YFELAAE

SHANGHA| JIAO TONG UNIVERSITY

IR
.3—

e S A

THESIS OF BACHELOR

%ﬁ@%%ﬁ%%ﬁ%i%

zs»w

A3 iE W IR T AR R,

P85 2F:
FE (%) :

Jo it B

5080109182

AEAlL i T A2

AR

A S R TAE




BT BB 50K E N F I RITRIAE N YR TEEH B R

ET @385k hist
YOI FEIA0IE S AR H BRI 5

mE

PirEs AU DR, R80T MR R . EE@R, Kok, FRED MO KT
HLEMER, ISR TR NI EER o ASCR 52, DA B30 w1 250K 3y
TIIRNGE S I B AT g S 45 RO Bk, St T IRy 5 S A IR K B0 7 Wi LM T BRI IR
Yz gy VRAS BRI TR, JE 6 1 il AUl SR AR R —— 2 B AR SR S B RS UL 5 7K B g S 5
JEFFBIAH BRI LA . ERFAR H R AT
1. AWEEXTBERSY SR AT SN T, bR, 08 1 I R 7K 3 77 24 F
FURA 5

2. T Fluent B4, 23 HMER TSST k — oo diig A2 55 R0 IR vk, BUEVHEE T
YRR R AR A R AR AR SIS R KRB TN 3 AT T R GEA RE CE R
BLEE, I Ja BB v S b s 2 R 03z S e o (0 il e i AL AR AP AT 1 A

3. ORI AT Ak i 5 AR R X AN TR] (R 0 7 5 0 0 AR 5 PR R (1 7K Ty g i . 3
17T RIS, 23 S AN S B £ A 1 M IR K B B, IR LAtk
75 208 12 HKBh ) R B, LA A FERI AT 1 A AT B 7 [ A5 7 f
Jiiko

4. FERUEVESIIIEAL E, Bt T REEAN OGS R B 0 B S T

SR Uik, BOESY, WIS BALOR, JORBTH, IR



") >~ ;
¥ "‘\ X ﬂ)\f@r}ﬁ;‘?

SHANGHAI JIAD TONG UNIVERSITY BT BEESTHA5K 3 N FF B IT I IE s YA B I B R

RESEARCH ON THE IDENTIFICATION OF THE FAR

WAKE OF THE OBJECT IN MOTION BASED ON THE

HYDRODYNAMIC CHARACTERS OF THE HARBOUR
SEAL’S VIBRISSA

ABSTRACT

Since the idea was first proposed, the biomimetic has been experiencing a period of
surprisingly fast development, which has resulted in a large number of achievements in the fields
of architecture, agriculture, weaponry, etc. In this paper, using the concept of biomimetic, it is
established a research model for the hydrodynamic problem of the identification on the far wake
of the object in motion using response of a certain structure, based on a series animal experiments
of the harbor seal vibrissa detecting hydrodynamic information. Later, numerical simulation and
experiment design were conducted on this abstract model, which is the model of the flow passing
multiple bluff cylinders. The main research contents are as following:

1. Established a hydrodynamic numerical model based on the analysis of the harbor seal
animal behavior experiment.

2. Conducted a numerical calculation on the 2-D problem of flow passing circular and
elliptical cylinder, using SST k — w turbulent model and Large Eddy Simulation (LES)
method. The vortex shedding mechanism of the bluff cylinders was evaluated and a
reliable method for capturing the vortices in the far wake of the structure was found.

3. Conducted a series of numerical calculations on the 2-D problem of the hydrodynamic
response of the elliptical cylinder placing in a variety of stagger positions towards the far
upstream circular cylinder. The time-domain and frequency-domain response of the
elliptic cylinder was studied and later the hydrodynamic force coefficient dominated by
different frequencies was obtained.

4. Designed a hydrodynamic experiment on the scale model of the harbor seal vibrissa on
the basis of the numerical results.

Key words: biomimetic, harbor seal, vibrissa, bluff cylinder, LES, experiment
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BTSRRI G A 1S P BUE T B ST U R
2. HETk— o SST JiERy, W T “4EAUE R 00 T AT Se i i e i fli 4
FER . BRI, TR SER T i R i i HE ok 3, k — w SST iy
HAEH, BSMETE, THEDK A K,
3. FET BT (Large Eddy Simulation) , I i i AR S g AT 7 H A
o0, 0TI YRR A A T 1) ) 2 5 - TR AR AR R AT TR, 245 T e eUB K Rt
IRAE B AT R v B U K Bl ) SR AE
4. SEIPAT NI, BUEBITHE, DL S AR B SL I LA N Z5 i s T B
W FEUE X G D T R K B R R S50 R vt

1.4 KEPE

AT E S5 R s PG5 S5 68 AL SRR R G 4 T ARSI 53¢
NJE, RGN T EA ST BREZWIZBIIAT 0 S A O AR B DL R 2 SRSt
FURBERE, IFXF AT AT A LM R AR R P )BT T4 fm, S8 T ARSI
BB WA BRI ik ARS8 B2, AR S E MR i e A A

b
-
p=i
Pz
—
[\l
[\
p=i
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BT BB 50K E N F I RITRIAE N YR TEEH B R

FE MREMSWHRFEREE

N T AR SCRESE SE RE S 2R Gkt ) 3R T 1), A BCIERE AASTR SCEAA IR 7 T AF:
AT A B A BT B S R4 g A Bt B AN B R R B AU L K S 3 o
FUBLT R A BRI ORIERE BRI T € U] . AR L, E AT 4

2.1 FelkhFEA

2. 1.1 MshEHIHE

TAR— FR R F AR AT A T AR, MO b, 2 e KRR EAT #0E3) O
[i] 5 AR VAT B 153 F R, WA 0 T AR 3G, SEARRHIE & E AR —
FIERAN RA stk T H AP R AR ) 22E s S N H i 22 BRI ik 02

—HEUR, A R SRR I . L . RGE. TTRGEME. MRS, K
S35 TR A BRI IR SR U, A5 AN BRI T TR . $u S Ry B T K 7 -
(i) B 30 W B AL I BB S R AR v, — BB RS, ORI SO Ut AR A 1S
HEVI R 2R, RN 2 5 s i e v i R h i 2 B S BRI R 2 —

AN YE-ITFE ST (N-S, Navier-Stokes) J7FR4l FIEENE LIk, FLHTI K (K043 5 00 1 11
AR RS HAF B T IR AR, WO ILA HOR RSB A T 7. N-S TRl s T
SORFEARFI I, BUSCRSFE . SRS EAI R R S, DU AR IR R, BIIE
SN B REATRE PR B o 136 A8 S AU R —— AN TR 2 R R AR T 35 AT %8Rk i
SPAETTRE, W R TR E M SR TR, E AL CREM R T B 7 4L, )
B BIHRAR . AT FEARE PRI N-S Ty FRZ T DL R R

aui
—t_ 2-1
o, 0 (2-1)

ou; ou; 1dp 0%u;

ot Yok T pox | on

AP (i = 1,2, 3) B RARALE BRI = ANMF ; wg by ORI L x, 7 T I 4 s ¢ i)
p J R p WA,

2.1.2 THER®RSH

AL 2 S AT S A b 2 A 0 7 922, B R B SR T RS AR IR G A
bk, 2 HIRZ MRS — IR S, HABR R R R FRARAL, S50 4514
5 EUSEERBEARRATLL, A % rh AR 100 4% SR 0T 17 P S5 % 1 R 45 8 o T 3 AT L
F) T 358 45 P BT 2 P T B B B e B, SO A S T T L i e - B
DRI VR S A o SR 2

2.1.2.1 HEH

FER I BRI AR 2 TE IR S, TR WERe st — P Al RERRAL AR B 1 DL i e
EAL,  HEAERAR TR TR Re AL YA T 2 AR DL ARG P S i AR AT AT ES, MO HA G
PR MIEsh A S . BARRUL, &R T S SRS D L AEL, R

pUZ/L  pUL UL MM
e = = —= — =
uU/LZ v e

(2-2)

(2-3)
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A U AR L AYIRRRIE N s p AR 3 kM R 80 (Dynamic
Viscosity) , u=uvp.

