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ABSTRACT

An analytical study has been conducted in order to make
clear effects of the blade elasticity on the design of a hori-
zontal axis wind turbine. Coupled flap~lag-torsion equations
of motion of an isolated rotor blade have been solved with the
aerodynamic force obtained by the Local Circulation Method.

The sensitivity of various parameters such as rigidity, pitch
angle, position of center of gravity and position of elastic

axis of the blade for flutter boundary is presented. In addi-
tion, a difference of the flutter boundary between hingeless

and seesaw rotors is presented. The procedure taking these para-
meters into the design consideration is completed. The re-design
of an exemplified rotor, which has been actually built and oper-
ated, is attempted by following this flow chart. The result
indicates that the rigidity and the mass of the blade may be
reduced to half values of the original blade.

1. HNomenclatures

a nondimensional position of elastic axis based on the half
chord
b half chord length
C(k) Theodorsen function
CR (o) 1ift coefficient
EI , EI , EX bending rigidities
y z vz
eAy’ €az position of center of surface
ey distance between feathering axis and elastic axis
Ey’ Ez position of pgravity center of blade section

Fy’ FZ external forces given by eq. (A-4) and (A-3)

F (k) real part of Theodorsen function

GJ torsional rigidity

g gravity acceleration

h normal displacement of a blade element, positive downward
Tx’ iy’ iz’ Tyz moments of inertia per unit length

i inclination angle of tip-path-plane with respect to the

general flow
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U s V., W
¢’ e’ e

number of modes of articulated modal series
number of modes of rigid modal series
reduced frequency

radius of gyration
aerodynamic forces along y and z axes respectively

lift acting on a blade element = L+, + Ak,
apparent mass component of the 1lift &
circulatory component of the Xift f

blade mass

generalized mass

aerodynamic moment about X axis

external moment given by eq. (A-6)

blade mass per unit span or moment acting on a blade
element=m + m, + Am:

apparent mass component of the moment m

circulatory component of the moment m

generalized force

amplitude of mode

rotor radius

radius position of rotor blade

Sears functien

spanwise tension

stationary inflow velocity = /ﬁ%?TFﬁgf

tangential component of the inflow velocity

stationary component of UT

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 consider-
ation

nondimensional distance = /R

angle of attack of a blade element = 0 ~ ¢

angle of attack caused by the induced velocity =—(§vj+Av)/U
preconing angle J
feathering angle

advance ratio = Vcosi/R(
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o air density

] stationary inflow angle = tannl(uUﬁ/UT)
¢c torsional axis

P azimuth angle = Qt

2 rotational speed

u frequency of natural vibration

) time derivative = (d/dt)

() spanwise derivative = (d/dr)

) stationary value or mean value

) mode of nmatural vibration

( )A quantity of articulated modal series
( )R quantity of rigid modal series

AC ) variational value

2. Introduction

It has been paid attention to the classical flutter,
coupled vibration of bending and torsional motions, of rotary
wings as well as fixed wings in many years. Since the respective
blade of rotary wing is operated in a field of large centrifugal
force and of stromg downwash left by the preceding blades, more
sophisticated analysis is required than that of fixed wings.

The linear perturbation method was proposed by Feingoldl)
assuming the uniform induced velecity distribution over the rotor
disc. The Floquet's theorem2)=3) was applied to extend the capa-
bility of calculation to the rotor operating in an inclined flow.
In order to take the non~uniform_ind%ced velocity distribution
into the calculation, vortex theory4 -3) was proposed to the
analyses of the flutter. However, the assumption of the uniform
induced velocity distribution sometimes causes inaccurate results,
and also vortex theory usually requires much computational
time.

Improvement of these theories has been attained by the
Local Circulation Method (LCM), in which fully coupled elastic
equations of motion of a turbine blade are combined with the cal-
culation of the dynamic airloading acting on the deformed blade.b
Results of this analytical method were compared with those
obtained by vortex theory and with the experimental data.

