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Experimental Study on Wake of Circular Cylinder over
Backward-facing Step

Student: Shao-Tang Wei Advisor: Keh-Chia Yeh
Institute of Civil Engineering
National Chiao Tung University

Abstract

In Taiwan, one of the safety problems of many bridges is the local scour
caused by flow passing around the bridge piers. Regarding engineering methods,
groundsill works, gabions and other structures are usually used to protect the
foundations of piers to ensure bridges safety. Because groundsill work or gabion
IS constructed on step, the structure can be regarded as the combination of
circular cylinder and step. In the past, there were many researches about flow
passing either circular cylinder or step, but few studies on the flow field of the
combination of circular cylinder and step. Therefore, this experiment is
conducted to study the flow field passing a circular cylinder located on a
backward-facing step by using the particle image velocimetry to measure the
horizontal flow fields at different layers of the wake generated by the circular
cylinder.

The experimental result reveals an adverse flow. zone occurs in the
recirculation region of step behind the cylinder. In the adverse flow zone, fluids
flow toward step and faster than those on both sides of the recirculation region.
Therefore, the adverse flow will become the main flow of the recirculation
region. The adverse flow zone affects the wake of the circular cylinder causing a
field of low velocity existing in the middle of the wake. It also results in that
vortices displace laterally when flowing downstream. Furthermore, the
relationship among vortex shedding frequency, height of step, and Froude
number is analyzed to provide the information for the future study about the
vibration of the pier and the estimation of the local scour depth.

Keywords: circular cylinder, wake, backward-facing step, vortex shedding
frequency
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LTS AGETER = N A

WA PR R o R AR Bk B Fo2E— X 72 8 > Abbott and Kline
(1962)4tH pE 2 ¥ w I n S hd B3e ~ i | ] ZH M FE
ToOFIRE BFIREE R L2 A o (5 A5 o Hasan (1992)L % 3 § £ 41
B P AEBERE S R E A MDA KAl Fla SRR
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Fo2 g o B P P4 KRGS 7 5 RIALAL S 4p 4 18 8 (flapping motion) -

{

H 4p #4402 & B (order of magnitude) vt 5 4 & i i 3EEE 5 (intermittent

bursts)-]- — & & % - Heenan and Morrison (1998) f'| 3 k=i v /i 5 Fr] T 4

K dp FiEd 2  FP s R FER SR R RS PR R R 4R
TrAEG R oW PRV 8T 4 Rk AR % 4 Brown and Roshko

(1974)F1* & 7 e B R 2 SRR (7 4R 14 % BLP1¥T% 3 - Huang and Fiedler
(1997) Rl i i7 A= 4an (Starting flow) 2 #2 5 £F3d 4= 4o ip o Haf B T R 1 2
WAL 0 0 R R L A

g g PG 3 A B R R T F 2 & E0R 22 (corner eddy)
B3 Mo & JFIERTG A fEL S =0 i E (secondary recirculation region) >
Spazzini et al. (2001) € R[Fs Pt I F T BEm 4 0 T AUF LR AT R4 R
oo RBEF L FERLF RS FER 2T RS FHITHE 0§
EEERL R R AR R IER YR RENFE ERE R ER
(2004)4+3+ T 467 I Fe 42 7 BRG o in 2 & o B8 8 7 PIV g
BRI R R A 42 B R IR RS R LR U o i E N R
BRWE I % > RS AFIRERL S e AT e IR B 2 M

$FE oA T4 R M FER, &L R R D E RGN
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i 4 N 11‘3’/7:‘?\351:5‘_’3'-?/]%/’2’%0
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PIV R RIFE B3 ke KT 03 Bt 0 IR AL R it i 0n % 2 B

YR PR R 2B e
1.3.3 FBER §aRlad i2

Bl SRR R i ¥ R As(hot-wire)2 A < ¢ (pitot tube)

PRk B FHLGEER o GBI

EREER 8 IR - RS SN ol -\

R TP IS (I T RN R R LR N T

a1

FOpRR RO o AT - B8 Bk o d g 2 B o il ag i B
& Rl Eibrd H RO VR R
%= Bl H pF(quantitative image o 4= Ql) > B P ¢ 7 LSV (laser speckle
velocimetry) ~ PIV ~ PTV (particle tracking velocimetry) £ PSV (particle streak
velocimetry) & -k £ g jp|= 2 » H¥ PIV 2R3 N ATt 7 & kAR LR
NSRRI 0 2 PIV BN AR RS S GRS ¢ $NE R RS
PRt GO i e R o

