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NUMERICAL STUDY ON VISCOUS FLOW FIELD
CHARACTERISTICS OF MULTI-STRUCTURES IN
OSCILLATORY FLOW

ABSTRACT

With the rapid development of ocean engineering and fluid mechanics, more and more
attention is focused on rigid multi-structures in oscillatory flow. In this paper, we adopt solvers of
Lily-Pad based on Boundary Data Immersed Methods and naoe-FOAM-SJTU based on overset grid
technics to systematically analyze the problems related to multi-cylinders in oscillatory flow with
both tandem and side-by-side configuration.

When the cylinders is positioned side-by-side, we detect an obvious Cq coefficient
enhancement when compared with cases of single cylinder as well as large gap ratio. With further
observation and theoretical analysis, we attribute this enhancement to the gap jet between two
cylinders expelling vortex away from the neighbors of cylinders to far field together with large
energy. When we set a control volume in the calculation domain to calculate the energy outflow rate
due to the gap jet, we find large energy outflow, drag coefficient enhancement and gap jet always
occur in the same cases. Thus, it is reasonable to attribute the coefficient enhancement to gap jet.
Moreover, we analyze the development process of the gap jet in the time domain.

In the cases with tandem arrangement, we demonstrate the non-dimensional RMS of lift force
can reflect the rate of asymmetry of flow field in various flow regimes with Reynolds number of
200 after mesh dependent study and model validation. After that, we realize that the vortex wake
after two cylinders with small gap ratios tends to be symmetrical and the trend of C4 and C,, is
more regular when compared with cases of single cylinders. We also analyze the effect of blockage
effect on this phenomenon.

Key words: oscillatory flow, multi-structure, numerical simulation, mechanism analysis
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THARB AR O, SRR LE Dy 1.0 M, H AR R AER stk UL 1, (HA A FAUR
[AFEEE Y 0.5 MRS SR G AT . MlRIBEEE Dy 2.0 HOSE RINAE BB szl b ok mF ),
PRI BRI SR B, a1y 3.0 AU, 4 B RV RHE, HA5RIE
R HRBAERIZIR, 2 JRgAa [Tk BT 2 8] (18] BRI R i, AN AL PR R it 2 (8]
HIRZMAL/AN, AT EEAS B33 (R B N R+ A Rt el SR FHREE BB S L. (5
e 2 (R RSN BRI A, P A (B £ R 32 A 8 AR 5 Z R AR T2, AT 7™ A R 2
B2, 3 Cd ZEA —MUIERIBOR.

33 HERMGE

M T ESER b, A A PIV 803 LDV 55 rI A ER, FTEAE R ILEL BT
W5, AT IPER AT, I OB IME X L o) AT R B AR i 73 4. (H
FEREARAU EN AT PTALAL OY PTRE » I LA IE mT DL S Bt AT g A Jm A 2, %
T 100 R 43 A DA S BRIE B A A5 R SR AL 3, o i ] REAE LR Z TR R HERE A R S %
& o

HUBBACR AL S IURIFRBEAT RN, 1Z A IR R AR D e 55 — 5 P kAT 1 fa] R
AIEE A ERARAIBED A, BATR T SR B B AT 7R T LSRR, RS
AT I /AN, 82 R 2R T V% PR Tt b 2 ARAR BRI T, SRR R 2 h SR A6 i) 5
WAAE Ko Fyhh— T b 2 P EPHZE RN, X BFES2 ST . a5 B E K
IR AT USRI 8] DA B 75 ZEAAAHR R A 2 B A 3 0, O H by - 3RATXHZ 7 1 1 LA 2
RS, Pt ARAT W5 BT S TR BRI K . e B IR SR PA B 82 ), JATR it
SISIR/NE O 32Dx 16D Horh 32D %k 32 firEAT, R 7 iHEISAE X 7 A AT R4
KB, 1 16D AR 7SR Y TR TC R . TR B R 2, THEIR I O
Kl 3-8 Fia.
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Direction

B 3-8 VIR DA K ALHR &R

TSRS, X U7 AR BREAE A 2 A = K 1], 1Y 7 [ E TR
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3.4 HARUSTSEPEREIE

