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Abstract

The construction of bridge piers in natural river channels reduces
the cross sectional area of flow which causes drastic variation of flow
field around these piers, alters the sediment transport characteristics, and
develops local scour at the riverbed. These physical phenomena in term
result in erosion, which would expose the pier footings and cause
damages that may threaten its structural integrity. Apart from the present
methods for bridge pier protection such as the grade control structures,
the ripraps, and the gabions...etc., this study proposes the use of vanes as
flow deflector to reduce the action of flow on bridge pier scour.

This research involves a scaled model consisted of two vanes in
front of a single cylindrical bridge pier for the experimental study of local
scour in a straight channel under clear water condition. Local scour at
bridge piers occurs through .the action of the down flow and the
horseshoe vortex when water impacts the bridge piers. The reduction of
this scouring phenomena is the main purpose of this study, with
evaluation on the effects of various arrangements of vanes on local scour
and hence the efficiency of using these vanes as bridge pier protection.

The flow field changes rapidly as channel bed varies through
process of scouring around the pier. Under such -circumstances,
traditional single-point measurement at a specific time would not be able
to obtain the variation of the velocity field completely and effectively.
Therefore this study adopts the non-intrusive color particle image
velocimety (CPIV) to measure the vertical 2-D flow field in the channel
in order to obtain the velocity and vortex field through the set-up of
interrogation window and image analysis.

The experimental result reveals an optimal arrangement of vanes for
bridge pier protection when maximum percentage reduction of scour
depth (54.1%) is reached under the following three conditions: 1. when
the distance between the vanes (with length of 2 cm) and the pier (with
diameter of 2cm) is 3 times of the pier diameter; 2. when the spacing
between the vanes is equal to 0.5times of the pier diameter; 3. when the
attack angle is 15°.

Keywords: bridge pier, local scour, vanes, CP1V
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Bk 40 RPE RIS - R B B

ﬁ?’]‘ﬁ"ﬂ} AN S S A



Tan (2005) 4 * FHFRITE 30 28 ~ 56 28 2 X A kH &
FEAlRk > E- IS 152 90 R R IR 4 R
oo E R rﬂ%ﬁ‘f‘ EHTE 5D BT Bk
ﬁ%aa;waﬁ,ﬂﬁm@ﬁﬁ;&uo

BAE CTHEE 006) FHEiiE A GG AT oYV
BErSp LY MABE AR AHERF R S BRCER B
BRI BRI AT AR IS S R M S TR
TREHTOBFELY TV IR TS HERFERE 28 2 BEER

o

M-

Ghorbani and Kells (2008) #-3m453% & *“7}%1%1‘@ IREE 7 35 i
rE AL AR P I RIER AR B

BEEyE 2 o RERF > RESFF LR RER - L HEN
B G ERGAE L LS B IRAGE B - 0 o] 14
ST oo @ BRI R SRR RS 0 G ) P AUE R R 0 4
Bl 1-2 9757 o (5d FRSEFHFI > pE-HFE D LFRO L WP
%i&Sj&ﬁé&%wﬁ’%%ﬁ%ﬁm%&@%*rm%oﬁ%
PRz E s 2 kFER O 2 2 F L IBS B &
R TR S RIFR R K 87796 0 2 i Rrd i

AETAEAS LA BN  — A LR RGERIA 0 F - 30 5
CPIV BRI 330 1> o

TP RESR) AR R O T R R iR
cE R AR BT R GRG0 A ST 2%

R R PEFREFCMPEE ) FRE P RN fI* kR

\



FERIAE B AREMFH Y 3 e SUTRIFER

% 2 IR (CPIV #8) g sk g iT5 kA » H LR L Argon
¥ T B2 (488 nm) ~ (514 nm)2_ iR &k > I F g -k RG]
EI R T HEREY BRI MEHEHY -5 2 F 5
S G A F bt KR AR AR kT F b R kR P KA ek
BTEEREEFREIT A EE I F L ERA % E(polychromatic
acousto-optic modulator - PCAOM) > %‘%‘ d 22 3 BREFSERE LR
AERZ GRS LD F AR T REU[E ST HET o

¥ 1355~ Rld DuncanTech MS300 4|2 CCD #&# 1% - 3P~ E 7
SRR T 2 FELR MO FEER K ficd B (1/5 3 1/4000 ) Ao
@ofs JU* B IGEANARS 2 B B B AR BRI T B
VRGN PR
1-5 2% B

