufES Fan 2550 i 90 50 R UL
KBS R RS th 2025, 1 e 8 S AT
PARFAE , T [ PR B A A L — | L GEJRRAE , T
2ATT ARSI R 28 AP A =S B 22 57

TP S T e B 1 55 I, WM i i S
AR . REHTTEN FIT R T TR B — R T

Wik H 11 :2023-06-22; & 171 H #]:2023-07-14

FL4THH - E R4 I H (51979238) ; VU145 78 75 4E B2 52 4 31 H (2023NSFSC1953) 3 VU148 vh s | G4 )5 BH 2 e T

(2023ZYD0140)

VERF WAy« LTS B0 WF50 7 ] i v A 2 3 Z ARG 1% L1541 1 ticky863@126.com
SIS ARELE, XUSCIN, KA, 55 . V-G RBIAE T iR AE 2 80 2 1k 37 8 IR SR sh e 07 S 56 (). BHE T4l 2024, 42(13): 62-72;

doi: 10.3981/j.issn.1000-7857.2023.06.00934



—t

RIS 2024,42(13)

www .kjdb.org 63

[#] € 1Y B S7 S8 T R B A 5E o Seyed-
Aghazadeh 5738 2 5250 ] LG 1A [ AR 0 ST
EIRD I8 1 FAAT 2R T e 4 S ) e
A, Gao FFVE A I, LB KB LR T
200 i, I &8 301 5 2% A1 X I W A3 AT 114 5 i)
Bl ] o

Wiy S 2 SR AR AR TIP3 Sl d i) 7 A 4R
A BIGEM , Kuiper J5745 5 S5l A FRoT
R TS G S E /D ONE MYAYA = Y ek i} 2
il , 5 B 55 i iR R AR T BE 2 (i 4 R AR, 5
B AR RS, TR 2 R R R (1) 2%k
PR 5 (2) JdBsh Jydeh . BRAR RAE s A R
TCX -6 =LA AN R G N AT TR ST, &
-3 3 i s U S B A S A IR B R MR
N2 10% , {H BEAE 3748 Pk sh LS B B0 s, T
e 35 X LA VIV RS2 Bk B /N S Wang 451
X A7 TOU B A il (1) B e G AR ST AT i 1 R A S
WEFE, B T T35 B il Keulegan—Carpenter(KC)’ff(
XS AR B A ST LI 3 4 3 I A A A 4 2 o
TS B S S ke AR . AR SC AR T )
PRI TV G 8518 3 T M B Wi iR 3h
BALL, 5 Wang S50 SERG 45 R AT 10 LL SR IE
& PR 1) 41 2l 3 24 455 3 380 AR A IR 3l 7 4
et iy 1B — iR sh it g A i Rsh .
B I IR SN AFERI UG BUE (B WP 340032

T, [R5 187 5 5 M s 3o BB 2k
TSV T A8 8 IR Sl 7 114 S S I R AR X A
R UL 5 HRERAVE TR S48 3 MR E IS SE

Fr G RE RN T IR FE T . R ARBESETT R
- 5 RBIER A P e e B S S A T VR S e
BB S

1 XB/HIE
1.1 ZHRHE

SEH A B ANE 1 TR, SR AL, i
LRI VR ST SR R AL D=8 mm . N4E D.=6 mm 1Y
i Wk B A, RS BE K =1 m (K AR R UD=
125) (1 h=0.65 m, LA [ H B 3 1 B4 LR A
FEAK A B o T e T L, TR, 3R
P ST A8 IR [ T KA G RE T T iU &
JEEHB . VRGN RBAR K 93 mm TR
52 mm {54 40 mm, R AE B AT O R
T K B 70955 HE 4 10 mm , 28 ST AT i 5
SCPE L TE SOBUE FR B 0 5 - T R A, SR X
-5 7 KE T R A s sl R TR
ST ) B ZE RN 1.6% , 38 /N T 5% B I 5L BH 28 5%
BRI,

KT R F ST A IR SRS Y AR A2
FEASRIST A ANRE TR ¥ AIRRE T 30N S N
6 mm A B RIC R, A1 4K 2 AN FRic 8 0 o [
H26 mm, — 5 AL T ARG, 1 XS
B FTE ) I ENRITE (XOZ TE ) , W ~7 48 1) S 1T Y
PRNIAS s — & H AR DA B TR, A
S P AR S o SER R R
BN 100 Wi/s, B 1 s AT LLAS 3] 100 5K 807 B4