FEIE S5 2 A1, FRA T30 3 AR e S5 SR 1 7 ket BT T 14 XA I DA R SRR iR AT A
B . SRIESS Lily-Pad J& T )4 FiE = /& Processing, X2 —MAEH BBt mitiE s, &5h
FKE MG B L Fpedt T Ak, FEHTEIETMAL. Processing & F JAVA &5 TR,
A DAE N B4 B R —ME R AT R, I AR SR BT R TR R AR
MIETTEIS AR Y, EEERR RN — MR S E MRS S, B B REE N IR A
% F T30 SRR BB o L8 A IS B R Ik R 2 vy, AT INE R R 0 R,
{E2 AT DL OO A e AL AR, SR PR T ELAR BUR HAR R334 2 ok A B I R U
SEPEIRAE ) H 8o 24 BT 1 TC B4 BLAR B A, (B P 358 LA % B8 A0 8 T W A A B 22 1 RN
A% pit, AT RS HOUTE M R AR S SRR B0 IE 2 R RS 4H I s 17 224 (B4 ) TC SR AR AL LA /N
B, T 2R THT LA K P R A A mst B/ 0 » AT RS0 5 0 DX AR S S PR 36 0IE 2 e (R RH R A
AV B ARERE IR, 25 e MRS I R R T BN ELAR A 37.5; 5 M A% S50 f 15 A0 T B 4
LA 50; 4Pk SBR[ A T B AN BLAR N 62.5. SR JE Xt = A R R [A) i 126 B KC=7, Re %k
N 120 FRE LR IEATI . AERRGE SR 2 JE X = NI Cd BLK& Cm 2 BT i DL & b
B, RBIMERW TR 3-1 Fis:

R 3-1 Mg SEg RE
A% Cm Cd
FH A% 1.8850 2.4578
iR A A 1.9335 2.3768
40 A% 1.9461 2.3507

I ERAEEIR, BATTR IS R R RS A 22 0 AN K, ERAE S PR R T B 1]
FE R AAEE . Cm fE RS RS AL RE M AN A 2, RZE
B9 2.57%LA [ 0.65%. Cd FEIXANERE 2 HH KR ZE 207109 3.30% LA 1 1.10%. FATAR IR
1% 5 LR 1 45 RAFAE ORI ZE 8, (B RIS S5 RS 2 B 22 BEAN K. 34k, =Fb
WIS TE AR o B AN AN 6]y 65 A B 1 100 1] 3-9 Fm
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(c) M
2 E

& 3-9 RRMRE

FE BB, RSARMRS 5 AR FR B R I TR I DL, it TR RS,
e ELXF /0N B PR it #0 BE S5 e bty B2 o (ERH A% P T 55 LR PR32 55 LA LB 4 A
AFERRIZE R, JF HiXM 2 5 e AR W R 1O A& i 1 59 Z55 BL Lo, 721
B AR BRI T, BRI RN EAR Y 50 WK R ARH 2K, X T
Ja B 7 BT BoAT RSB LS S

3.5 RHUGER

T I E R Cd RELIBOGHAT fRE, BATA E0 1 M BT BUE AL T
BT BT HETZoR AR R AR AR —4EE 00, N T B =48 e, JRATE T
SR P B T B IR 120, KC BUITETSORIBON B 10 6 A 7, AR B 30, KC #( LK H
W AR R, B RN 20.00 F1 17.14. £FXFF4S KC # LA B BUKIwEE, ik T 1
UG AR DA B B [ A RS ARLT 45, S HOBURI A 10 R B 24 0.50, 0.60, 070, 0.75, 0.90, 1.00, 1.25,
1.50, 1.60, 1.75, 2.00 LA &% 3.00. MIfi s 3Lit B THA 26 A~ LM BRGS0 RITR:

X 32 BBIG R
(54 F4: A B R0 KC B %L ] #F £ e
6 20.00 1
. )
B 7 17.14 1
6 20.00 0.50, 0.60, 070, 0.75, 0.90, 1.00 12
Ay l X A 1 1 b 1 b 1
IR 7 17.14 1.25, 1.50, 1.60, 1.75, 2.00, 3.00 12

FEHUERI L J5, FAFE] TAHKIIR Cm BLK Cd #E4T 15, I HOR IR0 18] 2R
AR SR A AR R 2R . H BRSSO R E 3-10 B

#
&
b=l
o
o
=



Y Y ALY

G/ SHANGHAI JIAO TONG UNIVERSITY

2R SIA R B SR VE A R P T S

—s=— Added mass coefficient
3.5 ..
—s— Drag coefficient

w
o
1

Coefficient
N
o
1

Ps
|

1.9350
] \ 1.6636
154 \\fk—./_‘_

1.0 T T T T T T T T T T T
05 1.0 15 2.0 25 3.0
GapRatio
(a) KC=6
4.5 4 —a— Added mass coefficient
—e— Drag coefficient
4.0+
3.5 4

