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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
ly 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 using the Local Circulation Method (LCM) showed the 
reasonable agreement between the experiment and the theory. 

1. Nomenclature 

a 

b 

c (k) 

c.Q, (a) 

nondimensional position of elastic axis based on the half 
chord 

half chord length 

Theodorsen function 

lift coefficient 

Ely, EIZ, Elyz bending rigidities 

position of center of surface eAy' 

ey 

e ' y 
GJ 

g 

h 

eAz 

e z 

I , I ) 
X y 

distance between feathering axis and elastic axis 

position of gravity center of blade section 

torsional rigidity 

gravity acceleration 

normal displacement of a blade element, positive downward 

I I moments of inertia per unit length 
z' yz 
inclination angle of tip-path-plane with respect to the 
general flow 

radius of gyration 
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m 

q 

R 

r 

s (k) 

T 

u 

UT 

UT 
uP 
u-

P 

6v 

X 

a 

w 

() 
( ) f 

() 

() 

aerodynamic forces along y and z axes, respectively 

lift acting on a blade element = £1+£2 

apparent mass component of the lift £ 

circulatory component of the lift t 

aerodynamic moment about x axis 

blade mass per unit span or moment acting on a blade 

element = m1 + m2 

apparent mass component 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 = IU- 2+U- 2 
T p 

tangential component of the inflow velocity 

stationary component of Dr 

normal component of the inflow velocity 

stationary component of Up 

we displacement of elastic axis 

wind velocity 

induced velocity generated by the preceding j-th blade 

induced velocity generated by the blade under consider­
ation 

nondimensional distance = r/R 

angle of attack of a blade element = e - ~ 

angle of attack caused by the induced 

preconing angle 

feathering angle 

advance ratio = Vcos i /Rrl 

air density 

velocity=-(~) +6v) /U 
J 

stationary inflow angle 
-1 tan (-U- /U-) 

p T 
torsional axis 

azimuth angle = rlt 

frequency of natural vibration 

time derivative = (d/dt) 

spanwise derivative = (d/dr) 

nondimensional value or mean value 

mode of natural vibration 
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2 •.• I~trod~ctiori. 

It has been paid. attention to the lassica1.; flutter,. couple·d 
vibration of bending and torsional mot ons, of rotary wings as 
well as fixed wings in many years: Since the respective blade of 
rotary wing is operatE!din the. field of large ,ceJ:ltrifugal for7e 
and of stro11g dmmwa~h lefF by the prec'Cding blades, m9re sophis­
ticated analysis is required than that of fixed wings. 

The linear perturbation method was proposed by Feingold!) 
assuming the uniform induced velocity distribution over the 
rotor disc. The Floquet's theorem2)-3)was applied to extend the 
capability of the calculation to the rotor operating in an in­
clined flow. In order to take the non-uniform induced velocity 
distribution into the calculation, then the vortex theory4)-5) 
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.6) 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,7) 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 distri­
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 on 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 
conservative for any critical vibration of the turbine. 

However, it is, from the actual beam design, impossible to 
satisfy the simularity rule for all nondimensional parameters of 
the rigidity in this simple blade configuration: Specifically, 
the torsional moment of inertia is extremely different from that 
of the real rotor. The undamped natural frequency of the tor­
sional vibration is, therefore, adjusted by a mass balance at­
tached to the respective blade tip (r/R = 0.978). The chord-wise 
position of the. mass balance is movable to alter the above natu­
ral frequency as shown in Fig. 3 

The. Reynolds number is simulated approximately whereas the 
nondimensional gravity force (g/RD 2) is out of the simulation 
because the latter is not important 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 

UT = R(l (x+]ls in \)I) + (L:vj +llv) s incj> + v 
j c 

Up=-Rr2)ltani+(~vj+llv)coscj>-wc-RQw~)lcos\)l 
. J 

where 

} (1) 

~1 
cj>=tan (-UP /UT) 

Up=-R(ljltani - we - Rr2w~)lcos\)l (2) 

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

} 
where ( ) 1 and ( )2 show the apparent mass components 
culatory components respectively, and are, hence, given 

.h =p1Tb 2 <ii+ua-aba) 

m1 =p7Tb 3 {ah-U (~ - a)a-b (~ + a 2) a} 

f-2=pU 2b{c (k)Cf, (a)+S (k)Cg, (aG)} 

1 m2=b (a + -zH2 
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U=lu- 2 +U- 2 