/f RO L
BT P65 BB T S R R S P S A T IR sl i 1o S 90 A s T



—t

64 www.kjdb.org

R 2024,42(13)

ZAEA A SN T B 5 G A B 7 32 A i 1
B 7T B as T, R AR 5 15 22 4 L Sk
[19]~[22]. 7E WIS R s R B, AL 2 53066
B AL AR R 20 W P 5 76 X 5 1) G 1) ) A1 Y 7 ]
(R 1)) (38 i F

R Y e R Y S AR KA N B A
KBTI, A6 S50 B L 1 m &b
P g 25 I A SO T A R e —
MR T 18 R AR N - iz dh 5
PR R, o TS PRV IR [ AR AR AL, R B As
X BSEELH IR, 78 KR4 )AL s

U
) (1)

Ao, U AR K R34 3 B (B e m/s ) S0 D
R K ST A TR IMIR 1) A — B [ A A (BT
Hz) " 5250 0 K 9 °F 35 2 46 5 B 5 [l oy 4.40~
39.33, X Wy 1~ X B SO FEL D 150~1330,

e

U, =

R v

flow direction

v ¥ :
i point A
1(0.688, 0, 0.65)

\

\

E—
flow direction

L

0 0
(0,0, 0) (0,0,0)
view of view of
camera B camera A

(a) AetRsE X

1.2 BEgERERZ

WA G I 2204 B 14 S S A QA E A, 7
JRSEE SRR B — IR E XY Z 28 [ Ak A, I
W B A br i BB BT AT AR 2 A O0 S S PR e
(6 mm) PEAT Bk, BN A5 2 A Fric e o B B
SERT AR R R O SRE R — TR R
AbRic S PIaE BRI T L, 15 80 B i e
B 014 Son s, WA AS B S PR IR S B - M
2 min g SR Y EG% B F4it f Ah B, RIS 2045
ICRE 2 min BORLAS T RE MR . X ik R il 28 0E A7 08
U AR g F R ok L e 4 4 3 A N ) B 3 0
R GNE 2 fF R, DL 12#R i B R B Y e Pl
A BA A BB B 1+ A B2, 76 X [ Y [ SR 1Y
1% & B SCEL 2y 10 F1 43, B 15 K B8 0 X B
0.33 mm, #8153 £ (912 3l 7 B 34 &= 5 ) A AX=
3.30 mm.AY=14.19 mm,

1y tosAt

1 Rt
] b
| L Bk
. 4%

X mn 154

Y
(b) RPN 5 R A% 3R

B2 B RRIBAE AT Bl A B S P S A IR IR sl i [ 52 36 S Ak B

1.3 FESEE N

SCYTR , E SER I T K R IS K A SR
ERTR LT A R RLEAT T A hRSh I
DI, LAAS 2 A A S il I K, 2351 7
ST AR SRR S A TN T — SRR RS e R
T R R AL LA A IR SRR
PR FHT 2 7 H bR e L I AR 805 A5 B S PR S A 1Y

A AR R, XFF- 15 1Y X ) R Y o 43 530 it o —
ANVIR AL 5 B, i O AL R 1% A5 B B LB
P AR i e PR 8 B S 4 J5 A5 Y £ 38 S A T A
WA, Ho S5 A IR G B A R — B f, =
£,=0.87 Hz, T 3G —ic R f,, SLAE TR N L F T
HMIR ST =B AR AR 1R

£ FH-LE RGN EA R

V-5 X [1]/Hz V-5 Y [ /He ML A R AMIR Bl /He FeME S A T N AR B/ He
£,=0.87 £,=0.87 £ =053 =141
- - Jor =132 £ =3.06
— — Jos = 2.69 £ =6.09

TE: FARTHLo 43 BRI A FPE RS, FAR 1,23 2R —Br

G =B AT, AR w R BRTE RO T



—t

RIS 2024,42(13)

WWW.

