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Wind Tunnel Test

» Requirements

= Although the science of theoretical fluid mechanics is well developed and
computational methods are experiencing rapid growth, it remains necessary
to perform physical experiments to gain needed insights into many complex
effects associated with fluid flow.

* Bluff / complicate shape of bridge section
* Change of flow according to the shape of structure is difficult to predict.

» Application

= Wind tunnels can be used to study interference between flow and bridge
model by vibration test.

= The bridge model can be instrumented to measure the lift and drag and
other aerodynamic parameters for analysis.

=  Wind tunnel test can be used to study and design a bridge shape.
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Similitudes

» Requirements
= |n general, scaled model is used for wind tunnel test of bridge.

= Therefore, similitude laws for flow condition and aerodynamic behavior
should be satisfied to reproduce the physical phenomenon of real bridge.

= Similitude laws is given by dimensionless analysis
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Dimensional analysis

P For concreteness, let it be assumed that the force F developed somewhere on
a body immersed in a flowing fluid is a function only of the following six
parameter

= Air density p, flow velocity U, some typical dimension D, some frequency f,
fluid viscosity u, gravitational acceleration g, then:

F = p®UPDYfoucgs

= Each exponents is to be determined.

» Writing the dimensional equivalent of each of the quantities with
= mass M, length L, and time T
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Dimensional analysis

» Equating corresponding exponents:
= M: 1=a+e¢€
" [ 1=-3a+p+y—€+¢
s -2=—f—-0—€—2(

» These equations may now be solved for any three of the exponents in terms
of the remaining three; for example,

=a=1-—c¢€
" f=2—€—0—2(¢
" y=2—€+d6+¢

p» whence it is seen that

F = pl—eU2—6—6—25D2—6+6+§f5ﬂegf

or
6

F=o00* () (i) (%)
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Dimensional analysis

YN
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F= o027 ) |(Gun)| @2)
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» These dimensionless grouping of physical variables provide the natural
groupings in which to develop physical relations. The reoccurrence of these
dimensional groupings means they are given their own names.

UD inertial fi
Reynolds number Re = e 1r.1er e oree
U viscous force
U? inertial force
Froude number Fr = — T
Dg gravitational force
2 inertial force
Cauchy number Ca = & _
E elastic force
D inertial (local) force
Strouhal number St = f— _ _ ( )
4 inertial (convective) force
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Inertia Parameter

I?O—S = constant

» The ratio between air density and structure density.

» From this parameter, the scale of mass and moment of inertia per unit length
is obtained:

ps/p = (psD3/D)/(pD?) = m/(pD?)
ps/p = (psD>/D)/(pD*) = I,/(pD*)

» In general situation, air density does not change according to prototype and
model. Therefore, inertia parameter should be satisfied for all cases.
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Reynolds Number

pUD UD  inertial force
u v  viscous force

Re =

» The Reynolds number is the ratio of the inertial to the viscous forces.

» In a view of wind tunnel test for bridge, it is almost impossible to satisfy the
Reynolds similitude.

= The scale of length is around 1/80~1/150, so wind velocity of model should

be 80~150 times larger than wind velocity of prototype for Reynolds
similitude.

P This viscosity is associated with “separation point” of flow and general bridge

section has a significant separation point. Therefore, in the wind tunnel test of
bridge section, Reynolds similitude can be neglected.

= For the circular model, Reynolds number is most important factor.
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Froude Number

U? inertial force

F
t Dg grav1tat10nal force

» The Froude numbers occurs in gravity driven flows and wave behavior on the
surface of a fluid.

= Firstly, it is used in a ship hydrodynamics as an important parameter with
respect to the ship's drag, or resistance, including the wave making
resistance.

» In the bridge aerodynamics, gravitational force is important for suspension
bridge because of cable tension by dead load. Therefore, Froude similitude is
considered for 3D wind tunnel test of suspension bridge.

= Not considered in 2D section model test.
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Cauchy Number

pU? inertial force
Ca = =

E  elastic force

» Cauchy similarity is associated with stiffness (elastic force of the structure).
Therefore, in a vibration test, it is very important.

