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ABSTRACT

An experimental study of the bending and torsion flutter of
a propeller—type wind turbine was conducted by using a dynamical-
1y simulated model in the wind tunnel. It is confirmed from the
wind tunnel test that the rotor is far apart from any flutter
boundary in usual operational range. :

In order to make clear a safety margin for the flutter
boundary, an additional test was conducted for a modified rotor,
the ©blade center—of-mass of which was-shifted backward extremely
by attaching a pair of mass to the tip of the respective blades.
Thus, it made success to occur the bending and torsion flutter
at a some operational condition.

The analytical study is also performed in order to develop a
reliable method to estimate the onset of the flutter. The calcu-
lation wusing the Local Circulation Method (LCM) showed the
reasonable agreement between the experiment and the theory.

1. Nomenclature

a nondimensional position of elastic axis based on the half
chord

b half chord length

¢ (k) Theodorsen function

Cg(a) 1lift coefficient

Ely, EI_, EIyz bending rigidities

eAy, eAz position of center of surface

ey distance between feathering axis and elastic axis

Ey, Ez position of gravity center of blade section

GJ torsional rigidity

g gravity acceleration

h normal displacement of a blade element, positive downward

I,I,1,1 moments of inertia per unit length

®? Ty* T2’ Tyz

[ inclination angle of tip—path—plane with respect to the
general flow

kA radius of gyration
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m1

ma

“derodynamic forcesialongeyzandfZ¢axeocrespectively

1lift acting on a blade element = L£1+42

apparent mass component of. the 1ift %

_c1rculatory component of the 11ft 2

aerodynamic moment: about X axis

blade mass per unit span or moment acting on a blade
element =my3 + m3

apparent mass componént of the moment m

circulatory component of the moment m

amplitude of mode

rotor radius

radius position of rotor blade

Sears function

spanwise tension

stationary inflow velocity = Vﬁ%ilagi
tangential component of the inflow velocity
stationary component of Up
normal component of the inflow velocity
stationary component of Up
displacement of elastic axis
wind velocity
induced velocity generated by the preceding j—th blade

induced velocity generated by the blade under comsider-
ation

nondimensional distance = r/K

angle of attack of a blade element = § -~ ¢

angle of attack caused by the induced velocity=-(§vj+ﬂv)/U
preconing angle ]
feathering angle

advance ratio = Vcosi /R

air density

stationary inflow angle = tan_1(—U§/U§)

torsional axis

‘azimuth angle = it

frequency of natural vibration

-~ time:derivative = (d/dt)

spanwise derivative = (d/dr)
nondimensional value or mean value

mode of natural vibration



2. Introguction

It has been pald atten on'to the c1a551ca1 flutter, coupledi
vibration of bendlng and torsional motions, of rotary wings as
well as fixed wings in many years. Since the respective blade of
rotary. wing is. operated in, the field of large ce"trlfugal force
and of strong. downwash left by the precedlng blad, > more soph144;
tlcated _analysis is requlred than ‘that of flxed Wlngs._ . e

... The 1inear perturbatlon method was proposed by FelngoldI)
assuming . the - uniform induced velocit dlstrlbutlon ,over ‘the
rotor disc. = The Floquet's theoremz) 3k was applled to extend ‘the
capability of the calculation to the rotor operatlng in an :in-:
clined flow. In order to take the non-uniform induced velocit
distribution inta the calculation, then the vortex theorya) 3
was - .proposed to the analyses of the flutter. However, the as-
sumption of the uniform induced velocity distribution sometimes.
causes the inaccurate results, and also the vortex theory usually
requires much computational time.

Furthermore, there are few experimental studies on the model
rotor having dynamically simulated blades in the wind tunnel.

A propeller type wind turbine, the diameter of which is 7m,
was . recently developed in Japan.ﬁ)_ This wind turbine is set in
the agricultural area to support the heat energy. to _the crops.
In order to make clear the safety margine for the flutter bound-
ary of this wind turbine, a dynamically simulated model was
designed, and tested in the wind tunnel.

An analytical method to estimate the onset of the flutter of
the wind turbine has been investigated by using the LCM,’ in
which fully coupled elastic equations of motion of a turbine
blade were combined with the calculation of . the . dynamic
airloading acting on the deformed blade. The capability of this
analytical method was examined by .the comparison with the experi-
mental results.

3. Model Rotor

The dimension of the model rotor shown in Fig. 1 is given in
Table 1. This model rotor was designed to simulate the dynamic
characteristics as well as the geometrical configuration of the
real rotor.