kjdb.org 65

2 ZRENT
21 ISERIRNAPB

[ 355 Lb 1 4> L) 24 Al B B 8 2 T A —
A3 7 AR I it 2, AR 0 8 RSP TR A 3R Bl
B B AE XOZ M XOY -1 b i TSk
BB R (UD=125) , 2y T B35 48 M i 7R 7 A 1 =
HePRANIE A WG PRI FE AR T 90 % . B -1
W (XOZ -1 ) 35 5 KR i 1 £ 401, 4 A 24 Aok
() 3745 7 T AR B 1 B — BB S 32, T XOoY
ST F9 25 5 AR AR 1 2% o] LA 1) )1 4R i e £
(AN BOZ T K, U =4.40 9 — s 15 (AN
i), 7 =9.09 B} B ji A8 o s = 5 (24 kg ),

(a)
mc:tg factor: 90

— U, =440
—U, =556

U,=22.50 i =i s 32 (3 ) o SZAE Y
—HERIE & L, T LAFR 25 i SR 3 — O I
WA, WS S A RO PR Sl 285 32 2y S i A
SEFHF MRS RE o

Kl 3(a) o 25 P 5 RIS Bl i ek S A IR 3l
S50 3(b) Nt vk TP B A A A I AR 3
WA E IR BRI ER . XF Ll WL, s g -
TET AR I A2 B A W A, X 5 B G L B R
A RN R o SR, (LTESL A BT HRAR IR Hh 2 A
REAx AT S WP SR IIZ Sh B Ro i . DAL, LT H A
MR I AR A I 28 30 A R S A IR 3 5 s
By AR AL

riser (filter of fu = f;) (b)

N\

amplification factor: 90
1 ‘ — U, = 4.40
f— U,=5.56

| —0,=9.09

— U, =9.09
0.55 | —5 —2is 0.55
0.50 0.50
0.45 045
0.40 0.40
E 035 g 035
N 030 N 030
0.25 0.25
0.20 0.000  0.20 0.000
0.15 0.125 0.15
0.10 TR0 e
o (BN =N
0.05] 0250 = 05 0250 =
07 06 05 04 o5 o 0.375 0375
Y 0.0

P13 SR 24 (s B 2 YR B9 SRR S A 2 D7 AR IR MR

2.2 MERHE T EIEINBEERAL

&l 4 Sh U =4.40 B 37 8 4 8 55 450 28 1 B 25 53
A5, 565 150 34~ J7 1) (4 4 20 A1 25 0 45 2l 1) 2 1) 3
A, - 15 9\ R 55 38 LA 2T 2 i T 5748 X )
FY 1] 41 sl 4503 20 A7 B IO 5 265 2 51 o8 34> Jr 1)
PR R P I 23 AR [ 5 55 3 %71 S 34N O 1] FR 4R B 3205
Wt Fsf (1) 12 ] %) 50 A1 5 565 4 30 R 34 1] () 41R o0 7
VA 22 [ B ] = 43 %) B 18 B 40 B o, (AR BT X6 D7
25 a1 R 2 A A e 1 A 25 T b ) 43T o

H P 4 7] D, it s SF T AR i 2R — B AR S 32
S PRSI R AE — B BT 05 (o) BRI i S 1) B
2SOy B S O MR T R
BIAFAE 2 DA, — AN 4530 F- 18 9 — B [ A

(), — 5w AR S R, LS % 0 RE & i L
IS K== N5 Sy NS A A TS ES R TP
P 2y 522 BRSO AS G 80N, B X 1) RN Y ) Z [ AT Y
1) %) a0, B, TR 25 T) L oo 288/ IN RTS8 3 M - o)
T E SR L A B, T N X R Z
] AR BN 58 A [R]2E , AR AR 2 [ R[] 1
OYATIAT — B 22 5 R, X TR Z 18] B 0o, 5 55 0
FEAENE S . WAL, & 9GS PR R W T A
B (R B AT B0 £ T 55 57 45 10 X 1) RN Y J) = iR AR
W4, 22 B LI 7 542 3l 5 5 B PR 20 8 R G
#, BV Gz SRk £ 5.