ARG R AR ERIBA SRR RE E o Y Y
Wgr BIAZ RV R SRR - 2 RS LT R W

4T

|

SR

i

NS

Y- REAT2ZETHWEFTT P g @i
PG TR o AR v R WA HOARR B IR R ~ g 1

CPIV i2 | & Hivtp B A7 7 e~ BFIZ o

p;‘i-%;;u& ~

ely

= % & CPIV 2 Rl & $i ~ 2 UadB i A28 i B8 4] 2 32 3i
oo

FZF 5 CPIVEHRZ REGE(F 7 RF XA, St X
S Bl ) B E AR TR BRI R I

FERSHH IR BRSO FEET FEREEGET 2R

Wik 2%oF 2R 0 1% CPIV i 2 in3pip] o
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¥ - % CPIV i B Amimfz g i j| R 12
2-1 CPIV i 8 g2 i fe
L ¢ BT BLE aRliE E (CPIV)Z B AU inAe < K7 A 5 B
GREP AR NE B A 4TI (3 0 2002) 0 FEP Ao
2-1-1 i@ e
b FBER G Bl 2 (CPIV) 2 B g B hd F U H LA %
(PCAOM)F * Ir # 3L 4] B2 7% v » # ARGON F 52 8 & % &

NN

BolBsrsEd 2 %d kd o 5d Fotgsts L8 gy R4 -
E S22 EE > BB R gd CCD #¢ HB 2 T3 BFie
e

B d AN A RIS b A B 2-2 7T o B F BB A
# B -] % H.(small pattern) » 3& {5 & A & (interrogating window) 2 3% Z_ >

DRI ) S - ELE A T %—%TF\:“ [ IR SE A IR -2

‘7‘%
3
:%E
E
&
INTN
s
b
Ve
-k
=
o
\4
Y
&
Ty
-
“
‘Q
>d:-
7
-

- ~ 3 4p M S % (cross correlation function)

PG RRBEEKXTTRE < HBGRE ST A Fe

Looimb ¢ B AGUEE S AR RFHE 4L E 2 e
gl o

;E't’ ’ # &gg,ﬁi/*t‘la ,"vﬁi;\é



Cij (m,n) =

.Mz
Mz

Il
—_

[imb(i, j)]-[img(i —m, j—n)] (2-1)

]

Il
—_

NS

Y

Be oCmn)izBefFrE HE X E* WA TmEnz =4 E | imb
Zimg A B EENBERZARARAGE (2 ] A kPO H2 474
=% -m2niimb¥img ph% %dhz =HE ~(-m, j-n) 3 img & imb
#° §Ap pe(matching)2_ i § o
R HGRE - F T M % Bos (NCO)i
BB IR S HTE 2 R X B H AR P M ARR 0 T R-Ap
BES ¥ A o A i3 4p M 8% (normalized cross correlation
coefficient> NCCi2)? » EHZRKTFN T ~ [ E7F 2 < -
FRLp R AT RGBT R E P2 R AEL I3t
ErE 2 Ap AR R (0~1)i8 fF - MR RBcE L B B G

w2 g 844 e e T

M N R R

ZZ[lmb —imb][img(i -m,j —n)—img]
j=

== STA®)

=373 fimbi, ) imo] (2-3)

i=l j=1

:ii[img(i—m,j—n)—ﬁr (2_4)

i=1 j=l
1 M N
imb _—ZZmb (2-5)
i=l j=1
M N

Zng -m,j-n) (2-6)

i=l j=1

#d oimb L imb B ikd 2 T30 0 img b img B hh B2 Ti0E; me

NEFREPZEBEIMENASAIZTRE it w2 j2 o2+ o
FREM ZHFEFFAEGRGEd NCC 2@ NIRRT 215

PAE R Cimn) K TR MR EET AT
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Z_ /Z".ﬁ% :E_ ’ ﬂﬁb ¥ _IE‘L’_%"H'EU (m,n) 7/?’:,;{ ?; ’ &raj (m,n)i&_%j*v? 1.0 » E]'J X z:t\

