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Experimental Study on Submerged Vanes for Bridge Pier

Scour Protection

Student: He-Jyun Teng Advisor:Keh-Chia Yeh
Institute of Civil Engineering

National Chiao Tung University

Abstract

Due to rivers with steep gradients and excessively concentrated
rainfalls in Taiwan, floods generate severe local scours around bridge
piers that reduce the bearing strength of pier foundations; more seriously
they will result in the collapse of bridges. Present engineering methods of
constructing gabions, groundsill works, ripraps, and armor units for pier
protection are taking lots of «time and uncertainly reaching its best
effectiveness; therefore, it«is necessary.to develop the new modes of
engineering methods for bridge pier protection.

This research is to study on the local scour under the condition of
clear water scouring with a pair of symmetrical submerged vanes
upstream of bridge pier. Local scour at bridge piers occurs mainly
because of the down flow. and horseshoe vortex, the two major
mechanisms. This experiment'1s conducted to study different layouts of
submerged vanes and vortex fields between the vanes and the bridge piers
that both affect the scour depth on the river bed, and estimate the
protective effectiveness of submerged vanes against the local scour
around bridge pier; moreover, it studies on the field observation of local
scours at bridge piers with the method of non-intrusive color particle
image velocimetry to understand the variation of 2-D flow field of local
scours at bridge piers. In addition, the field images captured by
charge-coupled devices will be analyzed to obtain the velocity vector of
the field and the layouts of vortex field. When the constant flow is

0.007cms (Froude number, Fr = 0.35), same bed material (d,, = 0.42 mm),

the diameter of the pier is 2cm, and the length of submerged vane is Scm,
the result of this experiment testing on local scours at bridge piers and
vortex fields by estimating the river bed and conducting field experiments
shows when the angle of attack of the submerged vane is round 15°, the

v



distance between the submerged vane and pier is three times length of the
pier diameter, the front opening of submerged vane is 0.5 times length of
the pier diameter, and the submerged water is around 0.48 times than the
average depth of water; reduce the scouring depth to 54.6%, further,
under the condition of greater scouring submerged vanes with the most
effective layouts still function well.

Keywords : bridge piers, local scour, submerged vanes, vorticity, CPIV
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B Be BB Ao ¥icE TR @ 233 22w
¥ T3 o

3. Huang (1997) #= 3 PIV B i3+t 5 ang L > T%p\ Ll I el N
£ 0 & uH 5 2 BRI L (root-mean-square) £ % # % £ (bias
error) » T ¥t - R E (TR L o
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Ble- #RFHAREFELRNE 5 38 90 E
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CPIV BLB /R 1> o

B R RS TR 2 R ] R R B O E
PR RYIP BT RBE BB R 0 S BT R%
TR RREAFMPEE L FREPN RN I R ERA
B B # "’t’#ﬁiﬁi%&ﬁ WRIER o

¥ = i CPIV 2% » %A PR 3/ B 5T g b IEPFRE
PR RiE @ A 470 00 Argon F S RAE S kR H kR G (488 nm)
H(Hl4nm) 2R & & > J% F SpaEdiR o TR RH L 2 KR
E O I % % B k3% B (polychromatic aco-usto-optic
modulator » PCAOM) > #d NI=6601 2 # ¥8tsisy 4] PCAOM 2 % I+
B LR FANE LI SL A F kAo E i LR T
£ E lfgr} DuncanTech MS300 &z CCD #%*1% > FEB~id :§ T &k
FT2Fmpio Rie i B o2y PIV B ARst > ¥ ol
B 58 FERE - bis Fd 2L -
1-5 &+ 25

AL GEFERR R RRF L 22 A AT R0 W

)

Fo LAY ERREET D ERREL R A
PRGN ARRE YRR W AR EPTARER R IV R~ R L 2
CPIV i I & g A= § - AT o
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FrRARREEAN ORI RERGET 2 H - AN
J%.L)i ’ T' 1] CPIV ,z‘ﬁ/? e iﬁ—\% *%‘ 1L g’;']%*ﬁfxfi 2w

ab ‘f7r F/fﬁT&li x;|k..'ﬁ'i@%ﬁr)§ ’ eﬁjrl,;g.ﬂz; Fé&m/ﬁﬁ.iﬁ‘*’f
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FoF BERREEGERY