Large efforts were spent to produce the model rotor to
satisfy the.similarity rule of the nondimensional parameters as
shown in Appendix. The control of the mass and rigidity dlstr1*
butions along the blade span requires very sophisticated design
procedure. The final configurations of the blade is .as follows:

The I shaped beam, which is made of aluminium, and located at 40%
chord at any blade section, is designed to support all components
of the rigidity of the blade. The. surface of the blade is,
then, covered by a thin scotch tape, with the slits om it at a
few particular spanwise positions to prevent the increase of the
torsional rigidity. '
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" Fig. 2 shows the distributions of the blade mass and the all
components of rigidity in comparison with those of ‘the' ‘real:
rotor. It is observed that the simulation was performed to be
conservatlve for any crltlcal v1bratlon of the turblne. '

_ However, it is, from the actual beam de51gn, impossible to”
satlsfy the’ 51mular1ty rule for all nondimensional parameters’ of
the rigidity in this simple blade conflguratlon.-- Specifically,
the torsional moment of inertia is extremely’ different from that
of the real rotor. The undamped natural frequency of the tor-
sional v1brat10n is, therefore, adjusted by a mass balance at—
tached to the respectlve blade tip (r/R = 0.978). The chord-wise
pos1t10n of the mass balance is movable to alter the above natu-
ral frequency as shown in Fig. 3 SR

The Reynolds number is 51mu1ated approx1mate1y whereas the

nohdlmen51ona1 grav1ty force (g/RN?) is out of the simulation
because the 1atter is not 1mportant to the flutter study.

4.  The Analytical Method

The aerodynamic force and moment are calculated by the LCM
concerning unsteady aerodynamic efforts as follows:

The tangential and normal components of the inflow velocity with
respect to a blade element are given respectively by

-~

Up = R GeHusing) + (gvj #wv)sing + v,
' Y (1
U -—RQutan;+(Zv +Av)cos¢~wb R?chcosw
where ';'_ & o .
-':¢=tan%1(-U‘/U—)
‘U—-“Rﬂutanz - w - RQw' ucosw ~ ' (2)
UT=RQ(x+usin¢) + Ve

-

Then the lift and moment of the blade element can be given

2“£1+22
(3)
M=y +m2

where ()i and ( ), show the apparent mass components and cir—
culatory components respectively, and are, hence, given by

N

" 21=p7b* (h+U&~aba)

' mz-pﬁbsfah” G— - a)a—bG— + az)a} R
| ro )
zz—puf’-b {c ()€, (0) 48 (k)€ (or,G) }

mao=h (a +-§)£2
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U= #U +U~

ﬁ={—%¢—RngBcos¢}cos¢ + Gcsin¢
~1 - B o (5)

a=06-¢=0-tan (”UE/UE) |- S

/ .

and where the induced velocity mainly generated by the trailing
vortices, Zvj+Av, has heen regarded as if there is a vertical

gust for tﬂe blade element. The effect of shed vortices on the
1lift and moment has been represented by the Theodorsen and Sears
functions.

The equations of motion of the blade elasticity are given in
Appendix, for the displacements parpendicular to the rotational
plane, w_, the displacement parallel to the rotational plane, Vs
and the torsional displacements, ¢. . These equations are solved
simultaneously by the mode expansion method,

fe (6,8, v (5,0, 0, 6,0 1= 3 @, 60,9, @), 6, @ Fa;©)  (6)

i

N7 L.

1

The frequencies and the modes of the natural vibration are
analyzed by using Holzer-Myklestadt methed, and are shown in
Fig. 4(a) and 4(b) for the blade with and without tip weight,
respectively.

By using these natural frequencies and modes, the ordinary
differential equations of the second order are derived from the
equations of motion (A4~A6). These equations are numerically
calculated to be coupled with aerodynamic and imertial forces and
moments, given by the LCM. S

5. The Results and Discussion

In order to make clear the safety margine of the flutter,
the experimental test under the normal working state was firstly
conducted by using the model rotor without any tip weight.

The results of the performance are shown in Fig. 5 in com-
parison with the analyses. The aerodynamic data of the two—
dimensional airfoil section used in this analyses, is shown in
Fig. 6. It is observed from Fig. 5 that the reasonable correla-—
tion 1is obtained between analyses and experiments. This indi-
cates that the analytical method and the measurement technique
concerning the aerodynamic force and moment are well established
and reliable.

The chordwise center of gravity of the blade was, then,

shifted by the tip weight, and the additional experiment was con—
ducted.
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When the natural frequency of the torsional . vibration is
simulated to the: actual blade, the model blade is very stable far
from the flutter boundary.

: The bending-torsion flutfér'sﬁcéeééfﬁliy woéﬁuffed Két an
operational condition of a rotational speed of {8 =45.03 rad. /sec
and of wind velocity of V = 8m/s.

This onset of the flutter is well predicted by the present
analytical method, as shown in Fig. 7. The time history of the
onset of the flutter is also shown in Fig. 8.

6.  Conclusions

The study on the bending-torsion flutter is conducted by
using a dynamically simulated model rotor. The analytical method
to predict the flutter onset is also developed by using the LCM
fully coupled with the blade elastic deformation of the three
degree of freedom. The flutter of the model rotor occurred at a
some operational condition with the tip weight shifted extremely
backward. This flutter onset is well predicted by the present
analytical method. In addition, the reasonable agreement is ob-
tained between the theory and the experiment concerning the per—
formance of the wind turbine at many operating conditions includ-
ing the blade stall.
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Appendix: Simﬁla’ri’ty Rule.’ : .

