Journal of Ocean and Wind Energy (ISSN 2310-3604)
Copyright © by The International Society of Offshore and Polar Engineers
Vol. 2, No. 2, May 2015, pp. 107–112; http://dx.doi.org/10.17736/jowe.2015.mmr04

http://www.isope.org/publications/publications.htm

Study of Characteristics of Darrieus-type Straight-bladed Vertical Axis Wind Turbine
by Use of Ailerons
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This paper presents a new starting assist method for Darrieus turbines using movable ailerons. To confirm the effect of the
ailerons, we conducted wind tunnel tests to find the starting torque, starting wind speed, and load torque characteristics. The
tested turbine has four blades, and the tested ailerons are fixed-angle and movable types. The movable ailerons increase the
starting torque, thereby reducing the wind speed for startup. When a movable aileron is used, the load torque at low rotational
speed is increased. Furthermore, the load torque of the turbine is roughly equal to the bare blade turbine at high rotational
speed.

INTRODUCTION
Horizontal-axis wind turbines (HAWTs) have come into wide
use for electric power generation because they can be greatly scaled
up in size. Where the wind is susceptible to irregular variations in
direction, however, there have been some successful installations of
Darrieus wind turbines (WTs), a class of vertical-axis wind turbines
(VAWTs), which are unaffected by changes in wind direction.
Darrieus WTs are classified as lift-type WTs and therefore have
considerable advantages over drag-type WTs, but have difficulties
in self-starting. When they are specifically designed to be selfstarting, no separate self-starting device is needed, but when they
are designed to maximize efficiency, a starting device is generally
necessary. The electric generator itself is often used for starting
(Takami et al., 1984). Another approach is to control the pitch
angle of the blades of a giromill, which is a straight-bladed VAWT
(Lazauskas and Kirke, 1992). Another approach that has been
proposed is a hybrid composed of a fixed-pitch giromill without
a pitching mechanism, mechanically combined with a drag-type
Savonius rotor (Okamoto et al., 1994). However, these approaches
have some issues, e.g., if the generator is used for starting, power
must be available to be supplied to the generator; the pitch control
mechanism of the giromill necessitates a more complex structure
of the WT; and if a Savonius rotor is built directly into the axis
of the WT, it reduces the output of the WT in comparison to an
unmodified Darrieus turbine in the high-rpm range where efficiency
is highest (Okamoto et al., 1994).
It has been proposed to add ailerons to the blades of a straightbladed VAWT in the form of spoilers (Hashidate and Baba, 1994),
but the purpose of this was to increase drag to slow the WT under
high winds. In this study, it is proposed to add ailerons to the blades
of a straight-bladed VAWT to improve self-starting. The blades
used are cambered with the camber line on a circular arc. These
blades have been employed in a tidal current power generation
system, in which the fluid has a far different density (Shiono et al.,
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2007), and were found to provide more efficiency than symmetrical
blades in water channel tests (Kihoh and Shiono, 1992).
To investigate how the WT characteristics were changed by the
ailerons, the ailerons were initially mounted at a fixed angle (fixedaileron blades), and this arrangement was observed for the effect of
the ailerons on the starting torque of the WT. The fixed-aileron
blade experiment showed that the starting torque is increased in
some of the position angles and decreased in other position angles,
but the mean starting torque is not greatly increased. Therefore,
we propose movable ailerons that are equipped with an extensionretraction mechanism. A wind tunnel experiment showed that
movable ailerons increase the starting torque of the WT and that
the wind speed needed for startup is decreased.
Self-starting is not the only important feature of a WT; load
characteristics are just as important. Therefore, the influence of the
movable ailerons on load characteristics is also examined. Due to
the effects of the fittings for controlling the angle of the movable
aileron in the model constructed here, it was noted that at high
rotational speed the ailerons reduce the WT output to below the
power obtained in a model whose blades have no ailerons (bare
blades). Therefore, a method is demonstrated for overcoming this.

