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Surface Pressure Measurement on a Rotating Blade of Field
Horizontal Axis Wind Turbine in Yawed Condition*

Takao MAEDA™ and Hideyuki KAWABUCHI**

This paper shows the pressure distribution at the 50% radial section of a rotor blade
of 10 m-diameter wind turbine in yawed operation. The pressure sensors were mounted on
the blade, and local inflow angle and local dynamic pressure were measured with the use of
five hole Pitot tubes at 1 chord length upwind of the blade leading edge. It was found that
the normal force coefficient in yawed condition decreases compared to that for non-yawed
condition. Even if local angle of attack and the relative inflow velocity are the same, pressure
distribution shows differences due to the local slip angle. The tufts flow-visualization on the
rotating blade was carried out by setting a video camera on the rotating system. Separation
in the region of middle chord to trailing edge on suction surface is thought to be the main

reason of the reduction of normal force coefficients.

Key Words:
Flow, Yaw Effects

1. Introduction

Since energy density of the wind is small, improve-
ment in performance of wind turbine blade is indispens-
able for taking out energy from the wind efficiently. Gen-
erally, wind turbine blade airfoil is designed by 2D numer-
ical analysis, and verified in the wind tunnel test. How-
ever, in the field, the flow around the wind turbine blade is
unsteady, and it becomes more complex due to the effects
of Coriolis force, centrifugal force and three-dimensional
flow. Therefore, it becomes important to investigate the
unsteady aerodynamic force acting on the rotor blade.
Unsteady Aerodynamic Experiment and the NREL Full-
Scale Wind Tunnel Experiment are without doubt the ma-
jor contributions to the community working on wind tur-
bine aerodynamics’~®. It is uncertain that sufficiently
detailed field measurements exist for validating aerody-
namic models against the actual three-dimensional, un-
steady flow. Complexity of the flow behavior on the wind
turbine blade makes it necessary to provide more data for
a broad range of experimental conditions.

In this study, with focus on blade characteristic affect-
ing the wind turbine performance, field experiements were
performed on a 10 m-diameter wind turbine. Surface pres-
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sure measurements were carried out. Characteristics of
the aerodynamic forces acting on rotor blade are clarified.
In the previous studies, the present authors had clarified
aerodynamic force at 70% radial section, where the flow
is considered to be close to two-dimensional flow®. The
following data compare the performance characteristics of
the rotor through analyzing the three-dimensional features
of the flow at 50% radial section on the rotor blade. The
change of section characteristics due to a nacelle yaw an-
gle was clarified. Moreover, the flow behavior on the ro-
tating blade was observed through tufts flow-visualization
method by setting a video camera on the rotating system.

2. Nomenclature

¢ : chord length [m]
C,, : moment coefficient at 0.25 chord station, Eq. (4)
C, : normal force coefficient, Eq. (2)
C, : pressure coeflicient, Eq. (1)
C, : tangential force coefficient, Eq. (3)
p : pressure at blade surface which offset centrifugal
force [Pa]
Pa : dynamic pressure at 1c upwind of blade leading
edge [Pa]
R : rotor diameter [m]
r : position of radial direction [m]
Re : Reynolds number = Wc/v
U : wind speed [m/s]
W :inflow velocity at 1c upwind of blade leading
edge [m/s]
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x : distance from leading edge along airfoil chord
[m]

: distance perpendicular to airfoil chord [m]

v : local angle of attack at 1¢ upwind of blade leading
edge [deg]

s local slip angle at l¢ upwind of blade leading
edge [deg]

: blade twist angle {deg]

: blade pitch angle [deg]

: standard deviation of measured quantity per rotor

SIS

S =

q

revolution

v : kinetic viscosity [m?/s]
@ : yaw angle [deg]

¥ : azimuth angle [deg]