= Especially for the 2D section model test, stiffness is much dominant
parameter than gravitational force for dynamic behavior.

» It is often convenient to replace a Cauchy number by a reduced frequency.

= Natural frequency fis proportional to E/pSDZ then

D _ | E p
U psDZ pUZ Ps

Cauchy Inertia
number parameter

= |nertia parameter should be always satisfied so Cauchy similarity can be
substituted by equality of reduced frequency (or reduced wind velocity).
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Other Parameters for Wind Tunnel Test

» Damping Ratio (§;)
= |t affect such deflections so must remain the same in prototype and model

» Frequency ratio (f,/f,)
= The ratio between vertical natural frequency and torsional natural frequency.

= |t is associated with ‘coupled motion’ in an unstable oscillation driven by
wind. For the onset of flutter, frequency ratio around 1.0 causes the flutter
quiet easily. (e.g. Frequency ratio of Tacoma Narrow Bridge = 1.538)
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Similitude Laws for Froude Number

» Features
= For the 3D full scale model test
= Consideration of gravitational effect on structure and wake around model.

» Length scale (4;) has to be determined according to size of wind tunnel

» From the inertia parameter, the scale of mass and moment of inertia is decided:
m m Mm me‘l%’l 2
pz) ~\ppz) T =50z M
P m P 14 mp pp p

(’_p) _(’_p) L Im_pmDm o,
- - — ML
pD4m pD4p Ip ,Ong
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Similitude Laws for Froude Number

» By the Froude number, the scale of velocity (4y), time (A7) and frequency (45)
are obtained, respectively:

U2 U2 U2, DGm
Dg . Dg . Up p9p
o AU = \//‘{—L
Ar=2A/Ay =44, and A =27'=1/4,

» Other parameters for full scaled model are calculated by dimensional
consideration

= Stiffness of girder or cable (El, EA)

kg-m-s™2 B A1
EI=<g )(/1%)=(L“>(/1§)=AE

m2 A2
kg-m-s~? 32,271
EA=( — )@:(LAZ D =4
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Similitude Laws for Cauchy Number

» Features
= For the 2D section model test

» Length, mass and moment of inertia is same with Froude similarity.

— =1
Dy
m m Mm me‘l%’l 2
Go2), = Goz) = = =
P m P 14 mp pp p
(G5, (), fp-the
— = T =
pD*/  \pD* . I ppDy
» Frequency scale has to be decided according to the target wind velocity.
fm _
— = Ar (decided)
fp
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Similitude Laws for Cauchy Number

» By the Cauchy number, the scale of velocity (Ay) and time (A7) are obtained,

respectively:
(fD) _ (fD) <Um) _ <mem> a1
7Y — (L= LU = AeAL
U/m Uy U, fpDyp
AU = Af/lL

Ar = AL /Ay = 1/Af

» Other parameters are calculated by dimensional consideration
= Stiffness of girder or cable (El, EA)

kg-m- s 2 13/1 /12
E1=< — )(L)—< ) (A1) = 2847

kg-m-s?2 A ALA7
EA=<9 - )(L) ( AZ )(AL)—Mf

= These parameters are not important for 2D section model test
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Summary of Similitude Laws for Each Parameter

P Inertia parameter is commonly used for both way.

Froude similitude Cauchy similitude

Length

Time \/,TL 1//1f

Wind velocity \/,TL As Ay

Mass per length A2 A?
Moment of inertia per length AT A7
Natural frequency 1/\/&7 Decided on Af
Bending stiffness (girder) A3 ASAZ

Axial stiffness (cable) A3 ALAZ
Damping ratio 1 1
Applicable for 3D full model 2D section model
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Example

» Target bridge: Younggang-Haejae

Length 45.000m
Width 14.800m
Height 2.500m
Mass per length 26.650ton/m
Moment of inertia per length 485.040ton-m%¥m
Vertical natural frequency 0.349Hz
Torsional natural frequency 1.422Hz
Frequency ratio 4.074

1. Determination of the scale of length (1;)

 The length of the model is fixed by the specification of wind tunnel.
Therefore, the scale of length scale is determined with the width
according to appropriate aspect ratio (width/length).