STARTING CHARACTERISTICS WITH FIXED-AILERON
BLADES
Figure 1a shows the straight-bladed VAWT used in this experiment. Self-starting of a WT is aided by increasing the number of
blades, but WT efficiency is higher if the number of blades is kept
low (Shiono et al., 1998; Naoi et al., 2006). WTs with five or more
blades never have negative starting torques and have a high mean
starting torque (Naoi et al., 2006). With an eye to efficiency, the
number of blades in these models was set at four. The WT was
600 mm in diameter 4d5 and 450 mm in height 4h5. A report has
stated that to prevent the cross-sectional area of a wind tunnel from
affecting measured WT characteristics, the swept area of the WT
should be within the range of 0.05–0.2 times the cross-sectional
area of the test section of the wind tunnel (Hashidate and Ishida,
1996). The WT used here satisfied that requirement. The blade was
NACA 633 -018, but the camber line was a circular arc fitted to the
orbit of the turbine. Figure 1b shows a blade and ailerons. There
are two ailerons on each blade, so the tested turbine is mounted
with eight ailerons. Figure 1c shows the chord location and the
mounted angle of an aileron. The aileron was mounted at distance
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(a) Four-blade turbine

(b) Blade and aileron
Fig. 3 Definition of the position angle
Influence of Fixed Ailerons on Starting Torque

(c) Setting position of the aileron
Fig. 1 Outline of the turbine, blade, and aileron
k from the leading edge of the blade. The chord c is 105 mm. The
mounted angle between the blade and aileron is set as .
Test System and Method for Measuring Starting Torque
Characteristics
The test system shown in Fig. 2 was employed to measure the
starting torque characteristics and the load characteristics. A steady
air speed was established in the wind tunnel, the turbine was fixed
at predetermined position angles, and the generated torque was
measured with a torque sensor. The wind tunnel was a horizontal
closed-loop tunnel (Göttingen type), and the test section was 2.0 m
high, 2.0 m wide, and 5.3 m long. The torque coefficient CT was
calculated using Eq. 1:
CT =

T
005AV 2 R

(1)

where  is the fluid density [kg/m3 ], A is the swept area 4= d × h5
[m2 ], V is the free-stream wind speed [m/s], and R is the radius of
the WT 4= d/25 [m].
Figure 3 shows the position angle  of a WT blade. The zero point
of  is defined where the angle of attack of the reference blades
is zero and the positive direction of rotation is counterclockwise.
Since the starting torque characteristics vary with an angular period
of 360/n [deg] (Naoi et al., 2007) according to the n of blades,
measurements were taken from position angles of 0–90 deg at
intervals of 5 deg. The reference blade is designated as A, and the
other blades are designated in clockwise order as B, C, and D.

Fig. 2 Measurement system of the starting or load torque

Ailerons were fixed at a certain angle on the blades of a straightbladed VAWT, and the starting torque characteristics were measured.
The wind speed was set at 12 m/s. The ailerons were made of
aluminum. The dimensions of the ailerons, the chord location
of mounting, and the mounted angle found within the design
constraints (Naoi et al., 2012), which provided the highest benefit to
the WT characteristics, were as follows: aileron height a = 120 mm,
aileron width b = 40 mm, chord location k = 36 mm, and mounted
angle  = 70 deg.
Figure 4 shows how the starting torque was affected by the
addition of the ailerons. The mean value for the starting torque
coefficient increased to 0.024, exceeding the value of 0.018 for the
bare blades. The increase in the mean starting torque coefficient
implies an improvement in self-starting by the WT, but the starting
torque characteristics in Fig. 4 actually took negative values in the
range of 5–40 deg due to the presence of the fixed ailerons. If the
turbine has to start in this range of position angles, it is difficult to
self-start because the starting torque is negative.
The starting torque characteristics of a single blade were then
measured to examine the influence of an aileron on a blade. A
blade was observed throughout the entire range of position angles
from 0–360 deg. Figure 5 shows the starting torque characteristics
of a blade. The starting torque was higher with an aileron than
without one at position angles from 150–270 deg, while it was
lower in the ranges of 270–360 deg and 0–30 deg and the same in
the range of 30-150 deg. If we define the azimuth as the angle
made by a blade to the wind direction, we can restate the above as
follows: Since the wind approaches the blade from the trailing
edge at azimuths of 150–270 deg, the torque increases, while at
azimuths of 270–360 deg and 0–30 deg, the wind approaches from

Fig. 4 Starting torque for the four-blade turbine
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The H-type aileron is extended by a spring-loaded mechanism,
and the R-type aileron is extended by the contractile force of
a resin sheet. Both H- and R-type ailerons are extended by the
contractile force of a spring or resin and are retracted by the wind
from the leading edge of the blade. Therefore, additional energy
for operating the extension-retraction mechanism is not required.
Influence of Movable Aileron on Starting Torque

Fig. 5 Starting torque for the one-blade turbine
the leading edge of the blade and the torque decreases. The torque
is unaffected in the azimuth range of 30–150 deg because the
aileron is on the downstream side of the blade and the airflow over
the aileron is blocked.