TRz TR EY 23 RAPM  THIZLFREP2ZEHE
3
f

Y j\'\j'_

I

\_
A

(e
755
4~\
=
5B
—
\_
’%‘
R
g
e
pa
yj
S
o

%
(Gaussian curve-fitting) ~ #¢ ¥ % F+ F % i & % (parabolic
curve-fitting) ~ 75~ 3 F % ¢ it ;% (centroid method) & = ;2 k "# L =4
WA BB oM PR REY o UBETHMRY R LT > RF5
Foif 47 ¢ @2 F s R A T RIEIT B ETA T FI 1S R F TR
2 FEEA T SR MM R B L B A e TR S
FE0 1Y R BAIMB LRI LT

BASFEFEA Y AT TR E A7 2 dphE GBE T L4

B o FE N AT

X=X, + . logé(xo _17 yo_)—IOgC(XO +1a Yo )_ (2_7)
Z[IOgC(Xo =1, y,)+logC(X, +1,¥,)—210gC(X,, Y, )}

10gC(X,, Y, —1) —10gC(X,, Y, +1) (2-8)
Z{logC(XO > Yo =D +10gC(Xy, Y, +1) —210gC(x,, Y, ):|

Y=Y, +

BP o (xy)a B2 2BE 0 (x.y,) s FFF%EE2 Flcs

mAZT - R E2 %% eB] 2-6 977 o FlPt o JEHRESEE T - R2Z
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FREwE EIEHE > H A LT

Vel =i (2-9)
2 v
i=0
= Ju(i, ) + (i, j)* (2-10)
8
Zﬁﬁj
R — (2-11)
2.6
i=0
0 = tan Y01 | 340 (2-12)
udi, j)
val(i, j) = yVel® + 6 (2-13)
A9 ovel 2 SRR PR BLAHLE > FLERS 20-35%

(Nogueiraetal ., 1997); vy 5 & B2 BAw £ E v, 5 v, ¥ 2B
EFRTEIE]FRE SR SuEDEVGD R FRE kT e L

B 6 5uiDEul, )2 &4 > 43607 6, 512 0 val 2 2]8]F 3%

Ik

L
EI o

2 %
2. 5 E|ulv,EE 5P okE > fval W - F ARHRIE & > 43455 4 (Jaw and

Chen, 2000; Jaw et al., 2001; Nogueira et al., 1997)i 3% > & 7 I B2 %

i

3 val (3% 25~3096 11 N 5§ e B 1B -
CEA LR 28 MR ee BE 2V 0 2N ki R e
G LR R BT - KRR

|
s

2-2 CPIV 22 3% %k
P2 AT A LT AT . %TF& Al
A Ofe ¥4 5 2. % ¥ 3% £ (random error) & % 35 49 i £
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%

(root-mean-square) ; 3. % (uif A (systematic error) & ik #5 % £ (bias
error) o ¥x F.f? 4o T
TR & & F b g ot e di s oF
F imb Fé HGREFTRE TR > a img $ I PHRFRE T &
imb ¢ B HINELE R ¥ v AR VoA FIFER S RS N E R
PR SAFEIATREEFIND A2 DBEL o EREEFL
ERFG E G ERBRE S 2 IH T @ B LR

ERTL B L TR S B g AL
FA o FAKRRT Al TG E B R R 2 E
st @ B R ST A8 R TR R BT R -

F o e P Betd KUE AR T o LA RS M
£ (precision error) > H 2 4R RS o] QB AR E B2 R L
(standard deviation)s® RMS %A > 4o Bl 2-8 #7757 o B ¥ 2 =4 T 15

YT

e

T

@F

(2-14)

.l\gz

o
3
I
Z|~

Pod AR TR E A RMSEL(0)ER G

J S, (2-15)

HeY "RMS#HALZ(0)i FRFEHBEETHECH L2 T Bfeo

3. AERA N BAFEL
JOREA K - e A FE 0 et AR B (R
CCD # P~ ~ s BHER) » L S/ T2 REL K REG 45
s L

B ANBL o MHEFLF I EBA I FL > HiRLE
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Mot HAITED B2 32 REFELIE  F A RFL TR R
# %% (bias error) o B A $53 - B ALY 0 B AL T AP Sl
% 2 % B B4 ¥ (peak-locking)F B - 1 & GRFFR ¥ H 2% R
BE(HBFPRLEHBE)ETREP2EREHEREZR 28 o B
AT I e 2 B M E(d) > doim# 0 F & (zero particle
image displacement)st =4~ 1 $ % > B FR T p3-Eo7iF 2 T35