* If the modelis too large, the aspect ratio is large so the model does not
behave like a actual bridge.

* Unless, target of moment of inertia is too small to satisfy.
=1/50
e '3
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Example

» Target bridge: Younggang-Haejae
2. Decide the mass of the model

My = myAf = 26.650(ton/m)x(1/50)? = 10.660(kg/m)

* Mass is tuned by added mass at the center of the model.

* Actually, total mass of structure is firstly measured by an electronic scale.
However, sometimes we have to add the mass after the installation of
model and in that case, mass can be calculated by the following equation.

— Stiffness of the structure does not change by addition of mass.

1 k vert
f;/ert T T \’

k,,=Qrf) m,, =(constant)
=11k
(2 7T ]Fbefore) mbefore = (2 ﬂfaﬁer) (mbefore + madded) - :,

f2 T I8 CAAERRET A
after
[ ] 3 —

mbefore _ M dded
fl;efore o fafter
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Example

» Target bridge: Younggang-Haejae

3.

18

Comparing with the target wind velocity, determine the scale of natural
frequency (Af) and decide the vertical natural frequency.

Critical wind velocity = 72.8m/s

In general, the maximum investigated range of wind velocity is larger
than the critical wind velocity around 10m/s ~ 20m/s for safety side.

Considered maximum wind velocity of wind tunnel = 15m/s

In general, the scale of the natural frequency is firstly determined by the
measured natural frequency and check the appropriateness later.

Measured vertical frequency = 2.167Hz — Af = 6.20

Um Um/lL UmAL

A < 15X50 +100 =75 — Satisfied!
If it is not satisfied, tune again the natural frequency by change of spring.

3558 Seoul National University
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Example

» Target bridge: Younggang-Haejae
4. Decide the mass moment of inertia

Im = IpA7 = 485.04(ton - m?/m)x(1/50)* = 0.077606(kg - m*/m)

* Mass moment of inertia can be tuned by the change of the gap distance

between added mass.
* According to the change of the gap distance, the mass moment of inertia
for the model can be calculated by the following equation.

— Rotational stiffness does not change by the change of gap distance

1 klOl"
Jor =7
2z \N I

k. =Q2nf, ) I=/(constant)
(Zﬂﬁefore )2 ]before = (27Z-f;lfter )2 ([before + ]added )

2
f;zfter 2
1 before - M ddea X R
fl‘)efore B ](after
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Example

» Target bridge: Younggang-Haejae
5. Tune the frequency ratio

* By the edit the gap distance between coil spring, we can adjust the
torsional natural frequency without the change of other parameters.

» Final result of tuning
= For final stage (1, = 1/50)

Parameters Prototype Target Measured
Length 45.000m 0.900m 0.900m
Width 14.800m 0.296m 0.296m
Height 2.500m 0.050m 0.050m
Mass per length 26.650ton/m 10.660kg/m 10.774kg/m
Moment of inertia per length  485.040ton-m?%m 0.078kg-m%¥m 0.07670kg-m*¥m
Vertical natural frequency 0.349Hz 2.167Hz 2.1670Hz
Torsional natural frequency 1.422Hz 8.829Hz 8.9420Hz
Frequency ratio 4.074 4.074 4.126
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Similitude for Atmospheric Flows

» Target value
= The variation of the mean wind speed with height
= The variation of turbulence intensities and integral scales with height

= The spectra and cross-spectra of turbulence in the along /across/vertical

» Similitude parameters for target model

Essential Recommendation

Girder  Along / Across wind turbulence intensity ~ Along wind turbulence scale
Wind spectrum

Tower  Wind speed and Along wind turbulence Along wind turbulence scale
intensity distribution according to height  Wind spectrum

= Because it is hard to fit an overall distribution of the turbulence intensity
according to height, so tune the turbulence intensity for the part of main
vibration.