STARTING CHARACTERISTICS WITH MOVABLE
AILERONS
The test results for fixed-aileron blades in the previous section
revealed that there are position angles where the starting torque of
a four-blade WT increases and position angles where it decreases.
The starting torque test with a single blade also suggested that the
starting torque of a four-blade WT will be increased if an aileron is
extended at azimuths where the aileron will augment the starting
torque and be kept in a retracted condition at all other azimuths.
Therefore, in this section, we examine the starting characteristics of
ailerons mounted with an extension–retraction mechanism that
deploys the aileron at only the azimuths where it augments the
starting torque and holds it in the retracted condition at all other
azimuths. As mentioned in the previous section, for a single blade,
the azimuth ranges of 270–360 deg and 0–30 deg, where a fixed
aileron lowered the starting torque, correspond to the position
angles where the wind is approaching from the leading edge of the
blade. Two configurations of ailerons with an extension–retraction
mechanism were constructed to retract the aileron when the wind is
approaching from the leading edge and to hold it extended at other
azimuths. Figure 6a shows the H-type movable aileron, consisting
of a spring-loaded, hinged aluminum plate, and Fig. 6b shows the
R-type movable aileron, consisting of aluminum fittings and a resin
(polyethylene terephthalate) sheet. The dimensions of both movable
ailerons are as follows: height a = 120 mm, width b = 40 mm,
chord location k = 36 mm, and aileron extension angle  = 70 deg.

(a) H-type
Fig. 6 Movable aileron

(b) R-type

Figure 7 shows the starting torque characteristics of a movable
aileron. The wind speed was set at 9, 12, and 15 m/s. Figure 7 shows
that for position angles throughout the 0–90 deg range, the starting
torque was augmented by both the H-type and R-type ailerons
above the torque generated by the bare blades; it did not become
negative at any position angle. Nearly identical characteristics were
seen throughout the speed range of 9–15 m/s. The mean starting
torque coefficient at a wind speed of 12 m/s was 0.074 for the
blade with an H-type aileron (H-type blade) and 0.076 for the
blade with an R-type aileron (R-type blade), which was about
3.6 times the 0.021 for the bare blades.
Table 1 shows the aileron conditions. In Table 1, “Opened” is the
condition in which the aluminum plate or resin sheet was stopped
at the angle adjuster side. “Closed” is the condition in which the
aluminum plate or resin sheet was stopped at the blade side. “Halfopened” is the condition in which the aluminum plate or resin sheet
was observed between the blade and angle adjuster. “Repeated
opening and closing” is the condition in which the aluminum plate
or resin sheet was moving between the blade and angle adjuster. To
increase the starting torque of a wind turbine, the aileron should be
extended while the blade is in the azimuth range of 150–270 deg
and should be retracted while the blade is in the azimuth range of
270–360 deg or 0–30 deg. That is, in the case of a four-blade wind

(a) H-type

(b) R-type
Fig. 7 Starting torque for the four-blade turbine

110

Study of Characteristics of Darrieus-type Straight-bladed Vertical Axis Wind Turbine by Use of Ailerons

Fig. 8 Measurement system for determining wind speeds that
initiate rotation

Table 2

Table 1

Aileron conditions for the four-blade turbine

turbine, the aileron attached to the A-blade should be retracted at a
0–30 deg position angle, the aileron attached to the B-blade should
be retracted at a 0–85 deg position angle, the aileron attached
to the C-blade should be extended at a 0–85 deg position angle,
and the aileron attached to the D-blade should be extended at a
60–85 deg position angle. Table 1 shows that the aileron motion
almost satisfies these requirements. There are some position angles
where the aileron conditions differ according to the wind speed,
but as shown in Fig. 7, the aileron conditions there have little
effect on the torque characteristics. The position angles where
the aileron conditions vary with the wind speed are as follows:
the angles where the ailerons are being extended or retracted, the
angles where the ailerons are affected by flow that is turbulent due
to the passage of other blades upstream, and the angles where the
ailerons are in the wind shadows of their blades upstream.
Influence of Movable Aileron on WT Startup
In the previous section, it was shown that the starting torque
was increased by the use of movable ailerons. In this section, we
investigate how movable ailerons affect the startup. Startup is
defined as the minimum wind speed at which a WT starts to turn
in a continual manner and was measured with the system shown in
Fig. 8. This measurement system consisted of a disk brake and an
encoder connected directly to the WT shaft. The encoder measured