B (dm)2 £ > Ae ] 2-9 “Fom o B 24T
o (2-16)

FET AT L o 8 e

Il
ETIRS

¢ ar2 8 F % B {7 (Liang
etal.,, 2002) » yb *F B (TREIE L AT 0 AR TR A 4T 2 A
PREA YT B Rk [ 5 400%3000% F - R F 5 32%32 4 #
AuFr B3 EE B D 2 SR B 2-10 T 0 L 8 &
32 3R FRRLEI R USSR Ax S w23
4R (o) T35 00719~ BB EE (d) 4% 0.0058

d B 2-10 7 > P EBRAERTI N EEREF R > 2 BT
AAPETEWIE LA E - Bladic (order) F|pt o M E L A&
FEAE RPN L P REAEHTEELIPET S o

2-3 R R

\‘W

PR
2 e g ““,T* PR R B 7 A 4k i 4o T (Melville and

FRE2 A LB HET O S P AT

Coleman > 2000) :
— R RN A KE
1. — & f(general scour ) @ p ZRiP i Fl R i m BRI R ER

Eh PR ARRE T RT A o gttt - AR A SR P
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Bt k] EH R A EBERRE ¥R E) % 7f;a—»/

FIR] G impE R BN H - NEB R REERZ PR o
2. 4 Hgi* F(contraction scour) © % |-k 1 4 B2

| aEgp

5 e i W A
S Tk o ) & fu ok (backwater) e s o B 3K
B2 ni#dop o g REHREP TR TS -
3. AR+ (local scour) @ F]-Kk 1 éfﬁ#ﬂ F B
B FRIEERE F PG o 8RR

P2 kIR A 2

S P -V I FIE S
B ki R ERG o BEF R AWEHER F L @A
B B AR CE 2 R IR % o

iR ORGSR IR RRE R 2 85 A 0 d 3T B 3R R T R T 38

PRGN E R GRR A G 0 T u@‘]p/gﬁ FNFT T

ov

E =0s_out ~Us-in (2' | 7)
. ov

E

PRRRAE R RIS
Gy - FRIRBRF ~

qs—out : "“b}ﬁ'llf\’%/ﬁplt—ll 'E'

F (0 o)® (q A2 3 THIR G B EZ 7R RN 7T a0 DIREF)
B RGO S F 2 M R RINRIT A G Z 8
(1) Geou =0 &R
BRI RPN E PR EARIRG > @ P 2 R o
(2) Uy op >0sin 20 77K f](clear-water scour)

WRIELE PR R ] R R AR SR g 2T

’

TR

ok
LR -

Bl o IR R CLTIRTT o R RIBRITAE € R ] Fuehd] <
» R R RBUN 2R R R R S T DR T o
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(3) s > Ui >0 i 7K * F(live-bed scour)
KRR A R AR R T 0 LR KRR R P Pk
F R RIELY o R R R PUEB S B R E R 0 TR A~
Ba R g m o EImeE T R -
CAREE R RN R R

KGR EARFPE 0 d S X DGR > BRI H A 4 g1
BT IR PR g Tt i R AR 0 B AR Y R
K wfﬁ&rﬁ 2-11 #7717 o ¥ & L w BIRip
(1) -k # & i /it (surface roller)

R BT 0 RS R e SRR G R R A
it @A mo R o P A Re AT RRE @
S EER TR D e A= o] BIPER o K AR R
(2) # T &5 (down flow)

Rr i FAR LR G B R LS R A ol e R F R
R G A - R RSP R L VE e A 4 BT R 4 (stagnation
pressure) > H BiFBER 4 d oK A G e TR SRS R 0 F 3R
PR R B @453514J oA A e T B PRI W S i A R R
VIESERE b 3

(3) B &2k i (horseshoe vortex)