Subscript

C,, : normal force coeflicient

i - i-th pressure tap number
« : local angle of attack

B : local slip angle

3. Experimental Setup

3.1 Open air rotor research facility

Figure 1 shows a general view of the test wind tur-
bine. This test wind turbine is a three-bladed upwind
HAWT type which has variable pitch mechanism, a rated
output of 8 kilowatts, a rotor diameter of 10 meters. A
cylindrical tiltable tower supported the turbine at hub
height of 13.3 meters. The rotor revolution, constant speed
of 80 rpm, was amplified 9 times through an intermediate
shaft by speed up gear mechanism using timing belts and
transmissions. A yaw drive motor was attached between
the nacelle and the tower and it was adjustable to the wind
direction. The yaw angle, which is positive in the counter-
clockwise direction, was measured with a rotary encoder
attached to the rotational shaft of the nacelle. The pitch
angle of blade was measured by a potentiometer built in
a power cylinder for the pitch drive. The power genera-
tion system is composed of an induction generator with a
phase-advanced condenser. The wind speed was measured
by a sonic wind speed meter set up at the same height as
the hub of test turbine and 10 meters upstream of the wind

~ 10m

Rotor Plane

Sonic Wind Wind
Speed Meter i

Side View

Front View

Fig. 1

o Location of test wind turbine and wind speed meter
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turbine.
3.2 Test blade

Blade planform, taper and twist distributions are
shown in Fig. 2. The blades used in this experiment were
twisted and tapered. The spanwise airfoil distributions
were formed with the airfoil of DU and NACA from the
blade root to the tip. One of the blade was equipped with
pressure taps at four radial sections of 32.5%, 50%, 70%
and 90%. Each section has 60 pressure taps on the suction
and pressure sides. Figure 3 shows the location of pressure
taps on the rotor blade at the 50% radial section. The taps
were more densely distributed near the blade leading edge
to better investigate the pressure gradients present there.

Inflow angles were measured near the pressure taps
using two five-hole probes. Probes were mounted at loca-
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Fig. 3 Position of pressure taps on measurement section
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Fig.4 Measurement system

tions 0.385R and 0.558R, respectively, with the probe tip
¢ upstream of the blade leading edge. Five-hole probe
pressures were measured and the inflow angles were de-
rived from these measurements.
3.3 Measurement system

Figure 4 shows pressure measurement system. The
instantaneous pressures were simultaneously measured
with the use of multi-ports pressure transducers in the ro-
tating blade. A total of 64 ports were imbedded inside
the blade. Scanivalve ZOC23B transducers were used for
the pressure measurements. The signals from the sensors
were amplified up to 100 times in the rotational system
and were transmitted through the platinum slip rings to
the stationary system. Sampling frequency of 90 Hz cor-
responded to the timer on the A/D board. Referring to
the rotor revolution of 80 rpm, the sampling interval cor-
responded to an increment azimuth angle of 5.3 degrees.
One data set for field test was composed with 7400 data in
90 seconds. The pressure data were separately collected at
each radial section by limiting of number of sensor ports
and A/D converters. Collected data at each radial section
include the data measured at yaw angle of 0, +30 and +45
degrees. Azimuth angle was measured using a rotary en-
coder, which was measured counterclockwise. The angle
was defined as O degree (see Fig. 1), when blade tip was
at the uppermost vertical position (12 o’clock azimuthal
position).

3.4 Definitions and non-dimensionalization

Due to the unsteadiness of wind speed and the
nonuniformity of the inflow velocity distribution to the
blade span direction due to the induced velocity, it was dif-
ficult to determine the angle of attack at measured section.
By using two five-hole probes, installed next to the mea-
sured radial section, whose length was as long as chord
length of each installed section, the inflow angle and dy-
namic pressure at the tip of every five-hole pitot probe
were measured. Through linear interpolation, the local an-
gle of attack a, local slip angle 5 and dynamic pressure of
the inflow velocity p,, were defined at the measured radial
section.
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Fig. 5 Definition of normal force, tangential force, moment,
local angle of attack and local slip angle

The pressure on the rotor blade surface depends on
the inflow velocity, local angle of attack and blade sur-
face shape. Therefore, the data were reduced by defining
the pressure coefficient C,, as a non-dimensional parame-
ter. In this study, pressure p; at the i-th pressure tap on the
measurement section was non-dimensionalized by the dy-
namic pressure of the inflow velocity p,, and the pressure
coefficient Cp, was calculated from the following equa-
tion.