W EsCpTiR, FERPERE T, E R Re L YOE PERIARLIER, BRI AR IE TR PR
IR TESSERZ YIRS . FIIN{ES WBHASER—— RIS n) b . 8 WU,
RIRE P g by 3243, HOR R I S R T g, s T T A Bl s PR s e gk, o]
FERVUE RSS2 FUIRES s (EREE SR, BIE T e o 15, HxHRz i sgmh
BEZ 39N, BB R AR BINAERE , NI AN T80, ST A 5 13 3 Kk e 5 1
s, HEI TSRO R RGNS . MR, TR A — e, T BsE s 4
PR BT PR HIA% 22 T i R L, AR 224 00 R 5286 mh BT S AR R B VORI ) T SE R O ) H BR
B WTEG ERTMAR DR IG5 925 LA A A An] A J v ol W AU 30 B a2 WA ) 27 SRR U ) T s 2

2.1.2.2 HHFERR S

FEBARGERL W), AATVRIVARLE ST RIGPE TR, 302 T A 4 it iR B 5
XRS5 AR 1 1 (Karman Vortex Street) o 1M & WX AN HAT R LS 0 5] 4 i Ak iz 5)
WG, PRGN T LIS RIRU , YRR E R DR IR £, 4818
KRS, BIRF 57 /R (Strouhal) 7St , 4iF:
_ foD

U

WrRE 97 W IR AL St I LI B Bl AR e B G b (e v, RIPRSE7 0 5 S5 MR 45 74
TE 5 R 82 255 Tl A AR E 105 U VIR B GAH BLIER TRk T 2 Ui
i&, MON-S R R, AT LAIEBIX AN AT R iRk 3, A B 13 nem (B0
H R T TS WA ) A LD, s HUE TR U S Re S, WIS A ST AL,
BT 3 AL 0y D B S T R 5 A R B St AH A5

2.1.2.3 F+h. BN HERE

XHFAE AR LIRS, S TR AT Eerk, — BRI R TE KA IR T X oR
KT R ARG S AR E R E UG TR, ST B R 5 TH R A R A
P RECy s g R

St

(2-4)

2F,

Cg=—g
¢ pUZAref

(2-6)

Kb, By ik e B 2 2I00BHL Y7 U AR IR L s Aoy A S5 TR
T EE ¢, e T

Q=—gl— (2-7)
pU Aref
s By s T IR E I B sz 20807t 7
HIRREL Cp HooE T
Cn = i (2-8)
pUZArefLm

b, By AWkt FU e R B 2 2URBHAHA o Ly AGEHHAH LIS KL,

&
©
=
pias
—
)
N
=
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2.1.3 ER5HR

KERAR IR BN TS — Bk Ui AT 2 (laminar) R C(turbulence) P FIRAS ™ L
K Z R B) . (LR B, SRR 2y E s, RUAHAR M 2 Ak a) S AE
AIRIIE B, TR RAAEAERE IR A IS, WM b, ARSI J2 R oy SRR R, il b,
PRI R IB SN R TS o (HX T RS K UL, M b, WA T LRRE 0 2 T shfr
P, BEZ A EIRE, oW AR T s sh A AN KA LIS 3 . gk, i
R E R EEL I -

TR AR RS B A B 3 a3, ol DU E— 3 h g R E ik sz —,
TIRECRAT R . M E—T 0 R A R CEEH, SRRl TR S8 It E. Y
R AR NS, BIDRGPER 5 S AT, iR T SRRl R 2R A R RR P ) IR A7 AE 1T
Mg, WEM b, AR IZ SRS, BT R . b i £ ox,
P D T U s 25, R 7 0 (P ma I a6 O TR 77, R sl AL
AN, R RGNS, AT REROBOR, T REREL. AR, B
G TmARES . AT AT G 2 — I RAESE L @, K 2-1iE I 27 T 25 B B i
R, GBS R AE . BT LLE S, AT RS ), Y
L 293000, R L4 EE AL B, 104 E W R 2000, Iz AL R i IX IR A i
MEANER . HARTERZ H SR AL T i sh 20, SO T e, = AR A UER S fn) R
1T TRFEZERF ARG R

TS IRt e — Pl m B A A0 AT S AEERRES L A e AN B .
JORF AL T sh s, LM SE, sl CEEERNT D « RIS SE
I [0) 5 25 () e AR BEATLIR AR B, AT AR FAS o] T

M TR] EAe i, FRATT AT DA I A FR AN [R) OB R 3 i 28 I i e R i s, i Herpix £
it (1 RO DA R e 77 1) S5 A BE AL S T o % e 1R R RS Im AC id , HAF A R B T
WL, — ekl RS KRBT LS g ey Rl — R, 25 EARSUIK S 1
SR DR i G /N ROBEE R A7 AR, R T oAk 0, SRR /N, AL 2 nl g
AR RE, BERREGRI T2 —82%, e smbksh sk 24 K R B
WTERAL S, JL WS T e/ ROBE B, 1T 2 J5 I S AR /N ROBE IR il 2 s X 2
TE R /N ROBE 3R, DAERHE . PRI AR — AN 78 29 A R [Pt T DX 3 P Rl 5N e JRURE 2%
FEA K W IE St AR b . BT, BT IO AEH . sl s BEss B /e 4SBT
it AW = A, A K R BRSNS B TR SR IS e &, i e o) A EAE . B
BT MRS, HREE, ERARERERT, ADREER IR LN K, it
R[4 B REASWTFE RS AL A TR AR TR A GE . (HAE RIS 2], BT IR N EE AN = A o W0FR T3 i
TS AN BENLME, LAY R R R S U vk, BV AR S ) RO B g P,

%10 73t 122



Y ERAAY

SHANGHAI JIAO TONG UNIVERSITY

ol
®
"E&“MD .mc““ég

ETFBUE5IEASUK 31 HHF 1% BT R IAIE SR ETE A B R

al

Mo separation,

Cresplng Mow He <5
A fixed pair of
symmetric vortlces 5« Re < 40
Laminar
vOriex 40 < He < 200
street
: T‘ruﬂ:i%lm
o turbulenes
i the wake 200 « He < 300
Wake completely turbulent. 300 < He < 3x10°

AzLaminar boundary layer

separation Subcritical

A:Laminar boundary
layer separation 3% 10" <Re < 3.5x 10°

E:Turbulent boundary
layer separation;but Critical [Lower transitlon)
boundary layer laminar

B Turbulent boundary 3.5% 10°<He< 1.5x 10°

layer separation;the
boundary lrlycr partl
laminar partly turbulent Supercritical

i Q
C: Boundary layer com- l.3=10 =« He < 4= 10
pletely turbulent at
one ::I‘l Upper transition

A
4=10 = K
C: Boundary layer comple- ) “

tely turbulent at

Transcritcal
twn shdes

B 2- L5 M B B W T ORI R AR R A9 TR o () R AR AE ™

2.1. 4 IR
VKRR S K BAEAE S BRI 2, R PRI, R, 63, 6 RE%.
TETAR 12, BATH 2 WA Th 206 R B VTR AE 5, JRATREXFh 282 AR
BT A X R 2 i (vortex) , MREHAELERL RS S B R IR AR iem ™ . 16

o113t 122 )
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YHEZArE

TR/ SHANGHALJWO TONG UNIVERSITY BT BB 50K E N F I RITRIAE N YR TEEH B R
BERFAVA s eIz 3 (10 238 e BN BUHIERs FRA SIS A, b iR s R At ] A2 2
Tl RER, TR LA R 7 1 30 e e s AN [l A3 AU S5 ) PR S o WA B iR A
SCI ST TARRT A7 B A SIS 2 106 FE s sh IR IR v ——m ik 5 i

EEIAT R A,
2.1.4.1 Rtk

FRER T RS B3 11 G B3 [ R I, I e BRI A ATl IR M &, e T
T ARAAER BRI RS RS AT E S e th 2, MR mPILTT M 5% 1
MR BT A A, B R A T 1] o ) DO A B AR s IR 5 — B N Vi 2 4k T
Xtk RS REE s oL, AR R — N SUR RE sl U E Wi,
WEA A TR L, RNEL iRt i O FF— 2. )
M HAT UL FHEA R
1 {EER A0, TR RIS, HI gLk TR, i iR
JR IR IR PR 2 R i o SIS, SR I A ) A R R AR B R T B 1 4
o LRI G A FE R FL N, TR AR/ e Ab U i R, i
o L AL YT TH JEE H)
2. [ IZIMARRE, BIEARAAL . KB e S, WPREARAS, 1%
AL s A PR IRIEAR O o A ) B 2 [ -5 P 2 AN RIS AR D)5 ] 4 A AR TR T 1
AR EW L EANBAAAE
3. WZeARERITE, MR FOtIh. XEPIRMAIEESN BT, S MeshE
AT [ S R H
4. ERWMBBTRMGTERAL, JEE TR TR K S . e X —F ke
WS, WA R SOV T e AL IR R -

2.1.4.2 RE

T B AR IR 1 — R P 5, 2B R S IR LA T A R ik 5 e R, e LT
Q=VxV (2-10)

A, VORISR (Hamilton) 87 V bR,

WEE RS REE AR E, BRAEX y Az =TS E. STFASCT &
B e RS, x 5y BT ENE, ST z R AR, oz ok
B RN U BT e i, B R EEiR, 2 z A IERIE T 0N EL Bede i, B IE 3 2
WIS B L .