T EIRE - Aok s S %@ B2, % chz iR
T S R ﬁﬁﬁﬁgﬁ’64%¥5ﬁﬂﬁk@ﬁﬁﬁ%$&pkﬁﬁ
AR R ALS BRI o BRI SRR R g Rl R
R THBE Fla F R TSRS iR R TES R
Ho @ (BRI E AR RS RIS R PR T
R ¥
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(4) & @i i (wake vortex)
Komim Sl (e - 30T PFRIE e A 2 4~ 3t Bk(separation point) > i
# ARG A2 722G e 3 ) AR o (cast-off vortices) s &k ke B
BRI 08 » BRI E S T FBIEF R e 8 e b
Bk )RR T ﬁ??ﬁ%lﬁ OGS A A RS BERE
2-4 HinF wB IS
hIBip R B - P #F & (angle of attack) 2. H iR IR T 0 SRR HESS
FEROFUORG B RIIEE 0 E S IRA R R (ST A B
i be AR ¢ T Mk 4 - Rk 0 Ae Rl 2-12 47
ﬁ: °
Arokinz A2 GFEEREA R LE e RS PR T R (RDK
Fokm BARNGCT L RH) > & F AR R

RAA - 2 G RARE AN MBRRA A 2T RAE FlA

GORA T LR @

A4 - FRAE R 2 R o @ PR (vortex)iE Bt E U {5 2 R B A
oo N ET R S SRS 2 B BEREIR (tip vortex)fs AR R 4E
fo 0 A R AR R G B PR T PEAS 0 Ao 2-13 Tom o @ {2
WA T AR R B R THERARAER S b AT 4

I TR R -
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FZf PHRRELG IR

CPIV k8 BLPIESET & 5 W& k5~ B 418 B2 1)k su3n
o Beifex o] 5 2.5cm*2.0 cm > H BB AeB] 3-1 ~ B
3-2 417 o @ AT RRERT A L EERFEE K E RFEHFEN

=
uts]
b
&
\ﬂ\ﬂ

AR TAR * ] W AL oA

3-1 CPIV R B % 3t

3-1-1 X H x5

CPIV z L 8% & % %e 42 ARGON 7 & ~ Bk Mg 4 ~ 5 4%

23 5 B(PCAOM) = 214 » 3P 4o

1. ARGON 7 % 4cB] 3-3#rm 3 #t.£iha 712 % % 7 %> ARGON
TERLAKR > Sd FRERLMSEESTHELHT F I EKN
B (PCAOM ) ¥ »@ s @ ki 2 & 3 L § > 4ol 3-3 #F1
H%E 5 14 L(CLE%5 514nm) > &P 5 1.3 L (L& 5 418nm) »
B R MBI KRR NSNS F- SRR AT -

2, Bk MGt d T s R RS d FEE S K RS2 B A R
TR R R o FlUt o T AR A G MEs o B -
hoRE B - m E R B R AR BT R R AT
FIESgeics » R FEELRFREIT > A (S#T 5k LR E S5
I 5k R BPCAOM) > L » @ F 5k 4 T 3383 -

3. PR E (PCAOM) : 4B 3-4 ~ B 3-5 #7517 - PCAOM
(polychromatic acousto-optic modulator) > ¥ #- ARGON T &4 5 &
k2 gk hd - F P A(TeO) 2 MLl A > B SR efts] = 50 ¢
FEEF AT RZ R AR RPF TR R 2ZEREEF T %}” p
2 FRLIE S50V P DR L RE S BEL

VN
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%ﬁﬂﬁﬁﬂ}%€&rﬁﬂ%ﬁﬂ%?ﬂﬁﬂﬁﬂﬁﬁﬁ%
Bore g a o B 1 & 4] PCAOM 7 3 %% 6 ool 5¢ > 7 337
FRFEFLATESRT M REA QL RP 40T !

1. 54 ® 0 5 1% NI (National Instruments) 2> # #7# 2. PCI-6601
MWEL A 4o B 3-6 “757 o 4] PCAOM 2. *7 3E4g & » gt + & 5530
PC F > ?7%33;_ i ,gmﬁi?/},\gﬁxiﬁ,ﬁ]:ﬁ, v B~ 23R
Al frdlF SE A 2 - T £ Bl 1 PCAOM
PR ESEL > wd 3 PCAOM ¥ k2 2R L 50V @
PCI-6601 72 # 2. 355 58V FPt X F L BB p @WhT B4
B 3-7 #77% o BB S R2 > 3N o = ¥k R 4 if 22U o

2. ik F o E AL R ELAS B D R b S F
ﬁ%ﬂ%i%ﬁﬁnéﬁﬂ%ﬂﬁ%in&ca@(ﬁ“ﬂ%J
2 FET M IR TR F I AR A MR TV AR e

v oo

3-1-3 Pk ks

Pk kA B d B8 (3-CCD, 3-chip change coupled device)
2R GAEET A ML AT s TP Ao
1. P 0 2% @ * DuncanTech MS300 B i~ #2:#% » 5 & ~