Wind speed required to initiate rotation

the position angle and rotational speed of the WT. Time constraints
made it impossible to take measurements of the startup at all the
possible stopped position angles. Therefore, in Fig. 7, which shows
the starting torque characteristics at a wind speed of 12 m/s, the
position angles, which provided the maximal torques that were most
likely to start the WT, were designated as Tmax . Correspondingly,
in Fig. 7, the position angles, which provided the lowest torque
and were thus deemed least likely to start the WT, were designated
as Tmin . For the startup test, the WT was placed in the desired
position angle, fixed with the brake, and then exposed to air flow
in the wind tunnel. Once the air speed had stabilized, the brake
was released. The WT was judged to have started if it began and
continued to turn. These observations were continued up to the wind
speed of 20 m/s. If the WT did not begin turning at this speed, the
desired position angle was defined as having no startup wind speed.
Table 2 shows the results of the startup test. The startup speeds
of the WTs with the H-type or R-type blades were lower than
those of the WTs with no ailerons by 4 to 9 m/s. Significantly, the
startup speed of the WT with no ailerons was 11 m/s when the
WT was placed at the position angle with the maximum starting
torque, Tmax = 60 deg. In contrast, the startup speed of the WT
with ailerons was lower, 8 to 9 m/s, when the WT was placed at
the position angle with the lowest starting torque, Tmin = 40 deg.
In other words, the startup speed at Tmax , where one would expect
easy starting with high starting torque, was actually higher for
one WT than the startup speed of the other WTs at Tmin , where
one might expect more difficult starting with low starting torque.
The reason for this is as follows: When the WT with no ailerons
begins to rotate from the maximum starting torque, Tmax = 60 deg,
the generated torque actually drops with rotation. However, when
ailerons are incorporated, once the WT begins to rotate from the
minimum starting torque, Tmin = 40 deg, the generated torque
increases with rotation. This explanation is shown in Fig. 7.

LOAD CHARACTERISTICS UNDER MOVABLE
AILERONS
The previous section revealed that the startup speed of a WT is
lowered with the addition of movable ailerons to its blades. In
addition to starting, the load characteristics are another critical
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criterion for a WT. Therefore, the load characteristics of a straightbladed VAWT incorporating ailerons into its blades were measured
and are presented here. The system shown in Fig. 2 was used to
measure the load characteristics under a steady air speed in a wind
tunnel. The torques that were generated when the WT turned at
various speeds were measured with a torque sensor.
Influence of Movable Aileron on Load Characteristics
Figure 9 shows the load characteristics of a WT with no ailerons,
a WT with H-type blades, and a WT with R-type blades. Table 3
shows the aileron conditions at azimuths of 0 deg, 90 deg, 180 deg,
and 270 deg. The wind speed was 12 m/s. To minimize the risk of
damage under centrifugal forces, the maximum rotational speed of
the WTs was set to 400 min−1 for the WT with bare blades and the
WT with R-type blades and was set to 200 min−1 for the WT with
H-type blades. When the turbine was rotating, the aileron would be
retracted by the wind from the leading edge of the blade, but there
was the possibility that the aileron would not retract completely
at low rotational speed. Therefore, the aileron conditions for the
rotating turbine were observed with a stroboscope.
By comparing the results of the load characteristics for the WT
without ailerons, the WT with H-type ailerons, and the WT with
R-type ailerons shown in Fig. 9, we see that the torques generated
by the H-type blades and the R-type blades were higher than those
generated by the bare blades in the speed ranges below 25 min−1 and
100 min−1 , respectively. However, these configurations generated
less torque than the bare blades at higher rotational speeds.