Coefficient
N w

()] o

1 1 1

7 \ 2.3768
2.0 == 119335
L W

. . | . | .
0.5 1.0 1.5 2.0 2.5 3.0
Gap Ratio

(b) KC=7
& 3-10 EHLER

fE B, Z@BRIEARC U R 7 TEARIE 093] Cd A Cm, 6 AR ZT B iR 2 7
PARE RS R, IF HAEMZR KA ARG P EAE I BUE S R AR S , Lig
KC %1 6 1852 7, Cd FIR/INRARAEH I B R 107, AA3R Cd B BIAE ) 45 RARAT T
R B 2 8] BE BN, HOBORAE T DL BCR AN .o FE R PR ECRUIN I %, B
[EIEE LRI R, Cd $9A N, FlJS RIS FEIRRE . 78 I 2R 9T 1 IR AR A A
PUFIRE S /N BE IS BUAEAE FERE S Cd REUW I RECR. & RIBELLIEE K, Cd 12
AR, JF AT BRI AR . AR, AR B, R AR 268
Ko AP FEAE Z [ IR 2 EANGER, TSRS R B A 5E Al [F), P DA AT LE
H KRR 2, Cd AW e - 5 A 1 L2 e 4 AT DLTIE I o (EDR AR AR AL i A 24
TAVERE U BB L EGREL, R IFA R RRES . KRR E KC
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ST 6 MU BUAE I FEEL DY 1.5 (I, 102 KC 25T 7 [, XA 00 I BLAE 18] BE b
1.6 £ 2.0 28, X NMEEKN, Cm REBMARLEHSWIAT T, Alal LB N,
LS R AR 2 b, Cm £EZHED, (HEZL TR ERXANEREZ A, Cm s HiakE
% W] EREE R T A2 K, (B i & A A A A T3 — [ AR 45 2R, 31X /A Cd AR AR
RIS M, AT KB BB RS A, WG AREARE, sz
TIBGE R Ik, (HRAEEARE, Cd REHIBOCHAE I A 2] .

3.6 MR 1R

LN Cd RBUVBORIEAT iR, FA T 6 230 Cd AT 4 UK — AN BORTE W 1 734
MRYE S BARTTRE, FATHRE BIAL 52 2 7770 9 s DA R B AT K 73, 9 ELRs e afe L7 it
IBENERE, R INETR Y, REREII RS

T1 2 au(t) | _ i
L)4npD Cn—g - Udt =0 (3-3)

fOT%pDCdlU(t)I U - U(t)dt = ipDCdA3 (3-4)

FRAE DA BN A 2, AR DU IR N 5T 2358 20 2 AERE BT o o i AR AN R Y
i, IR ER S ENEA S5 BRe RN RIS RE Y, 1 Cd B AR S e AR . T
fE5 Cd T2 [FARALI, BT LS SCHE— NS h ke ikae &, 2 vl B &R E
it Cd WFERUETIS S, s @ A g T i — PR At Cd B’/ S
RERMAERCA FLe X R Wik Cd kK, FAERKRE AR S HFHCEZ MRt E.

FRFA TR LA S L AEAH [F] 1 JC R (] 68 Ab 45 e — e b AT bexs, BRI
GO T 3-11 s

o — €==:
@ Rk (b) [AIEELL Y 0.5
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(c) [a#EEE A 1.0
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(d) [EjgELE N 2.0 (e) [A]FELL N 3.0
voruei M 1 i

A 3-11 AR EIRERE (KC=6)

FE B, BATAB BT AN F T B b, 72 AR R A PR A I 8] 4k 2 B 2 AN TR
kR EE . SR B, I HIOERBONFR. ML)y 0.5 fImRHE, P
ANMEFEZ T8 BT 5m R L, e ELAE A AT R 18] B2 o BB A =l DR e DA
REE RIS, FEREEARH SR XA ERs . 2lAIBE L0y 1.0 AUmHE, X 18] i) A A5 AH 0 I
59, FEAEMR B P BT — AN B I A i M85 1 SR AR O RCIR A e o 4 el ER b — 2D
ﬁﬁﬁzomﬁﬁ FATEBUR A AR G, B BT 2B T 58 A R R

