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ABSTRACT

Keywords: Building Study, Aero-elastic Behavior, Numerical Simulation,
Wind Tunnel Test

1. Introduction

Due to recent advancements of high-strength materials and construction
methods, a number of long-span bridges are being built. The construction of
suspended/suspension bridges can not only reduce the environmental impact but
promote local landscape. Compared to normal ones, the suspended/suspension
bridges are relatively soft. Although they possess better resistance capability
against earthquake, aerodynamic instability due to wind action becomes another
major issue. As the bridge stability depends on their shape and the dynamic
properties, wind tunnel model experiments or analytical methods are usually
applied for the analysis. Typical examples of bridge failures, such as Brighton
Chain Pier Bridge in 1836 and Tacoma Narrows Bridge in 1940, indicated that the
significant bridge vibration was enhanced due to aerodynamic effect. Therefore,
the analysis of such instability problems is considered important.

Presently, there are no official codes regarding the wind-resistance design
for long-span bridges in Taiwan. On the other hand, the tendency of increasing
number of long-span bridges construction is obvious. Besides those under
construction, there are at least four under planning at Danshui River and the
analyses must be carried out to investigate their aerodynamic behaviors by wind
tunnel model tests. Considering the wind tunnel facilities of ABRI, the
experimental techniques and working experience need promotion regarding bridge
instability analyses. By the execution of the proposed project, the laboratory
personnel can learn additional research experience in this regard and the service
energy of the laboratory can be upgraded. Moreover, the anticipated achievements
of the project, including the related experimental techniques and theoretical
methods, can be referred for future code composition.

The Wind Tunnel Laboratory in Architecture and Building Research
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Institute (ABRI) has conducted many studies of high-rise buildings in a wind field.
The work includes aero-dynamic model tests, in which interaction is neglected,
and aero-elastic model tests, in which the interaction effect is of concern.
However, most of them are carried out experimentally. Compared to other
internationally well-known research institute with large-scale wind tunnel facility,
the ABRI laboratory needs to establish a CFD group to promote its research and
service capability. Accordingly, the execution of the project can then promote the
skill and experience of numerical simulations in the analysis of flexible structures
under wind action. Incorporated with the experimental method, numerical
simulations are also performed in parallel to analyze the dynamics of the
interactive problem. The computational results are used to supplement the
completeness of the data base in help with the analysis of the problem in more
detail.

2. Method and Procedure

The present project involves the techniques of section model tests, the
theoretical methods of system identifications and the data base of the experiments.
The associated work includes wind tunnel model tests as well as the theory
development and analysis of system identifications. As the major goal of the study
Is to promote the test capability of Wind Tunnel Laboratory at Architecture and
Building Research Institute in dealing with aerodynamic and aero-elastic
instability analysis of long-span bridges, the model fabrication according to the
similarity law, the establishment of the experimental set-up, the data acquisition
and statistical analysis, and the determination of the test process are needed to be
developed in practice so as to provide a standard operation procedure for the
instability assessments of long span bridges.

3. Important Finding

The goals of the project include
— proposition of sectional-model wind-tunnel test procedure,
— investigations of instability of long-span bridges with certain cross-sections,
— establishment of a data base of wind tunnel results, and
— promotion of serviceability level of ABRI Wind Tunnel Laboratory.

Xl
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4. Major suggestions

The major suggestions are

—to increase the number of sectional model tests of long-span bridges, and

— to establish a more complete data base for the analysis of aerodynamic
instability of long-span bridges.
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R 5% B ¥ 4% (stiffness-driven flutter) o

o A E LT g AR NTRA b odf R G S A

B M TR L R E S AR AR LA &
R AR R E S R RA R
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x4

% - &

RS N R EN L

li@]’ _',,‘

SRR
2 F B4 fds Y

£

A TP .

