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SUMMARY

Dynamic response of a. WO—bladed w1ndturb1ne to yawed wind is
analyzed by means of the 10ca1-c1rtulat10n method : The dynamic system
is considered toconsist. of blade_deformatlon, rctor rotatlonal motion
and yawing motion of: the w1ndturb1ne @_The ampl1tude of the 2-P vibra-
tion in the bending moment and .the rotor torque. -are more significant
in the change of wind dlrectlon ‘than'in that of w1nd .speed. The
exemplified windturbine can’ follow th';change of wind direction with
fairely small response’ time. The 1nert_a1 forces and moments are
much smaller than the aerodynamic’ compon nts; because of the high
rigidity of the present rotor.

1. Introduction

As precisely explained in Ref. 1, the ‘aerodynamic forces and
moments acting on horizontal-axis or propeller type windturbine are
appreciably influenced by the change of wind direction with respect
to the rotor axis. Thus the power coefficient based on the power of
inflow or the mechanical efficiency of the windturbine is, as shown
in Fig. la, strongly deteriorated by the yawing angle of the rotor,
Similarly, as shown in Fig, 1b, the blade bending moment also
fluctuates severely durlng one revolutlon

Usually the speed and dlrectlon of w1nd cannot be controlled
artificially and vary from site to site and time to time. Therefore,
the rotor plane is adjusted to be normal te the wind velocity by making
yvawing motion of the rotor shaft around a vertical axis prepared by a
swivel and a tail fin.. In 'small: windturbines as shown in Fig. 2,
when the wind direction does not coincide with the shaft axis, the

. restoring moment to make .the above yawing motion can usually be
generated by the aerodynamic force acting on the tail fin which is,
like weather vane, installed on an opposite side of the rotor shaft.
Then the lateral or side slip:angle and the resulted yvawing motion
will bring various fluectuations on the gerodynamic and inertial forces
and moments of the windturbine.

2., Method of Analysis

Aerodynamic Forces and Moments

The airloading of the respective blades of twe-bladed windturbine
and the resulted aerodynamic forces and moments of the rotor are calcu-
lated by .the "LocaleJrculatlon Meth dn(LCM) " the detailedvdescription
£ which s given dn«Ref: 1 w2, et B F O B A S S
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By referring to Fig. 2 and by .assuming that (i) the preconing
angl Bp, the lead-lag;: flapplng, :and t0r51ona1 deformatlons (v, w
and «¢) are small, and (ii) the aerodynamlc forces and moments may be
given by qu331~steady treatment because of’ small reduced frequency
such as k=0.03, the relation between the girload £ and the C1rculat10n
I' can be given by :

2 =~§pU2cq£ =eur. j]f_ G (1)
where 5 >

U = UL+ U

Up = Rfusing + x4+ W/RQ} (2)

UP = RO{XA - BPucosw - ﬁ/gﬂ} .. _ |

o = tan '(Up/UL) - (8 + ¢) (3)

A= Veos(¥ '~ ¥) -V, }/RQ"

and where ‘the wind speed V may be a function of height h.

If the deformations and yawing motion are specified, then
equation (1) can be solved by the LCM. Usually the effects of the
rate of deformaticn of the blade on the aerodynamic force, which are
given by the final term of the expression of U “and U may be
neglected as small quantities.,

Then the aerodynamic forces and moment (about the elastic axis)
at radius r and azimuth ¥ can be given by

Wyl dr = 40 /D) = 2O/D RSN P
_dMAx/dr = my + (dFAy/dr)eA’z + (dFAz/dr)eA,

Inertial Forces and Moments

The inertial forces and moments of a2 blade element are'given

by T
dFIX/dr = m{{2( )Q 92}+e {——-2+Qz}(
+e, {- dt dr 29d¢ 2dw+d 2cosw+8 0%}
: ' (6)
dFIy/dr = —m[{——z (v+5 )92}+e {zndtd -92}

I 2
ve {5 ?+29dtd dt551nw+¢ﬂ }]
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:..;:t‘fl_l"'}:z/_cflr_é

and

dMIX/dr

dMIy/dr

M, /dr

It

_ m[{ gcos¢+2ﬂr——51n4+r8 Qz}

- B
Y
e {dt? jtz sinp- 29 cosw}]
2
= —Ix{gtcib g ssin}- I { 29——c05¢+¢92}
- 2 2
+zy{ 29dtd +R* - I, 10 zndtdr}