AL I B T D A KR, AR TR T A T A EE ARy 3.0 A
@,&ME%ﬁ@W% BUtE D RAHRRL, B MRS T R A 2 1 B A s
2, {EFEH AR M RERERL I B LDy 2.0 ARG TEORIIIRSS . @i BRI, ATEI
24 [H) B LA/ IN (RIS A, 8 B A 2 ] PR ) 5 T 7 A — PSR I ELK R At TR A T i
AR KR LA e

P9 7 SIS f R DL RS 2o, /IR R B A SR B ORI L, AT i
T AL I FEREAT 1IN FRATINE A BAR G B AL TR0 b, BRI AAAR A (-2D,
0)o I X% A K AT IR, JATRT LAARHE BB A 2, SR BN i, ek b
DPEE | o NP = SV 5% 1 1

2.0

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
024

0.0 ALY N —_— .
My

-0.2

T T T T T T T T T
05 1.0 1.5 2.0 25 30

Time Gap Ratio
(a) Iy ih £k (b) ~FHMH

B 3-12 HLEREEAW L (KC=6)
i B, FRATAR B A RN, RO 2R b R B S e S B T AR HEA TR B, O
HiBE (b) EIRAIE S f 2t 55 R, A BE LR/ R, B ST~ 18 30 B R 30K
HE—B 0, FRATAEE LA 2.0 DLJZ 3.0 [R5, Htesk bRl R E R A, XARET
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PATEE T RXS AN [B) BB LE A S0 2 v, BRI T B, KR DA I P& 34T T BN R G5 -

o g

(a) B 63 (b) FF Iy 63.36
B
(\-—4’{ ("< f”
B
(c) W) 64.17 (d) HfTE)H 64.95

worucr — 2 -
A 3-13 HEAERIE (KC=6)

FEEAT e i DI RE TR FU RO 6, JRAT 200 T BEAT 4 5 LA TG (SR 38 o 6 B0 [ A PR 75 0
A, AT AP MR, AR T A FIASKAHE. £ 1 3-13 (a) 24,
FFECizsh 2] 7 e, BN RIS ER A Ceissh 2R ia . XK, Ak
FARI= ) Tigis B AR BRIAER AL, 75 igis C 1Bl B EEm . SRR IR 3-13 (b)),
R 46 ST 1R s, XA g B it —D KR, i C it — P ik . X B 1K
Jest AR R, I g C i LS #EHTR S . An K EEIE 3-13 (o) Fw,
B it — ke, CHEMEJamtissh BN BIRL 5 &, WatiEiinin iz . (EE M i e i
TR R, Hsshd I ARMRAK. RIEIRYER 3-13 (d), sl R Hfidm, R JE M
BRI R AE T e BT 2, (ER AR N 2 T R ARz s, BB gis 72
BRI PR A P, (B HAZZh Bl 4 BRI 58 B2 L2 AR N, AR AR
R IEE BT, TR —BEARENZEEEE N, KR, Bk, (HR IR
%%, ERFRME T AR R, RJFIAEF. 2 KC ST 7 iR, SRR R+
AT o

{EL 24 B R 7 00 5 e 28 1] 8 A/ R O 81 00 B A 0 5481 PO B, SRATTAEACEL T 58 4
RO, LRSS & 3-14 FroR.
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(c) WIE 64.07

F A
E

(d) WJ/EN 65.00

(f) WFIE) 2y 65.71
ci— 2 =

B 3-14 WESERAE (AEEK=0.5, KC=6)

FEXUARERITE DL T, R EINE 2%, TRBAIL ] 7 — A I B A R L
DUTE 4 R et iR R R . 7E B 3-14 () v, WUEME— R sh B iAo, — iR
RIS BB AL AT DL A 20 SRALLR, 2 A B R T 157 ol 7 A 1 A R RO TR0 o T X
B ULAJiginxt C #RELAEPINAH T [ AT, IF B R IR AT R 3 BLR TR 2™ A
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NEE sommarn w0 Tovs e SR 15 SR T S T T