= Consider that Y a length scale of the wind tunnel is shorter than that of
prototype / 2 a length scale is originally irregular

Y
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Grid

» Methodology

= Change the width of bar and interval between each bar.

» Features

= Easy to make and install in wind tunnel, but hard to edit for the target value.

= |t can satisfy the target turbulence intensity, however, cannot make a target
turbulence length scale, height profile and spectra.

» Application

= 2D section model test to check the vortex
induced vibration or flutter instability
under a turbulence condition.

= Hard to check the buffeting response
because the spectrum is dominant for
buffeting response.
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Bricks, Spire, Blocks

» Methodology
= Number of block: for boundary zone, homogeneity of flow

= Number of bricks: for thickness of boundary range
= Shape of spire: for higher range
» Features
= Complex, but available of high quality of similarity for boundary layer flow

* Turbulence length scale, spectrum, height profile..

» Application
= 3D full scale model test
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Example of Similitude for Atmospheric Flows

» Target bridge: Hwayang-Juckgeum

1. Set the target value
According to 10 mean wind velocity for certain terrain category
* U,;,=30.9m/s, Terrain category =1
| 1 1 1
u =—U, = -30.9- =
2.5 In(10/z,) 2.5 In(10/0.01)
15 I I 15
% Z —Logarithmic law
U(z)=2.5-u -ln[—j
ZO 12 12
[ (z ég 509
O \uia |
[ (z)=1,(2)/2 ” // ” \ \
24
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Example of Similitude for Atmospheric Flows

» Target bridge: Hwayang-Juckgeum

2. Set up the brick, spire and blocks and find the appropriate RPM of the
wind tunnel for the equality of the mean wind velocity at the average
height of the deck with the wind velocity profile.

3. Check the mean wind velocity and turbulence intensity according to the
height

 If theresultis bad, go to the step 2 and edit the brick, spire and blocks.

4. Check the spectra and turbulence length scale at the average height of the
girder

5. Check the longitudinal distribution of wind velocity / turbulence intensity
*  For the decision of installation position for model

\4
=y

25 V[: ¢ Seoul National University
|EJ Structural Design Laboratory




Example of Similitude for Atmospheric Flows

P Result
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Unsteady Self-Excited Forces(2-D model)

Aerodynamic damping term

2 Ba ' , 2 *h
Ly, = ZpUB|KH1 +KH2——|iKH3a+KH

1 h Bal h
M,, U?B? |[KA; —+ KA4; K2ALa + K?A;
B L T U, e _B]

=== F|utter derivatives about vertical motion

N . . L » h
=== Flutter derivatives about rotational motion ;
:
la"f-'~‘\
+au o — L I \‘
l[ll—g_._v‘:x
wind v
s
M
WEBR
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The methodology to get the flutter derivatives

Free-vibration test

Forced-vibration test

L2 P s

Wind /

V.

p Advantage

= Cost effective: No heavy experiment
system.

p Disadvantage

= Accuracy: Results are different at each
cases. So, we should do same

experiment at least 10 times.

= Low upper limit: As wind speed higher,
the vibration disappear faster.

= Assumption violation: No steady-state

g

\
» Advantage

= Right assumption: The experiment
system make the model move sinusoidal.

= No limit: Because we control the
displacement, we can measure as we
want.

» Disadvantage
= |nitial cost: Relatively very high cost. The
system is very heavy and non-movable.
= No interaction: We cannot consider
interaction between wind and model.

W,
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Extraction method in free-vibration test

-

e A
» No wind » With wind(6.6m/s)
170— : : : , : . 170 . : :
€
£ 160 £ 160
5 5
150} 150}
Nl ;
& 140} il AN & 140}
o &
T 130¢ T 130¢
S S
£ 120 £ 120}
2 D . S
‘ ‘ . . ‘ s . ampin . . .
03 40 50 N so( 7)0 80 90 100 PINg, 1135 60 N 7? ) 80 90
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T 005 B
5 T
g Change g
T T
[0 o
E E
[0 [0
g 0 ks
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) )
T 5 -
T T
C C
kel O -
8 8
o] . . \ . O _ L | | | i
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MITD (Modified Ibrahim time domain method) (1)