 ¥F 3= ¥ #ic(flutter derivatives)

ﬁf‘i B> ek )@;x@‘.ﬁ__

I
s
i
S

=

LR S S

kA

R A AT o T

EEAHF LR R RUIRR G Z PR L § R
BOAAR IR BIREMETT RGP R AN AT v B p R
% B p d B4 g 0 Scanlan ¥ Tomko[11]3% 41 7 4 s edp B 5% ¢
El i

U2 * ' * * ]
L= plkm s kw B ek H (2-1)
2 U, U, B
e
U’ , . . . h]
M, =P B KA’ i+KA Bo ke alarkiA (2-2)
2 'U, . B
B? oL Mee» BT 4l7c kA2 b d v e 2 p
(seft-excited force) ; U = ki h i# ; K=2nfB/U: f, 2 S L2 » 4

F3h~h~h&oa~aZar 9y i

B H 2 A (i=1~4)5 ¥4r $ 8k -

i B2 B8

TRt

B AR R F g F A fr(harmonic) ® § & iF A2 i RV
g
2 . .
U CL(cosch2—1s1n(pV) CH 4 (2-3)
f, B 2(2n)°h/B
2 . .
U ) C,(coso, —21s1n(pv) C{H +H] (2-4)
f, B 2(2m)" o
2 . .
U CM(COS(pTz—ISIH(pT) CiATHA] (2-5)
f B 2(2n)°h/B
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2
U ) Cy(cosp; —isin@;) .« *
M T T —iAL+ A 2-6
[ ] 2(2n)’0 Fh T (2-6)

P THRhEas BN L E SRR e
UG B R% AT Y 0 - A waRE E il AR A G
() RPHEHFHoLEEH > FRFGWTLE 5T d o
(2) RB~H & HyPF 2 4 AR > RABRA (F2 B A J ReniF e o
(3) P ATE AL GO EBMAT2BA S R T o
(4) R ATZARFHOLE S TRFEY FLErTH o
CFEIELEFHPR
FERBUFLFES IRLRE A H L2 BRI B
pFoo o 8 % 5 % 4 2 R (aerodynamic damping) ¥ qT # 4 DR
MEI Ik
LS N IR ROE Il Bl T AL ?ﬁ%i“ PR E
b W IR A F g ¥R B0 4 4 (motion-induced force) o ¥R 0 - B

(aerodynamic stiffness)e@L 8L Kk & (7 & 47 o A 2|47 &

Bo fR iAo BESSRNT S
m()+cY() +ky(t) = F(0) +[A, 51+ A, 70 + A, (1) +...] (2-7)

BY mrc kAHIFE EREDRE, JryEyLFEFvE AR -
BR B EB RN P B RIES L B M T F
TSRS BB RERLERG MO RGBS R A
BHEF L ERF M OTNGHERF B FE
AR RASF AL T ERANE A AL F &4 FE
EHBA A Y e T -3 MRS BB % PR T

P RAZEETE e o F A ERARG AT EE DTS
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#3042 A 2 A (material damping) > F AFH X B FF A 5142
REPE S F R R GFREERE F R LT FR kA A2 - fd
éﬁﬁé*‘l‘iﬂaﬁ?%f“?%ﬂ@*frﬂw}%%ﬁ ZhET HIRE AR N
2 ABE - B H RS R ALY > BHI R S B R By B
AL R o o R FET G A RRE R LG F B RS B4
FE > TERXFES RIS FHIEREFE R pRERT R

B4 R A HATEF SR E A BIER W
LZEFTARL GBS LR o
P;‘jv‘éﬁvﬁ”rﬂﬂ_%ii:%f#rﬂﬁ.ﬁi%«ﬂiﬁﬁaféﬁw(%&ﬁf,’fs%?;’@&Ea'ﬂ
EEFCF) L TES A RKRF S §F R ER
2 R GBI RRTRS ALl e i
BRgMZPERIITR Y R R R FHEL A
FROIER LR G ML G R 2 L o

L+’d(ﬂ"r’ﬁm$%JWﬂ fERSHE L AFME
B0 @ ERS EHF RN o K2 ff B R E AR
b F A o
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¥

I

Y L

DR AR L VSRR 0 0 AL Tl - o
1940 # Tacoma Narrows bridge £t 2 {8 > A3 1 A2 f7 1 7 j2 3] § 58
EHEAFHERT L GG LT SR a B as

FFERANFEFEFT > NP fRGRF B e B L

(w,

q}i)}ﬁ%ﬁ%&ﬁ‘?f%él%m;ﬁﬁ%* B MABET R AR
EABHE L F B AN F A R GRS A

Fyoa -@ﬁ'J‘ﬁ’ﬁ/fﬁl_y{7%ﬁ_ﬁl@ﬁ;}-}éii)ﬁ%ﬁfﬁ%}%%ﬁ%}i
HRBSBRGES SHPEFHFH BpM 2P L4 5 e W
ﬁ#ﬂiéﬁﬁﬁ%ﬁo