R AL 2 5.56 I, 37 6 T AR ST
— B 325, HARSh AR T — B [ 4%, an &l



—t

66 www.kjdb.org M58 2024,42(13)

XYWk YZ 00 XZ

Sz, )

PR FAPAV S IV S VESIRRCE) T v v _
12345 50 1.0 00 1.0
Hz
mn’gmmmﬁ tls We

SO RIZARTE 11 G S Y AT AR R EON S A8V 10 A AP TS MIR ST LB 9 A 355
AR 0 43 BT N ST AN, I RR 1,23 43528 — B B R = A
K4 =440 RS AOPR IR S A 25 20 A1

S5 A S (a) ZE M RGNS 25 20 A AT WL, 52 S A BRI, o 5 RS TOURA T £ dek 19 T2 B2 LA
TR AL — R BIAT IO o AR S ARSI R T RE X T i A IR S (X 1) A Z 1 4R 3, i
T 55 WA R AL AR () g Um AR 3] U5 f, RE AR e, DU A AT BN 2k o e
A E PR IR 25 0 A ] ST SR OE . & B, T R 3 AR e TR AR P e — B A R R
WIZAE R T BB sh DX FEAME T RS —Br £ i ESIR A oA n)

U, =5.56
riser riser (filter of f;, =
S A e mf i

0 M‘Mlﬂl‘f' /R " Up',”'ﬂuqb b

|
“0.4 4 M U
11 11
BE VAN W

,_
=)

S —
E}%m
=N

012345 040

fé:z 1 f/Hz
0. X

(a) 075 0 431 5 B O 2 53
S 0,=5.56 1 S5 (R S5 3R 25 507 (452)



—t

RS S#82024,42(13)

www .kjdb.org

67

we
0.0 1.0

50 55
S/ V2, -,

0
55 1.0 00 L0!

30
tls

U, =556
1 riser (filter of fi, = 1)
Y.direction,

Bl

XY R XZ N XZ

SulHz,;

1.0
0.8

(b) SRR AR5 4347 5 L4 BUA [F SR 1A 743 L
K5 [,=5.56 W S8 AR IR 50003 2 3 A0 (22)

WL 2% 24 e T R I T P R 3 Y 25 8] ST B O =
4.40 IR, 2 () B AN [A) A8 By AR AN, HL
Wit N T W 35 3l , SR AR A BEAY T2 9t < it
IR OI . Mg 1 fJn , S AP MR S Y
23 (0] 5 A BEA %, FRUCIE R ISR Sl AR B O
— PR LT R Gssh 5 A TR AR,
U8 £, JE B9 1 PN IR SR AR 25 8] I3 A AN 2
W2 B B A SR (0 i fia
B T BU ERUBLES 1A I BUE BB
BRI A S5 (b) Al R, AN S Ak 3l

riser
10 for JTJ

i
‘j”””“f
LA A AR

.09
| riser (filter
Vo S

M T N AR Bl HARAR A KA AR 5T R is 3)
R B (A R BT 3 BRI RN o %o
Fb 3t 8 10 J TR) 2050 1 B 8] 43 b 43 A Tl O, SF 67
Sy U ORVAK= 7 rems) feed |1 SO ot | L Oy W= S e Y ]
PRI T AR 30 22 8], 33 BT o045 B R e
FHH 2 5V 5 s, R W 548 B
MRS H5i88 3%

16 U =9.09 B 37 A PR R S5 0K A I 25 73 A
W S7 A B AMR S C S B i B £ 5, B
U8 £ R R R MR B 25 43 A A B i DX, 3 PR

of fuu =y

A l/DO:‘—:—

(a) BAAR 15 6] 23 A S5 PRI G I 2 50 A1
Ko 0,=9.09 745 Mk i 5 454 23 3 A



—t

68 www .kjdb.org

RS S8 2024,42(13)

10 Z-directio
0.8

Ju/Hz

XY W YZ W X2
I

600'%,0 T0 00 10

Wt

45 30
t/s

(b) TSI A B 223 4345 554 7] 3350 BRF 0 77 431G
6 7.=9.09 M 37 3 IR I -5 452 i 45 43 A7 (42)