Mgt oaw o 1% FRE (interrogation window ) & A # i3 4p
% & > % (cross-correlation algorithm)#t & 2.3+ i@ * & PIV e032 8 2 6 > 4o

B ™
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Liang et al. (2002) ~ Thomas et al. (2005) ~ Theunissen et al. (2007) ~ Goubergrits
etal. (2009) > 1 * pE R L8 - ®RE2 S EF o 3 2E > It 4pk R

= # & (displacement) > H 4p i S B2 4o 49T o

Jo

(R
®(m,n) = Xl Xiir g, (L)) g, (i —m,j —n) (1-1)
250 O(mon) s M Sl B E A 0, ) Goi, )) 5 AR R
A MNEFRE A i 2 iRt Hai 48 im2 nk
Bl w2 P ez BHRE LG S8 B R P B2 F
(fast Fourier transform, FFT) 5% & /£ 32 & 2 o

AT B A 2 37 > Westerweel (1994)3# ) PIV £ipldc @ FHFA T
A BRGSFLIEKEA VRS FAI LA LERAFR R EEF G T
% 2 34 chE pEcie S 2F o m Nogueria (1997)%f 3t = Jﬂz EEFFAY O FitacR
F| e TR enl Fg X A 2 e 3 i {7 i3 % oHuang (1997)F 1 PIV
B Edd R B2 LB A 0 Ay LS REL
(root-mean-square) = i #% & £ (bias error) » T ¥t = %L (T & Y 4537 o
14 =33

A&7 11 ARGON LASER 3 stk & (7 5 k ik » % F s sk R3]
TREHEREIALERBE > AL E LT RBEBA LG LT L
FasteC B i # R ISP BT L | 7 2 FEER T o

PIV G BRIARFS e Ak KT g 27 RD A (5 R 0 57
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BePFiE B 2R RS BfS B aEATE = & 42 (discrete Fourier transform,
DFT)~ 47 ALk i e 40 5 - R0t R B re b f R R R 4 5 2 M 14 o
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KR Y B Bl 2-6 5% RHEAPM T E R o RN E S T SAcR
2-7 > x5 d PRz g B i fi® LSEUE RO U U O R

B o i g Q=0.0003x—0.0012cms s R>=0.98 > # ¥ X % 5 i o

BHHEE 2 2% %04 2% - F A% 00100025 2 005 2 ¢ =46 -

I
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Q =0.0003x-0.0012
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B 2-7 3Bk ki & % 2w 4

212 F|=x & 5

Pk AL AR 2 AP M T S 5 A RSh -4 TR T
IR LZH AU G HABT kS B S A T e 5o

R (p) ~ B 4 ARF () 5 R AR B R G T sl (Ug) ~ ]
PokiEh) s £4 e R(Q) Bt 7 P FHLEE(D) - BE R AB)
g & B (L)~ FEH 3 R (H) » AR ELR(S) o #d b R B] = & L 2 i i
#E T (w)2- M R EEIR 4o 50

w=f(p,uUygD,B,L,HhS) (2-1)
FZp~Up D 5 £4F %8 1% 4p £ 7% T3Z(Buckingham pi theorem):& =
Fz A o H o FE N e N

wD

WD — pe2 Lo BLHR g (2-2)

Ug u 'Jep'D’'D’D’D’
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T @A g T f—q%ﬁ’ a4 P BN AR

Jeh
oo F o TRV 2-2 @0 5 TR

\/_’I
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\\\Xr

WD _ 4 oUeD Uy H _
=0 D) (2-3)

e U— % ¢ JiciF #c(Strouhal number, St) > & % 4L B 5 3E 89 444 plLO "
0

>3t VN . U Yo 3= 3
% #&#c(Reynolds number, Re) » i & Fl4LiT4 & in i 32 1 ﬁ“ A A% i

ETINS
N
A

(Froude number, Fr) » & & F @5 g XIFHB R o
21335 5 i
RFFAZ A2 5 23R R P PR T IS 2 5 5 s
FEHhB B o fe A I8 AR T A R RS R b2 Kt 0 AP R 5
4ok 2-1 975 o BB e T S F pETARE 2 3R o d ARl RRESE RO 0 i = L
ok g o BokR G T ORI, 0 BEPIV RGEPR O AR R
KT R iR g ] 20 SR %FEF]P\ 354 0.120 ~ 0.165 ~ 0.210 m/s 1F 5 #5k
PRI b RIAE o ARERCE T KRR R A ARt TR E -
B H- iRk wad%3e s L E- FaRd%36)Cli C3-H
- [ ES% %60 HIL & H33 2 Flir & fd e & 3% % ) CH11 1 CH33 =