CPIV sk & BipliRBe 7 A 5 3K B % Su 3B 487 B2 1k sedvin >

HG R ALT ER R 4o®2-1 R 2-2Tn FHFTHRKEH A
R8P (2002) 2 3 % 0 21 ~ 22 & e vt (EEEImER o AR HF RS

P TG RHBEE RRRBEHBENS R 2-32-4 F o
2-1 CPIV % B % 5
2-1-1  ®HE A%

CPIV z. e B & 5 4ie 35 ARGON T &+ ~ Bk mf 4t ~ 5 %8k
A % B(PCAOM) = 284 » 3P 40
1 ARGON 3 &% : 4-B®] 2-3 %777 c T & *AH 5 T 12 % % 7 &> ARGON
FERE R LG FSE ARG WD FUERARE
(PCAOM) » ¥ 2 3t 3 ok gz s d L v 4rB 2-4 977 > H¥ X5
1.4 T GAE 5 bldnm)» &ERAI 5 L3 T CAE 5 418nm) » £ 5d &
WA T L F B - B BRIEL KT -

2 REBBEL T ML KRR kLB R
TOF B R 0 F|P o T R RS FREMLELE > @ (SR

FHEARELSHT B AFBPCAOM*»» £ #FHELqd 3
SR

3 JoBkA R E (PCAOM) @ 4o B 2-4 - B 2-5 #r7 o
PCAOM(Polychromatic acousto-optic modulator) » ¥ #- ARGON 3 &+
AEEXZBE G - F CR(Te02) 2 Mt fl > H & i ehpt 7] >
FEEFARBL L] AT f’éi%@)i%_i%%ji@,fﬁ%;\ﬁb
A2 TR L0V PR E R RATFLEHE B
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foah UL A SR A R R AR T A B AR

et &m0 B 5 £ 4] POAOM * 3 B 36 ok ol & 0 5 A 5

A AT R R A REH R 4T

. EHFIE - 541* NI (National Instruments) = & #7% 2
PCI-6601 2 5Ly 4]+ 4o 2-6 #7177 o ¥ 4] PCAOM 2. *» #& 45 5 » pt
+ % W PC o vRETE e P S MET S 2 o
B2 e d A BB A 2 - ER AR £ B Rl

2 PCAOM 3 g%k L > wd 3> PCAOM ¥ K2 T BRE 5.0V
@m PCI-6601 #7& 4 2355 5.8V Flpt v L £ p WenT B
4o 2-T %171 -

2. wAEHBN LRSI NEAL E?hﬂig?l I AL E
FRAELZ AT B0 AR TR (F ) 2
T AT 2L EARF R AT AR IR o

2-1-3 #i
Pk ked & d B #8048 (3-CCD,  3-chip change coupled device)

2GR A A A s I Ao T

1. B3P 0 A% % * DuncanTech MS300 #ci= &84 » 5 & ~
Bz ppd 2 HER kR 0 23 1392(Dx10400V) & % > &
%7 02552 2R @ fa‘%ﬂé%}kﬁ%’ﬁ AR FARER L

2. BHMEF IV RBERASER P TR T RY R o

e+ 7 L} ,%; T ,-1), %gﬁ s !ﬂLL = ;;;%’_p iéﬁ‘fﬁ@%ﬁiﬁ%.ﬁa > —g:}%‘p\‘ﬁ»

T RGN T R ZHBELTR gt E e 2 o
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2-2 CPIV i#sR 42/
RORALS A 5 T SR T 2 RLTR R AR R R =

IR 0 B 4oT

‘\1\1¢

¥ -

1.