AR S R S e = Beeen POV E R A DA remi i)
AR/, FBE S — NS 5 T S
T PR SN  H AR I 7 F AR, 1 U8 S XHR IR B2
SHATEIEA KR (E 6(a)) o N EIRBR A2 7310
FR] A5 B ] 43 LA A ml UL (B 6(b) ) L 38 f,
HIJE B AL AS K, A I 7 A 3R 3152 F s Y
MRS AR T 618 R E k2 5T 51
BRSO P AR 2 X Ry S5RRIK

M Ap T & 0 =22.50 B, 37 N L OF

EAARRTEK T L AR LAY B
2 T ‘l"'\..\“‘\”' \,u‘.ml ‘_“

LR | LR WA
il

(o) % L5145 S5 R334
FI7 222,50 I SRR I S B0 5 4 A

.50
1 riser (filter of fu = ;)
o

A IR B B TR A 25 5 o PR AMIR )
BAFAE 2R — A = B [ A R (), —
ANEEIE AR (L) AR T BRI =
RSB 3E 4, DN I, 4R W 19 Bsf 2 A P HE B T 1 A
AT R AL, 17V 15 38 SRR AE V- i AR 3l i
Blo AN RV i N IR Sh A7 7 R i, (H B 22
(1 BB AR R AR 5 G Az s AR R AL, 36 L
T8 £, BT OB A7 TR S0 B I [ 1 FE A
AT LA H U A A4 (18 7) , BEI I A4 73 1

A}/D—O.i 0.0 0.3

|
APRAL S G

UM A "W"I‘
e it

10 TR
W
"'I,r" W




—t

N SR 2024,42(13) www.kjdb.org 69
: T =22.50 . X712 M
10 r]l"fflli-rection O»OW'LO E rlls;r (Yfi:.:lerrecotfd)r: e i ‘%\ZL
0.8
60 0 10 00 1.0: 60 0 L0 00 10
we H s W,
(b)) JEHRITF (14 B2 43475 5 A [ F 050 09 Bk I 0 L
7 0 =22.50 i} 37 3 A4 07 5 A0 23R 25 oA (22)
&7 ,“_“A.\/Aiéi E‘E‘ﬁnuﬁ’”‘o j/—“é:\/ 9 = R 1 R 2
?‘Wﬁﬁx e j{/JE/ [LJ‘ o mT AE:F@ H?EE Loss(%%w):27”}/_}/”2 (3)
B Giz s, S AV N RS R i n
W,,W,,b,,b, = arg min (Loss) (4)

BT LIS TN TSN R A R R
2.3 HMBEIHARHHHE

ST SABIRAE T BB 4 A 2 M ST A
PR Bl N 5 2% , R GERY SE R IR A i o PRk,
FMAG ) S B R, SRTIBLAS 27 > XS24 A 4R s
N AT FO , I kA5 R R TR AR T s 2% 2] T i R AR
BT RCR AT I

T I B A ML a8 ST R R 2 I
w22 X 4% (RNN) 4 5 190 12 388 I i 28 1) 2%
(LSTM) . [ A A4 %1 (AR ) K 35 3 F- S 455 80 (MA)
L M | P B 3300 1) 44K (BP) i 28 0 26
AL RE R A B R AR KBRS e, HA TR
U0 AR R 1 M B 1, & A B T P 3
FHP SOAR IR 5T 1 5 BP 4 48 0 26 38 47 4% 3 i 17 7
T, Horb i s R 2% R B S R R 2T, R e
2 YNt (2 > 8l ) PEA 7 1E [ 38 57

f()=Wog(Wi+b,)+ b, (2)

K, W, e R, W,.b,.b, e R" ¥ BRI T I 25
SHL, g AR PR, A ST R H sigmoid PRIEL

L JZ i 2 25 i 2R (3) ~ X (4) B ik
P SR BRI ) A S5 W, W00, b,

Tofs FEE T e 1 2 7 AL AEA88 % eR R — o ik

T 3 SR EU R RS A B TR R SO E
Wit = W' - eVLlossy,

K (S, iSRRI, e 2% 2 %

FEATGE I P 22 I 45 2 2] s R e, 51 Weight
Decay J7 & A ACE , B 1B UGG H L 51 A
Nestrov Momentum J5 35 IR Y S, [7] B o A Jmy B A%
(RIS . ASHESEREB R (0~ DAE NP HL g7 >
T 45 S e 1) S AR AR Y
TR FAR] o ASWFFE () i 28 X 2 AR SR FH 2 4
B2 , FLAh SR i [ 95 45 10 7 =0 e 2
B (FR2),