Cp,' =Ppi / DPd ( 1)
Note that the centrifugal effects were excluded from the
pressure data.

Definition of the aerodynamic properties based on the
condition of the uniform flow is not applicable in case of
unsteady wind and non-uniform flow, such as field experi-
ments. To simplify the analysis, in this paper the definition
of the local aerodynamic properties is based on Cartesian
coordinate system fixed to the blade. Figure 5 shows the
schematic view of the definition of local angle of attack,
normal force, tangential force, moment and local slip an-
gle. The local angle of attack was determined by interpo-
lation of local angle of attack obtained from two five-hole
probes. The local slip angle, S, is defined as the angle be-
tween the local inflow direction and the five-hole probe di-
rection and is measured in the blade planform plane. The
force parallel to the chord direction was described as tan-
gential force and perpendicular to the chord direction was
described as normal force. The moment was calculated
based on x/c = 0.25. Normal force coefficients, C,,, tan-
gential force coefficients, C;, and moment coefficient, C,,,
are non-dimensionalized and normalized according to the
following formulas:

n p,-Ax,- 12
C, = —_—— = CAAxi 2
n ,;pd - Ci; i 2
pildy; 12
=528 15 ay 3)
Sl e e
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Fig. 6 Definition of yaw angle @

1 n
Cn= 5 22 (Cp b Axi+Cp, b, Ay;) )
=

i=1
where, Ax;, Ay, I,, and [, are small lengths along the
chord direction at the i-th pressure tap, small lengths to
a direction perpendicular to the chord line at the i-th pres-
sure tap, the moment arm lengths to the direction perpen-
dicular to the chord line and parallel to the chord line, re-
spectively. Positive normal force C, was thought to be
oriented from the pressure surface toward the suction sur-
face. Tangential force, C;, was defined as positive when
directed from the leading edge toward the trailing edge.
C,, was defined a clockwise rotation as positive, based on
x/c=0.25. Moreover, local slip angle § was defined as a
radial direction inflow angle in the blade upstream, on the
basis ol five-hole probe. It was considered positive when
the inflow velocity showed radial outward direction.
3.5 Yaw angle

In this paper, the yaw angle was defined as the an-
gle between the nacelle direction and the wind speed, as
shown in Fig. 6. The data were collected for the yaw an-
gle in the interval [—45.4+45] degrees with a step ol 15
degrees. The yaw angle was controlled automatically and
it followed the wind direction change. Due to the time lag
between the wind direction change and nacelle direction
change, a tested yaw angle was determined when it was
within +7.5 degrees of the required value. For example
the data pretended to be taken for the yaw angle 30 de-
grees. were all the data obtained for a yaw angle between
22.5 degrees and 37.5 degrees.

3.6 Tufts flow-visualization

In addition to surface pressure measurements, flow
visualization through surface tuft method of the instru-
mented blade was performed. Tufts. made of woolen
yarn of 2.5mm in diameter, and of 15% of the blade
chord length of the corresponding to be attached section
in length, were set on the suction surface. The tufts were
set every 5% of the airfoil chord length to the blade chord
direction, and every 100 mm to the blade span dircction.
In order not to interfere with pressure data, collected si-
multancously with flow visualization, the tufts were not
set on the area around the measured section, 100 mm from
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Table 1  Experimental condition
Measurement Condition

Wind Speed U [m/s] 39~104
Inflow Velocity Wat 1c
Upwind of Blade 18.9~26.8
Leading Edge [m/s]

Reynolds Number Re 3.5%10°~5.5%10°

Pitch Angle 0 [deg] 25~75

measured section to the blade root side and 100 mm from
measured section to the blade tip side. A CCD wireless
digital color camera, fixed on a stand attached in the flange
of the instrumented blade, was used for photography. The
images data were transmitted from an antenna attached on
the boss to a receiver on the ground, and data were taken
by the personal computer through a signal cable. The sam-
pling frequency, 30 Hz, was equivalent to the pressure data
collection for every 16 degrees of azimuth angles.