2 2
{Q—E rgggcosw+2rﬂ—g51nw+r6 0%}

te, {-9-‘{+<v+6 )22}

d’w _ﬁ)gdwd 2
-1 i G2 G gz cosYHBLO }

d’v  2dv oY
—Iyz{ it dr-ﬁ }wm[ey{ r¢* }

re_ {Zng—rﬂz}]

d v dv d3w dd
-1, { ~205, } -1 {dt 20t
dw d%¥

292d —a;ycosw B 92}

—m[e { 29 +r92}~e {r¢ﬁ2}]

Yawing Moment and Torgue

(7)

By referring to Fig. 1, the external yawing moment about the
vertical axis My, which includes the inertial components of the rotor,

is comprised of the hub moment

, the moment caused by the horizontal

force H and the moment generated by the tail-fin force Lt as follows:

My

where

MY

.._MY -

le-Ltﬂt

§J {(dFAz/dr+dFIz/dr)rcosw
0 ' ' '

R
§J
0

+(dMAX/drf§MIx/dr)§inw}dr:

{(dFAy/dr+d#Iy/d;)sinw

+(dFIx/§gj;os¢}d;
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L 2 .
= Y & -
Lt ZQﬁt St'tat

S N Y
_ % GALY sindY ~¥)

tan
Jﬁ; v cos(WW-Y} S

£
fi

and where § specify to take the summation for all b blades.

Similarly, the torque about the rotor shaft is comprised of
the rotor torque Q which also includes the inertial Torgue as well as
the aerodynamic torque and the torque Qm generated by the mechanical
vorgue for dyiving an installed lead.

QG =08 -Q, ' (10)

where

A
it

R
?f ﬁﬁFAyf§r+dFIy/dr)r an

g
-+dMIder—(dﬁAk{ﬁr+dMIX/dr)Bp}érV

' Klasti¢ Lquations of Motion of the Blade
The elastic deformation of a blade, the pretwist of which is

far larger than that of the helicopter-rotor blade, can be written
by the generalized force balance for the genevalized coordinate T3

ML (§.40%T) = §, 2
3(q3 quj) % 4z

where the generalized mass M, and the generalized force {, in non-
dimensional form are given b¥y ‘ ' Lo d i

-Hﬁ G .""'ﬂ ;”.'-:;;“:f‘. T TI4+T ’“""3 b . o .
(vj ezéj}vj (lzv3 Iyzﬁg}vj}dx S (13?;:

~[I @A ww H(T vI4T %)V 1
N LR A A R

"

<<

G, =| [{d¥ Jdasx—(T +m& 5 )42(T w'+T
T, jni ! 85 (L 408 T )42 (T 34T

+$X@51n¢+éﬁz?eos¢—mey(-x?coaw

+2x@sin@+x8P)}$j
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+{dFAz/&x~ﬁx5F+ﬁ(x?cos&—Zx%Sinw) “"
a8 (Ysinit2Vcos Y, ~{@E x+2T §
, (sinpzicosy) ), - (ne,x+21 ¢
.- } ' (14)
-2®me V~T Yeos{lw!
Z ¥ v 3
+{éFéyfdx+ﬁ5y~ﬁez§31nw}¥3--r
~(meg xb21 d-2me %1 Yeosy}w!1d
{m@y_x é:t _meyv - cosy VJ] x

+£{me x%?i $ 2m§ §y§c08$}$3

. 1
+{Fe x+21 ¢m2ma ¥-I_ Yeosylw,]
¥ b4 ¥z J 0

and where { J's are nondimensicralized quantities of { ) and the

subscript j shows jth mode.

Equations of Yawing Motion and Driving Motion

In the present ewzample, the windturbine has a degree of freedom
around the vertical axis. Then the torgue about the rotor shaft is
affected by the yawing motion of the windturbine as well as the bending
deformations of the blade.  The following nondimensional equations are
established:

Lm0 as)
I,8=0-7Qq (e

3. Method of Computation

For solving the above nonlinear equations of motion, (11), (15)
and (16) of the rotor dynamic system in yawing motion, the calculus of
fimite differences has been applied. The external forces and moments
were calculated at the time of one step before. The time sten was
¢.031 second, which was equivalent to time of blade paseing over 10
degrees of azlmuth angle, for the calculation of the airleading, and
was 0.0031 second for.the calculatlon of- the blade deformation and
yawing motion.

The loading torque was assumed empirically to operate in pro-
portion to the square power of the rotor rotaticnal speed,

0 "k 8 L (a7
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4. Results of Computation.