2.2 HEREINE

XU T A IOWTIL, BIETEN 5 3 5 SR T AL A A I R o3 A A S 2856 24 PR
filh b 3 ST PR A 5 R B T A IR B (R SER I AR AR s BB, Atk TR ) A

T SRR, A I R R T 22 AN T RN S E i, SER SR I L T e
WS HOPARH RME T o Bk S) 3 SERE ST T RO I 97 PR 7 ) o £ 53 b 2ti5 Ul
F SEERARAE B T L AN REREAT o LU S0 IR ¥ 46 (R A7 AE AT IN 2 28Ul ok R 3
gly, B AT L) A 10 S0 % AE ) Al LA B v AP BIR AT (ARG L A%

11 BB 5 AR HL 7 TS AR R T PR R, DS AT & BT
HLEIPE G B A ) 5 A o T ROE R AE RE D98 T I3 i, BB 5 vA A TR

12 o3t 122 1
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Hiag TG SHANGHAI JIAO TONG UNIVERSITY

2140 Tor

BT BB 50K E N F I RITRIAE N YR TEEH B R

B R HL AT AR A R L T, W R T IRAR T B AN SC—— R AR B )
(Computational Fluid Dynamics) , f&j#x CFD.

THELAR SN ) U R At R 143 BIAR ) 2 00 7 R R BB, T80 R AN [ ) B
J7iE, IR T R ALl — RAVAEOT R AL, AR/ L AT SRk . 2 Al
I PA) Py /NI b SR ARL A 2, AT RO A7 B P 2 )2yt i R G SR R BB 45 2R .
ARSI AA 2 HORS FE R T-IU F T-B, 10 CFD FRURS B2 0 B e - B wl i) o i

TSI AA Ty 27 v TR BAT TR PR/ 22 TR, T A6 v SRt AR 50 ) 27 b o] LAAS 21 1536 1) i o o
B Q0 S A BRI RUBE RN o A0 R AU AEAT B B, g s, E 5 3R
BRI DU 23S — SR AT ), IR AL 50 P g A AN AT BeAR I, 1y 2215
SN SRR, XA SR LA T o IR T, AR TSR AR ) ) A b on] DA EIAR &
M RIERED . BEAL, THERARS) ) AR TS Ak 0 2, Hoak ] LIS 2 1 AR TR0 1)
HE, XA T AN 7 M DL AOM A S s i A

(SR FIREIR, VRS ) 22 A 3L B Qs i TS ) 22 1 45 R A 2 A
gL, RRITACLAEE, DRI P ARG Sl b, AATTAR MEXRT 5 25 R T {5 PR AT VR

BAE TR ZEAE T DA E AT e A

1. B ZE: RUSEBRmsh FEE B ik 2 [a) 58 22

2. HHOREZE: EVHCEAR ) B ECE AR RN ARE T R AR At 2 TR PR 2

3. IEMRZE: BIMAREOT R AR A R A 1 B RS A TR (R R 22

H o 2R e rE CFD # ki, thlnpik ¥ FLUENT. Phoenics. CFX.
Star-cd 25125 4 TFE AR AE OpenFoam 5. A8 SCHT Al F )k i ME Ak 24F Fluent 45 24 = 5K fig
Ao NI, FEREA SR A BB v TR 4

2.2.1 BEUFE

2.2.2.1 BRENE

AR J R (partial differential equation, fif#k PDED (B >R i) fc by it
ZWJriE, S Euler 78 18 tHLCHR . KT8 LA AR, Xt 2 g 1 B (1) 7 ¥

A BRZE 3R R SR TG SRR T FR I T X, SRARIICA IR 7 25, XTI 4 v g
HORAF A — AN PR 25, BB AT Bl R 0 s R U, AT B o 5 R A AR
AT AkIERE PDE. fF—/N1 s E#E —/MREOTHE, 7 R ARFNEUE 15 s A
JCAHARAT 55 b AR A .

T B R AT PR 22 VAR o] AT R A, {ELE SR FH 45 KA A I s J5 o g (St A 6
PBE, UOATEG LG, RS 2 nl VR ey AR AR 2R (R AR AR 5 o

2.2.2.2 ARERE

A7 BRARFRIE R 2 TR RSB R T RE AR TG 3, D AL A1y E TR, SR Ak
Wy A TIELL R RIAR, TR R LR S IE T RE o R AR hC A o TH AR
mo WHAZ R ERSANYB R T AT S 10 eR BOEDUR 5 5 bR BB R A (R A
XPEEE R, BEMEHA LA — MBI, 1077 FE A AR SNEOL 075 15 AR AR AR i L
AR BRI

2.2.2.3 HRTE

A7 FROCTRAEAR 2 M5 RAT FRAABULAR S (AL, A7 BROCIAB RS 25 ) 53 ) 82 (1 P 1
(R R AR S5 R AR o 47 BR TR I B ) R A kO T R AR B NN AR 2 T |- 17— A
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@) X A ALY
N suasana o toss Uy EFHENBIUKN N LRSS R LR 5

BRI BB TR A TR R B8 o AN S5 7 B (A BR e vk, RN T A A 1) R 5O A v B 1 11T
It HARIER AR 5 F sl .

2.2.2 HBEV R EETE

— kAL, FIHBAE TR TR I RE A R I 43 e 2 18] b A A BR AR ARV B3 LAl A T
ERH RS, B 2 A0 BT X H AR R D AR TT . AR5 3 e R MATR
T SRR HUS P B R . AT DUIX AR UL, I EUE T 7 VR A T SR AR S
(R4 I g R A o T SRARR U (R4 o R AL 1) T vk SnT LUK B3 o 43 125 2 fi# 2 (segregated
method) A1 75 2 f# 2 (coupled method) Pl . IR 75 AR 55 7 [ i) SR 2 150 A T 4l
TR, BT RRAUR G SRR A . BTDATE, MU RPN R BRSNS
HOH BT, BRAR G s, S AR T B A B — e . (HASA
e, SRS, MG AT BRI RAR . WARHEFER, B i 2N e F A b 7
R AT B A PR R S AR SR . AR TS, o B AN T AR AL T R AL
TR T A bR A AR S ACHO FE2H o 0 - P VA i - Ut B 2 P A L 2R ()
JRARAR s M R A A B A LLIR 2, W R AR R D100k T REE . NN IR 4iiE A
R IMEIET,

Hurkit, TR LN BN 2 MSHEUE 5 51 8 B 1B B 1 1BV R 50
SEIEAE AL — W [P IE B, Jedh H R 73 A U A e A8, i sk v AR e (R FE 3 o
PSRRI ST R I s B IEJ7R2, XMBOE I s 113 R B34 i ATE 1E o i A rigk
X, R JI R B SR . R B IEEA 2Ry =, b, RGN
a1k (Semi-Implicit Method for Pressure-Linked Equations, f&i#% SIMPLE) W x4
J"%Z. SIMPLE 5%y Patankar and Spalding™” T-19724F 41, &P =2 TSR ARA AT
W IIEAE 7% . SIMPLE 53 B It DK, FE8E 2 SR (R RN, A5 20T ASB i) olest #i
R, Horh 4ok 5L 45 SIMPLEC. SIMPLER fll PISO 5345, £ 564805
BEHVERIE S ERE

2.2.3 oA

W ESCIA A, FRA O AR B i sl 2 — P B A AN ] T = 4 RS
A R ARG S T T L A E AR A — B AT SN DA R
— o HRAP T B AR vk R Ay =R, BIE VPOV, KAl LES (Large
Eddy Simulation) 1 #:4{E 2. DNS (Direct Numerical Simulation) . X} -85 —/NkiifE:
IR Km0 DATR VP 301a 3 5 R S Ik ahia 8l 7 #E b JEt, KRR S
KIGWE G, Tl — RV, AT 7D ) — 24 5 i P38 R i PR AR AR R
T LG o 1150 T DNS LB AR U, AR T8 v P38 s, SEANTR BN S T A 28
A XS Tl (42 i 7 A% B R B TSRSk o AR BRI A1 RS B s s 2, %
ol TR SR 11 73 o5 s o (R PS TR = = | S S NP (1 =B £ VG N e AR
I 8T i IS B0 o KRR T JL A A R R 1R — AN A4 ) 2 vh BB R B AT 5
J7 ik BT HA B RS 3 ik o FLEEA U AR T8 el RS iR i AN RO LA L i
Al R ERIE 5, 6 3 oA E /N ROBE Rk ) W) 3a e ok 308 R B0 D8RR « R qt e
AP E] RANS JivERTTGRE N JIMARTEAS, ARVt R b R IR O ROBE RGN, [) BN S v il
T BB A T R SRR A i i RO T A SR PR BT SR 1) 1)

2.2.3.1 BEFHENK — o SST 1A

TP AR TR EECK AR NS R, 2SR AR 46 1K T U 5 FE RANS
(Reynolds-average Navier-Stokes equations) o HARMIHIE Ky, 4 NS TR FEE u; Al

¥ 14 3122 1



\ Y EXALE

A/ SNl A0 ToNG UNIVERSITY EFHLSSEASUK ) H FHE BT RIRIE S Y IR AN IR AR 5
71 p 7R A I AP SAE AR R T 3K L8P {5 1 K S A #3483 2 A, B
ui - lil+1’:’l (2_11)
p=p+p

Ao 1 43 R B R 7 (R I (RSP, wi Flp 43 ) 3 7 5 R0 s 7 (R ik 34
B 20 2-13A RN 3 2-1H12-25%F P g BN (]38, WUl mT #5331 RANS J5FE, WiF:

AT (2-12)
axi N

o, _ 0w, 10p 0%u; ouu,

Bt T Uax,” Tpam  Vanm  ox (2-13)

b way AN 3. BHESI G P hs R ¢ (KN s )y fe

¢ o¢ 10p d¢
E-l_ ’axl paxl+ 0x; (Fa_x,>
XHT R X H R
H1302-12,  2-13R12-1ARE) F 10 7 R 260, 75 61 i 15 F ol 8 12 A 8 R0 7 R b i A FR 5 I
KRR (U, Uy, Us, D M ) , FEOTRRAARGAE M. AT MITFEHF R0, %o
T PR BOR AN IR T 6N B W Y T (AR 78 T R AR A T R A S P o KR A Z50RE 7R 1 1. ) AR H
R, BN I RIAT, SIAEIm A R, S i K S E 5 I 2 55 e Rk
Ko H AR SR 22 LUK 5 1R SIS W0 45 S04 FEmlt, AR ER 7 BV A o sl A B 7
B2 W2 N [ PO B 17 7 I R 7 YN i S T Ay U RIS NG A
TE R 7 VA, 51 N\ ShkGE (Turbulent Viscosity) , BUFR ik % 5 (Eddy Viscosity)
TR T LY. ) e i SRl B R R A DRIE,  SEANTE S0 SO BEAE T e T kG
Joseph Boussines 1 Jif th T WA BE , G SL T TR W N ) AN TP 201 BEBR BE 1) K &%
LU

—u,¢ (2-14)

Y (A L A PP 2-15
_ulu]_vt a_xj+a_xl - 5 Oy (' )

v A sk R E  6;; 0 Kronecker delta B8,  koWiiish g, 45 Tua/2.

51\ Boussinesq MR e LG, V5 LN I OB T Wil i v, o R i AsE 2
Y SR SO R R O R KIS v M TR E 2 D, R iR As Y
05 % 7 REAY  — Ty REASTRR Y 5 A ), S0 FEB A H w0 TR A Bk )iz,
f4EhRUE k — e #5578, RNGk — e /57, Realizable k — e #i%, k — o BRI SST k — w %
i,

SST k — w B iy Menter ™ 42t o &It —FhE5 & k — o BRI NIk — eRR R . £EITRE
T DX A ke — oo BB, 7 R W AN [ BT VIR Ak — & B570°Y, SST 70 1ty 75 it 4
Wk

Dk P
o0 = = _ grwk +o— [(v + a,055T) —] (2-16)
PO _ 57— Bt + 2|+ ouu8 ) 22| 4 201 - By — ok 0 2-17
bt ¢ B ax; UT Il 0x; 0wz 6x] ax, (2-17)
K Py [ RIEN
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>/ SHANGHALJIAC TONG UNIVERSITY BT BEESTHA5K 3 N FF B IT I IE s YA B I B R
ou; (0u; 0u;
ﬁ — : SST L L ] 108* k _
. = min [vt p—axj (—axj _axi ,108%pw (2-18)

WHRH G, Ronk — o BERPEELE, He,Kon k — e P REEER, WAL
2-16F12-17 7 45 tH [P0 N AR 1 p T RTR A -

¢ =Fp+ (1 —F)o, (2-19)
F, = tanh(arg?) (2-20)
Vk 5000\ 4po,,k
— i 2-21
arg, = min [max (,B*wy' y2w>'CDkwy2] (2-21)
1 ok 10

CDy,, = max| 20p, Za_xj' 10 (2-22)

3Py Ay I ) A R TP 2 LR Y

SST k — w B IR g SR ECH -
SST _ a,k -
Ve = max(a,w, SF,) (2-:23)
F, = tanh(arg?) (2-24)
vk 5000

= 2-25
arg, = max (2 By’ y2w> ( )

SST k — w1 AN BEOAE 4> 51 4 B* = 0.09 , a; = 0.31, a; = 0.4403, B, = 0.075,
B, = 0.0828, o4y = 0.85034, oy, = 1.0,0,, = 0.5, 04, = 0.85616 .

2.2.3.2 KR

Kitsifel " LES(Large Eddy Simulation) 23z 304F 3k A 42 Ji i K1t — ol 21 1 2K i
FCFEAR ST AR ST 4TS By vk S AR F R I A T BT A, e L e 5 /N A /N SRS fik
2 N 3o 3o 30 e B0 BB RS 3 T A% 1 R (subgrid scale, f@i#k SGS) BRI . T 5248 p ik
Tk LIRS TR (s> RINEAS 1 R sy’ B

¢=¢+9¢ (2-26)
FEX] NS J7 B AT ik A B, T4

o,

EE_O (2-27)

aﬁi . aﬁ] . _1@ azﬁi 6‘[1-]-

EJ””a_xi_ p 0x; +U6xl-xj B 0x;
A, AR TN T TR -

(2-28)

Ti]' = uiuj + ﬁlﬁ] (2'29)

AWICHSRHT T Smagorinsky-Lilly B8, sl 1B o a8k 0 -
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1 ~
Tij —gaikak = —ZUtLESSij (2'30)

A, vpBS AR iR e, AR

vEES = pI2|S]| (2-31)

Ly = min(kd, C;A) (2-32)

A HKk = 0.41 24 von Karman %, C; = 0.1 & Smagorinsky %4 .
ST PRI DL R KAL), 7 925 T S VRN (R RRE . 531 SCik™ (Three-Dimensional
Effects of the Flow Normal to a Flat Plate at a High Reynolds Number) .

2.3 LWFRIENF

2.3.1 PfRGERHSCIRINE

AT I R AT R ERIE, — Rk U Bl AR 1 SR 1T 43 Sk K B ) S 5B g Sk,
KA SO T SERR T, BIKS )2 Sem . T 7E ARSI K 30 ) 25 525 o d i A FH 1)
{9399 A9 WA S Vi —— R AR 540 Kt . BT S5 ANSh (RE ) Bl /MG
HE3) (A BIE S EEREIE ) MRS, J5#% ATER LK, i HE R 3% (s,
PRI DU e s B R A, TR Ak g

2.3.2 BRI E—PIVEE N E

2.3.2.1 PIV REG A%

PIV (Particle Image Velocimetry) i1~ BRI AR ™ b H4EAR K A A1 —
Pl 2 LA M 5%, R L HER R T AN e S R R . B2
JLAREE . SRR AR PRSI0, PIV HOR R f B T 8 S R

(1 LDV [RRBRYE, BEAE R — WA T RS 1) S s s A 5, JF ATt
BRI R SR DL SRR . BRI A PIV H R MR EUA 7R BRRL 146, B &
BB IANNGY, SRR N LU RS, PIV SR B A BAR T A
WA — P EZETFB, A5 T A% A )

PIV R4 =2l nl M 7R B 1 IR s CERES 6D « =iid CCD JEARML.
B S BB AL PR R G5

2.3.2.2 PIV il R B

R EGIIE (PIV) SR FSEAS SR B Tl AR h o s vk 5 s oebE Rar, L
H S RRA SR BN, H AR GEK O Bt Clight sheet) R BTl i b D) i X 158,
Wit CCD $ A4 e A BRI IR B 2 I IBO G IR 7 S, TERK PIV R, g S ARAR it 157
F2Z TE) A () g B, Fadack UG AL EREE A, 13 B0 R R A o T RE, DT e YRR 1 3 P
™,
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Double plus laser

heet aptic

CCD camera

Kl 2-2 =4 PIV &4 (http://www.lavision.de/en/techniques/piv.php)
b, Syt -2

CCD R iR FE5Y
KRk

&l 2-3 PIV ARG R RS E ™
2.4 KE/G

AT T A SO M IFEAR IR 2208 . ARSI 7 vE AT T R 4H

YN T RAR T H AR, AR MSEATE . WAARIE )i Hlr R RS
ok 2 Ja R P B T VSR AR 2 A BRI A AR IR A R
W7 I SST k — w B2, DL IRl SE A B 4% 5 Smagorinsky-Lilly B E3E4T T
] B ) 3 o 5 J R AR SCSE I v BT R FH (R AR S /s 7 ——PIV i3l &g AT T i 22
(1) 3R
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F=E BHESKRERY

BUARGERUE — NIRRT 22 8, AR A ARUR S TR ARH W, 1 i [ A2
UL ) A e T LR B D A AT B TS B ARG IR A 2 B A LB, T
—HEZ BB A R BRI A SR ANE A SERRIF T A SR R R B UL AT V2
IR EREA L, (H AR B AEAR SRR AT ST, JEHR B, X i A SGE, Ml
P Lo WAT I EAEE N SR BTS2 0T, 0 AT — 3 RGMERI LR 9T . A AT T
SST k — o A5 DL K AT REALL I T 2O0) B AT — SR S8 il AT T BE LA, [l
X AR I A R SRR I AU . WTFURWISST k — o SRR T IRIAESZ T7, e
AR AL T AT T AR 00 AT AR 4 R, (B T3z i ) el T AT B A B (1 1)
FITFANIE o X 3 25 B = 27K S g 2 e AU iR U 5 AR W AS Ol P T
UG A AR el