The blades with ailerons generated higher torque in the azimuth
range of 150–270 deg, as noted in the previous section, while they
generated lower torque in the azimuth ranges of 270–360 deg and
0–30 deg and showed no particular difference from the bare blades
in the azimuth range of 30–150 deg. Therefore, if the ailerons
are left extended over a wide range of rotational speeds at the
azimuth of 180 deg, they will contribute to an increase in the WT
torque, but if they are retracted at azimuths of 0 deg, 90 deg, and
270 deg, that condition will ameliorate the reduction in the WT
torque. As shown in Table 3, if the ailerons are kept extended at
the azimuth of 180 deg at speeds below 50 min−1 for the H-type
blades and at speeds below 100 min−1 for the R-type blades, there
will be an additional increase in generated torque over the higher
torques in comparison to the WTs with bare blades shown in Fig. 9.
As shown in Table 3, the ailerons were set to always-retracted
positions at speeds over 75 min−1 for the H-type blades and at
speeds over 275 min−1 for the R-type blades. Both of these blades,
with retracted ailerons at all position angles, showed lower torques
than the bare blades in the high rotational speed region. This has
nothing to do with the curved camber line of the NACA 633 -018
airfoil with retracted ailerons; rather, this can be attributed to
turbulence on the front surface of the H-type and R-type blades
behind the fittings for controlling the angles of the ailerons.
Movable Aileron with Improved Load Characteristics
The load characteristics in Fig. 9 show that a high torque from the
H-type blades is generated over only a narrow range of rotational
speeds. Because of this, we focus here on R-type ailerons. The Rtype movable aileron shown in Fig. 6b incorporates a comb-shaped
aluminum bracket with fingers 3–5 mm wide as a fitting to position
the aileron at the desired angle. In this stage of the study, 0.8 mm
steel wires were employed as a fitting to position the aileron. This
configuration is called the AR-type and is shown in Fig. 10. Its
dimensions, chord location, and mounted angle at extension are
the same as those given above for the previous ailerons: height
a = 120 mm, width b = 40 mm, chord location k = 36 mm, and
mounted angle at extension  = 70 deg.

Fig. 9 Load torque for the four-blade turbine
(a) H-type

Table 3

(b) R-type

Aileron conditions for the four-blade turbine
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Fig. 10 AR-type movable aileron

Fig. 11 Load torque for the four-blade turbine

112

Study of Characteristics of Darrieus-type Straight-bladed Vertical Axis Wind Turbine by Use of Ailerons

(a) R-type

(b) AR-type

characteristics were measured, so the minimum startup was 7 to
9 m/s. Therefore, further study of ailerons and WT dimensions is
necessary to find lower startup wind speeds.
(3) Load characteristics are critical when this WT is used to
power an electric generator. It was shown that the generated torque
is reduced by the angle adjuster with the use of the H- and R-type
movable ailerons. Therefore, we have proposed a modified version
of the R-type aileron called the AR-type aileron. When the AR-type
movable ailerons are used, the drop in generated torque at high
rotational speed is lower than that for the R-type ailerons, while
the generated torque is about the same as that for the bare blades.
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Table 4

Aileron conditions for the four-blade turbine

Figure 11 shows the load characteristics of the bare blades,
R-type blades, and AR-type blades. Table 4 presents the extended–
retracted conditions of the ailerons. The wind speed was set at
12 m/s, and the maximum speed of the WT was 400 min−1 . The
aileron conditions were observed with a stroboscope.
By comparing the results of the load characteristics for the bare
blades, R-type blades, and AR-type blades shown in Fig. 11, we
find that the R-type blades and AR-type blades showed higher
torques when extending ailerons than when not extending them
at speeds below 100 min−1 and 150 min−1 , respectively. Table 4
indicates that at the azimuth of 180 deg, the ailerons should be
extended from the R-type blades and AR-type blades at speeds
below 100 min−1 and 200 min−1 , respectively; this explains the
results in Fig. 11. Furthermore, Fig. 11 indicates that at speeds
over 125 min−1 , the R-type blades generated less torque than the
bare blades, while at speeds over 150 min−1 , the AR-type blades
generated torque approximately equal to that of the bare blades.
This result indicates that when AR-type ailerons are retracted, the
airfoil takes a shape more closely resembling the curved camber
line of the NACA 633 -018 blade, which suppresses turbulence
downstream of the front edge of the blade.

CONCLUSIONS
It is proposed to use ailerons for the purpose of improving the
starting characteristics of a straight-bladed VAWT. Wind tunnel
tests provided the following results:
(1) To increase the starting torque of a WT, the aileron on a
blade should be extended while the blade is in the azimuth range
of 150–270 deg and should be retracted while the blade is in the
azimuth ranges of 270–360 deg and 0–30 deg. Two configurations
of movable ailerons were proposed: an H-type and an R-type.
(2) Blades with H-type and R-type movable ailerons were
constructed on four-bladed WTs, and the starting torque and startup
wind speed were measured. The R-type blades showed mean
increases in the starting torque of up to 3.6 times the value for the
bare blades (without ailerons), and the startup was reduced to a
maximum of 9 m/s. These results indicated that adding movable
ailerons to a straight-bladed VAWT is an effective way to improve
the starting characteristics. Nevertheless, in this study, the WT was
sized to avoid effects from the wind tunnel walls when the WT
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