» Space-state form of 2-DOF dynamic system

= A 2-DOF Dynamic equation(No external force)
MU+ CU+KU=0

= Space-state form

[U] 11( —M- 1c] [U]

If we set X = [g] X=0X o X(t)=e®X(0)

e<I>t — z l b = z i(q)Aq)—l)ntn — z lq)Anq)—ltn — (I) z lAntn (I)_l
n! n! n! n!
n=0 n=0 n=0 n=0
— q)eAt(I)—l
Where,
¢ and A are the eigenvector matrix and diagonal matrix of eigenvalues of the system
}\1 'ellt
— A At _ ehat
A= Ay e’ = st
}\4_ e)\4t

‘L‘g*ﬁ‘ Seoul National University
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MITD (Modified Ibrahim time domain method) (2)

» Space-state form of 2-DOF dynamic system

_ }\' —
b11 P12 P13 Pia d;e it

Ayt .
X0 = [§] = %O = 0eM41X(0) = getta = (B2 Fzz B fun|| e
3

=1
4
4

a1 Paz Paz Pas |d, et Z¢3jdje}‘it
=1
4

= Characteristics of displacement and velocity

4 4 4 4
L d | | |
Z bajdie™ =5 <z q’lidiel’t) = Z Ayt - Z(¢3j = Ajpy;)dje’t = 0
j=1 j=1 j=1 j=1

& Bz = i, aj = by For all initial condition

What we need is only displacement data!
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MITD (Modified Ibrahim time domain method) (3)

» Shift operator

Displacement

gy
]

Vv S v v

Lean, Leen o,
PR 1 oIS e R A e 5 |

Uob(tn,) = SUop(to)

[\NW/4
h=
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MITD (Modified Ibrahim time domain method) (4)

» MITD

= Minimization of the error

g = | (Uap(tx,) —~ SUape0)) W

T
= ((Uab(tn,) = SUon(t0)) W) (Uas(tn,) = SUon(t)) WT
= WUobT(tNl)Uob(tNl)wT _ WUobT(tO)STUob(tNl)WT

T T T T T
_WUOb (tNl)SUob(tO)W +WUob (tO)S SUob(tO)W

BN T T
=5 = —2WUgy, (to)Uoh(tn, )W + 2WUgp (t0)SUgp(t))W' = 0

-1
S = Ugp (tn, )W (Uop(to)WT)
= Weighting factor
W = U, (t) - ITD

W, =U, 4(t;) - MITD (Up-1(6) = e®r-1U(0))

— Repeat these until S matrix converses

Yo
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MITD (Modified Ibrahim time domain method) (5)

» Identification of eigenvector and eigenvalue

4 4 4 b
Z ¢1]d] Z q)ljdje}\jAt Z ¢1jdje7\j(N—N1—N2—1)At
=1 j j

4

4 4
h(to) h(tl) h(tN—N1—N2—1) Zd}zjdj Z zldle}‘lAt Z deAJ(N Ni-Nz-1)At
(t ) a(to) (x(tl) a(tN_Nl_NZ_l) j=1 j=1 j=1
Uonlto) =h(ty,) h(tw,en) h(ty_n,1)

4 4
1 aAjNpAL 3 oA (N + 1A 3 A (N=N;—1)At
alty,) alty,+1) a(ty-n,-1) Zq)l]dle] : Zq)lld] e Z‘bnd]e’ !
j=1 j=1
4 4-
2, ba
Lj=1