- AT O RFE G B
& Scanlan[12,13]% # B - 2 ¥ 2 H k& o § & + - Scanlan &
Tomko[11] 1235 % § cn B st & 8 i 0 4 ¥ cnaL 2 4 14 3R 47
e B R EROL TS ALY VEHT RAFEEG L
R BEOBREG Bk LR PR RO LR T
ForHAREKRFERLF RS ZWHRRRA R # - Scanlan & 1978
Z[1415]~ i BB R FRESFIREE o Jd N L FAFEE
R A a7 A kAR ey AL L > Scanlan £ Scanlan & Jones
[16,171% ™~ @ % H-3lchp d 3ed k& F 5 84 445> ¥ U gpdr ik
T e R g A -AEL 2 R BT gL Fa REAR
R ER MR GFER RN S 2 TIERF A X
OB TR b 2 AR FOR[1,2] -

BH B AR MRk F &AL 2 % 0 Sarkar # [18]4 4 R 2 W R
FHEFH - 2 APyl I UREHRETR S FERDH

hHE D WE®LIFS kH o Sabzerari

*T
1\2
7.
3

g
"

%%

ﬂ

}u-
S
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= E#c it % - Bienkiewicz[19]4 ¥ FF & Al ¥ra ~ I A AR A T o &2
2R E G 2 AFWETR FR R BEFRFFEG FRTOR
R FE ARG E D EEF R RERR R 2 I TR G

% o Bienkiewicz ¥ [20]#5d b ¥ @B &4p o B F R ML FIRTEA B
#7 - LA AT R R s (attack angle) > ® Rk 5T b i G R
S5 I IR F D GO F R E 0 A RS b st b enfiR o 4R 8
TH F RN AP M LS o lwamoto & Fujino[21]# * p d ke
2R EDNFEHOS BIREE DR R e Q¥ e Af

BB o AL ¢ BT o B Ao ¥TH BA R B E Bt gy
BhHET 2R EERG RF MR o Larsen[22]4F 3 A 1 BB TR
S TER AT A ARG/ A ERLLEIRT SR AL R 2]
Hibchs FRARRT > o FREACABUETLGE 2% 0 2
ek 2 B G ERTPRR EZEK 0 AMGFE D NH IR R RR
Boaged 5T e Jain R[] HEELELEF AFN S IREME DA T
AR EHREARE > TR PRt b B iR oo % KT

R

N

=

Lor bk eIl h @ d kT E-SFRINP G F B4 fE LT
RN UG - A S UL & Rk i B S
VAR TRA b F AR S F e o] o Matsumoto ¥ [24] 4" # 4

G HERAG B2 A EEA RN R L FME TR FE%R o BE N
TAEAETR AP L ARG B E pd REIR o A AR g
hZFERA B RAE D RO EFIR GU F[25]R L E B R
ez pddREGE . BT BT RIER D e A FR Fic
2B Y VR RO A EEET e B
% 2 Theodorsen 3% @ df 5 v & o Xu % [26]4* %= & 2, %76 2 & b
#i(Tsing Ma bridge) > & * 3 "~ Z BT 4FH 2 #4&F & - Ge &
Tanaka[27],T.ﬁ;7fﬁ_was DA(EA e LA EBRBRET BE
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7 2 0 (full-mode) ¥ 4% A 47 > & @ v g > HE & & % H0 4 (multi-mode)
BEL A 7% % 2. £ B o-Foti & Monaco[28]# v w4 (white noise) i 5 %
2 FRdnG vt E pd R (1-DOF)A AL 4 w2 8 B F b
Phongkumsing % [29]% 3 i« T ¥l E B RBF TR Z B 2 - &
PN TR Bk R P Y AR g BB R
Mo REFHREEG A AE oL R TERE N 2D
FRUAEAR L EA o R E P RIREL & G P R E > & H R
SR BN BB AR = E PP B i sk o Noda £ [30]02 b F % 4F
HAFRRGEAHT LR EVHFRRFEOET SR F R
REWRF TN %%&Hﬁz’i§é$@%&31%@