HP=E e B LAR C HARTE AN BRI, A2 B A g T XA 02k . 7R 3-14
(b) M, L R 0 R iEiR S R TR R 0 e A Bt sy am g, JEHAR T —
AN IS, B BT BT P A TR @ i Xof PR 38 e i 4 T T Fs gt E AR Fo ekt D BT
PN SR eI AE TSR, T B B T BRI, TR R T — AN B, 9+ A
H S W &HE R AN A R i M i to N A R A, SRS TR T T
WX A, 7EE 3-14 (o) 4, K 3-14 (b) Bt —P kR, 7K 3-14 (d) 4+,
RIS s Bl A, ARG R, [k 1S5, ARG et D B wia BB s, i
Higis E Al F k2B b0 fEde . e A BARSRITHEY, (HRRIEZEE3) 7 b b,
AT R g D CLE BT ARG, BTUAOIERXT A Tk STEiRx D M. /K 3-14 (o)
rf, G R S . SRE AR T X AN S R SR R G, PSRRI 1)
AMIERR H A 1 BN A i s iE iR E R F IRHTNVE . edist A B ERBE e R
Dig3l, 1M&1RWy: EFF Jofl, 538 BATRERL. R RIEXAI %, REEMNIR A
T, R D 2 BIF N BER X D1 MRS D2. Hh D1 BRI, Wi T is
gy, hERsT D2 W — BEAERAERE T, RAWBRERST G . SRETER 3-14 (),
FEE— 88, (HAE Kl DL PR E I H — M ZEEE, T2 e M5 A 3% T puis 25
. BT .

M KC ST 7 BIRHE, HARET AN, F&m Tashi@E g, Higin e
B HTHE R, AT 1) B S FD e DA 5 P A T v o

IESE BT IXFE AR AR, 3 8ae i A SR Tl 508 T, TR RUER, I
B S PR ML, &R T BRI R XFEMILERIE M. Zhao 55 A\ 2014 4E11
WY R AT, BT LLEZE CHK. Williamson LA M. Tatsuna #5E 1 )\ AN A 2 4 X
HE T — M4 GVS (Gap Vortex Shedding Regime). {HZ3RAT/2% — Vi Cd R3
IR S ZI G AT R, FE O SR B GOHAT R, AR OH IR T AATTANLER 2 X%
[EJEHRNT

eI b, BATSRK EE L s s Aok i ER B s sA R E . BATELwmE, 7
THEECS RN T — /MR RS, L EAIR TN 3-15 AR .

’ Calculation Domain Boundary-

Energy Outflow Rate  ~__ i
Calculation Control Volume ™~ CJ
@

(Only for Simulation)

Forced
Oscillation
Direction

B 3-15 il Bon = A
PR AL BAE U 2 PR SR RRI, JFHAE X 7R BAT 4D TR, 1R Y iy
8D MK, I XFEAIBCE, FATAT LR 2 (A BA BOK A IR B L Bl A2 B L
PAVERIAE LR — PRI 2 sh A s 1 AER i i b i i aE— A R s A5 L, 2R
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SRR TR R B :

EOR=<.f>1‘G‘2 u-nds (35)
2

2244 EOR (Non-dimensional Energy Outflow Rate) & P AEE R R4S .
AP AR RAR T LA R R wRRICENEZIEE, ds & ol KM R,
1E BRSPS —HCH 1. FATEITE KC 45T 6 BB 4 DL B TR R HE A 0.5, 1.0, 2.0
A1 3.0 LA FEBE A MBS . FAS FEHHI EOR B 7 #h £k 3-16 For.

— Single
0.5 Gap Ratio=0.5
—— Gap Ratie=1.0
ﬂ | Gap Ratio=2.0
0.4+ —— Gap Ratio=3.0

0.3
[l
o)
w

0.2

014 |

0.0 HEFS AA rd "x"l"x' i "e‘ -:1'*3-" WY Y

Ll ] T 1
0 20 40 80 80
Time
& 3-16 EOR F 7 #i £

B B, BRI EAI EOR #M 0 G T, mAERHEEEARERES, H
selalfE L 0.5 ME BRI IR, XM UL T 7ERIFE LA 0.5 [l fi, B4 AT i vk 1 i
TR B[R] BR SRR SRR FE, AT Hd Se BIAdE A (R 3R T, 285 1B B FGh e AR e e
V. ARG TRAT SO — AN mEOR (mean EOR) (4 SGHAT T #E, JEH#—8
HHAT T . FRATE mEOR 2 LUTF:

mean_EOR _in_one_ period
number _of _cylinders

W2 ULIRATHE EOR WP E RS MR — AR, X T XA EE, BT

[FE AL A peftpe i, (Hi2 Cd Wit Y 21 br @t B AN 0T 1778, Frbiak

ITESL T EOR [ it EOR HHAT T 4F X —NMEAE T35 . A TX KC=6 LLJz KC & T
7 WA o AT TR, R EARRES R 3-17 R

mean _ EOR= (3-6)
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0.32
1 +KC 6
0.28 + KC 7
0.24
0.20
o )
O
w 0.16 4
c
8 ]
= 0.12
0.08
0.04
0.00
0.0 5 . . .0 3 5 Slngle Cylldner
Gap Ratio
&l 3-17 EOR P& Bh £k