4
7\N At 7\- N,+1)At Aj(N=N;—-1)At
oy Z j(Nz+1) Zd)zjdje jN-N;—1)

i—1 p

=1

$11dy b12d; ¢13d3 $14dy ehiat e (N-N;-Np—-1)At 1
1
¢21d; $22d; $23d3 b24dy 1 eh2At eh2(N-N;-Np-1)At
T | dyid eMNAt o d,ereNaA Gy o doersNaAt gy g, eheN28E ()] agat T A (N-Ny-Np- 1At
¢21d1e)\1N2At d) dzekz 2At q) d eA3N2At q) d ek4N2At 1 eA4At ek4(N—N1—N2—1)At i
Z q)ljd]'exl 1At Z q)ll_d]_ehj(N1+1)At Z q)ljdjelj(N—Nz—l)At
4 4
h(ty,) h(ty,+1) h(tn-n,-1) Z djeAleAt Z d, NNy +1)AL Z sy, oA (N-Np-1)at
_ (X(tNl) O((tN1+1) O‘(tN—N _1) j=1 =1
ob(tn,) = bt ) h(t ) b 2) .
Ny+Np N1+Nz+1 N-1 Z A(N1+N YAt Zd) de}‘ (N4 +N,+1)At Zd) deA (N-1)At
O‘(tN1+N2) O((tN1+N2+1) alty-1) - 4
= ]_
4 4
Z¢2jdjekj(N1+Nz)At Z¢2jdjelj(N1+N2+1)At Zd)zjdje}\j(N_l)At
| j= j=1 i=1 |
g PNt d1pdye?2Nitt dr3dzeraNitt brad N1t 1 eMht er(N-N;-N,—1)At
1N At AyN At A3N;At AgN At N+—N»—1)At
b,1die b,2dse b,3dse bzadse 1 ehedt er2(N-N1-N;-1)
= A1 (Ng+No)At A2 (N7 +N3)At Az(N1+Ny)At AN +NDAE (11 aAsat 7 AS(N=N;—N,—1)At
b11d e b12d,e b13dze b1adse € €
A1 (N7 +N2)AL Az (N7 +N3)At Az(Np+N3)At A(Ng+N At (L1 ghadt era(N-N3-Ny-1)At
bo1de b,2dse b,3dse bradye
PPN ) - o -
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34 %Egg .
yiied Structural Design Laboratory



MITD (Modified Ibrahim time domain method) (6)

» Identification of eigenvector and eigenvalue

Uob (tN1 ) = SUqp (tO)

SUgp(to) — Uob(tNl) =0

$11dy $12d; $13d3 $14d4 1 eMAt eM (N-N;1—Np-1)At
S $21d4 $22d; $23ds $24dy 1 er2At eh2(N-N;1—Nz-1)At
Br1d1MNAE Byydyete N2t yadyels oAt ¢y yd eteN2At 11 ghsat ehs (N-N; =N, —1)At
¢21dle7\1N2At q)zzdzekzNzAt (|)23d3e7‘3N2At ¢24d4e}\4N2At 1 e7\4At e}\4(N—N1—N2—1)At
b1pdgelaMtt b1pdpeteNitt 13dzetaNitt 1adgetsNitt 1 eMAt
dp1dieNitt bppdyet2Nitt p3dzeraNitt PoadgelsNitt 1 ehaAt
dypd et NiHNDAE gy g @A (N HNDAL s g As(Na+NAE g eha(N1+N)AL H1 phalt
¢21d1eA1(N1+N2)At etz (Na+N2AL ¢23dgex3(N1+N2)At ¢24d4e?\4(N1+N2)At 1 eAaAt
$11dy $12d; $13d3 P14dy 1 eMAt e (N=N; —Np—1)At
$21dy $22d; $23d3 $24dy 1 eh2ft eh2(N-N;—Nz-1)At
b11drM N bppdyeleNeBt gdzelaNeAt dyyd eteN2t 11 Asht T gAs(N=Ni-N;— 1)t
(|)21dle}‘1N2At Cl)zzdze}‘zNzAt ¢23d36A3N2At ¢24d4ex4N2At 1 it era(N-N; —N—1)At
$11dy $12d; $13ds3 $14d4 eMN;At
$21d4 $22d; $23d3 $24dy eh2NiAt
— (I)lldleklNzAt (blzdze}\zNzAt ¢13d3e}x3N2At ¢14d4e7x4N2At l e}‘3N1At
q)21d1e7xlN2At q)zzdzelzNzAt ¢23d3e7\3N2At q)24d4e7\4N2At e}\4N1At