10% = *h o B4 A EJ%ﬂWHw,%%waf%ﬁmﬁ
FRFAE “*W*#wm‘*? SR R A AR R F B a4

I AR °/I§J<‘s oo AP M2 AT e &ML] S E[2]f2 45
MG F B LRI EBASLRAREBARBELL 7% T 29
& FEIEF o Lin £[32,33]i& @ FtH P £ e 2 B (tuned mass
damper) &' ML B AHFHRRE P IRE B BT -

WEHEY IR BT KRERRG ZAFEBARFF B T
Mo A1 FT A it Ae (s

Santo #[34]# H P AL o F R FRRE AR
oo TR E s BEET BT g kI stk nfFRT > s
B4 AL Bhcdarr @ ek K™ TR i f
B 0 T4 iP5 B o Larsen *[35,36]i# * Hric ik = (discrete
vortex method; DVM)3E B # F %7 & ﬂj;}%jﬁ;i}: g B4R o B &P IR
ARG L EARFRRTG - BKAE L ARER AR HEH
R H - F 21 2 o Kuroda[37]# * "8 5% F b 2 3 F HF &
(Reynolds number) ™ = & 2j#7a chf # 4 £ B %4 Dk E RS
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58 R s 8 ) h# 4 fhlikdE 5 v¢ & o Selvam & Govindaswamy[38]
i % < #st(large eddy simulation; LES) g Rl M ¥ B4R b & - 5 % &
A R ATERIFAIIR S S L o 24 IR 4 ki (drag

coefficient) et M3 b F F S B % o L AT RIFFIHRE F > 5 » 5 &
YRR AL G - R oo M[5] BT R &5 in (weakly-compressible-flow
method) 22 4 i Wik ch~ 2 - M 403 kn® - @254 8 T i3 o

Frgshd Rt b o RE 2 L4 G PFEL YR
aﬁ%@o&ﬂ,iém*ﬁ&@%%ﬁ@iiﬁ%aﬁ%’aiﬁ
B 4 &g (lift coefficient) ™" ¥ kinst & 2 ¥L 3 m R3] » Tk G

FRG A2 BB e B4 i 5R[6] R 2 Fn
e A RN L F o T NP A L 8 U R E
rEE REERHE IR S EI L PR T R
Flox 2 B E NN IER AR D A ra AW ERE R
B %45 245 o Jeong ¥2 Kwon[39] @ * # & et U F 2 E A
BARBD RFARDIGEF > SEFREEFRRET RS ST AT 2 &
P8R0 L AR RIE xﬁlz’%g”ﬁr—‘sféﬁ’!{‘im°|:ang:?ﬁ[40-4l] A E
FH P8 AT MR FRRETHEF R RS
o RN RERNRATHES B R A Y R EE LT RS
SRt 7L A B d S RN A F S ST X e R
R R RR R ST b A YR L AN I YK RO S
FER ~ PR S SR e P kRiEp g i o

Bk s N g4k B w]ah s 2 B f s Shinozuka ¥ [42] % 514

%R

BEGEF RSy 2 3 0 ¢ 48k T 2 2 (least squares
approach, LS) ~ 1 & % #c* (instrumental variable, V) ~ & < & X 5 ;2
(maximum likelihood, ML) 5 "33 4 & + 2 X & ;2 (limit information

maximum likelihood, LIML) » 2 +} 2z FRF B 7] > 2 4 & § 2 = B
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AR(auto-regressive) -3¢ o Imai & [43]%% 31 A w0 it > 2 ¢b > MefFfaE

-~

=

+ 3V i Jm F (extended Kalman filter) » & %2 & * & fh ;]% s
E A

Byt pd R

PF B 0 M lbrahim PF R & % 33k w2 (Ibrahim time domain

F & A %S4 o Pappa & lbrahim[44]5

identification technique; ITD) % &4 % 5o p d RR2Z IR F B PF R
%

Bauiz A2 p REFEF LR fodr G 5 #2 A

=

T

&

i
BB R DM k2 pd RF4RE F RS o Mickleborough &
Pi[45]31 * % pd R ARMAH 2 ITD M A4 F R B RAFER 2 F
oo HRE[T]E BR* PR R ZEFHS AR BHFRLBYFTT o
Huang % [46]7™ & * | fhen™ 2 Bt F i3k S B4 d % FRH
Fls o £41% 1TD 2 2 RP- B F @ S BAFF L6 G- 28]
# I * &z B w2 (subspace identification method) & d® . #) 5 ik
Ok g A Eu pf]&,, Pz e g ke ¥ oohs T R R ik T Sarkar