W 8(a) B, LA —FRic s i X 7 1 4k 8l k
161], 395 B — B3 Fsf [a] ) S 06 B3040 A 727 >, F st 3]
JE SRR , IF-5 S B BRI T . Yk
TBUHIT 30 s A S 56 B8 48 VE S I i A (3 3000 4~
PR ) XTI 40 s (Y4 2 e [ 847 R, 50 45
MR R 0.82, 47 B S A9 S5 H A XY e BT 40 s 7Y
4000 57 B B A R I ZRFEAS | Ji5 30 s B R 2 T
DR B 0.87, S (B EE I 5 Sl ke AR 55
42 5000 NI, 5 20 s TS S R 9 0.91,

(5)



—t

70 www.kjdb.org N5 2024,42(13)

F2 R N 2% T AR Y 2 e I ik D 1 R

EEA i DT [, 25, K
Pz 1 i aeoc e [10,300,5]
ez 2 e oc e [10,200,5]

25 R [0.0001,0.1,0.005]
[N GESIES [0.0001,0.01,0.0001]
WEIIL BEALESEE R R, LI BE AL B
WENES 5 [0.0001,0.01,0.005]
T KEA IR B (100,500, 10]
RI&=%585S [0.00001,0.0001,0.00005]

% STRAZR: 60 s

OO STREAE R W30 2 REAGR: §i50s 1.0 20000
0.04[ ki
003k FIAREER: 1405 | 16000
0.021 " ©
o T Ity
“% 0 ¢ e ! e w
TS T 18000 <
ot
-0.02 L - 06f w4000
-0.03} | B
—True Value ~— Learning-3000 ~ Learning-4000 0.5, L + L . L L L L s 0
-0.04} 20 25 30 35 40 45 50 55 60 65 70
Learning-5000 — Learning-6000 W SrbE A B g B /s
(a) BAASFRIC AT RTREAK TN 45 SR %) L (b) TIPS B 5 R A AR Ak i 2k
| ——
3 = 0.04
5
7 0.03
9
1 0.02
13
= 15 a 0.01F
B =
R 17 N ok .
19
2 0.01
23 R |
25 L
27 ] -0.02
2] -0.03 ' '
31 g ) : : ; i R A B A
0 10 20 30 40 50 60 -0.05
ALER 2% S B I /N 2 SIRE AR s
(c) A5 )b AN R B 4 3l T e 75 i AR AR (d) SR IR RS AR AR AR 5]

K8 Hlawss > P BREA KL

TR A T B s MU AR N 22 6000 /NBF L 5 5, RIS IR AR B, MEAf B4R T 1.1% , (3 F 5 AR
10 s A TR0 B B2 3R 50 0.93 K ARRIIZRFEA S AR T 33%. Bk, 25675 B F0 LR 5115
) T R B S AR SR A X L IR 8 (b) BT AR, SR ER 0.9 4 AR S AL 2 20 T 37
TNo YIRS REARBOE O, TN R B RGO (H S EE RS AR

ARGR B — o w5, TR B SR T A FE X} U =4.40 B 3745 X [a] 9 sl o A 7 8 A 3]
T ) B3 A S P i . YRR 162 0.9 JE L AERANE 8 (o) Fias. Al UL, AL~ T s 1



—t

RIS 2024,42(13)

www .kjdb.org 71

/A B S R B 25 R R I — S RS E . FT e
e/ REA I O BRIC A RS ISR, ol T R
A 5 IREI RIS /I Bt o A F R R
&, BN B R A g PR RE R . T SE
PR R IR S PN E A AR AR X 5 A
AR A RS 8] B AR SE A 5 IR 8(d) s,
S A RS )V e R AT R S ) (8% g B
AR SE) , B 35 19 22 R0 " A AR
I, BILAS 7 > T B 2 AR A L i i PG

3 @i

FHEAEN ADE 2 M0k S 05 1 AF e
FABIIZ Bl (0 B B AR P S A ) TR IR Sl )
ML AR IR B 23 R R 0 1P 518 3))
5 SRS AR ON S B , JF R T HLAR 7 > XA
(7 24 6] 37 B 57 A8 AR s B T 8 R AR B A T T 0
Prigit.