7E E B, TR — R 45 SR AR R E T 1 B ) A B A D TR) B B R T 95 e
FITEI . 75 KC 25T 6 i, FRATEBLNEEEE Y 0.5 A% ) mEOR £ % /& [ fi kb Ay 3.0
R, AR 11 5. BAVKARIEI KC %1 6 Ml Tt T gl b, &
AR IR EE LG AN 0.5 FF UG MG K f2 2, AL T 3B KA. BATIEHULE
AT ] 65 7645 [ R R AT FURE, AN [A] B) R b BAR B A5 an N 18] 3-18 P HiAth )
[ EEEE A 0.5, 1.0, 2.0 LA K 3.0 M E 4 3-11 F R,

A small additional
opposite Vortex pair
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(a)[F]FEEL=0.6 , (AN 65.32
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‘2" 7,
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(b)falFE bE= 1.25, WA 66.01 (c)lE]#EEL= 150, F &M 66.02
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(d) AJ#EEE=1.60, B[N 66.00 (e) [AIEEELHM 1.75, HF[EA 66.02
ot — ¢ -

B 3-18 HAWREFELRER (KC=6)

IR EEIR T, AR KC=6 BN, 4laEE g mE] 0.6 HINHE, fEREA
JE 2 2 B — /N B IR S0 @ i » A T e B T EL A R ) BRI A A PR 1 B AR
IWERAMERE, B AR iR POE AR T IR R LR ) 1.0 IR, AR DAZE
3-11 Y 2 T IS M I S A e, I HL AT DU 31 ) T e 110 R BE DRk

{2 22 [ B LU e 3 v R IR, FRATT R AR S5 & BB AT 80 9 1 [ A 4 MO e v T i 1) o P
B BAG, AT LAE R il vk N S FE R I Re /b, Re s BE i T th s ik, AN & AE
PR SRR . JE ELE BRI = ) 1.25 [OmHE, BRATRIAIBESHRKMM R 2H K, i
W EIH BRI D RARHE. SRR S E 1.5 FIRHE, XRASTRRE—S &R, JEHRE
TR B R TCVE TR A AR T, 58 2 AR TR A 1 A AT RE R 4 R BE LA = B 1.6
PAK 1.75 (B, FRATR ISR B R SHR O 258 AT 2k, I A a] [ B e ki 2 1)
AN B — 20 BRI P A B VR e IR 2 (R RIS o i@ i 2 [ SE AN AFAE T, HAH L S
R RRPE T . S m 3] 2.0 LA 3.0 (R, BATVRIIEHZHEINE S, #
AN EIAT S5 BB AR B B R, (EE A B B A R I SCH T AR B, AT
s RO g . R 3-17 24, H[alFE LR & 2 1.6 B3 1.75, A2 (] BRE IR0 25 BRI,
MEOR A — MR IR, FEHIL Cd AT B B 1 B BRI 2 W 2k, a5 5 R
T R &5 B 1 22 BEROR AN o T ESR RAIE, FRATTIE R T 2410 BE b /N ik 5 Bl ek 45
R Cd RE I BHOK 2 ZR il T BUAE (R B e . B 3-17 Ry R e il 4R AR
[ 2E /N T 0.75 (7S Cd B S W AH S BT 24 18] 2R EE /N IR i, B 22 1) g 2 )
TAEFE AR AR A2 v i ) SRR RE E e o Cd M EE R R —, HZ
1EPE 3-17 24vh, fEE SRR BUEEBES 5K mEOR LAK Cd, it ©L48 1] LA — 5 IR FE it
B Cd MK B A EEMEIRCR, JFHEREETWEE.

2 KC=7 [hiHfige, A[EIEEE iR I A Ol A T B 3-19 FoR . AR IRERATIE UG R Xt
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f£ LR, BATER], BT KC WEt— PR, MR REMESR, ZAMELBRFERE
B PRI DL e SRR A BRI R A AR, JFH i KC=6 I A Wit &HF1E
FARRON D MAHIFFIE. (B2 2 F 9 BAL R TRl LA N i, BRATA BNt R FEAF £E
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NUMERICAL STUDY ON VISCOUS FLOW FIELD
CHARACTERISTICS OF MULTI-STRUCTURES IN
OSCILLATORY FLOW