Rig @ T ek e 2 2B oK %

FR@ s grok o 7 B Er R RR e 4R T
Ero % & B E‘]‘Joﬁ;fj”' 1 24878 7 -3 s FHCAR 4T 1 3o
VLR & ARG B R ERIT -

2. FI* = BF SEEA BILEEST EE LR T E%YTe TR
kit d § 48k A % B(PCAOM) » » PCAOM -k g & 5 & ~ %
Bk LT RFYPP PR Fra R FEpTFL LT o

3. ¥ PCAOM = & > g3 4 €ifqe.? ¢ 113 F Ff (zero order) %
- FF(first order)# K AcBl 2=5 #7150 2 M BFE SR 5R R &R
2l X TEY R RER- PR IFRERTTREZ KL o

¥R B

P sitysd NI 2 a2 PCI-6601 +F 44>+ vz din

HF A R FSaledkiy PCAOM & F2 -~ ¥k

o B2 300 d F N 2 HE X I P o AR

RAGMREA S S 500z 0 TR - S F S HEEF LG 1/1000

5

3’:2

\f“b

R L

i

—

NS
o

It

AR =

KRR BEAERR &R PRTRCORI N R TR F ST T A
F ks 1% OOD RSP i G SR T T 2 TR o B
B A% 4.7%3.5cm 0 A @] 2-8 #ror o ArREB~2 B i s 1392%1040 &
2294 B FBEBTIEMER L 1/125(n/sec) ©
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2-3 AR iR

2-3-1 #%Hrm
BARRCRIRRAEERT > REFZ SR EER L BipE o b

RIFRBIEEF RS 0 2SRRI R ET {5 PR AR

/

%E}P/+’J;‘b ﬁk\#@'ﬁrﬁz 9 #r5r o ¥ IE"}-—J::_ ds, =0.42mm ° :’3 %

D . 1 ”. Y 202 X2 v “ ’ .2 .
#C, =D—60:1-42 CRE SR RERZ o, :1/D84D =127 » L ®¥aj R
16

10
F) o LR}V E G =250 ©
2-3-2 NEBIEF T

kg F g d BRDPK o B i S E i F R R Ao R
2-10 #77F o i fEA 47 9 £ 5005 5 Q=0.0003x - 00003(m3/s)
R>=0987  fiEsk® > Y= AR 2 (178 5 0.007 m'/s > T35
ik 5 0.28m/s - kiF A 6. 3em AAEE AR 5 0.003;(2)m g 5 0.008
m'/s > T¥ainik 5 0.24m/s > kiEE 8.5 cm A AB AR S 0.003 -

B R IR RIS T A LR 2 g KR A R
Rl tefo 300 Bl B b ¥V ERIRFVVRFER 0 AcR] 2-11 At o H
Voo Rkt 4 R v 45 d Shields BIRE V., =0.017 m/s > 4oB)
2-12 47 o (81 * ¥ BRI d,, B RIFR G R i 258 (2-1)
(Melville and Sutherland > 1988) > & {¥fc# ik v, =0.285 m/s °
Rom R B R R s n g ot i A% or B 0.007cms BF G

V/v.=0982 > #FZ% & 0.008cms P¥ 5 V/V, =0.805 °

Ve = X X i -
V. =5.75 log{5.53 (dsoﬂ (2 1)
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2-3-3 #FHIFE

d R PUR R & P M R (4o B 2-13) 0 T EF RS F R 3 )
P AR 2R RE A T BT R RE R (24 ) BF) 9 90.2% 0 &
Melville and Chiew(1999)3% RIifsi* FliFR 24 ] P& et ] A

i“g%c’ f“’/\J}%%’dE e hOgpF > b R R AR S "/g——‘d'}?r’ iR > m H
PR G TR s MRS R 3 ) BF G R R B
¥ o

2-3-4 PRFHKH

1. 2%k 05— BIRORE S KRR G B 4oB 2-14 477 -
BEkHE 10m> % 0.4m>% 0.5m>» k7 K E- & 3m>
F0.4m~ B Hom 2 B FE KN CBRBE S ILEITR A
CRE St SLEEAY IF SR STV W B AT
HEEEReY - M2 & BEARE B P hi4es CPIV 238
PR E R R E R e o