XA 2

4

iﬁgi%@@%a’gj1wxmmmmw%§%’§g

=3 02552 R B P HEBPE T R I OV AERGLRE

PERF > Foebd 5 H @ B e

2. Pt v REPB LB RTEE T RE R
pAREZ LK ER R F AR e Le R kR > o
BB BB VRGN R R AL i Ee 2
FRP~ o

e
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3-2 CPIV &% 5
RERARR A ST R R R R B IR E ML S IR

SLPANEIE 23 W L

B R Rl S AR Y

. BECE A Frk > B3 A kKRN EIIEE  » #T WP
Fro R RS RENG 1AM T RT S IR T 1 R
TR AT MR R

2. I Z BF BEEA BLEERT LR E T RRETE 6T

78k 8 BPCAOM) »t PCAOM -k § o 5 % &
EHIRFRBPEI R Ko S FHEPFZ LT -

3. 22 PCAOM = & > ficsh & ki f2 @ ¢ 1 IR F Iy (zero order) 2 -
P (first order) & » 4o 3-4 » A ES LB R ZAREZ 11 0 &
S5 R s e PRk B A B R R K f o

= A HE

s fnd NI @22 PCI-6601 —+ 324> pt + ¥

S AR R P A irdledks PCAOM R E2 EF -

o R g S 2 F0ed TR 2 SO 2 ] P o RS

BB EHF 5 S00Hz » TR A - X G EER L

PR

&%k

1/1000

- €38

HRE R FTRESPARIR £RIE ~ PETRORG N 0 R TR T SR T A
R g F1* CCD FR AP~ B T S T T 2 TR 18
Boz Fiijch 1392%1040 § 2 2 44 o LMPBT I LFER
% 1/125(sec) °
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3-3 RIESkEE
3-3-1 #B=RER)

BARR KRB RFEET C FRFL S PIRER Lo B P P
FliFR MR E R0 0 IR RE R T L AP AR
Rk R B Ao B 3-8 froF o ¥ BT d,, =042(mm) > 353 tk

_Dg _ , 0 % _D; , A 1o IR
@:CU_D—_mz WK G#iC, = (b, xD, )= R B e AR

10

fo,= D% S127 5 SHRIDSRE) > REIE G, =250
16

3-3-2 R FeERE&KILGE

’Hé%?ﬁfé_i" igd PPk B H S o S AR
3-9 #7om e Aiw fFA 4 @R BRA S 5 Q=0.0003x- 00003(m3/s)
R>=0987> 2 ¢ x 3 FF @ apm)b d v &> /258 50 E 5 0.0054
m/se H ¥ 5 EETE ;G S 027mls ) TIKEL Sem 0 KB

& & 0.003 -

éi%"ﬂ%*%’l%’%"iﬂ"/ﬁvﬂ%'“? QRDRCES S IRl R I L I T 2 L
Fol BB 3R B3RSk i ¥ VA ROFE O RIER 0 doB) 3-10 fror o H
P R R ERE T 4 i T S d HE 4 Shields B R EF V., =0.017

m/s > 4oB] 3-11 #751 o @ 1% ¢ BRI d,, E-RFhED R
i# 2 79(3-1) (Melville and Sutherland > 1988) & & kx> /ni# V., =0.276

m/s > PRV R B R R ET s ik L B R VNV, =0.978 ©

V h
€ =575x%xlog| 5.53x| — 3-1
V. X og{ x (dso ﬂ (3-1)

3-3-3 HRIFF
AERTRFTRIF L T FLA Ry 38 B REPE R T TE S
R PF R RS 0 Aol 3-12 97 o d PRIIFRSEPER M BV IR 0 il
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Fo R3] MG R I RIFR T E T 24 ) PR RIFR 5289.2%

-
1)

mﬁ% O RALR R AR T 3] S R

o PR o
3-3-4 AT RIERR A

l.