£[47]7F 4%t p ~ Tsurumi bridge i& 17 7 $p 4 % Beehiky) o
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S ¥ hOF RS
Yr® R OFIE%

LR b kRS SRS RBE G AR (R B 23
2% F(B/D=8 & 15)2 eI FR > ERFEVELET R
hoid TR F R ERE T RFRE F R R

=

F-8 PHRRAAED

- SRk k&%

Bk RGN RINEAFAT TR F TR TRET R F AL -
7 et P k(L LR 4D HRERL T7TOm B L A
9.12m> B * F AL 159m> F L5 ¥ - 2% - A BRIEFEFR (s ~» 9
54mx26m¥ 6mx26m)e b kP 2 Fonhd B4R BE RS
b %(2 /& 4.75m> b B ik 54 5 500kW & 3 & 5 390rpm)
PRf o LV ERREFFS 2m/s D 35m/sc BB b i# 5 39 m/s e ¥
BORCAIEER 7 TR - R R R ARG F (R LR 420 H
ME R R (0.17%32 2%)F 2 3 (uniform)2 T i (smooth flow) o #F
a#@%ﬁﬁi‘]i?kiﬁ& w2 £ AEP100cm E R (D)E T 4em(% 2
B 1-1) &2 @ EF (B/D=8 & 15T fAHM 2 s T &RB)A 5
20 22 60 cme ¢ 454 A8 97 HOA] 2 3K K S E Bk 2 12 % vt (blockage ratio)
A 4% e MEF ORI R 2 3 oo HAFE%H 2L T #F % (Re=UD/v ; U
Sokim b i) 5x10° 1 8x10% 2 B o

SR A | T K

G WAl Wiri 8 TR 2 RE RN AL LB
A2 e L FEFE P E AT R RS RE R T
(o LB 4-3) i FE R HC M 2 IR & & 5 2 R B3GR T B2 R R
RIFEN R R SER AP EL o oR 44977 0 A AR
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YLET G BRI R AR R B RAR b (LA 2T g

SRR U

RAF G o 3 fp

FARL o

BRI D

-ﬂow—-

Main test section

i

ﬁ%;igﬁﬁugﬂ%w w2
B F o P EE e A ER o B EEZ ¢

ﬁrﬁ» r‘rJ}‘F ) Lo

N

2

CRRBOE s LN B AR

Removable Corner

—————

W

-

| 1

W1 e

ooooOooDoooao

=

.

R

FH AR AE T

Top view of main test section

=11 ]

OO0 oOooao

B 4-1. B iF 4 3%

Top view of secondary test section

.

M




SR b FIFE%

W 4-3. & A HI W

Deck

W44 RBpARBYEHT W
FHRKR: AETER

~ ki 2R
bk B ORIER G RE* BN A (B 4-5)p b EE R
A (R 4-6)2TE R o d A FAHERIN DR BEL > 5D RS I

Ji

B LA RRE 0 £ IEd A i (A/D)E H E R L
SEEIME S BB ER G ek FRE AP F RS L

B(Ap)E » T~ N E M AR h # (pair 2 FF RR)
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OB B REREG E ERAR B AR A 2

U= ﬂ (4'1)

pair

FAkR o APy R

wo~ R AL AR R

B BMER B (BRI AR B RE 2 e BTN
EHFREFER TS T HRE 4TS T 4 F (R 4-8)
BB RS SEET SRR S KD AR L 5

FEPFLFPFRFIINRE L HEL - ERFFEREFPNRLIRE

26



¥R b OFERK

o Ma P E DT MEEIE R F IR A TR LM
L1 volt=1 cm)» ¥ i — ¥ K F AZ A BT Y T M BIEEL BB

5 500Hz HFHRPEFRF L 152 £ (& = P~k 76000 & F4L) o

L

Wk GBS ED AL (LR 4-9)2 s i (A/D) (L 0 H R

5 5 == = et N 22 2 s bk :J. g
FIFREREFT N MITE - s T oo
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PUETR B R R E G R B AR B AR IR 2

W 4-9. FRHFER L0
TR kR AEY KR
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‘a“l—-ﬁ- &/}Fpé‘%