2. ARHE AP 2em> B 18 cm 2R 4 MR s AL 0 ady
‘hEIE B¢ R b ¢ o w A CPIV 38k e (7 pFad = § BT 45 o

BERA S EALD M BA2mZEP RS HFE

BRI A B A S A EE -

(7 s B B2 T F R TR R R o

BREIEERN TR R B RF AR U RIAKF AR

AP DS F AP L KR o NPT 2 KRR EFERL A

BN E 2 RAPEG A E WAL S FFEREFAL B

# 0 AR 2-10 #7om o

8. M B F17 CRAE S FCFYRRIME

T
“3\~\
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2-4 Ml 8RR ALS

Lo il & A B3 6 B 2085 B S H 2 0 1R X RO
w A A o

2. KRR F R ERENTEIRGE oA SRR * 2E)
BT AFRERZRREOBR -

3. FxBfhokBE o AFREIANNFTIONE 0 DRI BRERT
okt MR SOR D SRR WA L ed R B
=R TR R IR % o

4, FE PR T gERER o f1* CPIV 285 Bl m s MA S E iR
ok o

D, I ERIT 0 R IRIF B R FUE FIT A -

6. R{FFTE  LAELAL 15292
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=% CPIV; ’L@ﬂﬁﬁ@*mfﬁﬁf ERE
$5 4 FERR gl 2 (CPIV) 2 B ffodld@in Az« RV A 5 feix
G ARNE R 4 (1 %M)Fﬁ%$¢M£%ﬁiﬁﬂ
T R TN
3-1 CPIV i § &R infe

% CPIV 32 A~ ¥ AR i 4% > 7 L M-9r3B 2 B B A 8 7 i
E’ﬂ?MﬁMb’%ﬁ%ﬁ)%fﬁﬁwmw.me%ﬁ%% B i
LASCIT A% # 8- % A 5 4 (imb)2 %9 (img)2 F &I a B
WE R 3-1 B 3-2 97 0 H :mparﬂé 0-255(0 % Huj -
205 & Bh) 0 FRFFGAATITARM I B S
3-2 feEE A4

B A2 5 B R R R A S R L R

*“?9

(small pattern) - it = FK % (interrogating window)z 3k % M
FRE PG g2 AR BT AR T & 152 x i

ﬁfﬁf? A AR N B IR 5 ER R TS o

>/

- ~ 5 ip Rk S 8ZE (cross correlation function)

d B GUELR R B2 R ALF R T A ) P GEF AT 0 B

L imb Fd BAEE S AR R AT G AL 52 e )

TRLFZER G L THEBE 4B 35 477

Hd o TR SRy 0 2 ARG
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C;(m,n) = iZN: lmb lmg( m,j—n)]

i=l j=1

(3-D

Be o Cmn)zBeEmriE B E

FlZmB n2 48 imb %

IR

imgAHEE BB HRZARAGE (% jia RPHOH2Z 4401
B vmZE n 5 imb ¥ img b E KPh2 A E >~ ((-m,j—n) 5 img B imb B
%Apfe (matching)2 =% o
SN PHOREE-F 3 AP R G2 (NCC) i
23 E M ST R BB H B g M ARRE o Tt KRAp

B F AR Y oo ¥ A v 3 Ap B % B2 (normalized cross
correlation coefficient> NCC iZ)¥ » EH_XTFRE ~ ] &+
W B FERD TRRRATT T R LG e T TR 2R
Fe B > T A B AT 2 AR AR R (0~1):E 72> AP R

-

2B E R TR EZ T

iZ[tmb —lmlemg( —m,J —n)—%]

Cij(m,n)_ VO 1(,]50'2(1',]'5

(3-2)

0= >3 imbli.j)-im) (3-3)
=ZZ[lmg m,j—n)—%]2

(3-4)

%=MLNgéimb(i,j)

(3-5)

1mg=L§:szg m,j—n) (3-6)

llj
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HPY o oimb s imb B b E B2 TE  img 5 img B hE E 2 T

EomEa i FREMZEHBE I MENSW ARG b2 )