3.1 EEREHEREETEIEA Z " HEERR

3.1.1 MAIEST
AR T R A 39505 HORRIFE Up = 0.1003m/s , BIFE B 42
D=0.01m, HIRe=1000. HAMERME 3-1 Piog

R0O,D
®

6,9

c0

30 20cm HEk

& 3-1 BREBSR g EER (SST k — o HED
THEAE TR /RARR R N &R, e HUE AT R0 o AR BR R A, x ARARE 7 1] 5 ok it T
W —3 y 7 AT TR . W E B L, = 6Ds RWmBKE; L, = 23D/24D
(Wis KL, + L, = 30D/50D) sk 5D, = 20D .
3.1.2 PRI
R R BN A S 2%, 7 B LR (R WA, DRI W ks ) o3I, 75 o0 [ A ) L) 8
hnE, A% Liang & Papadakis 4% (147 75k, HARKI 73 tn1&13-2 5 K13-3 7171
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= RgBnaulsds 1
o =3 R T
= Bygrasasls A
# R A
8 x| R SEEEEEn
o -4+ saeumpuE
e i a7 :
ey m.s# RS SR rar N
— 1T T
Hh 3 : SRR .
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™ AR Sesva sy Ny
A SRR
3 . 35 R A RS
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Bk -
W
lfA W
° i3
V% 3
g =
2 &
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o
e
: 7 S
bu/ w - 7{ LA AT
5

RN TRV REE, BRI e o A\ LR U

Wi gt Coutflow)
3. LR XFRIASA (symmetry)

.
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=

SN

AN AT (velocity inlet) , #5E i

FIFER : LS (wal)
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3.1.4 HETHIERE
AT N sl Lo, W ESHA RIS, K RS R 22 I B BE 5 e A~
75 T 2 B AN [R) (R TR B 5 A TR P S
%£3-1 SST k — o BEIEHEHH IR

B | BARGS (mm) | (mis) | PORSHRRAESR: | BB | TRBROERE
Al 10.0 0.1003 30 23D 20D
A2 10.0 0.1003 40 23D 20D
A3/B1 10.0 0.1003 50 23D 20D
A4 10.0 0.1003 60 23D 20D
B2 10.0 0.1003 50 43D 20D

2 A R A R A 0. 259K 207 (KBRS B, ISR T 4 A B S A AR
1B BLIE A A 6

Rt A KT T80 S0 b e, RS IR ISt

Frh B 00 T2 8¢ L B K [ FR AL X R 308 i B R o 11

3.1.5 HEHE

3.1.5.1 MKW

A 2 R P 5 B A P A ST B B e 2% (1) V1 SR 5 S R O o AR R, G
EIH RO . T4 5 B A A AR 2 S O R 5, A S R g
REPEMRTHE N, MR e B NSRRI, R A WIUh 4 AF-
By 77 R B HORS 2X VIR AR SE A AR 1R], WA [R] 6 8 R B 1 W s R et v 5 5 SR I s
AR BT

F3-2 A THEFICE

RS | RS St Cq Cro Cimax
Al 40 0.2264 1.44 0 1.154
A2 50 0.2202 1.413 0 1.132
A3 60 0.2167 1.414 0 1.069
A4 70 0.2156 1.415 0 1.042

HiP$13-4, FI4S 3 AR RRAE B0 TP ) REUC, R o B ALIIBH ) 2R B HoAth = rp i &5
BORSL, A2-AA=E MK IIEE ) REC M ZEAK,  HIABH D SR B A Bk, AR BRI 2

LS
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WG AL &

B34 PUAE XN TR R EC,
H1P3-5, R 73 2 MR R T RKB) T ) R EUC) man IR AR o BEAE RS ORI, Cpmax
(s A ASORB N, (B AR I KT, B RS AN, DI A 22 S oK,
L AL AP E RS I BRI TE 1 R BUC max ZEA K BEMBKENTT J1 R ELC e R AR
AR AT AL

1.3 4
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n
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114
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\.
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40 50 60 70

RIRRAF 1

E3-5 M%Xﬁﬂ‘z?mﬁ%ﬁcl_maxg
H1EI3-6, AT 7531 W A% AL B0 T30k o7 I /KBS SR &R o B RS IO N, 7Ry 7 s
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5 i AR — S BB BE R Cyp = 0.140; FHITH N RBC, = 0, 5 —Friltissieg

—BUNKB T 1 R EL Cpy = 1.205; “FIYHHREL Crpo = 0, 5 — il i — B ik shH

FHCpy = 0.00467 .
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4.1. 2 FEMRRI RS

4.1.2.1 HRIgEST

1B E—h A SR et R 1 BERES AEYAT A I R A A5 S, SRS BT
S, AR TWIICHE AL BRI SR E A5 R 1 N AT SRIBCA S i 5 6L, k4T L e
TraifE i (ke Kb, i, 128355 .
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T BRI R, TP P8 AE0.5 my/s, L BCSI A 01 i 2 A i KA
B =0.5mm, AT 3 505§ 203 F W O Re = 250, A UL TE I G U, =
0.1003m/s , WEMEF 7 [AFEH IEHCIRe = 500 « WS MNAF KA RE W -

1. ANH: #EANE (velocity inlet) , % iti®U, = 0.1003m/s;
WA il st Coutflow)
BRI RPRRIASE (symmetry)
IR BT st (wall) .

BRI A T R FEIREE, WA E ¥ AN HRIE U, = 0.1003m /s

4.1. 3 FER AR5

BAB VAT A3 H T [RAE ) St TFRIBH ) REL Chor 55— BNl — S BB T ) 2
B Cpy» FIRUWIT:

Ll

FA-1 UL HATT BT H S RICE

TR T L St Cao Ch
1 0 6 0.227 1.461 1.200
2 0 9 0.227 1.463 1.195
3 0 12 0.227 1.468 1211
4 0 13 0.227 1.468 1.217
5 0 14 0.227 1.470 1.203
6 0 15 0.227 1.469 1.204
7 0 18 0.227 1.471 1.213
8 0.25 6 0.227 1.451 1.184
9 0.25 9 0.227 1.462 1.197
10 0.25 12 0.227 1.463 1.192
11 0.25 15 0.227 1.469 1211
12 0.25 18 0.227 1.471 1.214
13 05 0.224 1.460 1.199
14 05 0.227 1.456 1.189
15 05 12 0.227 1.462 1.191
16 05 15 0.227 1.469 1211
17 05 18 0.227 1.472 1.215
18 0.75 0.225 1.436 1.188
19 0.75 0.227 1.452 1.177
20 0.75 12 0.227 1.463 1.199
21 0.75 15 0.227 1.468 1.207
22 0.75 18 0.227 1.471 1.215
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WO 5% AR B EK U, A hRIE

C,=+a3 + b2

#79 T4k 122 70
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(3-8)

an
6, = arctan(b—)
n

WA BRSNS, LU 4 R ELG
1. PN RS Cho» W1 FEI4-81T -
#4-2 PRI R B Cao BRI

Cao 0 0.25 0.50 0.75 1
6 02463 | 02129 | 02614 | 05096 | 0.6428
9 02337 | 02017 | 03310 | 05018 | 0.6413
12 02011 | 0.0495 | 0.2378 | 0.4808 | 0.6369
15 00381 | 0.0805 | 02718 | 0.4403 | 0.6260
18 0.0051 | 00369 | 0.2874 | 0.4552 | 0.6180

1

’l4-81 FIRH ST R Cyp

2. fi =4.6Hz L 21— MIkshfH ) RE Cyy » W1 N E4-82)T171:
F4-3 —HrikshFE )1 RZE Cd1g§%ﬂ:)‘é\

Ca1 0 0.25 0.50 0.75 1
6 0.0000 0.5955 0.5712 0.4013 0.2645
9 0.0000 0.3025 0.3301 0.2689 0.2242
12 0.0000 0.2159 0.2631 0.1810 0.1717
15 0.0000 0.1517 0.1772 0.1116 0.1392
18 0.0000 0.1302 0.1206 0.0726 0.0949
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3. f, =9.2Hz ESW ksl ) R % Cyp » U1 T EI4-83718:

1

El4-82 —R k3RS R % Caq

Ra-4 ksl RE C G RILE

Cas 0 0.25 0.50 0.75 1
6 1.0080 | 07264 | 04518 | 0.2901 | 0.2346
9 0.8917 | 07808 | 04944 | 03932 | 0.2988
12 07684 | 04645 | 04196 | 0.3893 | 0.3099
15 02559 | 03822 | 03689 | 03290 | 0.2984
18 01254 | 01302 | 0.3058 | 0.2997 | 0.2683

4. fy=13.6Hz EF = HkshFfl 1 &% Cug » WIF KI4-84FT7:

El4-83 KM AkBIRE S R EK Cop

K45 ZHriksiBEN R Cas FRILE

0

0.25

0.50

0.75

0.0000

0.1812

0.1127

0.0875

0.0725
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2/ SHANGHAI JIAO TONG UNIVERSITY BT BB 50K E N F I RITRIAE N YR TEEH B R
9 0.0000 0.1327 0.1019 0.0937 0.0703
12 0.0000 0.0306 0.0553 0.0877 0.0591
15 0.0000 0.0223 0.0475 0.0547 0.0682
18 0.0000 0.0000 0.0346 0.0583 0.0479

1

El4-84 =B RKBIRE I R EL Cus

5. f, = 18.3Hz = FMPUMBKBIBH S REL Cyy » W1 F E4-85/17
F4-6 BriikshBl 1 BRI Caa BRI E

Cqa 0 0.25 0.50 0.75 1
6 0.0934 0.0523 0.0692 0.0442 0.0218
9 0.0820 0.0608 0.0410 0.0376 0.0326
12 0.0586 0.0181 0.0209 0.0354 0.0301
15 0.0000 0.0000 0.0475 0.0236 0.0259
18 0.0000 0.0000 0.0000 0.0583 0.0164

El4-85 PUMRKBIRE S REL C s

%82 W o122



£/ SHANGHALJIAO TONG UNIVERSITY B FBEESIEATK ) 1 H I BT RIAIE SRR R R

A1 HANFRE CHERICE

Cuo 0 0.25 0.50 0.75 1
6 00110 | 00072 | 04529 | 0.3949 | 0.2089
9 00001 | 02498 | 05737 | 04227 | 0.2285
12 00001 | 03308 | 04379 | 03710 | 0.2114
15 00012 | 02482 | 03571 | 02917 | 0.1834
18 00016 | 0.0827 | 02631 | 02178 | 0.1412

El4-86 IS REL Cy

7. fi =4.6Hz LR ks 1 R=ECyy » W1 E4-87 17
F4-8 —BrkshFA 1 BB CL G RICE

Cp 0 0.25 0.50 0.75 1

6 5.3258 4.2188 2.9835 2.2491 1.8029
9 4.8300 4.5947 3.4977 2.6572 2.1448
12 4.2398 3.0314 2.7268 2.6054 2.2303
15 2.2688 2.7468 2.5852 2.3250 2.1924
18 1.6166 1.8307 2.4083 2.2860 2.1053
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8. f, =9.2Hz T M Ikah Tt RECp » W FE4-88FT7R:

’]4-87 —BrBk3hF 1 REL Cpy

RA-9 ZHRkSIF I RE C SRILE

Cp2 0 0.25 0.50 0.75 1

6 0.0000 0.6926 0.8387 0.8439 0.6780
9 0.0000 0.6860 0.7170 0.7033 0.6244
12 0.0000 0.2368 0.4884 0.7277 0.7003
15 0.0000 0.1921 0.4293 0.5700 0.6596
18 0.0000 0.0000 0.3407 0.5150 0.5785

9. FHHIM R C,p » W FE4A-89F/R:

5

Kl4-88 —rRksh 1 &% Cp,

K410 “FEHHBERE Cro S RICE

0

0.25

0.50

0.75

0.0112

0.0146

0.4685

0.4084

0.2168

%84 T HL o122 0
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9 0.0002 0.3302 0.7670 0.5656 0.3060
12 0.0001 0.5453 0.7192 0.6085 0.3471
15 0.0026 0.4859 0.6957 0.5668 0.3564
18 0.0042 0.1873 0.5934 0.4889 0.3170

10. f; = 4.6Hz L 'FH— ks R0 Cppy » W01 F KEI14-907 7% :

&l4-89 P RHL Cmo

R4-11 —Br kAR Cmy 5 RILE

Cn1 0 0.25 0.50 0.75 1
6 4.2725 3.2228 2.0545 1.4852 1.1783
9 6.8923 6.6683 5.1598 4.1814 3.8495
12 8.9261 6.8783 6.3894 6.2339 5.5772
15 5.9606 6.4977 6.1558 5.6685 4.6699
18 2.5948 2.7753 3.1202 2.7930 2.1225

B14-90 —BrBk3h T+ H1 R E Coy
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11. f, = 9.2Hz E' R =Flksh 1 REL Cpp » W1 E4-917 7

F4-12 Z—M kS F I RE C . S RIL R

Cong 0 0.25 0.50 0.75 1

6 0.0000 | 07237 | 08616 | 08707 | 0.7101
9 00000 | 09381 | 09851 | 09579 | 0.8575
12 00000 | 04104 | 08209 | 12123 | 1.1623
15 0.0000 | 03596 | 0.8220 | 1.0930 | 1.2767
18 0.0000 | 0.0000 | 07599 | 1.1504 | 1.2993

B4-91 —HrBkshF I REL C 2

4.2. 1.4 RTTMRERS IR T H R LU= B

NS R AT AN ) RE A2, BATE A R 2 ) S s D
T 5 T MRIEAT 7K B w8 o 5 4 T 5 R ARL A3 IR 2 2 i FSAvt [ A AR 1T 77 [ A A
BENASRSEIN IR VAR A E RN PPk =S NG N S e X (N3 W TN IS8
1. JE LA BRI PR, AR R BIHEAP I b, RIVRE ) 47 5 N ) A7 AT I AR A
IS PR B A A
2. HITHUEHE R TOBCETE AR, BEAPUREI ARG 00 T45 AL iy
A A AR R, B MEE I 5 7 W A R 5 R R, R HEAS /T 7
A B L
WA T, PATTHTEE0 DL A5 380 B4 LU R R Al — e o ot 3 i A i AT~ —
T AT, FRATMEB) T A3 2 Bl i, A8 R B0 2 43 00 07 K15 280 8 40 B0 £di 43
i, LEAN = EIEAGH, [RI & X A L AT 6, 1592 T Kl 4-92 52 K] 4-101:
1. P RE$ Cho » 11 R EI4-92JT1 755 :
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A . P NV Jes o
e/ SHANGHAIJIAO TONG UNIVERSITY HFBESIA K31 D RYIT T IAIE s IR TE T A IR A 3

T/D

1.00
0.6440
0.4840

075 0.4040
0.3240
0.2440
0.1640

0.50 0.08400
0.004000

cd_ o
0.25
0.00
6 9 12 15 18
L/D

El4-92 IS R A Cho
ME B FATRT LA 2150 T I BT R B C g0 IR . 2 ] DAHTRAE R W6 FE 1) 22 AL )
W RO 7 AR 1 (07 K AR o (RN A DR 1) BES D0 , 1i) B e I s A TR 1)
TE, AL SE AR B, SRR A A S IR AR AN K

2. f1 =4.6Hz EFH—MIKIBH I RE Cyqy » W1 FEI4-93F17:

1.00
05960
0.4470

0.3725
0.2980
0.2235

0.75

0.1490
a 050 0.07450
= 0
0.25
0.00
6 9 12 15 18
L/D

E4-93 —Hr kSIS BB E Cyy
M FRATTAT DL T Bk shFH ) R AUCy . HAT— AN W i b T
DIREEES 6, BRI S 0.4, [N IE S A mi, JLERIIEAN, RIYFTE BT 7138
FE XA 1, w R SR AT REE 5 AR (R 1) 5 2 v 67 455 R BT

3. f, =9.2Hz LM kS R 5 Cyp » 1 R EI4-9457 755
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E’ f PV 7 - A= s = = IS P
L/ SHANGHAI JIAC TONG UNIVERSITY ETFBUE5IEASUK 31 HHF 1% BT R IAIE SR ETE A B R

T/D

1.00
' } 1.008
. 0.8975
07870
0. 06765
05660
04555
03450
0.50 4 0.2345
0.1240
cd_2
0.25
0.00
6 9 12 15 18
L/D

Bl4-94 — ks RE =B Cap
M EEBATAT LA 5T B kBB ) R A g MRSENT A7 S A B LAEROR WA
AT T A TC IR 6, BE GRS 0, JZ B IXA ki, HAEMKILIN, RIFTA B
JEJ5 TR BIFR DX AN i, AR AR BEA T AR iy [T RO 170 -5 20 1 7 25 PR 4 S P o

4. f; =13.6Hz LM = lkahBH ) R4 Cus » W1 FEI4-9517R:

1.00

i |
0.1815
0.1588
0.1361

0.1134
0.09075
0.06806
0.04537
0.02269
0
cd_3

0.75

a 050
E
0.25
0.00
6 9 12 15 18
L/D

El4-95 =Hrik3IFH I RE=E Cys
M TR LA R T = KSR ) R C s HARA R R E S — Wi k3 B F 4
Car — 30 BIAFAE N BIGE AL T FE IR EE 25 6, B 1A JEIRIREE 25 0.25, T B 5 7 1)
KPR T IEAN o AH T R 2 = WIS ) RELC 45 TR/, 5 FEBIAFAE T S 55
T FEI B2, WA — & BAE R AW bR .