Geometrical dimensions of an exemplified windturbine and the
elastic characteristics of the blade in nondimensional form are given
in Table I and II. The windturbine is under.development and is used
to be a heat generator for agrlcultural purpose. e

Mbdes of Deformatlons

. As shown in Fig. 3, since the elgenvalues of the blade deforma-
tions are almost insensitive for the change of the rotational speed of the
rotor, the eigenvalues and the modes of deformation are treated ‘as
constant values specified at the normal operatlon state. " :

Effects of Wind Shear

As shown in Fig. 4, the windturbine is considered to operate in
the wind speed of 8.0 m/s at the rotor hub, for the case of (i) uniform
flow or (ii) sheared flow of V = V;4(h/10)1/6_ Shown in Fig.'5 are
the torque variation, 100{Q-Q(}=0)}/Q()=0), and the bending moment
variation, {Mp-Mp(Y-0}/Mp(y=0), in comparison between the above two cases.
It can be seen that the effect of wind shear is obwious spec1f1cally in
the bending moment variation. o : :

Effects of'Yewed Wind

Here let us assume for simplicity that the yawing motion of the
rotor system and the rotor speed are constrained or fixed to :their
initial values. Shown in Fig. 6 is the torque change caused by the
yawed wind (Y4=45°) in comparison with that of normal wind (¥=0°).

It must be notified that the level of effective torque or torque. output
_is apprec1ablly reduced (about 35 percent) by the diagonal angle of

the wind and the torque variation of twice per revolutlon (2P) ‘is
observed : : -

._The tbeue variation end the bending moment variation are”shown
in Fig. 7. They have peak values of 7 and 25 percent. respectlvely
compared w1th those of the no yawed angle (WWFO ).

' Effects of Yaw1ng Motlon

o Let us con51der here two examples such that (i) the wind ‘speed
is abruptly increased in a step form, AV = 0.15V, .and (ii) the wind
direction is suddenly changed from ¥ _=0° to ¥ =30°. Here the yawing
motion of the rotor system about the vertical axis and the rotor speed
are considered free,

(i) The results of the former case are shown in Fig. 8 for the
variations of rotor speed 100{2-R(y=0)}/Q=0), the torque variation,
the yaw angle, ¥, the variation of normal force, 100{N-N(¥=0)}/N(V=0),
and the variation of bending moment. As the wind speed increases,
every quantity increases gradually and approaches to each final value.
It is interesting to find that a small yawing motion is induced by the
change of aerodynamic forces and moments. The period of the yawing
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motion is, in the present example, about” five sécond or 5 revolutions
of the rotor.

(11} The resulis of the latter case ‘are ‘shown in Flg 8. At

.ﬁ;the inltial stage the effective torque ‘is reduced by O. 3 percent and

is, then, recovered to the initial value because the yawing motion
. reduces the diagonal angle of the roter with respect te the wind,
" ¥ -+ Y. During this period the 2P variations of aerodynamic and
inertial forces and moments are predominant, Their peak-to-peak values
care 10 percent in the torque, 5 percent in the normal force and 8
- percent in the bending moment. This fact is important for the design
.of structural configuration and of material selection of the blade,
drive shaft, gear trains and tower, all of which are under influence
of the above exciting forces and moments.

Although the angular rate and acceleration of the yawing motiocn
are prodeminant, the inertial effects on the rotor dynamics are not
so significant that the inertial forces and moments acting on the
blades are much smaller than the aerodynsmic components. This is
because the blade of the exemplified rotor have hlgh rlgldlty and thusg
the blade defcrm&tlon is very small .

The time aenstant of the damped yawing motion is about three
second in the present example. This enables the exemplified wind-
turbine to follow the change of wind direction, the predominaﬁt
frequency of which is more than the above time constant.

5. Lonclusion

- By appling the lecal circulation method (LCM) to the aerodynamic
- -analysis of ‘the rotor of a two~bladed windturbine, the dynamic response
of ‘the system, which was comprised of the blade elastic deformations,
the ‘rotor driving motion and the yawing motion of the windturbine, was
analyzed. The following facts were drawn: (i) The yawed angle of the

wind reduces the mean values of the asrodynamic forces and moments,
~but it induces the vibratory change in the above every guantity.

(ii} The change of wind speed 1ncludmng the wind shear has almost no
effect on the vibratory change in 'the forces and moments, but it
induces a yawing motion slightly. (iii) The change of wind direction
affects strongly the yawing motion and the vibratory change in the
asvodynamic and inertial forces and moments. {iv) The vibratory change
" has 2P variation at the early stage of the motdion ané is attenuatﬁd by
the yawing motion.