4. Experimental Results and Discussions

4.1 Data reduction

Field test data analyzed in this paper were measured
with a sampling frequency of about 90 Hz with a total of
463 124 data collected. Table | lists the experimental con-
ditions in this study. The wind condition and the rotor
speed differs for every data. For the data reduction, av-
crage values and standard deviations were calculated for
every rotor rotation, and. then. the BIN average was calcu-
lated for the local angle of attack at every I degree. Here.
the BIN means the range of the value for carrying out the
group division of the instantaneous value data. For exam-
ple. the BIN average at every | degree in this study means
that the data corresponding to « is the average value of
data contained in the range of the width (¢ —0.5,0+0.5)

degree.
4.2 Change of the measured quantities against lo-

cal angle of attack due to yaw angle

Figure 7 shows the section characteristics at the 50%
spanwise station, with data reduction performed for yaw
angle @ of —45. 0, and 45 degrees, respectively. Fig-
ure 7 (a) shows normal force coefficient C,, against local
angle of attack «. Note that compared to the data obtained
for the yaw angle @ =} degree. C,, values at @ =45 de-
arees tend to become slightly smaller for whole range of
local angle of attack «v. The same tendency is noticed for
C, values at yaw angle @ = —45 degrees, but the reduc-
tion rate is larger than the case where yaw angle is @ =45
degrees. Figure 7 (b) shows tangential force coeflicient C,
against local angle of attack «. There is no clear differ-
ence when comparing the data for yaw angles @ of —45,0,
and 45 degrees. Figure 7(c) shows moment coeflicient
C,, against local angle of attack «. Compared the data
for different yaw angles. it is found that while C,, values
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Fig. 7 Section characteristics in several yawed conditions

at @ = 45 degrees become larger than C,, values at yaw
angle @ =0 degree in the range of local angle of attack
—5 < @ £ 10 degrees, for yaw angle @ = —45 degrees C,,
values become larger in whole range of local angle of at-
tack a.

Figure 8 shows normal force coefficient C, against
yaw angle @, for three representative local angle of at-
tack @ =5, 10 and 15 degrees, respectively. Observing
the graphs, it is noted that the C, reaches a maximum at
yaw angle between O and 15 degrees, and it has a decreas-
ing tendency for yaw angles larger than 15 degrees and
smaller than O degrees. However, although the tendency
for C, to become small when the yaw angle @ becomes
large above @ = 15 degrees, the reduction rate becomes
smaller than those for @ < 0. Thus, in this case, it can be

Series B, Vol. 48, No. 1, 2005

12

STt

g

S 08 |

£

Q

© 06 t

°

£ 04 } Local Angle of Attack

—E a [deg]

£ —0— 15

s 02

Z —A—10
o5

0.0 . . . .

-60  -45 -30 -15 0 15 30 45 60
Yaw Angle @ [deg]

Fig. 8 Normal force coefficient C, against yaw angle @

oo 05
'_g S Local Angle of
g © S 04 } Attack o [deg]
58 5 —0— 15
€560 03¢ —A—10
<z —o—5
£9.8 02t
e=R=1 =3
‘EE S8 0.1
2a
0.0 : : ; -
-60 -40 -20 0 20 40 60
Yaw Angle @ [deg]
(a) Normal force coefficient C,
- 1.0
= 2 Local Angle of
T® 08 } Attack o [deg]
2 < 2 —o0—15
2T s 06 | —A— 10
§3 ¢ —0—5
£S5 % 04t
EsZ
“.: § 02 |
o o
=5 o0
-60 -45 -30 -15 0 15 30 45 60
Yaw Angle @ [deg]
(b) Local angle of attack a
- 0.7
3 Local Angle of
< & 0.6 |
g o Attack o [deg]
] 0.5
w wn "
g §2 04
Fd = 0.3
§%5 °
£z 0.2
S 5
§ .% 0.1
2 00 — T —

-60 -45 -30 -15 0 15 30 45 60
Yaw Angle @ [deg]
(c) Local slip angle 8
Fig. 9 Non-dimensional standard deviation against
yaw angle @

seen that the change of C, value becomes asymmetrical
about @ =0 degrees. The reason and explanations for this
phenomenon are given in the section 4.3.