5. VT RECp» WTFEA-96FT7:

088 T 4L 122 W



@) X Eidry
i’*’ .v‘; ST 3 PA = A= A== 4E N o
T SHANGRNT YA Tona Dves E T 3SR FUK 51 71 4 1 RO I%E s 4 (R 1R A B 5%

1.00

o 050 0.07175
F 0
0.25
0.00
6 9 12 15 18
L/D

K]4-96 “FIHA I RE =K Cyp
B BATAT LLE TP TF 11 R 50 Cro: HARA AR Iy A7 ARV AR 551 XA T2 70
RLKEE 25 9, M In JCRIIKEE 25 0.5, [RINE AT 86 B2 U7 a1 3804 10 % o RIS BRATT AT AR 170 G
DRICE B8 0.5 2 1) JG PR R 9 O (P86 B K T 1m) TG DRI R R 2 0.5 A [ JE DRI IRER 5 1 ()88
J5, BT R SR A T AR BT TR A PR 7 B DL B — 8o N ) A A SR T

6. fi =4.6Hz =S IkshT 1 &% Cyy » W FE4-9THTR:

1.00
5330
4.400
0.75
3.935
3470
g 3 3.005
2540
0.50 2075
1610
cl1
0.25
0.00 |
6 9 12 15 18
L/D

B4-97 —BrikshFt h R B = E Cyy
M EB AT LA T Bk s TH D R B Cy . AR S B ksl L) R 5
Caz HATF, BNPTATIEEE TS ) S04 R 5 S5 A e, 30mT R P AR A T AR i 5 T A (1
AR ESE N EDACRIDEERSEEL T

T/D

7. f, =92Hz LRIk TH 1 REC, » U1 N EI4-98171:
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YEiArE
N sanarn o TonG UNvERsTTY EF B85 50K 30 43 RE 7155 sh A TG i IR 32

1.00

0.8440
- 0.7385
0.6330
0.5275

0.4220
0.3165

0.75

02110
o 050 0.1055
= 0
0.25
0.00
6 9 12 15 18
L/D

El4-98 —Mriksh A RE=HE Cp,

M FRATAT LG T Bk sh TH 0 R 50C, . HAR O Az gy vpos, JLAH
SAANE N, R RN A AR WA o5 XA T JEKEE B8 6, B JEIRI IR B 0.65
AHL 2 0] 1 R HEA TGS T 77 A AR A 1 47 2 1 15 S a0

8. T RS Cpo » WIFEI4-99FT/R:

1.00

0.7680
0.5760

0.4800
0.3840
0.2880
0.1920

0.75

n 050 0.09600
= 0
0.25
0.00
6 9 12 15 18
L/D

14-99 FHHERIE R Cono)
N ERATTTT LU 5 TP A R B C o ISR KBS PRI TH ) R Cpo A2 1L
B, AFEAE S KR T TE R R B 10, B TEBRKER BS 0.5, (EMIE TP T ) &
$ Cror THIHLI R HLC oo 1B ] FHSRIIEAT AR B 77 BT FOORE ) 57 01 LT

9. f; =4.6Hz LS — M IKEIHAH REL Cppy » W1 FE4-10057 7% :
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YHEZAY
NE= e woToss e ETHLEHIASUKE 4RI AT RIRIE S AR A B R

1.00

0.75

o 050
=
0.25
0.00
6 9 12 15 18
L/D

E4-100 —Mr ks A I REEE Coy
M BEBATAT LU 56T — B ik sh T+ 71 REUC g FEARAL U A A7 AR W AF i X SR T
[ TG DR B B 12, B JE R R RS 0, BRIV AT LA 2 B R SR A T M i 7 R0 (R 0 £ 2 15
ST

10. f, = 9.2Hz E S I IKEI T 1 REL Cpp » W1 FE4-101F7 78 :

1,oo'

0.75

1.300

1.137

0.9750
0.8125
0.6500
0.4875
0.3250

0.50 4 0.1625

T/D

0.25

0.00
6 9 12 15 18

L/D
El4-101 ZMrikshiA Hh RE=HE C,2
M BATAT LR T B BB T ) R EUC g s FLAR A IR DAy TLOA 1] 25 DX Ay T8 2
SEUT R T S5 DI, RO\ R) JC R K BE 25 18, A1) JC DRI KB 28 1, JLm) DA S SR AT AH X A
5 TR PR T A7 45 JEL AT

2091w Jt 122 ;0
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4.2.2 JEH MRS RGP
F TS 5 e 1B P, AN T Bt A 0 G A ) Bl R AT W 3, 33 L e R
%

TR

N T L9 T, RIGIa) CPRIVREE 4 9, Kim JoRVRERE 2504 1 R ITFRUL . HL
Y & 4-102.

IVeole

B 4-102 L9 T1 ¥R FwEE
M s, B s oA, B REC,, FHhR¥C,, HsEREC, ALK
W N & 4-103 £ K 4-112.

~-Cd—Cd, ]

Coefficient
o
a
! \.

T T T
91 9.2 93 94
Time /s

) S & PO

Coefficient

T T T
91 92 93 94
Time /s

- Cm=——Cm

Coefficient

T T T
91 92 93 94

Time /s

K 4-103 MR RER (ZL) , BEEADSME (2 F), BAOREC, (L),
FhREEC, G, HMER¥C, BTF) NHZELERERE (9.11637s)
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150 -
,,,,,,, Cd——Cd
1.25
1.00 -
€
2
=3
g o075
@
=3
o
0.50 4
0.25 4
0.00 . ' .
91 9.2 93 94
Time /s
44 . . ~
...... ci—ci, ]
34 R
2
2 1 B
£ :
% x
g :
O o
A /
24
T T T
91 92 93 94
Time /s
6
------ Cm——Cm,_
me
44
T 2
2
o
E
o
o
o 04
2
T T T
91 92 93 94
Time /s

K 4-104 HEEAEBRERER (L), BNEDHAE (7)), BAhR$HC, (L),
FhREEC, G, HMER¥C, BTF) NHZLEREE (9.13806s)
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1.50 4 |
- Cd=——Cd, |
1.25
1.00 -
k=3
2
o
e 075 4
@
Q
o
050 4
0.25 4
0.00 T T T
9.1 9.2 93 94
Time /s
44 .
...... cl—cl, ]
34
24
3
S 14
£
@
=3
o 0+
44
24
T T T
91 92 93 94
Time /s
6~
<<<<<< Cm——Cm,_
me
44
E 24
2
o
£
o
o
(ST
24
T T T
91 92 93 94
Time /s

K 4-105 HEEALBRERER (L), BNEDHAE (7)), BhR$C, (L),
FhREEC, G, HMERSC, BTF) NHZLEREE (9.14688s)
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150 -
Cd =—Cd_ |
e
125
1.00
k=3
2
3]
e 075
@
Q
o
050
025
0.00 T T T
9.1 92 93 94
Time /s
A
...... C]_Ckm!
34
24
3
§ 14
£
@
o
o 0+
14
24
T T T
9.1 92 93 94
Time /s
6
o Cm=———Cm,
e,
44
t 24
2
2]
£
@
o
(ST
24 & 4
T T T
‘ 9.1 92 93 94
Time /s

K 4-106 fEEAEBENRER (L) , BNEASAE (EF) , BMAOR$C, (B,
FhREEC, G, HMERMC, BTF) HHZLEREE (9.17784s)
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150 4
~--Cd=—=Cd_|
e,
Z 125
1.00
k=3
2
S
e 075
@
Q
o
050 4
0.25 4
0.00 T T T
9.1 92 93 94
Time /s
A\
\
\
| 4
P U AN " | [ SN\ ] C]—Ck’m!
/ 3
/
r”
24
3
§ 14
£
@
o
o 0+
A
24
T T T
91 92 93 94
Time /s
6
o Cm=———Cm,
tme
4
t 24
)
k)
£
@
o
o o
24
T T T
9.1 92 93 94
Time /s

A 4-107 MEAERENRER (L), BNEASAE (EF), BMAOR$C, (B,
FhREEC, G, HMER¥C, BTF) NHZELERERE (9.20214s)
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1.50 4
Cd—=Cd,_|
125
1.00 4
k=3
2
§ 075
@
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0.00 T T T
9.1 92 93 94
Time /s
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34
24
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£
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3 o
A
2
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91 92 93 94
Time /s
2 oo Cm=——Cm,__|
4
o
£
8
o o
24
T T T
91 92 93 94
Time /s

K 4-108 fEEAEBENRER (L) , BNEASAE (EF) , BMAOR$C, (B,
FhREEC, G, HMER¥C, BTF) NHZLEREE (9.22833s)