TR &M 28 igd NCCRFEFITR 2T
BE LAY Cy(mn)E |5 % p2p M AeR £ 37 &

5 ww%a(m,n)f'raa» 4o Cy(mn) 48355 1,0 > P& 4 2

f%v

AN

3
Lo 5 R 3 FAREN 00 RIF

%
FEHEFBI 2P AR ARIAPM T B ERE FRER Y
TR d BB cE 20 (i) 24t €5 40.5BF
3B ELE o 2 R0 5 BEF AL E s )

% 20 A+ F £ B¢ E (Gaussian curve-fitting) ~ ¥R+ 3 % 13
i+ ;# (parabolic curve-fitting) ~ 25 %+ % % 2 & % (centroid
method) % 3 2 K" M= MBEE B o U g EP > 1B Ed BB L
ERAR R R F A d ikt P F]2 o

BT FI RS SR 2 FREA ORI R AT R B

=
3
t“"‘
W

LB Ao TN FFER Y R FEY ARG ERG S

HAAh A B2 TRETELAPH BB FL LA

N

W
=
=
Joy
vy
'\
e
n}
.|

logC(x, —1,y,)—logC(x, +1,¥,)

2{10g€(x0 -1, y,)+logC(x, +1,y,)—2log((x,, ¥, )}

xX=x,+

(3-7)
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logC(x,,y, —1)—logC(x,,y, +1)
2[log(_,’(x0,y0 -+ log(_f(xo,yO +1)— 210gé(x0,y0)}

Y=ot

(3-8)
BPY o ()5 B2 288 (xoy)s FFTE B2 FfF
Clm,n) 5 Bl An B35 8 #7118 2. B 274 5 & o
o~ R - RER “,%
Mot BB AeY o FERL WA BT P F 4 )

AL A - R B2 L% 4B 36 AT o FI o PR R - K2

g’
g

\\

2

@R REL G Bl 3T 47T —ifuzﬂﬁw%ﬁukg&agﬁ
FREw R EIFL L > H 3 T

|Vz'_V0|
Vel = ’:18
;Ivil
(3-9)
= Ju(i, j)* +v(, j)?
>'[0-6,
(3-10) =7
;W
(3-11)

0. = tan 200) | 360
u(l,J)

(3-12)

val(i, j) = Vel* + 0.

(3-13)H P > Vel 5 ¥ F#E R £

=
(Q
&Y
beits
fpa
&
Rayo
Z%A
=
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k'l



L .
B 5, V.

1

20~35% (Nogueira et al . 1997); v, 52 A BB 2 B w

Ik

I

RV R ABRERRE S IE AR R L u@ HEVGL)ETRE

KT BELE F R 65 ul, ) B ul,j) &> 436077 & 6,51 B val

2. HF| |y, EF 5 ki vl K- F ootk E 455 4 (Jaw and

Chen, 2000; Jaw et al., 2001; Nogueira et al., 1997)iE:% > %

e R E > Koval B 25~30% P G G e B E o
3. gt 12 28> #F e £ E2IFE > 250G scdE B

@ﬁﬁ’?TﬁﬁiﬂEéﬁ»j%%—ﬁiﬁ&éié%o
3-3CPIVi22 3% %R
BB 2L 07 A GMTZ ] L FR RN TR
B ofie ¥ 45 3 5 2. A 4% X (random-error) & 3543 A
(root-mean-square) ;3. & ¥iz¥ i (systematic error):s 4% :% 4
(bias error) o %z 4o F
[ ?**éfTﬂHn#i fe ¥t s o5
F imb Fé FHREFTRE TR > d ing $d FHAFTHEF
imb ¢ FHMELFT R ¢ i 7 sz@%i%@%éfﬁﬁm
BRI ATRTFRPN A2 0B FL > ERGEFAT
wo B F] G n R B E RPPRE S~ Z s i LA LR

E
fu

R TR

SEHREAL G L TR 2 R g AL A 2
HA o FARRT D TR EE NG RA A BT
oA @ B RST A P T R RapLERNE

NG E RS E SRR SR S AP S L Rt
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(precision error) » H & #7242 B = o BB At Pl B2 8 1

(standard deviation)# RMS 34 > 4] 3-8 #771 o FA ¥ 2 =4 T

(-1DHHE? > d 2 TR T2 =48 a RISEL(0)T &

1 ,
= \/N,le(dl _dm)