According ‘to 'the x~y—z coordinate system shown in. F:Lg A-1,. the
equation of the blade: elasticity is glven by - :

) [Elyzvg+EIng} ||_(Twc)m(wc+ey¢c)
H Iy (405w ) 4Ty, (- 4020 ) ~mey rQ2¢, —me 5 (< _4Q%u )] ' L (A1)

= L,-mrQ’B, +[me ;0 +21 0.~ 2me v, ]"+meB s iny

[ET,vg+ETy w] "= (Tvd) "+l ¥ -0%ve—e , ($-0%6 )]

11, @m0 )+, (il -20%w ) -mey (B -Q%u ) -me xQ%9 1" o (4-2)

— 2 = 2,497 ¥ = O
= Ly—meyﬂ +[ meyrﬂ +21YZQ¢C—2mevac] ' + mgeosy

- 2 LA n__ T T _T 2
[(GJ+TkA)¢C} +Te, Ve TeAywé +IX¢C+(IZ Iy)Q 9.

+mle (W +rQ%w')+e (=v_ 0%y -rQ%v')]
yc c z° C c c (a-3)

W

=M -1 §%me e 02+20(F @'+1_ v')-2me §u
X yz zy vy o yz e z c

- 02

-me_ ril
¥ Bp

These equations are nondimensionalized as follews:

T OSHLTT S n_ rme - =
[ EIy 2V +E Iywc] (Twc) +m (wc +ey¢c)

(A-4)

N

¥ __“:l e _:!+_1 o= -, o= _: - '
+[ Iy( wc-!-wc) +Iyz( v v.) meyrd)c mez( uc+uc)}

— i - e { H
=L mer-!-[ me r+21y¢c 2mevaI +mg8psmw

BT wVUaTT NI n_ mo 1y 1o = = :_
{EIZVQ+EIyzWC] (TVC) -Hn[vc v, ez((b d)c)]
_:,,-; :-.-— L= :-:'m—' _—-= :..._ _—=-~ _

[T, (v, 2vé),+Iyz(wc 2wl) me (u,~u )-me ro |’ (A-5)

-

m-—_—— —_— = -_—:.- '....u..
= LY mey+[meyr +2Iyz<bc 2meyvc] +mgcosy
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[ o Tam, 2 1] Vamn on_ms TngT = T _
[(GJ+TkA)¢ 1 "+Te, v'-Te wc+IX¢+(Iz

Az ¢

Ay

nle Gr+rw')4e (wv +v —rv'
+ml Y(Vf: ru ) ve (v v mrvi)]

=M -I +me & +2(T w'+
X ‘yz z Y9 ye

-me TR
Y P
where

EI_ = EI /m R?
v~

E"I’yz = E:[yz/mbRsQ2
Eiz = EIZ/HLbR3522
EAY = EAy/R

gAz - gAZ/R

Gl = GJ/mbRaﬁz

m = m/(nB/R)
&C = wC/R
T = T/mbRQ2
kA = kA/R
;c =v /R
fx = IX/mbR
Ty = I /m.bR

[l ]
[CR]]

v') Zme u
vz C z2c
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iz = Iz/mbR
e =.e /R
y ¥
e =¢ /R
z z
r =r/R
8 =e /R
y
G - /o RQ? r (A-T)
% /T
= 2
L, = Lz/me
- )
Ly Ly/mbSZ
g = g/RQ?
_— d

()' = I{*E;— )
- 14

() "'ﬁ'EE( )

Therefore, if the two different blades has the same value of
the nondimensional parameter given by eq. (A~7), these blades have
the same dynamic behaviours.
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Table 1, Dimension of Model Rotor, .

. Items -; . .. .ﬁnif. | ) Valpe e
Number of blades i
Mean chord m 0.0528
Taper ratio G.315
Twist angle deg. 29.5
Rotational speed rad. /sec 73.3

Flapwise first bending

natural frequency Hz 21.8

First torsional

natural frequency Hz 25.6

Airfoil section @ _ NACA 4418

FEf
!

Figure 1. Model rotor
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. ~---ANALYSIS OF MODEL ROTOR
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(c) Rigidity of chordwise bending (Paraliel to
rotational plane).

o MEASUREMENT OF MODEL ROTOR

_‘
n
1

& ok —— ANALYSIS OF REAL ROTOR
" —---ANALYSIS OF MODEL ROTOR
o
&
5.0.5¢
!

0.0
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r/R

(b} Rigidity of flapwise bending (Perpendicular to
rotational plane).

0.03

&

& 0.02 —— ANALYSIS OF REAL ROTOR
2 ----ANALYSIS OF MODEL ROTOR
= 0.01

3

o

{d) Torsional rigidity.

Figure 2. Distributions of non-dimansional mass and rigidity.
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Figure 7. Measured and analytical results of flutter boundary.
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Figure 8. Time history of bending and torsion flutter,
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Figure A.1. Wind turbine and coordinate system.
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