Figure 9 shows non-dimensional standard deviation
of the section characteristics during 1 rotor rotation. The
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BIN averages were calculated for every local angie of at-
tack a, but in the figure the data for three representative
local angle of attack is shown. Figure 9(a) shows the
non-dimensional standard deviation of normal force co-
efficient ¢, /C, against yaw angle &, Fig.9(b) shows
non-dimensional standard deviation of local angle of at-
tack o, /a against yaw angle @, and Fig. 9 (¢) shows non-
dimensional standard deviation of local slip angle o/6
against yaw angle @, respectively. Notice the same trends
against the yaw angle for all aerodynamic characteristics
considered. The values of o¢,/C,. ou/a, and op/f in-
crease for negative yaw angles and for yaw angles larger
than 0 degrees. However, the rate of change is different
It is proved that, when
the value of yaw angle is negative, the change of aero-

in both sides of ordinate axis.

dynamic forces acting on the rotor during one rotation be-
come larger.
4.3 Change of the measured quantities against az-
imuth angle due to yaw angle
In the previous section, the variation of the section
characteristics due to the change of yaw angle was shown.
In order to fully investigate the effect of the yaw angle, the
variation of measured quantities with respect to azimuth
angle is considered. In this case, the BIN average of ex-
perimental data was calculated for every 12 degrees of az-
imuth angle. It means that data averaged for a specific
azimuth angle., ¥, were obtained from BIN averaging of
the data included in the interval (¥ —6.¥ +6) degrees.
Figure 10 show the measured section characteristics
against azimuth angle. Results for three representative
yaw angles, @. of =45, 0. and 45 degrees, respectively. arc
compared. Figure 10 (a) shows inflow velocity W against
azimuth angle . The uniform inflow velocity is appar-
ent for whole range of azimuth angle when yaw angle is
@ =0 degree.
ity for positive or negative yaw angles is also evident. In

The harmonic change of the inflow veloc-

the situation of azimuth angle ¥ =0 degree at the yaw an-
gle @ =45 degrees, since the wind acts as an against wind
to the rotating blade, inflow speed W becomes large. On
the other hand. in the situation of azimuth angle ¥ = 180
degrees, since the wind acts as a following wind to the ro-
tating blade, inflow speed W becomes small. On the con-
trary, in the situation of azimuth angle ¥ =0 degree at the
yaw angle @ = —45 degrees, since a wind acts as a follow-
ing wind to the rotating blade. inflow speed W becomes
small, and vice versa, in the situation of azimuth angle
¥ = 180 degrees, since the wind acts as an against wind
to the rotating blade, inflow speed W becomes large. Fig-
ure 10(b) shows local angle of attack « against azimuth
angle . In the yaw angle @ =0 degree. the value of «
is large at the azimuth angle ¥ = 0 degree and small at
the azimuth angle ¥ = 180 degrees. It is caused by the
influence of atmospheric boundary layer. It means that

wind speed is larger at the azimuth angle ¥ =0 degree.