(3-15)

HP SRISEFZ(0)FFRETEHBELETHBEEH L2 T3 B
3. KA N BAEAL
SGRFA KR - L AR R oA AR FIFCEAR - TR
CCD # 3~ ~ (7 BB A R FLRE LKA
H

peu}

i
b

S
Tl
\Fq

7

2

i 2

fi
Do
&
I
fa
=
Sl
B
\,1d'q
i
N
o
£
3
&
=
{
131‘“
e

=\

e
g
~xzh
J
\.2\\

Mo fgmivigd B0 2 mMHARE §6 7 KRELAHL R
# %4 (biaserror) » @ ** i ffs 13- iE 42 ¢

-

A AL 8 3 Ap
Sk 2% B B4 € (peak-locking)F B > L & R FVER F B AR
BE(BF PRzt E)BTRER2EFEBERZR >

o A FL ()T I & w2 2R =M E(d) 4o 0 F % (zero
particle image displacement)# =# 3 1 5% > BFR & P 3-8

iR 2. TR (do)2e £ 0 4B 3-9 1o o H o N 4e T

7

dy=d,~d, (3-16)

AETHIY LR BB E S w2 8§ FFEF R
(Liang et al. 2002) » gt ¢k 7" FUE 8384 & 47 0 M 23 o 17
SR A BRG] 5 400%300 £ F ~ FRE S
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32%32F F > AR BETFEF B L2 4B 3-10 #7705 245 8

FELVERETRRIERIR

23R (o) X335 0.072-T353m A€ (d4,) %% 0.0058° ¢ 1@ 3-10

BT ot R A BRI EREEFCE Y P BB ELAREHI R

Ap4 - Bad (order) Flot » W3 EEAL VA R AE kp ot

Wikt X REZEHEPTEFLARET < o

3-4 *FRRE

BE AR FRERTE LI BRFBET RSP RF R

2 3o BT R *’f}‘wﬁ' ook kT R it 4T (Melville and

Coleman > 2000) :

- P RA AR

1. — 4® ) (general scour)-: f #RiF g FoKinid i) @ B2 58808 7) 18
o iEm R P R BARBZ PR EE ot - RS L LY
R e R o R R R R R R R R E
BRI s R R RN H - RN EBE R 2R -

2. é\‘{ﬁ/ﬂ" ] (contraction scour)* X |-k 1 it B2 50 - @ e g 97
BOR A PR IR 0 A KRG R 2 R e
~ REF RPN ORI S

3. k¥t i (local scour) * FI-k 1 B4~ 0 0 ikl 2 R A

i%%r&ﬁl%m@»ﬁ@«mmﬁxi éiml% 1
FRAEAFT RS ERG  BEFPR AR LES L 0 3

PR ART E PRI R o
d 3R R H R R~ R R 2SR P T L) 8
K Sl ' A,

ov

at qs —out qs—in
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(3-17)
S 8@—? LR R R AR SRR 2 ST

g, ., - TR RN R

Qo - FRIRBLAFDOE
% (4,)8 (q A2 TER G > PIET PR RN T i DR
By B 24 PR B 0o g A H 2B T R I8 RIE A S 28
(D qep=qo, AR

ot R T N R AR IR 0 A B AT 2 R o
(2) ¢, >9,,20 F-ki*Fl(clear-water scour)

WRIEY PRGN E R B R R Az i ehiE 2T 0 5okt
frl o B R RyAT SU IR T O R U iR € ML | P < @ 3E bR
o F P RIFLR 2R R E d R R R T PR R LT e
3) q,.,,>q,,>0 & kit kl(live-bed scour)

KRR A R R AR BTG A R 0 B B kR
FRRE N PRI o e NP RO A AR g 2R N R

EEWIRERE o EF %Jp,ﬁvﬁal e Ak o
CAREE B R R RS

R #ﬁi@aﬂi‘ d 2t 'J;}%%ﬁﬂm%, Bk A A B
FHERIEREEE e TR R A o B R R R EAR 0 B SR
B 2R BBl 3-11 #Fom o F A G Bt
(1) "k % & i ix(surface roller)