0

S ¥ /]
£
vy
2
e

N S
N
/s
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oM (N-N;—N,—1)At
ehz(N-N;—N,—1)At

eha (N-N; —N,—1)At

eMa(N-N; -N,—1)At

1
1
1
1 ehalt

oM (N-N; -N,—1)At
eh2(N-N; -N,—1)At
eha(N-N; -N,—1)At
eMa(N-N; -N,—1)At

Seoul National University
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MITD (Modified Ibrahim time domain method) (7)

» Identification of eigenvector and eigenvalue

4)11 ¢12 ¢13 ¢14
¢21 4)22 ¢23 4)24—
q)lleklNzAt q)lze)\ZNzAt ¢13e)\3N2At ¢14eX4N2At
¢21e)\1N2At q)zzeXZNzAt ¢23e7\3N2At ¢24eA4N2At ]

$11 b1z $13 14 [eA1N1AL

1 eﬂ.lAt eﬂ.l(N—Nl—Nz—l)At
¢21 $22 ¢23 b2g eA2N1At 1 eh2ht el2(N-N1-N2-Dat | 0
¢11ethAt q)lzelzNzAt ¢13e7~3NzAt ¢14e?\4NzAt eAaN1At 1 p3it eM3(N-N1-Nz-Dac | —
q)me?\lNzAt ¢226A2N2At ¢238x3N2At ¢24eA4N2At | elaN1At 1 elaht era(N-N1-Nz-1At
-1
$11 12 ¢13 14 eA1N1At $11 12 ¢13 14
cI)Zl q)22 ¢23 ¢24- A2N1At cI)Zl q)22 ¢23 ¢24-
S = e
- ¢11e)\1N2At d)lzeAZNzAt ¢13eA3N2At ¢14ek4N2At e/13N1At ¢11e)\1N2At d)lzeAZNzAt ¢13eA3N2At ¢14ek4N2At
¢21e7\1N2At ¢22e)\2N2At ¢23813N2At ¢24e7\4N2At eA4N1At ¢21e7\1N2At ¢22e)\2N2At ¢23813N2At ¢24e7\4N2At
— -1
- ¢SAS¢S
30D . . .
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MITD (Modified Ibrahim time domain method) (8)

» Identification of eigenvector and eigenvalue

A
A, 1 L . .
A= = InAg Where Ag is diagonal matrix of eigenvalues of S
A3 N, At
Ay
11 b1z b13 14 [ ilj
P21 22 b23 0P 2j
b = q)llexlNzAt d)lzeszzAt ¢1sex3NzAt ¢14e7t4,N2At = ¢1jexjN2At
byj
[4’2; = [Izx2  02x2]Pps = G,
b1 b1 c
_¢2j_ b2; _[G(I)S]_ &
¢3j }'](I)l] GAd)s GN At lnAS s
1
by Ajdy;
-1
G
0 -1 1 ]
&P = . A =—I,-_1 InA
[_M 1K — lc] PAGT =5 GNAtlnA ]‘I’s s [GNlAtlnAs ®s

Ei ;% Seoul National University
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Extraction method in forced-vibration test

» Basic concept

- Control the amplitude of the motion.

- Oscillate the system at the frequency
which we want.

- We can extract the aero-derivatives at

the high reduced velocity.
Sinusoidal motion

g 0.02y
5
< 0.01r
[
8
a O
2
o
© -0.01
RS,
o
> -0.02r
0 1 2 3 4 5
Time(sec)
- ¥ Seoul National University
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Sin fitting method (1)

» Concept of sin fitting

—Reduced velocity : 5.5
—Reduced velocity : 21.1

1

0.1 —Reduced velocity : 5.5
' —Reduced velocity : 21.1

o

o
o
@)
o

T

Lift force(N)
(@]

S
o1

-0.05¢

Moment force(Nm)
(@]

-1

-0.1

0 05 1 15 2 25 3 0 0.5 i 15 > 25 3
Time(sec) Time(sec)
Lye (1) = Lpsin(2rwpt + 6y, ) Mg (t) = Mpsin(2rwpt + Oy, )

= First, we fit our data as sin function.