S O

AR R R - ETRRE kS K HCA G R 4o ] 3-13 - B
3-14 #77F o Tk k& 10m~> F04m-~ % 0.5m> ¥k ? B
- E£3m->%04m-~F Scm ZFEHK REK KIS RKRE (S
IR E 0 BRREAR Y Z Bt N RREAFLE R
it » FBHEBRTHEREY - 5 125 A REL+ 84
Beng e CPIV 22 F o £ B 2 1L 3 sk 478t o
WHEEA C REIE 2 a4 B I8 a2 B HFF e[l
B FBEM RS A g CPIV 25k :E (TP = § 6k

m

F bt o
oAl s AR 2840 B 2mm 2 AP R4 T
FEE AU sy a2 B R

VIRE RS W2 T R TR R MR RS
KR I EEAT GRS FRF AR o U ERARK R

A s AL ER T S ERAEHR L
B E T 2 0 B BTRARER TR A A 5 F]F ERET AL B
# 0 4B 3-15 #5% o

A4
o]

R
NE

His 54~ ~3217 -4 B pHS
ok 2
Vi AT O R Rk B X F R L AR L K

I /‘J'%trﬂ I,Ehﬁ; °
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MiRse N P BT BR RN DHRY 8 SRR SR

EHT o APFRHRREOER -

fokdh Rk I TR R 0 KB Rk S

o4 E
m-E °

FI PR HEER > 1% CPIV Z B i @

HoK o

3ok kg 1

o BRI R BRI IT 3 A o

BLETFEFE  LAF Y E 152953 -
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A

TR RHREERLS

AREREF R PRI G R 2 PR TR R R R S

el

B~ RER RS Fofe s CPIV 2 4472 §Lifi®— v %3 ¢ > CPIV
AT RS S R R R A GEERAEIG  FA

B2 %G 20= (?+Z_j AU vERAS B2 PR R R EAR
Y

CRAHRBEARL S HERR L QT .
41 FRAE MR R R T A 4

m TR RIIUFR AP SR SO A RREP TP
&ﬂiﬁéwﬁ’kJémwﬁ?\¢4%ﬁ‘@&?%ﬁﬁ$@
Bl o RRBMT S 25 IR R R (p) iR E 4 AL li(u) s £ 4 4
HA(g) kA e d8 R Mnik(v) ~ kR s RR(h) S Rk
FHe 3t I B%P G E(p) rdk) P BT (d,) ~ %P B PR
Bipi(o,): Sinstots i BETR(B)~ARLR(s) Findrst
E(0) HimB o (S) s WilFE D G OB RT (L) - B FEER
(Vi) ~ F0Am » KRR (V) ~ AR RFUE(D) o B R FS A 4p &
i§ RIL A IV R R g e Sl

\\\Xr

dsp = f(palu’ 99V7 hapsﬂdSO’O-g’ B’S’H’S’ I_’VI ’Vh’ D) (4_1)

EBp v DL EA RE O BN E T i e

) (4-2)

BN BE R RB S AAB ARG R RNV EiE A RKIFERWN,)
BHHFFL(D)IE S LE > DR IR APl L RN AR T
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oAl Rb|mEIEA B LR

% 5| FEe L(cm) | B T S (cm) | 5% & (0) FRABTRIRR | FiAE I RIR R B RIER RS (%)
dsp (cm) dSVmax (cm)
1 no vane no vane |no vane 3.7 no vane 0.00
2 6 1 30 2.0 3.0 46.0
3 8 1 30 2.3 3.0 37.8
4 10 1 30 2.6 3.2 29.7
5 12 1 30 2.8 3.2 24.3
6 14 1 30 33 3.2 10.8
7 6 0 30 2.4 3.2 35.1
8 6 1 30 2.0 3.0 46.0
9 6 2 30 /o 33 27.0
10 6 3 30 3.0 34 18.9
11 6 4 30 35 3.6 5.4
12 6 1 15 1.7 2.4 54.1
13 6 1 30 2.0 3.0 46.0
14 6 1 45 2.5 3.5 324
15 6 1 60 2.6 4.0 29.7
16 6 1 75 34 4.5 8.1
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Vane angle 18.5 (shaded vanes
shown at angles of 8.5 and 28.5

Length of vane equal
to pier diameter, D

@B 1-1 Ghorbani and Kells ¥ /54 i % B
(Ghorbani and Kells » 2008)
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B=60-= =~

p=45 —

B 1-2 Ghorbani and Kells ¥t i % B

(Ghorbani and Kells » 2008)
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