55-8



t

Gy

c

CG
d

EIy, EIZ, EIyz
(ey, ez)

(éy, e )

(eA,y’ eA,z
(en: e
(eA,n’ eA,C)
EA
FA

(fo’ “ay? Az’
(FAX’ FAy’ Az)
(?Ix’ Iy’ Iz)
(FIx’ Iy’ Iz)
GJ
H
h

bD-—l

o = =
W

e

L1

.

..

Nomehéléfﬁre

aerodynamic center.

1lift slope of tail fin

:nﬁmber_of blades

1ift coefficient
blade chorxd
center of grativity

section drag ..

‘banding rigidity

CG position from EA in (x, y, z) coordinate

(ey, ez)/R

AC position from EA in (%, y, z) coordinate
CG position from EA in (&, n, ) coordinate

AC position from EA in (£, n, ) coordinate

elastic axis

feathering axis

aerodynamic forces in (x, y, 2) coordinate

Z
By Fayr Fpp) 05

inertial forces in (x, ¥y, 2) cocrdinate

I 2
(FIX’ FIy’ FIZ)/MbQU
torsional rigidity

. horizontal force in the X-axis

height

inertial mements in (x, ¥, z) coordinate
(L, Iy, I, Iyz)/Msz

inertial moment of windturbine

without rotor about Y-axis

Ty/MR?

inertial moment of windturbine

.. without rotor about Z-axis

To/ME

. radius of gyration

coefficient of loaded torque in Eq; (16)

. 1ift of tail fdin

section lift

distance. between Z-axis to rotor hub
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distance betwen Z-axis to tail fin
totai.ﬁaéé 6f'windturbine

aerodynamic moments in (x, y, z) coodinate
(Myer Myys My,) /MR

flatwise bending moment

mass of a blade °

inertial mements in (x, v, 2z) coodinate
(s Mpgs My ) /M ROY
nondimensionalized j-th generalized mass
total moments in (X, Y, Z) coodinate
total yawing moment about Y-axis

section mass

mR/Mb

aerodynamic pitching moment (positive for
head-up)

normal force

torque -

Q/M(R2,)?

nondimensional generalized force

‘loaded torque

Q_/M(R2,)?

torque ‘about Z-axis, see Eq. (10)

" nondimensicnal generalzed coordinate

rotor radius

. gspanwise position of a blade
'rotor disc area

“fin area -

time’

resultant velocity = /U; + U;

- perpendicular velocity against wing section

tangential velocity against wing section
wind velocity '

wind velocity specified at heigh h

“(h= 10 m, 21 m)

blade-deformation’ along y axis

induced velocity' "

'§thlead-lag-wise mode:
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blade deformation along z axis

j th flapwise mode

r/R ' '

coordinate fixed in the windturbine
coordinate.fixed”in and rotating with
the rotor hub

angle of attack

angle of attack of tail fin

flapping angle of blade

preconing angle

' Cifcplatioﬁ'on:é:blade
. distances between EA and FA along y and z axes

6y/R, GZ/R

local coordinate fixed on a blade’
efficiency or local axis fixed on the blade
decremént of dynamic pressure at tail fin
pitch angle positive for pitch down

inflow ratio positive for downflow

advance ratio

air density

. summation

torsional blade deforﬁation

~j th torsional mode

yaw angle

wind direction about Z-axis
azimuth angle of a blade
initial rotor rotational speed
rotor rotational speed

0
j th natural frequency

wj/Q0

55-11



Supercripts:

¢ )
« Y
()

1) Nasu, Ken~ichi and Azuma, Akira: An Experimental Verification of
the Local Circulation Method for a Horizontal Axis Wind Turbine.
. The 18th Interscociety Energy Conversion Engineering Conference,
Orlando, Florida, August 21-26, 1983, pp. 245-252.

2) Azuma, A., Nasu, K.. and Hayashi, T.:
Momentum Theory to Rotoxrs Operating in a Twisted Flow Field.

- dt /Qo
oody e d0)
T Tax C Ndr

nondimensionalized value of (

REFERENCES

Vertica, Vol. 7, No. 1, 1983, pp. 45-59.

Table T Dimensions_of_a_ windturbine blade

Items

Dimensions

Rotor radius, R
Blade mass, M,
No. of blades, b

Preconing angle, 8,

Collective pitch angle, 8, . .