JSME International Journal

161
I —
& ‘ AAAA DUDDDE‘D ALDL
£ 24 oooooégﬁa80000000008628960000
= o A AA” B
s 20 go Aap AD Og
3 goo AAAAA Yaw Angle —0Opg
% 16 @ [deg]
- O-45
E 12 o0
= A 45
8 . -
0 90 180 270 360
Azimuth Angle ¥ [deg]
(a) Inflow velocity W
E‘e 12 -
= 10 Yaw Angle @ [deg]
j = 0-45 oo
g 8 o 00
s oog o_g0
= o] A 45 goo
z 6 AABBB ) AAAééAE%A
o A AA
A A Aaﬁgga 5© o AAAA
gl D
= 0 0 .
0 90 180 270 360
Azimuth Angle ¥ [deg]
(b) TLocal angle of attack «
25 _
= nofog
@ A o
= 20 } o" Pg
= u] AAAAAAAAAA
CENE ©00000000p A
= 0000 Ag QOOOOOOOOOO()OGE
T 10 Fag at? g O
= Appprd o_ o
Tz 5 F Yaw Angle @ [deg] O DDD
3 01500 A1) Do |
() 1 1 ]
() 90 180 270 360
\zimuth Angle 7 [deg
(¢) Local slip ;mglc/)’
08 e -
~ 0.7 oooooo PN)
Z ve ° a8 0000° |
(o} . D
= Eﬂ Aﬂﬂ AA
£ 05 QGQS‘QAAA 200g08 ANRAA
O 04 Yaw Angle ~Op AA DD
cf 0.3 @ ldeg) DDI:I 507
= 02 0-45 DDDD
= 00
£ Ol A 45
Z 0.0 . . )
0 90 180 270 360
Azimuth Angle ¥ Ldeg
(d)y Normal force coethicient C,
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Y in several

yawed conditions

which corresponds to the situation of blade top position,
and smaller at the azimuth angle ¥ = 180 degrees, which
correspond to the situation of blade bottom position. In
the yaw angle & =45 degrees. the value of « 1s small at
the azimuth angle ¥ = 180 degrees and it reaches its peak
near the azimuth angle ¥ = 200 degrees. In this situation,
inflow velocity W, as shown in Fig. 10 (a). is close to the
minimum value. As for the operational condition in the
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yaw angle & = —45 degree, it is noted that corresponding
to the small values of inflow velocity at the azimuth angle
0 degrees (Fig. 10 (a)), local angle of attack « takes larger
value, and it takes smaller value at azimuth angle 180 de-
grees where the inflow velocity W is larger. Figure 10 (c)
shows local slip angle 8 against azimuth angle ¥. In the
yaw angle @ =0 degree, the relation between yaw angle &
and local slip angle 3 is substantially constant. In the yaw
angle @ =45 degrees, £ value is close to minimum value
at the azimuth angle ¥ =90 degrees and maximum value
at the azimuth angle ¥ =270 degrees. Although inflow
velocity W in these angles is the same, the blade tip at the
azimuth angle ¥ =90 degrees is in the upstream side as
compared with the nacelle, since the position of the blade
tip is in the same height with the hub. On the other hand,
the blade tip at the azimuth angle ¥ =270 degrees is in the
downstream side as compared with the nacelle. In case of
data obtained in the yaw angle @ = —45 degrees, local slip
angle changes in opposite direction to that of the yaw an-
gle @ =45 degrees, and the rate of change is much larger.
Figure 10(d) shows normal force coefficient C, against
azimuth angle ¥. From the result of Fig. 10 (a) and (b),
the value of a and W are almost independent of yaw angle
@, in the situation of azimuth angle ¥ of 90 and 270 de-
grees. Comparing the values of 8 and C, (Fig. 10(c) and
(d)), large difference can be seen resulting from the differ-
ence in yaw angle @ at the azimuth angle ¥ =270 degrees.
Moreover, from Fig. 10 (b) and (d), when the range of ¥
is ¥ <90 degrees and ¥ > 270, it can be seen that though
« value takes the largest value at the yaw angle @ = —45
degrees, C, value takes the largest value at the yaw angle
@ = 0 degree. It seems that although C, value depends
only on e in a two-dimensional flow, C, value does not
depend only on « for the rotating blade. This is the reason
why C, value significantly decreases in Fig. 8.
4.4 Change of the pressure distribution due to yaw
angle
Figure 11 shows comparison of the pressure distribu-
tion due to yaw angle @, which corresponds to local angle
of attack & of 10 degrees in Fig. 8. Comparing the pressure
distributions obtained in cases of yaw angle @ of 0 degree
and 45 degrees, it is noted they are almost identical but is
a little decrease of the suction pressure on the suction sur-
face in the range of 0.3 < x/c < 0.6 at the yaw angle & =45
degrees. Big difference is noticed when comparing pres-
sure distributions in case of yaw angle @ of 0 degree and
—45 degrees. The chordwise pressure on the suction sur-
face for yaw angle & = —45 degrees is less than in case of
yaw angle @ =0 degrees. On the other hand, pressure on
pressure surface increases in the range of 0.4 < x/c <0.9.
Therefore, it can be seen that a clear difference appears
in the pressure distribution between yaw angle @ =0 and
@ =—45 degrees.
Figure 12 shows the pressure distribution at the az-
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imuth angle ¥ =270 degrees, at which the values of W
and a, as it was shown in Fig. 10, seemed to be indepen-
dent of the all the yaw angles, however, but C, values
were differed for different yaw angles. The differences
on the pressure distributions are apparent when compar-
ing the data obtained in the yaw angle 0 and —45 degrees.
The pressure on the suction surface decreases is less in
case of yaw angle —45 degrees than in case of yaw angle
0 degrees. On the other hand, the pressure on the pres-
sure surface increases in the range of 0.5 < x/c <0.9. Now
comparing the data obtained in the yaw angle 0 and 45
degrees, it is noted that in case of yaw angle 45 degrees
there is a decrease of the pressure on the suction surface at
0.3 <x/c <0.5 chordwise stations. Therefore, even when
the values of o and W are mostly independent of the yaw
angle, it can be seen that a clear difference appears in the
pressure distribution.
4.5 Tufts flow-visualization on the rotating blade
Figure 13 shows a picture of the flow-visualization by
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Fig. 11 Pressure distribution at @ = 10 degrees in several yawed
conditions
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Fig. 12 Pressure distribution at & =5.5 degrees at y =270
degrees in several yawed conditions
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Fig. 13 Flow visualization on suction surface at ¥ = () degree
(= 10.6 degrees, $=9.5 degrees, @ =-49.1 degrees
and Re =3.5x 10%)