Tl o
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FlALe s | FetB R | PP kiF | A | "
% 6 ¥ b H h Us ARt | B ik

) | ey | ey Jeapm | TR

T 0.120 017 | 1195
H R

.| 0.01 1 0.165 024 | 1644

5&, C3 0.210 030 | 2092

H11 0.120 017 | 1195

H12 0.010 0.165 024 | 1644

| Hi3 0.210 030 | 2092

" | H2 0.120 017 | 1195

;’i H22 | #®F4. | 0025 0.165 0.24 | 1644

.. | H23 0.210 030 | 2092

% | Hal i 0.120 017 | 1195

H32 0.050 0.165 024 | 1644

H33 0.210 030 | 2092

CH11 0.120 017 | 1195

fj_ CH12 0.010 0.165 0.24 | 1644

g | CHI3 0.210 030 | 2092

pe | CH21 0.120 017 | 1195

# |CH22| 001 0.025 0.165 0.24 | 1644

© | CH23 0.210 030 | 2092

¢ |cHa1 0.120 017 | 1195

;} CH32 0.050 0.165 | 024 | 1644

CH33 0.210 030 | 2092
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Wk Er + 5V AR % ki(Cartesian coordinates system) 14 Rl £2 FE 20
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222 R f A 1T

BRERA R BRIt BT FR T MXN A ] A R
o B 37 5 b oB 2-11 97 0 T RAPHM R BRURFEBFE 0P
BrApLmyE B R gl HERFE TV RE TR

BEERSE o BB 4T

AL PR R RIS S LR 5 R

EF R Z B BE TR L P RRRE B4 TG
FI#* dp b S0 KT B FRE 2B~ BT R HeTiR Yy o 4P BE S B2 A

133 &2 ;8 1-1#Fem 5 f 2x s M ERF g iml  #5 p i
Sl 5 R a8 1t T Ap A S B (normalized cross-correlation function)

BERE o H N e

L, Y lg1 (i) =8allg2 (i-m,j-n)—g3]

Cnor (mr n) W (2 '4)
01 = Ii\i1 2?:1[810:]') —g1l° (2-5)
02 = Ii\i1 2?]:1[82(1 —m,j—n) — g;]* (2-6)
__ 1

g1 = i1 2)=181(0)) (2-7)

2 121 182(i—m,j—n) (2-8)

N

Cror(m,n) 5 B 1§ B ¥ v+ 44 (pattern matching ) 2. 3 4p B % #ic -

HEAO0E1ZF I BE S EHF Pz 82 mMEn iof

e
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AR B AR T AR S B EARS 5o — R A JRIT B B
H- 5 FFT @82 S 23 A B0 fI* Fo7 a6 (spatial
domain) £ g 5 4 i (frequency domain) B % » & {7 =/ iw & > KT F R
P =4 & (Willert and Gharib, 1991); ¥ - &5 e Hw g ¥ £t 3
#p B 2 B2 (normalized cross-correlation coefficient ) ( Fincham and

Spedding, 1997 ; Huang et al., 1997 ; Huang, 1998 ) » %41 * gz & &

PR 2 R0 B R

(7
[E

TR K@ T AP M Gk

fod 2 FRREAGETREE X [ EREFLE28 R
o A R A RF L K A AR T2 S B

BFEET I EIETRE TR TR A E

bR
N
)
\3\
RS
=g
F_&
=}
Yo
_\_‘_
i

MR BRAE AR FFT e e AP E T FFT 5 8 2 5
TRFEN T RIS A R LR A MY N FE SR

oo Pl IR RO RASRTEE- B BB 2R G

TAPM SHCFE BENTR TN 2 B R L R MR R
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B Er kA R FRFEEHBEME N AL TE 3 e dT

Al
m.=m+¢,’ —05<¢g,<05 (2-9)
n.=n+¢g,> —05<¢,<05 (2-10)