97 T4k 122 W




@) rEidry

SHANGHAL JAO TONG UNIVERSITY ETFBUE5IEASUK 31 HHF 1% BT R IAIE SR ETE A B R

1.50 4
...... Cd——Cd J

1.25

1.00 -
€
2
é 075
@
Q
o

050 4

0.25 4

0.00 T T T

91 9.2 93 94
Time /s
4 . —
------- Cl—2cCl__

3

24
3
2 1
£
@
o
o 0+

-1

24

T
91 92 93 94
Time /s
61
------ Cm——Cm_ |

4
z 24
2
£
o
o 0

24

T T T
91 92 93 94
Time /s

K 4-109 MEEALBRERER (L), BNEDHAE (7)), BAhR$C, (L),
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T AL R S T O LTS R iy IR A R R X e e A ELAE
AN S B R LR N PR 7K 3 g i AR A - 2L el mR LS T A B J I P B 20 A
Wi s 300 A, LLKCCBRIN B 22 80Cq » BRI TH D R0 Cy R INHHAR R EL Cp WS RS
IR BA T A R 4
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RESEARCH ON THE IDENTIFICATION OF THE FAR

WAKE OF THE OBJECT IN MOTION BASED ON THE

HYDRODYNAMIC CHARACTERS OF THE HARBOUR
SEAL’S VIBRISSA

After long time evolution, most aquatic animals have developed various sensory systems
suitable for their own kinds, which help them to identify the environment characters (such as the
obstacles in the darkness), locate then hunt the prey and also hide from their predators, etc.
Commonly, all of these different kinds of sensory systems fall into two main categories, and those
are “active” sensory system and corresponding “passive” sensory system. For example, with the
active sonar system, dolphins are able to perform successful prey detection even in the dark and/or
turbid waters. On the other hand, “passive” sensory systems are also found relatively common,
such as the lateral line organ of several kind of fishes serving with the function of a hydrodynamic
receptor. As for the pinniped species, such as the harbor seal and the sea lion, it has not been
demonstrated in them either any “active” sensory system or the “passive” sensory system like the
lateral line organ, and yet they shows a strong capability of long distance location of the prey in
the darkness, indicting a new way of flow character detector, which has attracted several biologists’
interests.

In order to explore this fascinating character of the pinniped species, Dehnhart, et al.
conducted a series of animal behavior experiments on one of the pinniped species, the harbor seal.
In the experiment, it was revealed in the harbor seal of one stunning “passive” whisker/vibrissa
sensory system that when the visionary and auditory cues had been totally blocked for the harbor
seal, by only using its highly sensitive whiskers tracking small water movements, the harbor seal
managed to accomplish several item identification and/or location mission, such as the trail
following of an autonomous underwater vehicle (AUV) . And the further study now has confirmed
that the whiskers system is the most important organ for the pinniped species to extract several
essential hydrodynamic characters from the flow, and thus guaranteeing their performances in the
water.

This “magic” sensory ability of the pinniped species not only intrigues many biologists but
also inspires the study and design of the new biomimetic sensors applied on the AUV able to
detect flow characters. Currently, among all the prototype design of whisker-inspired sensors, one
developed by the research group of Dr. Triantafyllou in MIT counted as most successful one.
Based on the manufacture of their own designed sensor prototype (the main body is a 30:1
whisker scale model of the harbor seal), they have finished the laboratory calibration on the sensor



B) rELAY
£/ SHANGHALJIAO TONG UNIVERSITY EFHLSSEASUK ) H FHE BT RIRIE S Y IR AN IR AR 5
response towards flows of various velocities and directions and the real ocean situation validation
with the sensor mounted on a CTD rosette.

Although the current biomimetic sensors succeed in capturing the characters of the incoming
flows, such as the velocity and direction of the flow, there still a lot of advanced functions waiting
to be explored. As a matter of fact, instead of using whiskers purely for the detection of the steady
current, more commonly, the whiskers of the pinniped species are used for the long distance

location of the moving fishes, by identifying the fishes’ trials that contain vortices arranged in a
highly complex, ladder-like, three-dimensional pattern, whose structures depends mostly on the
body shape and swimming mode of the different species of fishes. And further related experiment
further justify that harbor seal is able to discriminate the front objects of different sizes and shapes
through the recognition of several hydrodynamic characters of the vortices in their wakes.

Under such circumstance, the main purpose of this paper is to deal with the problem of the
identification on the far wake of the object in motion using response of a certain structure, and
therefore is focused on three main aspects, shown as following:

1. First is to establish both a proper numerical and a suitable experimental model for this
hydrodynamic research problem, by analyzing the results of the former animal behavior
experiments and abstracting the key factors of the harbor seal vibrissa’s strong ability of
hydrodynamic information detection.

2. Second of all, the former researches of the problems on the flowing passing multiple bluff
cylinders were mainly focused on the interaction among the multiple bluff cylinders, in
one word, the near wake problem. So it is necessary, in this paper, to find out a reliable
way to numerically stimulate the problem of the downstream cylinder’s responses in the
far wake of the upstream structure. In another word, a credible method should be found in
capturing the vortices in the far wake of the structure, which creates the interactive
environment for the downstream cylinder.

3. Based on the numerical results, the mechanism behind the problem of the identification
on the far wake of the object in motion using response of a certain structure is meant to be
revealed though view of the fluid-structure interaction. And several suggestions on the
future corresponding sensor design is therefore given.

And the main idea of each chapter is listed as following:

1. The first chapter introduces the background and meaning of the research from the aspect
of the development of the bio mimetic and the animal behavior experiment on the harbor
seal’s whisker serving as a passive sensory system to detect the hydrodynamic
information in the environment. Later the related design and development progress of the
new generation of the whisker-like sensor and the current situation in the field of the flow
passing bluff cylinder are briefly discussed. In the end of this chapter, it is introduced the
highlight of this paper, the purpose and method of the research and the content of the
following chapters.

2. The second chapter generally deals with the fundamental theory and basic method related
to this project, including the fundamental hydrodynamic theory, numerical simulation and
experimental method used in the hydrodynamic related research. To begin with, the basic
control equations in the fluid dynamics related to the problem of flow passing bluff
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cylinders and its corresponding key non-dimensional parameters, such as Reynolds
number, Strouhal number, etc., are introduced in succession. Moreover, in this chapter, an
emphasis is laid on the introduction of the numerical simulation method, including finite
volume method, boundary condition, etc., and two important turbulent models, SST k-w
turbulent model and Large Eddy Simulation (LES) method. In the end, A brief illustration
is made about the flow visualization technique wildly applied in today’s hydrodynamic
experiments, the Particle Image Velocimetry(P1V).

In the third chapter, a numerical simulation on the 2-D problem of the flow passing a
circular cylinder at Re = 1000 is firstly conducted being applied with the SST k —
w turbulent model. In this simulation, it is investigated the influence on capturing the
vortices in the far wake of the upstream circular cylinder from various parameters,
including the mesh quality, the width of the simulative area and the length of the outflow
area. The result shows that the former parameters have little effect on preserving the
vortices in the far wake and, conclusively, the SST k — w turbulent model is not very
suitable for the far wake related problems, which indicts its incompatibility for the later
numerical simulations on the flow passing multiple bluff cylinders in this paper. In this
situation, the Large Eddy Simulation method (LES) is therefore introduced into the
numerical simulation on the flowing passing circular cylinder ar Re = 500 and elliptical
cylinder at Re = 250, which shows a satisfactory way to solve the problem of preserving
the vortices in the far wake. And based on the results getting from this simulation, a brief
report on the hydrodynamic force coefficients of both circular and elliptical at their
separated Reynolds number is given and it is presented an extensive discussion on the
fluid field around the bluff cylinders from the aspects of both time-average and
instantaneous way. Especially for the instantaneous fluid field illustration, in order to get
a good understanding on the vortex shedding process, both the vorticity field and
streamline for the fluid particles methods are applied.

The fourth chapter is the essence of the whole research project, which provides with the
analysis on the results obtained from the animal behaviour experiments on the harbor seal
whisker, the simplification and the abstraction of the hydrodynamic numerical model, its
results and corresponding discussions. After a numerous simulation using LES method on
the elliptical cylinder in different stagger positions towards the upstream circular cylinder,
the results are analyzed from both time-domain and frequency-domain way. In the
time-domain, compared to the situation of elliptical cylinder in the uniform flow, a
variety of different characters of the hydrodynamic force coefficients are revealed and
reported in detail. And, from the aspect of the frequency domain, it is found out a
multiple frequency components exiting in the response of the elliptical cylinder. Later,
based on the Fourier series algorithm, it is clarified the amplitude of each hydrodynamic
force coefficients dominated by different frequency components,. And later all the
components are concluded into colored contours through fitting and difference method,
which offers an insight into the possible way of using the hydrodynamic response of the
elliptical cylinder to deduce the arrangement of the upstream circular cylinder. Finally in
this chapter, a typical numerical simulation case is selected to illustrate how the vortices
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in the far wake of the circular cylinder interact with the elliptical cylinder and therefore to
briefly explain the mechanism behind the mutation of the structural responses.

5. In the fifth chapter, a sketch design of a hydrodynamic experiment on the scale model of
the harbor seal whisker is presented. Base on the numerical simulation in the former
chapters and the animal behavior experiment, the concept of a hydrodynamic experiment
on the related problems is proposed and its corresponding whisker form scale model and
the experiment devices are presented in 3-D model design.

6. The sixth chapter gives a conclusion on all the works presented in the former chapters and
more importantly, the problems and future outlooks on this research are clearly illustrated

in succession.