T p 

h={-~c-R~w~Bcos~}cos$ + ~csin$ 

a=8-<j>=8-tan- 1 (-U-/U-) p T 

(5) 

and where the induced velocity mainly generated by the trailing 

vortices, ~vJ+6v, has been regarded as if there is a vertical 

gust for t6e blade element. The effect of shed vortices on the 
lift 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, vc, 
and the Eorsional displacements, <l>c . These equations are solved 
simultaneously by the mode expansion method, 

T j - - - T {we (r, t) , vc (r, t) , <j> (r, t)} = l: {w. (r) , v. (r), $. (t)} q. (t) (6) 
c '1] J J J J= 

The frequencies and the modes of the natural vibration are 
analyzed by using Holzer-Myklestadt method, 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 anJ inertial forces and 
moments, given by the LCM. 

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 is 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 
operational condition of 
and of wind velocity of V 

flutter successfully 
a rotational speed of 
= 8m/s. 

occurred at an 
r2 =45.03rad./sec 

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 Simularity Rule 

According to the x-y-z coordinate system shown in Fig. A-1, the 
equation of the blade elasticity is given by 

[ Eiy:zv~+Eiyw~] "-(Tw~)'+m(~c +eyi!ic) 

(A-1) 

[ EI v"+EI w"] "-(Tv') '+m[ v -n 2v -e (:h-n 2 "' ) ] z c yz c c c c z '+' '+'c 

(A-2) 

-[ (GJ+Tk 2 )cp']'+Te v "-Te w "+I ~ +(I -I )11 2cjl A c Az c Ay c x c z y c 

(A-3) 

These equations are nondirnensionalized as follows: 

[EI v"+EI w"l "-(Tw')+ffi(w +~ $ ) 
yz c y c c c y c 

.. .. 
+[r c-w'+w')+r c-:V'+v')-IT;~ ;:cp -IT;~ c-~ +~ )J' 

y c c yz c c y c z c c 
(A-4) 

= L -mrS +[me r+2I ~ -2m~;; l •+figS sin~ 
z p z yc zc p 

.. .. 
[iii v"+iii w"l "- c!:V ·) • +Tii[;; -:v -~ c(ji-cp ) 1 

z c:. yz c c c c z c 

-:: .:.: - = .:: - -= - - -= -
-[1 (v -2v')+I (w'-2w')-me (u -u )-me rep] 1 

z c c yz c c y c c z c 
(A-5) 

. 
= i -me +[IT;~ r+zr ~-ziT;~;; J'+Tiigcos~ 

y y y yz c y c 
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.. .. 
+m[ e c; +r;')+;:' c-;; +v -t=;;•)J 

ycczccc 

=M -I +ffi;:' e +2CI ~'+I ~·) zffi;:' ~ 
x yz z y y c yz c z c 

-ffi;:' t=s 
y p 

where 

Ely = EI/~R 3>:2
2 

EI = EI /m. R 3>:2 2 
yz yz b 

eAy = eA/R 

eAz = eA/R 

m = m/(~/R) 

w = w /R c c 

v = v /R 
c c 

Iy = I/~R 

I = I /m. R 
yz yz b 
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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 

Rotor radius 

Number of blades 

Mean chord 

Taper ratio 

Twist angle 

Rotational speed 

Flapwise first bending 

natural frequency 

First torsional 

natural frequency 

Airfoil section 

. 

Unit 

m 

m 

de g. 

rad., /sec 

Hz 

Hz 

Figure 1. Model rotor 
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Value 

0. 70 

2 

0.0528 

0.315 

29.5 

73.3 

21.8 

25.6 

NACA 41,18 
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(c) Rigidity of chordwlse bending (Parallel to 
rotational plane). 
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0: 
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w 

-ANALYSIS OF REAL ROTOR 
·----ANALYSIS OF MODEL ROTOR 

c/R 

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

0.03 ' 
' 

\ '··. 
-ANALYSIS OF REAL ROTOR 
----ANALYSIS OF MODEL ROTOR 

"" (d) Torsional rigidity. 

Figure 2. Distributions of non-dimensional mass and rigidity. 

Figure 3. Mass balance at the blade tip. 
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-1 

Figure 4(a). Natural frequency and mode with 

tip weight. 
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'r w/Q=13~v, 
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J 
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Figure 4(b). Natural frequency and mode without 
tip weight. 
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Figure 5. Aerodynamic performance (V=5m/s). 
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Figure 6. Aerodynamic characteristics of blade section. 
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Figure 7. Measured and analytical results of flutter boundary. 
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