1) V5128 345 30 48R 3 ORISRV A7 R SR A
WK AN 55 MR 2 2 , T s AR 3L o0 o S A AR 3 3 S A
FHizsh 3725,

2) LAV TN 5 T ARSI AT LA R A [ A A
SETESER YRR ST th b e s
PRI o RS A AN [ B A FARIRA X,
TET AR 805 - T A I sl R A R T A A —
ORI (P B O S B D A i S T A QTR B
A E LW G 5T 1A T MR 3 AR
5 025 542 3l RO AR 34 S0 R 655
T ALV S MRS G

3) H T AAESLAS 891 1T N IR Sl A7 7 A ] Y
WA T A, B TR 7 > TN AS [+ 5 B I s i 7 e
it I REAS KA TR] A3 5 4 ] 20 18 S 8 v 3 i i A
A% . 75, Z PR di e LA B,
it ZAE AR/ N PRI T S ) S+ A B

ST B R, AP BR SCg  4
Jei T 75 AR S A AL K i 3P B 597N
SO, I ZR GE R R BE S 3Rk, LU B 4 Mg &
TARESEPR

2 % 3Lk (References)

[1] Gou R Y, Zhang X D, Yang W W, et al. Nonlinear dy-
namics of three—dimensional prediction model for a flexi-
ble riser under linearly sheared currents|J]. Arabian Jour-
nal for Science and Engineering, 2019, 44(2): 829-844.

[2] Han X X, Lin W, Qiu A, et al. Understanding vortex—in-
duced vibration characteristics of a long flexible marine
riser by a bidirectional fluid-structure coupling method
[J]. Journal of Marine Science and Technology, 2020, 25
(2): 620-639.

[3] Pang J H, Zhu B S, Zong Z. A numerical simulation mod-
el for the vortex induced vibration of flexible risers using
dynamic stiffness matrices[J]. Ocean Engineering, 2019,
178: 306-320.

[4] Gedikli E D, Chelidze D, Dahl ] M. Bending dominated
flexible cylinder experiments reveal insights into modal in-
teractions for flexible body vortex—induced vibrations[C|/
Proceedings of the Twenty—eighth (2018) International
Ocean and Polar Engineering Conference Sapporo. Sappo-
ro: The International Society of Offshore and Polar Engi-
neers, 2018: 1003-1010.

[5] Du Kim J, Jang B S, Yun R H, et al. Improvement of the
bending behavior of a flexible riser: Part ii—hysteretic
modeling of bending stiffness in global dynamic analysis
[J]. Applied Ocean Research, 2020, 101: 102249.

[6] Fan D X, Wang Z C, Triantafyllou M S, et al. Mapping
the properties of the vortex—induced vibrations of flexible
cylinders in uniform oncoming flow[J]. Journal of Fluid
Mechanics, 2019, 881: 815-858.

[7] Seyed—Aghazadeh B, Edraki M, Modarres—Sadeghi Y. Ef-
fects of boundary conditions on vortex—induced vibration
of a fully submerged flexible cylinder|J]. Experiments in
Fluids, 2019, 60(3): 38.

[8] Gao Y, Zhang Z Z, Zou L, et al. Effect of boundary condi-
tion and aspect ratio on vortex—induced vibration re-
sponse of a circular cylinder[J]. Ocean Engineering, 2019,
188: 106244.

[9] Kuiper G L, Brugmans J, Metrikine A V. Destabilization
of deep—water risers by a heaving platform[J]. Journal of
Sound and Vibration, 2008, 310(3): 541-557.

[10] MRAR R, KSR, S0le . W B M IS sixs KR

P S I AR B B S R[], TR TR, 2014, 32(3): 8-
13, 27.

(1] BRIB R, ZRkAE, R 0%, 55 . BOKTR T B g iE )
5K N VS R IR sh 9 8 T RS 5 (0], e TR,
2016, 34(3): 1-9, 79.

[12] Chen W M, Li M, Guo S X, et al. Dynamic analysis of



—t

72 www .kjdb.org

R 2024,42(13)

coupling between floating top—end heave and riser’s vor-
tex—induced vibration by using finite element simulations
[J]. Applied Ocean Research, 2014, 48: 1-9.