.| Wing section

Coefﬁ_ciqnt of:l_aa_ded torque, by
Reynolds number, R,

Tail fin area, S.

Distance, [,

Distance, I,

m
122kg

2

0.0deg

1.6deg

.1 NACA 4418

6.23
X 10°
15.39m*
7.0m

3.5m

;2512

)

An Extension of the Local



" _.__Table I Characteristics of a windturbine blade

£1-9S

0.002X10°*

‘o Station |Chord | Pretwist. l::dnais;:slz:;th Ely Elz ° . Elyz 2 Gl Ix Iy iz, Tyz _ K
/R /R | 0. tdegy | msM, MRor | M| MRE o MEY M.E* MR M,R° MR’ R
1] 010 [o.043 | 27.9 0.210  |14220%107 | 382.2X107 [2137.4X107 | 33.72X107 | 5.447X107 | 14.77X107 | 39.7%10°* | 22.2X107 | 1:061X107*
2] 014 |0.051 | 212 0.180 | B8Li6X10~ | 303.7X107 |1655.0%107 | 16.86X10~ | 5.186X107° | 9.488X10™ | 42.37X107 | 1781107 | 1.490X10""
3] 021|009 | 140 0.183 | 360.2%107 | 299.1X107" | 850.5X107 | 21.62X107 | 4.630X107 | 4.976X107 | 41.32X10° | 117810~ | 6.796X10""
4] 020 |03 | 9.4 0.174 © | 173.5X107 | 223.7%107 | 452.7107 | 27.71X107 | L.410X107 | 1.015X10 | 13.09X10™ | 2.649X10-* | 10.51X10""
5| 03 |0113 | 66 0177 | 7360107 | 124.8X107 | 191.8X10™ [18.32X107 | 0,979X10°7 | 0.5645X107' | 924410 | 1.42110~ | 7.310% 10
6| 0.43 |0.096 | 46 0.186 | 41.13%10% | 8407107 | 100.3%10 | 1180107 | 0.679X107 | 0.317x10~" | 6.47x10% | 0.772X10°* | 5.286X10°"
7| o050 |o.083 | 3.0 0.180 | 25.93x107 | 60.65X10 | 55.83X107 |'8.420X107 | 0.453x10" | 0.186X10 | 4.35X107* | 0.400X10-* | 4.000X10""
8| o057 |o07e | 1.9 0.162 . | 1561107 | 39.56X10~ | 20.04X107 | 5.057X107 | 0.290310°% | 0.10X107 | 2.79X10% | 0.205X10* | 3.122X10°*
o| o064 0066 | 1.0 0.137 | 9.798X10 | 26.26X107 | 15.27%107 | 3.078x107 | 0.181x10°% | 0.065X107 | 1.744x10™ | 0.101X10 | 2.490% 10~
0 071 |0.08 | 0.3 0164 | 5.552%10° | 1543107 | 714610 | 1.979107 | 0.108%107 | 0.036X10 | 098810~ |0.0458X10¢ | 2.020X 10"
1| 07 |o.054 | —0.3 0.071 | 3.019%10-* | 8.6063107 | 3.113x107 | 1.246X10~ [0.0567x107 | 0.019X10~ | 0.584X10"* |0.0199X10~* | 1,673X 10"
2] 0.86 |0.050 | —0.8 0.082 | 1.4963107" | 4.334X107 | 1.202%107 | 0.6603107 |0.0283%107 | 0.009%10-* | 0.273%10°* 10.0075X10~ | 1:429X10°¢
13| 0.93 |0.046 | —1.2 0.031 | 0.783X10°* | 2.203X107" | 0.481X107 | 0.513X107* [0.0124X10~ | 0.004X107* | 0.120X107 [0.0025X10™* | 1.224X10""
4| 10 |0.043 | —1.6 0.030 0.645x107 | 1.901X107 | 0.271%107 | 0.203%10° | 0.006%10~ 0.057X107* |0.0008X10™* | 1.041X107°
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{b) On the bending moment fluctuation.

Figure 1. Effects of yawing angle of a windmil®
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Figure 2. Schematic view of a windmill in
yawing motion,
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Figure 3. Characteristics of a windturbine blade.

V=8m/s
E £
3 —
I~ ~—
K b
5
i - E
I o™
0
_ WIND SPEED (m/s},
- (a) Without wind shear o
Vi = Vg (h/10)¥8
€
:; Vo =8m/s
=
I
o)
T
Vio=7.01m/s
0

WIND SPEED (m/s)
(b) With wind shear

Figure 4, Wind shear
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