With the rapid growth and development of ocean engineering, more and more ocean structures
have been positioned in the open and deep sea, where they have to experience extreme wave, wind
load and current in some extraordinary situations. Thus we cannot imagine how severe the
environment is and the difficulty we have to face when designing them. Moreover, when the depth
of the working condition is going to increase, the riser has gained the characteristics of high length
ratio and then the riser is going to become flexible. Scientific research related to the VIV
phenomenon of flexible riser has been conducted widely. However, the research on rigid structures
has been ignored for a quite long time. However, the cylinder in oscillatory flow is a wide-spread
engineering problem as well as a quite scientific investigation as it is highly related to vortex, a quite
complex phenomenon in fluid mechanics. It can be found in the bump tower of LNG liquid tank,
the fish farm, wave energy collector in the open sea full of wave as well as BOP (Blow-Out
Preventer) undergoing sinusoidal vibration due to the motivation of upper riser. However, no matter
where it shows, it contributes a lot to the stability and efficiency of the whole equipment. In my
opinion, people have always been curious about the mechanism of vortex and fluid. Thus given the
above two reasons, this project is meaningful and significant.

In this project, we firstly conduct a comprehensive investigation on the theoretical,
experimental, and numerical achievement regarding this problem. The simplified problem aimed at
single cylinder has attracted extensive attention in the whole world. In theoretical aspect, T. Sarkaya,
PW. Stuart, GG. Stokes and CY. Wang have pushed the investigation of the key factor (Stokes
number) on the force acting along the surface of the cylinder forwards with their best effort. When
it comes to experiments, Professor Williamson in Cornell University firstly separated the flow
regime with flow visualization technique in 1985. His another paper in the same year also concerned
the force coefficient variation. Following him, Bearman and Tatsuno clearly defined the eight
regimes for single cylinder in oscillatory flow based on Williamson’s definition. Each regime shows
quite different characteristics on the inline force, lift force and wake flow. However, only a few
people promoted the problems to multi-structures, or namely dual cylinders, because they have to
focus more on the interaction of two cylinders. Investigation on this problem is mainly numerical,
which is conducted by Ming Zhao’s group in Australia. They systematically analyzed the difference
between two-dimensional model and three-dimensional model and thus their following research was
mainly based on two-dimensional cases. They added a GV'S regime for side-by-side configuration
when gap ratio is very small and they concluded flow characteristics in a wide range of KC numbers
and Stokes numbers.

To simplify inlet and outlet velocity boundary condition, we force the cylinders to vibrate in
still water. Then it raises a question, how to keep high-quality meshes and calculation accuracy in
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spite of large-amplitude motion. To solve this question, various numerical methods have been put
forwards, such as overset grid technique, BDIM (Boundary Data Immersed Methods), MPS
(Meshless Particle Solver) methods and etc., and they have all been tried in numerous projects. The
overset grid technique achieves this by interpolation among several sets of meshes in the whole
calculation domain, including background meshes and two sets of cylinder meshes which can move
freely in the background mesh in this project. While BDIM methods add an additional virtual force
term in the govern equation to make the solved velocity field satisfied with the desired fields with
a cylinder in fluid. With help of these two techniques, we can accomplish the numerical simulation
in this paper.

When it comes to side-by-side configuration, we mainly focus on the drag coefficient separated
due to Morison Equation with least-square methods. We firstly designed, conducted the experiments
and recorded, analyzed the data in the tow tank of MIT, during which we strictly obeyed the rules
designed by Williamson and Bearman & Tatsuno. After a long period of data post-processing and
careful investigation, we discovered the drag coefficient enhancement compared with single
cylinder results when gap ratio is small. This phenomenon has a wide engineering utility if we can
solve the question that what causes this. After analyzation of dissipation of each force term in
Morison Equation, we declared that there must be some phenomena containing large energy outflow
that can dispel energy away from cylinders, as added mass term is not dissipative. Then we
conducted numerical simulations with the solver developed by Professor Dick K.P. Yue in MIT
based on BDIM methods to visualize the flow field. Firstly, we conducted mesh dependent study,
and the result advised us to choose mesh size of 50 nodes along the diameter of the cylinders to be
the standard mesh size in all cases. And it can satisfy the high-accuracy demand of force calculation
and flow field simulation. Then we started our systematical simulation, and Reynolds numbers are
set to be fixed at 120; KC numbers are 6 and 7; Stokes number adapts according to KC number and
Reynolds number; Gap ratio varies from 0.5 to 3.0.