[13] Wang J G, Xiang S, Fu S X, et al. Experimental investi-
gation on the dynamic responses of a free—hanging water
intake riser under vessel motion[J]. Marine Structures,
2016, 50: 1-19.

[14] Wang J G, Fu S X, Baarholm R. Evaluation of vortex—in-
duced vibration of a steel catenary riser in steady cur-
rent and vessel motion—induced oscillatory current|J].
Journal of Fluids and Structures, 2018, 82: 412-431.

[15] M, AR E, T . P &% 12 0 P T
PR S B B BT CL/36 + DU A FDK 3 ) 22 R 2
PO 3 e NG I P E 21 S A S N o0 & SN
T MV AT, 2017: 1013-1023.

[16] Wang J G, Fu S X, Baarholm R, et al. Fatigue damage
of a steel catenary riser from vortex—induced vibration
caused by vessel motions|[J]. Marine Structures, 2014,
39: 131-156.

[17] Feng C C. The measurement of vortex induced effects in
flow past stationary and oscillating circular and D-sec-
tion cylinders[D]. Vancouver, Canada: University of Brit-
ish Columbia, 1968.

[18] Khalak A, Williamson C H K. Motions, forces and mode

transitions in vortex—induced vibrations at low mass—

dampinglJ]. Journal of Fluids and Structures, 1999, 13(7/
8): 813-851.

[19] Zhu H J, Gao Y, Zhao H L. Coupling vibration response
of a curved flexible riser under the combination of inter-
nal slug flow and external shear current|J]. Journal of
Fluids and Structures, 2019, 91: 102724.

[20] Zhu H J, Gao Y, Zhao H L. Experimental investigation
of slug flow—induced vibration of a flexible riser[]].
Ocean Engineering, 2019, 189: 106370.

[21] Zhu H J, Hu J, Gao Y, et al. Spatial-temporal mode
transition in vortex—induced vibration of catenary flexi-
ble riser|J]. Journal of Fluids and Structures, 2021, 102:
103234.

[22] Zhu H J, Lin P Z, Yao J. An experimental investigation
of vortex—induced vibration of a curved flexible pipe in
shear flows|]J]. Ocean Engineering, 2016, 121: 62-75.

[23] Zhu H J, Lin P Z. Numerical simulation of the Vortex—
induced vibration of A curved flexible riser in shear flow
[J]. China Ocean Engineering, 2018, 32(3): 301-311.

[24] Zhu H ], Lin P Z, Gao Y. Vortex—induced vibration and
mode transition of a curved flexible free—hanging cylin-
der in exponential shear flows[J]. Journal of Fluids and
Structures, 2019, 84: 56-76.

[25] KA . T BP A2 9 2% 1) Isf I T A5 Y () BIF 5 D).
KRIE: RFHET R, 2017.

Experimental study on vortex-induced vibration of catenary
flexible riser under coupling effect of platform motion

ZHU Hongjun, LIU Wenli, SONG Jinze, GAO Yue

Petroleum Engineering School, Southwest Petroleum University, Chengdu 610500, China

Abstract Due to the combination of vortex—induced vibration and coupled platform motion, fatigue damage is a potential issue

for catenary flexible risers. This paper reports the experimental results of vortex—induced vibration of a catenary flexible riser
hinged underneath a two—degree—of—freedom vortex—induced moving platform. The in—plane and out—of-plane responses of the
riser are monitored by high—speed cameras while the cross—flow and in-line motions are recorded by laser displacement sensors.
The strong and weak couplings between the platform motion and riser vibration are identified. Moreover, the strong coupling is
further classified into two types: riser vibration dominated and platform motion dominated ones. The in—plane and out—of—plane
responses of the riser also present the interaction which varies along the span. Affected by the in-line motion of the top platform,
the interaction between in—plane and out-of-plane responses is weakened. Because of the spatial frequency competition, the
number of required samples for machine learning varies along the riser. The maximum required number occurs in the middle
part, followed by the top part as a result of the platform motion.

Keywords platform motion; vortex induced vibration; coupling response; spatial-temporal evolution
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