Fig. 17) shows the results of the caleculations for a
helicopter model blade. This blade was designed to investigate
experimentally the bending-torsion flutter in the wind tunnel.
It had two hinges with spring stiffness for flapping and tor-
sional motion, and was rigidly constrained for lead-lag motion.
It is observed from the figure that the LCM has the capability
of achieving a level of accuracy similar to that of lifting sur-
face vortex theorys) by using a much smaller amount of a compu-
tational time.
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Fig. 26) shows a comparison in flutter boundary between
the LCM and the experiment for a wind turbine model blade. This
blade was hingeless, and had simulated rigidity and mass distri-
butions along the blade span for a real rotor. It 1s observed
that a good correlation is again obtained between the analysis
and the experiment, although the experimental result is limited
for one operational case. This is because the model blade was
actually destroyed by the flutter.

In the present study, an analytical method of computation

is developed in order to make clear the effect of the flutter
boundary omn the design of horizontal axis wind turbines.

3. Analytical Method

Aerodynamic force and moment are calculated by the LCM
concerning unsteady aerodynamic effects as follows:

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

Up = RQ Gebusing) + Cvi+Av) sing + ¢
3 c
(1}
U_=-Rutani + (ZvJ+-Av) cos¢d —w -BR w' ncosy
P 3 c I
where
_ -1
$ = tan ( UP/UT)
—=R$) Fm Xy - '
UP REU tan ¢ v, R{2 Wil cos W (2)
U%=RQ {(x+usinl) + A
Then the 1ift and moment of the blade element can be given
by

(3
m=m]+ I'th + Amo

wvhere ( ), and ( ), show the apparent mass components and cir-
culatory components respectively, and where ( ) and A( ) show the
stationary component and the variational component, respectively.
They are, hence, given by

L1 = pwb? (h + U& - abd)

-, - _

%2 = PUD {C (o) + Cp (e} “
m; = prb3 {ak - U (% - a)k - b (% + a2)a )

M, = b (a+%—)ﬁ2
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bty = pU?b {C(k) C,(8a) + S(k) C,(Au.)}
_ Aol (5)
Amp = b (a + %) A%y
U = VU= 2402
T P

il e oo .
h { W, RﬂwcucDSW} cos¢ + vc51n¢
o= o+ Aa=8~¢=8—tanml(—U§/UT) (6)

— o e j
o o + &aG (?v +Av) /U

where the induced velocity mainly generated by the trailing vor-
ticies, EvJ+Av, has been regarded as if there is a vertical gust

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

The equations of the blade elasticity are given in Appendix
A, for the digplacement parpendicular to the rotational plane,
W , the displacement parallel to the rotatienal plane, v_, and
tfie torsional displacement, ¢ . For the hingeless blade; these
equations are sclved simultanéously by the mode expansion method,

B eyt

“ A - T
{w.(r),vj(r),quj (r)} qj(t) (7).

(o_(2,0),v_(x,0), 6 (r,0) F'= R

1

The frequencies and the modes of natural vibration are
analyzed by using Holzer-Myklestadt method, 10 By using these
natural frequencies and modes, the ordinary differential equa-
tions of the second order are derived from the equations of
motion (A-1 ~ A-3). For ghe seesaw blade, there are two kinds of
modal series as followslI :

jR
{wc<r,t),vc(r,t),¢E<r,t>}T=j51{ﬁ§cr>,6§(r>, Fy( ey ()
A A AL LA T A
{00, 90, 3 () e (0 (8)

j=1

where ( )R and ( )A show "the rigid modal series" and "the
articulated modal series", respectively. The rigid modal series
satisfies the boundary conditions at the blade root, displacement
=moment=0, for all three degrees of freedom. The articulated
modal series satisfies the boundary conditions at the blade root,
displacement = slope = 0 for flapping, and displacement = moment
= () for lagging and torsion. These two modal series are shown

in Fig. 3(a) and 3(b). As shown in Appendix B, two sets of the
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differential equations are derived for the two modal series,
respectively. These equations are numerically calculated by
coupling with aerodynamic and inertial forces and moments given
by the LCM.