$o6 BUERLER

P{ﬂﬁﬁﬁ%ﬁﬁiﬁ%{iﬂhﬁ%%T$%%aﬁﬂ—
BAdedfd > kg H pd P F e 5 & ) E & # (Fourier
transform)fé » 45 & A+ % BT H L F WL B2 p A
f,?c °

~ }‘_EL}:L Ll

AL (O TR AL HEY D RE 2 HEKER
(logarithmic decrement) 6 7= % o 4o B] 4-10 #7771 » A & (718 & 3k tg ch
% F(rate of decay)s » " iz PR F IR ERE y, L E yy bt

GEERCE R SR

5=y = 216

Yo 4J1-¢°

(4-2)

y(t)

)

4-1
?#k%:ipféﬂ

i
&
(is§
{
ok
S
h
s
=

gwﬂmxﬁ%,%»%qﬂ HEA LA > FHREARY T
¢ Flilf % hiRtFsI Ren2LRP LB E B hFdEs @ F %2 ¥
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FERM M o 27T A RREFhEANETHLEER 2 BEE 2
FIeAFRERAEE i dlp 2z m R B P RIN o IR D
A

e FREREREBLERTSHIELGFN RENF R DEFR
TE R
CER R
EW*ﬁﬂ{J‘ZFﬁH$U$€$’érﬂﬁ%ﬁ
B AETZ@gEEE ¥ G2 REREAE I L ED R B

It

F s 3 8@ [10] 0 8 i feit 4o (S

) k
o =—¢ 4-3
R B (4-3)
1 L I
& L S 4-4
g ('Oii ka ka ( )

B o IR AR A BB R LA L
B R(L=me’) i rg mi A 5L R o b e R
EAREE G WA BT ke FRLBFFELEDR

(4-4);8 ¥ @ ib = 5 Aot 2o A a5

y=ax+b (4-5)

B LA RZGE P T ED 0BT (024
iY’iﬁiﬁﬁ“ﬁﬁa%1ﬁ®ﬁ§@ﬂﬁ%ix@eﬁ@%&
|+ X (least-square) /n 3 » B(4-5)5% 2 M pbiw fF o % o g o
gz e R (kn)T 5 &ﬁﬂé& B H(1/b) @ A AR
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S ¥ hOF RS

FRZHERE R BIES AT 2 E(b) -
$ 4% B/D 5 8¥ 152w & 4-1 ¥o1 = 8¢ 232}%%@*‘?6@ 2%
L2 d A AL E e B e 2 (& f)4F B85 5.0Hz
2 90Hz: 2w & £ 3 w A4 F b (e=f /M) 5 1.8 pt¢b > A3 %

B 2 LA GED A 035%E 0.65%F 0 M AIE S AT 2

pL 45: o
341z RARMIA L BEEE
by

g B/D iy ¥4 * &
FEM 8 3.734 3.508 3.832
(kg/m) 15 4377 4.180 4.524
wHp el 8 0.0464 0.0380 0.0544
(kg-m’/m) 15 0.0989 0.0784 0.1129
SRR Il 8 4.608 4.760 4.456
(Hz) 15 5.066 5.188 4.913
A 8 8.545 8.331 8.026
(Hz) 15 9.460 9.400 8.601
T 8 1.854 1.750 1.801
15 1.867 1.812 1.751

EoN N L 8 0.37 0.34 0.45

Cv (%) 15 0.62 0.58 0.64

E T 8 0.62 0.66 0.66

Ce (%) 15 0.54 0.52 0.50
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U B R £ SR AR R Hh 1L P ]
AL - KK =1
Fz v #FREF

&ﬁﬁﬁia’ipzﬁﬁ?%%~ﬁ%&%£%5ﬁ$%%
hoB B R FY (B/D=8 & 15)2 #3355k o & & e BRI Y o
Koym b i d Mk SE GBI e BT X 30m/s 5ok 0 X A4 B R 3T & (0=0°,
+4°, £8° 5 F AR 4-1)2 R FiHMRE F BER > BERBEHE L

LT B EA B e hE R FORRART A o BB R Ao

B 4-11. FHBREP H
TR kR Ay EE
MR B 5 (B/D=8)