ASTRCECE F Nl LRI RN F R URd S I T S TS A
B E A SRR ke o Ak A KRR A
kiR w AR AR > Tk & G R e
(2) # T &tis(down flow)

23



K ARG B R AR E S T YR R E R BT
fRERIG S - RRPR O DVHHA R AL BFRA
(stagnation pressure) > H iz F28LR 4 o K & 5 e T IR A, SR
THRARIPAFERS BRI 0 AL e T R PRI
(AR RN R SLY I ERERE L B
(3) B &2}k in (horseshoe vortex)

T A R e R B 1 AR Y B ez BIEIR
B = R F LR S 0 5 8 B BRI ROk 6
ﬁw’ﬁﬁﬁﬁ%%ﬁOEh/ﬁwﬁﬁm%$§%®4@"%
B TAEBE Fla d R T ¥ IR B AR
< ood {8 B ERA e A j”%%“% RIE33 58 & 0 "R b Rl 40 AT

s y N 7 R RN
{8 A) = — gL o

4ot

(4) ki i (wake vortex)

R S T N TR A4 4~ 4 % (separation
point) » # # & ¥ & A 2L 7 @ § @ + ) 4T i~ (cast-off
vortices) » t &k R B BRI R T (B o @ ORIE B e T PR

R e L %iﬁl’)%ﬁ?ﬁi@"ﬁ?ﬁﬁi‘ «;}fg;gm‘;%«;gu
Ak s R RE
3-5 Bk
B ¥ ¥ & R (angle of attack)z B4x fiim™ > Rinin
W VR G B R B A IRA R R (ST A R AokiEn
BEARZ P O AR T PaA 4 - LRk Ao B 3-12 ATor o
N R STERY, Sl L 5 IR S Y A A E e &
ko B4 Rd P ATHRE) F AR R

AA -2 @ BEAR ARG A -2 T2 RAEASE FlA A
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3 - fﬂ,ﬁ’i@"ééiifﬁ o @ R sE(vortex )% b Bpr b xh b B B (s
RE S K AR B RERR T S e 2 BRI (tip vortex) (5 R LB
B 15 > 2R G R R R LT B 0 ho) 313 S o
B T SRR AR T ERARFES T A B PR

3-6 B F BRI RE
BB HAR BB AR R P B RS B R

PLR ) S A de P B B 0 @ B F R G FlE RN e 4R )
- A AR R T MR R 9\}; | 7] 2 o B a0 T B
R A R IR A R L P TRV R A S R
w0 BEAE TR G MRS RS - R B AR e T
BT APASA] TR o ARG R A 2 B A RS R IT AR
T A A - SRR o MR RO A AR TR o BT R B AT 2 )R g

PR R LT PR R AR 0 G B AR RE R 2Tk
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Yr® BREEFLSH
hF ARSIV ER O B - 05 R R 2 RSk
TR ORI R TR B R R RIFERF DS o £ e s CPIV E 2412 B i
fE— v ghe 5233 M3 PR T HHE - dﬁwt’/%ﬁ& % % b
2RSS T Y CPIV 2 AL AR IIFRFR - £ 9
CPIV iz A7 R ifhr 2 R4l A v E A BEFERIENG

. S ox v ov 0 - . Dy o s .
RS A e 2“’:(5_:*%] AT u s viERASEZHRRI R

AR A RPRARS > HE RS AT -
mlﬁﬁﬁﬁﬁﬁﬁ#%aﬂﬁAﬁ

B TR R R IUR B2 AR B IR S A RS R L
BTG A L A BRI KGR s AR TS SR
Pl MFRe R MR ARCp) B A R () B AT
Be(u) s konsFi s g (D i (v) s AR T F%
Fpv ERAT(dy) ~ RRHFR(p,) & E S PRERL(0,) A
R () B g e g (D)~ EH R (B) ~ B & & (b))
AR~ KGFR (h,) ~ EER S 4 (0) ~ IR B T (S) ~ R 5 A
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