= Using amplitude difference and phase difference, we can calculate flutter
derivatives.

(SWZis
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Sin fitting method (2)

» Concept of sin fitting

h

h KHB—+KH +K H, —
U ‘B

L, =1pUB K H —
2 U

h

M, :lpUB2 K A — Ba
2 U

KA K La+ KA L
U ‘B

—

—>
- — = Rotational motion- — _

-

— i : I
h(t) = hy sin(@,?) a(t) = a,sin(w,t) I
L—1 UBKH*h KH*h _1 Bd '

M, =— U’B KA —+K, A, —
2,0 [ U h4BJ

D,
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Sin fitting method (3)

» Formulation of sin fitting method

L, = %pUZB(KhHl* g +K H, %) » Vertical motion, Lift force

h dsin(w,t)

* " t
L,sin(w,t+6,,) = %/)UzB(KhH1 Udt +K H, M

) Assume  n(t) = h, sin(w,t)
L, [ sin(@,t+6,,)e " dt

1 . KH 7dsin(mwt) _ KH, % | y
=— pU’Bh, (—— 2o dt+—"—2 | sin(w,t)e”' dt
2,0 o U J. i B _[ (@,1) )

—00 —00

* o0 2 * o0

1

K H i . K H ) .
:5 pUBh (=L i, j s1n(a)ht)e—zwfdt+$ j sin(a, f)e " dr)
K,H, K:H, 7 . | LA e,
=3 AU B o+ [ ity Aeasior o

a1 \E} 2% Seoul National University
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Sin fitting method (4)

» Formulation of sin fitting method

L, = %pUZB(KhHl* g +K H, %) » Vertical motion, Lift force

L, I [sin(,t)cos(8,,) +cos(w,t)sin(6,,) |e ™ dt

=L, cos(6,,) | [ sin(w,)e ™di+L, sin(HLh)L I w, cos(w,t)e " dt
a) —

—0o0

=L, cos(8,,) [ sin(w,1)edt + L, sin(6,,) 1 j % o i Jp
:OO a)h —0

= Lh COS(HL;,) [ Sin(a)ht)e_iwtdt + Lh Sin(eLh)ﬁ J‘ Sin(a)ht)e—ia)zdt
- @

—00 h —oo

= L, {cos(8,,) +isin(d,,)) j sin(a,t)e " dt

| KiH,  KH,
EpU Bh, (= io) =1, {cos(6,,) +isin(6,,)) »
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EEE (1)

» Concept of EEE

. 1 nt
Min HS(X) = 5 Z”Fkn (ti )_ Fun (X, l; ]E Minimization problem !!
i=1

Where, $=3"s(1) s(t), G=s(t) Fo (1) . F, (1) =5()X

i=1

%52 Seoul National University
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EEE (2)

» Concept of EEE

1
an ZF,m ), (¢, XTG+EXTSX

M) _ox G0
X

X=S"'G

A unique solution is always determined by above eq. as long as a sufficient amount
of measured dynamic responses of a section model are provided.

%32 Seoul National University
uﬁ_\ Structural Design Laboratory
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EEE (3)

» Apply EEE method for the no-wind state

Ma(t,)+Cv(z,)+Ku(z,)=R(z,)=-P(¢,) — Known value

—— Unknown value

Ma(t,)+Cv(t,)+Ku(z,)=F, (1)
R(7,)=F,(z)
Fon (ti) =s(7,)X

E}"“ Seoul National University
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EEE

(4)

» Apply EEE method for the wind state

46

— Known value
Ma(tl.)+Cv(tl.)+Ku(tl.) = R(tl.)+CaeV(tl.)+Kaeu(tl.) — Unknown value

1 2 HI BHZ 1 2 p2 H4 BH3
Where,C,, = — pw, B , |, K, ==pw, B )
2 BA, B°A, 2 BA, B A,

T
X:[Hl H, H, H; 4 A4, A4, As]
X=S"'G
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THANK YOU

for your attention!
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