(=) 24t

EPRR F R ERSE 0 B 412 M A7 R b T b R T AR
B OLES B e B RE(UBEIRELR)E & T kR
wF2Z g% 2P > itk i (reduced velocity) &5 B 3 e 2 T
& 4w 5 Un,=U/fyB & Ur=U/fB (f, & fi 4 & 2 3 &3 B> w2

FRAE Yo pbvh o d AN A KPR B AE R }%(ﬁ')}%%"l SOHFH 0 R E
SET AR b2 BHEFH MBEHD SR °

é@ﬂ%ii—&@ﬁﬁﬁ’éhﬁé@@ﬁﬁ%’ﬁﬁﬁui
A h bl 2 HEE R (DR Q)T H A R

FoBREF O BMAS B e L PR RPN LAY D

4+

Jet
-@‘

%

-1
=
)
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S ¥ hOF RS

AT o bR B R BH MR %o 4 PR b i 2 &R G ¥R 4R (flutter)
# A AP 2 T b i# (critical velocity) ©

4 2 ’
(a) =2 w (b) &
U (m/s) U (m/s)
0 5 10 15 20 25 30 0 5 10 15 20 25 30
04 T T T T T 3 T T T T T
Rectangular (B/D=8)  f,=4.008Hz Rectangular (B/D=18)  f,=4.608Hz
035 ) f,=8.540 Hz - f =8.540 Hz
= o £/ =1.854 25 —= 0 [ £/f =1.854
—— 4 v —v— 4 v
03 RN N Cy =0.37% —_—a— 18° C‘, =037%
G =0.62 % 2 £,=0.62%
0.25 —_
8
D =
~ 0.2 é‘) 1.5
= 2
0.15 3
1
0.1
0.5
0.05

- L1 1 o
0 2 4 6 8 10 12 14 16 18 20

Ur,

W 4-12. 2545 W & 5 & F(B/D=8)
FHR KR AFT ER

Bh T Ak G 0RY SRR R T F R #(U)EF Y 15.0m/s
(Ury 2 Ur ¥ 5 9.6 2 S3)PF -2 fFM aa B2 i 255 R
BRI G s M F R ST 4 B L 14O A8OPE 5 R R B F AL
2 FRR ko P2 R Ao d AR st hk L 0O R AP H A M2 TR
Fhid o ZEFERTERALY  CF LT E(BHE)LH o ¥
0 SRR =Y i WU N D R I o e e e
(=) #2418

FHREERET(RA-13) EFR ST E 2R FHEFELF
VESEVHEEN G A o ARsTd Z B RS 0 FOEESA 8O
I AE 0P TR b ERIEL K (A FRERTEEE) &
By 3 fehfme > §0EE=d 0° T -4°2-8°pF » 7= 7% b 3% R %E
(AR FERTERAL) - FE Ao R kR

Bz Tel b if bt o B F BT E A R
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UG A R L R AR A i 2 A g

(a) & w (b) 4= # =

U (m/s) U (m/s)
0 5 10 15 20 25 30 0 5 10 15 20 25 30
04 LI T T T 3 1 T T T
Trapezoidal (B/D = 8) Trapezoidal (B/D=8)  f =4760Hz
03, g Lol —— ® f=8331 Hz
# : 4 £/£,=1.750
03 —&8— 0° —a— 0 C.=034%
—_— 4 —_— ) o
D o ¢,=0.66 %
0.25 >
A f,=4.760 Hz g
~ o2F £=8331Hz & 1s
= f£/f,=1.750 t
015 £ =034% s )
€, =0.66%
01f
05
0.05
0 LI 0
0 2 4 6 8 10 12 14 16 18 o 1 2 3 4 5 6 7 8 9 10 11

B 4-13. #2488 & f& 5 & B (B/D=8)
FHRkR: AEf R

(2) = &2 4pa
PR R WL 2 LA ER S (R 4185
MFR TR (FHE)ZH A FHRPRZTRAREF S mh AR

FERTLLERL -

(a) &3 (b)) &=

U (m/s) U (m/s)
0 5 10 15 20 25 30 0 5 10 15 20 25 30
04 T T T T T 3 T T T T T
Hexagonal (B/D = 8) f,=4.456 Hz Hexagonal (B/D = 8) f,=4.456 Hz
035 ) £ =8.026 Hz ) £=8.026 Hz
= 0 £/f =1.801 25 —= o £/ = 1.801
—— 4 v —— 4 v
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