surface tuft method, taken when the nacelle was directed
at yaw angle @ = —45 degrees. The blade position corre-
sponds to azimuth angle ¥ =0 degree, with the blade tip
in the uppermost vertical position. Even though the local
angle of attack is as small as « = 10.6 degrees, the sepa-
ration has occurred in the region of the maximum camber
to the trailing edge. This separation has been observed in
the range of the azimuth angle between 0 < ¥ <90 de-
grees. No separation was observed when the azimuth an-
gle was 90 < ¥ < 360 degrees. In the range of azimuth
angle 300 < ¥ < 360 degrees, it was observed that tufts
were floating from the blade surface without fluctuation.
It is concluded that the main reason of the decreasing ten-
dency of the C, values in case of the yaw angle @ =—~45
degrees, as shown in Figs. 8 and 10(d). is the observed
separation at the trailing edge.

5. Conclusions

Local aerodynamic characteristics of a rotating blade
were compared paying attention to the effect of the yaw
angle. These comparisons were based on field test data
acquired by measuring the pressure distribution at the 50%
radial section on the rotating blade. Following results can
be drawn from this study:

(1) In yawed condition it is proved that the normal
force coeflicients are smaller than in non-yawed condition.
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(2) Based on the non-yawed condition, an asymme-
try on the decreasing tendency of the C, for every local
angle of attack « is found. Rate of decrease in case of neg-
ative yaw angles is larger than in case of positive yaw an-
gles. Negative yaw angles affect the turbine performance
considerably.

(3) Even when, at specific azimuth angles, the local
angle of attack a and inflow velocity W are almost the
same and independent of the yaw angle @, there are sig-
nificant differences on the pressure distributions and the
local slip angle .

(4) From the result of the tufts flow-visualization on
the rotor blade, it became clear that the separation oc-
curred in the range of azimuth angle of 0 < ¥ <90 at
the yaw angle @ = —45 degrees and the value of C, is de-
creased significantly.
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