4., TFlutter Boundary for a Hingeless Blade

By using the present method, the analytical study has been
conducted for a real rotor defined in Table 1 in order to make
clear the effect of the blade elasticity on the design of wind
turbine. The sensitivity of related parameters for the flutter
boundary is investigated by changing the values of the following
parameters: such as rigidity, pitch angle, position of the center
of gravity and position of the elastic axis of the blade. The
inflow ratic is changed in this calculation in the manner that
the wind velocity is varied while the rotational speed is kept
constant at the design maximum speed, @ = 9.42 rad/s. Three
components of the rigidity of the real rotor, (EI }g, (EI )p and
(GJ)p were determined by the critical load of the’steady aero~
dynamic moment at the blade root multiplied by a certain factor
of safety. As shown in Fig. 4, the flutter does not occur for
this original rigidity. The three components of the rigidity,
fiapwise bending, lead-lag bending and torsion are, then, re-
duced simultaneously until the flutter occurs. In addition, the
position of the chordwise center of gravity and the position of
the elastic axis are changed from the original locations, both
of which are 40% chord from the leading edge. It is indicated
in Fig. 4 that the position of the center of gravity relative to
the elastic axis is the most sensitive parameter to the flutter.
In addition, the larger pitch angle, the lower wind velocity and
the larger rigidity make the blade more stable for the flutter.
If the consideration is concentrated to the safety of the blade
flutter, and if the positions of the center of gravity and the
elastic axis locate ahead of 40% chord, the three components of
the rigidity of the original rotor may reduce to one tenth.

The other factors, however, sometimes restrict this reduction
of the rigidity as follows.

An effect of change of rigidity on the flapwise and tor-
sional displacements at the blade tip is shown in Fig. 5.
As the rigidity is reduced, all displacements, specifically
the torsiomal angle, increase for this exemplified blade, the
center of gravity of which is located at the 40% chord position.
This causes the difficulty of the pitch control of the blade,
and it is impossible to realize the reduction of the rigidity
until the point at which the flutter occurs. This limit caused
by torsional displacement is drastically improved by shifting
the center of gravity and the elastic axis to 30% chord position,
as shown in Fig. 5. However, the flapwise displacement at the
blade tip is not improved by this modification. Comparing this
displacement with the distance between the blade tip and the
tower of the wind turbine, it is concluded that the flapwise
displacement does not cause any serious problem in this blade.
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Another factor to be considered is the three components
of maximum stress caused by the flapwise bending, chordwise
bending and torsional moments. The maximum stress is usually
checked at the following two operating conditions: The one is
the non~rotating state where the maximum wind velocity ever
observed should be adopted. At this state, the three components
of maximum stress are just inversely proportional to the rigidi-
ty. The other operating condition is the rotating state where
the maximum wind velocity may be determined by the designer as
the design maximum wind velocity. The operation stops when the
wind velocity becomes larger than this design maximum wind
velocity. At this rotating state, the maximum stress of the
flapwise bending, which is usually the most severe component
among the three, changes complicatedly as the rigidity becomes
weak. This stress is proportional to the flapwise bending
moment and is inversely proportional to the rigidity. The £lap-
wise bending moment is composed of the aerodynamic bending
moement and the moment caused by the centrifugal force. TFig. 6
shows the variations of these components of the bending moment
at the blade root. It is observed that the aerodynamic moment
is relaxed by the moment of the centrifugal force as the rigidity
becomes weak. Therefore, the maximum stress of the bending
moment is roughly five times as large as the original value, when
the rigidity becomes one tenth as shown in Fig. 6.