After separation of added mass coefficient and drag coefficient, we found that the drag
coefficient enhancement also occur in two-dimensional cases with a relatively small Reynolds
number. In the results of vorticity contour, we could simply analyze the generation, development,
shedding and interaction of vortex wake. And we clearly detect a gap jet shed in each half period
with large translational velocity along X-axis and strong vortex.

Then we positioned a control volume in the flow field around two cylinders to record the
velocity on each mesh node, and further calculate the energy outflow rate in each case. After careful
observation of nearly all the cases, we discover that large energy outflow rate, gap jet and drag
coefficient enhancement mostly occur in the same time, although the trends of energy outflow rate
and drag coefficient show a slight difference when gap ratio is quite small. After analyzation, we
would prefer to attribute it to energy dissipation in the control volume of vortex shed from the outer
part of cylinders. These pairs of vortex are quite weak, thus it cannot be expelled out of the control
volume, but it can influence the energy component to a large extent. Till now, we finish the
analyzation of drag coefficient enhancement, and it is mainly due to the gap jet. Although Ming
Zhao in 2014 has also detected the GV'S regime, they only detected this flow regime and did not
focus on the force, relate the flow regime to force and analyze inner relationship between these two
factors. Thus our research is the first one to explain the mechanism of some phenomena with
combination of flow and force.

In the second part of main investigation of this paper and project, we focus on dual cylinders

H2 k3w



YHFELALE

SHANGHALJIAG TONG UNIVERSITY Z VIR BRI 237 18 R PRI R TSR
with tandem configuration, and a quite new phenomenon related to asymmetry is detected and
deeply investigated. In this part, we use our in-house solver naoe-FOAM-SJTU based on open
source toolbox OpenFOAM and combined with overset grid technique, which is indicated by “os”.
We firstly conducted mesh dependent study and model validation. In the mesh dependent study, we
change the parameter of both cylinder mesh and background mesh. When we get the result from
different meshes and compare force on the cylinder surface and vortex wake structures, the normal
mesh we select with least non-dimensional radius mesh size of 0.0024 can balance the calculation
efficiency and accuracy. Because this is the first project in our group related to this problem, we
then conducted model validation to confirm that our solver is satisfactory when facing this problem.
We choose the single cylinder cases with KC number of 5, Reynolds number of 100 to compare
with other research’s results based on different simulation methods and solvers. During comparison,
the results from our solver show strong accordance with other results, and have nearly the least error.
This indicates the solver in our group can be adapted to a lot of different situations.

After validation, we focus on tandem cylinders with gap ratio of 0.5 and 1.0 as well as single
cylinders. This time, the KC numbers vary from 5 to 20 with an interval of 2.5; Reynolds number
is 200, Stokes number is also determined by Reynolds number and KC number. We calculated the
drag coefficient and added mass coefficient in this configuration for reference of other people. We
find that the curves of these two coefficients for dual cylinders are more monotonic and smooth
when compared with single cylinder cases. Then we talk about the relationship between force acting
on the cylinder and asymmetry in the wake flow. We find that RMS value of non-dimensional lift
force can reflect the asymmetry near the cylinder, and this is also the reason of asymmetry in far
field after full development. We validate this idea with abundant comparison between cases of same
KC number or same cylinder arrangement. Moreover, we detect that the mean value of lift force in
some cases is not zero, it can also reflect the asymmetry in the wake flow. However, the mean value
can only reflect asymmetry in some flow regime, but RMS value can reflect nearly all kinds of
asymmetry in nearly all flow regimes. Thus it is more reasonable to adopt RMS value of lift force
to evaluate the rate of asymmetry in wake flow.

During investigation, we find that tandem cylinders with small gap ratio induce the wake and
results to become more regular and steady. When the gap ratio increases from 0.5 to 1.0, the RMS
value also increases and the wake tends to become more asymmetrical. When it comes to single
cylinder cases, the wake becomes more complex and complicated as it can be in different regimes.
But no matter what KC is, the wake of tandem cylinders in small gap ratio is just in regime A. After
analyzation in time domain, we find that the blockage effect in the gap or vortex emerging may be
the main reason for this regular wake as it is also a kind of strong interaction between two cylinders.

In this paper, we mainly focus on the relationship between force (coefficient) and wake flow
in both tandem and side-by-side arrangement to fill the blank of previous study on either the wake
structure or force prediction. With our critical thinking, we have explained the drag coefficient
enhancement and established the new methods to evaluate rate of asymmetry. In the future research,
we will stick into this idea of combining flow and force to analyze more phenomena.