BHe omEn5C,(mMn)FELsitiien? e AW EmEnhis

R RN TR TR R R EER R AE B gk g

\

2.3 23 A heR 5d S F & 12 02 (Gaussian curve-fitting) ~ $#
R+ 4§ % 13 1> (parabolic curve-fitting) ~ 25 + & % 13 & j# (centroid

method) % = 2 K" M =HEAL B > & B 2722 R 4T > @ B 2-13 &

(1) & #rd i3 1 ;2 (Willert and Gharib, 1991 ; Huang, 1997)

_ In C,,0rr(Mm—=1,n)=In Cpor(m+1,n) )
€m = 2[In Cpor(Mm—1,n)+In Cpor(Mm+1,n)—21n Cppr-(m,n) ] (2 11)
_ In Cporr(m,n=1)—In Cp, o (myn+1) )
€n = 2[In Cpor(Mm,n—1)+In Cpor (Mn+1)—21n G- (Mm,n)] (2 12)
e omtl-m-1-n+tl 2 n-1 A% FREPEE2Zw 1881
=12+ 13%2 C_'nor °
(2) A5 2 (Willert and Gharib, 1991)
_ Crnor(m+1,n)—Cpor(m—-1,n) _
Em = Crnor(M+1,n)+Cpor(Mn)+Cpor(m—1,n) (2 13)
£, = Cnor(mn+1)—Cpor(mn—1) (2_14)

Crnor(Mmn+1)+Cpor(Mn)+Cpor(mn—1)

(3) #$#4 ;2 (Willert and Gharib, 1991)
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Cnor(M—1,n)—Cpor(m+1,n)
2[Cror(M=1,n)=2Cpor(M,n)+Cpor(Mm+1,n)

(2-15)

Cnor(Mn—1)—Cpor(mn+1) (2'16)

E, = —= — —
n 2[Chor(mMn—1)=2Cpor(Mmn)+Cpor(mn+1)

P F A RB I ERSEECHIRRF)STHRARZ A

PRLT F 2R 1 -

Fl2-13 RGN I EABDEF2 TAPM S8~ LB
- REHD % ¢
HEFEC I IERFEIESZTEB L OTRETN A2 © 5
Foaomangg pmenzoBE  FRBTOTRTFE R

KB Lhﬁi y 113 xlﬁﬁ_;;;;_{a] - % F#;fi v hrB] 2-14 #5 0 Y@ o

=f

A - RFA S FieiFd g

Keane and Adrian (1990) 2 57t & Do & ¥ %A% > B 2 £ 2 TR E
Wi#@“fﬁ%&&%iﬁ*ﬁﬁﬁﬂﬁl*ﬁﬁiwﬁi

D, = Snorsst (2-17)

Cnorand
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#2e o nortst 2 Cnorana # IS I TR RO B ETF  SEEAE i S

B4 D>l3 2w B s oee B DT RF S FEETE

b

L

FaR s BarR B2 AT H A 320t ik (singal-to-noise ratio,
SNr) > #A - RFFLAGFL R

Westerweel (1994) 3§13+ PIV 4. #% % — 3 FR 3 23 0 b 30T 3536 g
(local mean filter) » % & 2% & K% IEER S TR @DER RN 2
B o WHEHMIE HERHERFE "V RERNBeE O E
FELIXBFTRT

o B AR Bl s A - blden

AV BRI RE Y AL ’I)”ﬁ - i ’F?—FFB [Nt

EiTHG
H R 2872 3 o B e
(1) @A B2 2y
_ Z?:ﬂ”i‘”ol _
Vel = B (2-18)
vi(k, 1) = Julk,)2 +w(k,D%>1=0,1,..,8 (2-19)

HeoVel 3d 282 R BE2Z GHLBEKE | 5ZFRE =8
uk, D vk, )z R & kT REEE # RV =2 & IUE vk,
) (i=1,....8) % vo % i#2 T3¢ & - Nogueiraetal. (1997) %t Vel
2 % 2 8§19 20-359 -

(2) »% & RIS

g = 21106,

SN (2-20)
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3)

_ -1 'U(k l) o -
6; = tan™ 2 25 + 360 (2-21)

He oo g(3i=0,1,+,8)% u(k [)2r vk )2 & & 5 e+ 360°%FE % 4 4 %

F »RF k2. 2w (data validation) :

val(k,1) = VVel? + 62 (2-22)

# osvallk )5 2% sczw &8 -

KIS

1A w205 sxiE s Fpval K= 3 2R 2 > Jaw and Wu  (2000)

ek

EHRV A B R GiE 2ok val 5255 8596 5 f v B E o
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B SO [T e TS A A - O e ST N
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