In addition to the factors stated above, the fatigue
failure caused by the unsteady airloading, which is generated
by the gust or the yawed wind, should be considered. The
analytical method and the step reiponse tor this unsteady air-
loading were already presented.l2 The procedure taking the
blade elasticity into design consideration is, then, summarized
as shown in Fig. 7. The re-design of the exemplified real rotor
was attempted by following this flow chart. The result indicates
that the rigidity and the mass of the blade may be reduced to
half values of the original blade. In addition, it is recom~—
mended that the chordwise center of gravity and the elastic axis
should locate near the elastic axis and the aerodynamic center,
respectively,

5. TFlutter Boundary for a Seesaw Blade

In order to make clear the difference between the seesaw
and hingeless blades, the analytical study for the flutter bound-
ary has been conducted for the seesaw blade. An exemplified
blade given in Table 1 is modified for the seesaw blade only by
changing the root constrained condition. Results are shown in
Fig., 8. It is observed that as far as concerning the flutter
boundary the rigidities must be kept in higher values for the
seesaw blade than those for the hingeless blade.

6. Conclusions
By using the LCM, an analytical study has been conducted

in order to specify the flutter boundary. In comparison with
the previous other works in this research field, the LCM has
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capability of taking the precise induced velocity distribution
into calculation. It is obtained that the peosition of center of
gravity relative to the elastic axis is the most sensitive para-
meter to the flutter. The difference of the flutter boundary
between hingeless and seesaw blades are also remarkable. The
seesaw blade shows the more unstable characteristics for the
flutter. This indicates that the rigidities must be kept in
higher values for the seesaw blade than those for hingeless
blade as far as concerning the flutter boundary. The larger
pitch angle, the lower wind velocity and the larger rigidity
make the blade more stable for the flutter. The position of the
elastic axis relative to the aerodynamic center has the strong
effect on the pitch divergence or the torsional displacement
which sometimes makes the pitch control difficult. The flap-
wise bending moment strongly depends on the flapwise displace-
ment, because this displacement generates the flapwise bending
moment caused by the cemntrifugal force.

Taking these aerocelastic parameters into blade design,
the flow chart of the design procedure was presented. The re-
design of the exemplfieid blade was attempted by following this
procedure, The result indicates that the rigidity and the mass
of the blade may be reduced to half values of the original blade.
In addition, it is recommended that the chordwise center of
gravity and the elastic axis should locate near the elastic axis
and the aerodynamic center respectively.

Appendix A. Equations of Blade Elasticity

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

" woper_ Tyt So4m
[EIyZVC+EIywc] (TWC) +m(wc+ey¢c)
- ot 2 T - —--‘ 2 1y - n - - o 2 1 -
+[Iy( WC+Q WC)+Iyz( VC+Q vc) meyrﬂ 9 mez( uC+Q uc)] (A~1)
= F
z

n ng_ Tyt 3 024y —a (F —02
[EIZVC+EIyzwc] (Tvc) +m[vc Q v, ez(¢C 2 ¢C)]

_"' o-— "" .-'_ '—“"-._2 _""' 2 1 _
[Iz(vc ZQEVC)+Iyz(WC ZQZWC) mey(uc Q uc) mezrﬂ ¢c] (A-2)
= F
¥
- 2y 41 It f_ W,y T T 2
[(GJ+TkA)¢C] +Teszc TeAywc +Ix¢c+(Iz Iy)ﬂ ¢c
imle (W +r0%e!) +e (v +0%v —roZv') ] (4-3)
vy e c z c ¢ c
= N
%
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where the external forces and moment are given by

¢ = L -mrg? s 02421 94 - 2me 0¥ 1! i -
?z Lz mr§ Bp+[mezrﬂ +ZIyQ¢C Zmezﬂvc} +mg8p81n$ {A-4)
T =1 -me 0%+[me rQZ+2I_ Q¢ -2me Qv 1" + mgcosy (A-5)
y y Yy v yz ¢ y ¢
N =M -1 024me e Q24+20(T_w'+1 v')—Zme QU
X X “ye FARY vy o yz e Z C
- {A-6)
-me iR
y P
Appendix B. The Ordinary Differential Equations for Seesaw
Blade

Following the procedure of calculation given by ref. 11,
the relation is obtained for "rigid modal series" and "articulat-
ed modal series" as follows:

R R
q. () =q, (b + 7)
A A
; = =) (¥ + ™.
% (v) a (p )
By substituting equation {(8) into equation (A-1) ~ (A-3), and

by using equation {(B-1) and orthogonal conditions between the
natural modes, the ordinary differential equation are derived as,

2

R _.R R R R
M, . tFw gLy = QL
5 (4 59 =Y
(B~2)
2
oA A A
M% (q. + w = "
5 (45 q.) QJ
where
R R ,— ~R - R -R - R ~R
M. =S I 9, +me @, ¢, -~ me ¥, ¢,) dr
] o ( Xq).] ¥y 3 q)J 2 1] ¢J)
2
R - AR <R 'R - 'R 'R
) o +e o )+ (I G+ 7 @. 1 dr
tm( y 1 1] ( y 1 yz ] ) J
1 _ 1
- {(I s BT GR)"R}R]
] yz o
2R R .R = 'R = 'R 'R}
+ m(%." -e F %)+ (I .7+ 1I @, V. dr
Jo tml ] ¢J J) ( zZ ] ¥z ] ) ]
= 'R - R R.R
-{(I ¢ +1 . F. (B-3)
{( z 73 vz 7 ) i P,
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R 1 R ~R
Qj =3 EIO {NX (p) + Nx (b + w)} ¢j dr
R ~R
tr, {F,(p) +F, (y+ )} ¥ dr
R r @)+ E @ A dr ] (B-4)
o y ¥ J
MA R = 2A - A LA - A LA
g =g Uy 8y +mey &5 §y - me, Ty 6p) dr
2
~ A A LA = .TA YA !
+ [ {m(w3 + e ¢j j) + (Iy @ + Iyz $.) %7 dr
~TA = ~TA, A R
- I -+ .
{(ng yz J) J}O}
2
R ~ A A LA - LTA A STA
+ fo {m(vj - ¢j j ) + (Iz vj + vz J) 5 }ar
= LA = ~TA, LA _R
- I o+ I . i B~5
{( z V3 yz 3 ) Y5 Yo d (B-5)
A 1 R A
Qy =5 L AN, ) -8 (gt} 3 dr
R ~A
+ fo {Fz () - F (p + 7)) wj dr
+ R - F (1 e ard (B-6)
0 y y J
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Table 1 Dimensions of an exemplified blade.

Items Dimensions

Rotor radius Tm
Blade mass 122kg
No. of blades 2
Preconing angle 0.0deg.
Wing section NACA 4418
Mean chord 0.528m
Angle of twist 29.5deg.

10r QUASI-STEADY , €(k)=1,0 &)

STABLE P
sk T

- SIMPLE THEORY , C(K)=F(k) &

LCM FOR QUASI-STEADY .~

5F FLOW , Ct)=1.0 -
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METHOD

EXPERIFMENTAL RESULT ©

TORSIONAL RIGIDITY , Wg/ Q)

UNSTABLE

U | 1
0 0.2 0.4 0.6
ADVANCE RATIO , £

7)

Figure 1 Flutter boundary of a helicopter rotor.

04r

¢ EXPERIMENT
UNSTABLE

PRESENT THEORY

o

o

&
T

STABLE

o

[

Y
T

Q
o
&

POSITION OF GRAVITY CENTER FROM
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=2 3§ 4 § ¢ T %
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Figure 2 Flutter boundary of a wind turbine.
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Figure 4 Flutter boundary for a hingeless blade.
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Figure 5 Displacement at blade tip.
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Figure 6 Bending moment at blade root.
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Figure 8 Flutter boundary for a seesaw blade.
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