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Abstract

A new mechanical and passive over-speed control system (OCS) for vertical axis wind turbine
(VAWT) has been proposed aiming at the safety improvement and the cost reduction. The OCS slants the
blades to make them work as an air brake by using the centrifugal force when the rotor rotational speed
increases. When the speed decreases, the system restores the blades to original state by the force of
springs. The OCS has a function to synchronize the movements of blades each other. The performance of
an aluminum circular-bladed butterfly wind turbine (ACBBWT), which is equipped with the OCS and
whose rotor diameter is 3.16m, is predicted by the blade element momentum (BEM) theory and is
compared with the experimental results under the condition of no load. The continuous twist action of the
blades was observed in the experiments. As the results, the over-speed control under the high wind speed
conditions was verified and the validity of theoretical prediction was shown.

F—— K BENEIE], EIREEH, 38 7 5 A i, SEELEEOE, = A MER
Key Words : Over-speed control, Synchronizing system, Butterfly wind turbine, Vertical axis wind turbine,
Cost reduction
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ABSTRACT

By using the same software, the Computational Fluid
Dynamics (CFD) and the Finite Element Analysis (FEA) of
structure have been done separately for an one-blade rotor
consisting of a triangular blade, which was one of the five
blades of a vertical axis butterfly wind turbine (D = 7 m)
equipped with a mechanical over-speed control system that
utilizes centrifugal force. The torque and power coefficients
of the one-blade rotor obtained by CFD were compared with
the analytical results based on the Blade Element
Momentum (BEM) theory and both results agreed
qualitatively. However, there was rather large quantitative
difference which might be attributed to coarse calculation
mesh. The FEA results showed that the generated stress did
not exceed the allowable stress’ less than the nominal
maximum rotational speed except of the blade-root part, the
computational model of which had different shape and
structure from the practical one.

1. INTRODUCTION

Vertical Axis Wind Turbine (VAWT) has a possibility to
reduce the cost of energy due to the simple rotor structure
which is realized from its non-directionality. However, to
promote the cost reduction of small VAWT, it is necessary to
introduce a mechanical over-speed control system (OCS)
like furling or governor [1], which has been utilized in
commercial Horizontal Axis Wind Turbine (HAWT). In the
first-stage study about the aluminium circular-blade butterfly
wind turbine (ACBBWT) [2] (3m dia.) that was equipped
with an OCS utilizing centrifugal force acting on the blades,
the availability of airbrake by inclining the blades has been
shown experimentally [3]. As the second-stage study, a
development project of the triangular-blade butterfly wind
turbine (TBBWT) shown in Fig. 1 as a practical small wind
turbine (7m dia.) is now in progress [4]. In addition to the
OCS, the TBBWT features cost-effective transportability by
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(a) Photograph of experimental rotor

¢7m

5.65m

. 3m

Rooftop

(b) Main sizes of TBBWT

Fig. 1  Triangular-Blade Butterfly Wind Turbine
(TBBWT)
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an elevator of blades and tripod legs in separated condition
to the highest floor in the case of rooftop installation. Also
countermeasure for rotor breakage using high-strength rope
inserted in the blades is another feature. The rated power of
the generator planned to be installed is 5 kW. However,
according to the prediction, the electric generation will be
kept in about 3.2 kW even under the condition of 12 m/s or
more by the operation of the OCS. As part of the project,
Fluid-Structure Interaction (FSI) analysis of a triangular
blade, which couples the Computational Fluid Dynamics
(CFD) with the structure analysis based on the Finite
Element Method (FEM), is in progress, in order to predict
the performance and safety of the TBBWT. As the
preliminary step, in this paper, CFD and FEA (Finite
Element Analysis) are separately carried out for an one-
blade rotor with a triangular blade to obtain the reference
data which can be compared with the future FSI results.
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2. NUMERICAL SIMULATION

2.1 Object of computation

As shown in Fig. 1 (a), the experimental wind turbine
rotor has 5 triangular blades. The rotor diameter is D =7 m
and the height is H = 2.7 m. The curvature radius of a curve
part of the blade is 0.6 m. Therefore, the upright-straight part
is 1.5 m length and the slant-straight part is 2.3 m length. In
the present numerical simulation, the object of computation
has been decided to an one-blade rotor with a triangular
blade in order to reduce the calculation cost. Regarding the
cross-section of the experimental blade, there is some
difference between the straight part and the curve part.
However, in this numerical simulation, the cross section of
the numerical blade model is assumed to be identical at any
part along the blade span. The assumed cross section of the
blade model has an airfoil profile of NACA 0018 and the
chord length of ¢ = 0.242 m, which are the same as the
straight part of the practical blade. In this study, the CFD
and FEA computations are separately performed, that is,
with no interaction condition. In the CFD, the inside of blade
is not the object of computation; therefore, the inside
structure of the blade is not considered. On the other hand,
in FEA, the outside of blade is not the object of
computation. The inside structure of the numerical blade
model is almost the same as the straight part of the practical
blade.

2.2 Conditions of CFD

As the solver for CFD, STAR-CCM+ ver. 11.02 was
used in this study. The CFD simulation was carried out
based on three dimensional RANS (Reynolds-averaged
Navier-Stokes) equation, in  which the unsteady
incompressible viscous flow was assumed. In this study, the
SST k- as the turbulence model was adopted and the
second order accuracy of time-marching was selected. The
whole computational domain is the inside of the circular
cylinder (static region 1), whose diameter is 48D and the
length is 64D, as shown in Fig. 3. The center of the one-
blade rotor is located at 24D from the inlet boundary. The
rotor model is enclosed by the rotational region of a circular
cylinder of 1.6D dia. x 1.2D height and the region is rotated
by sliding mesh method. To adjust the mesh size of the wake
of the rotor, the rotational region is enclosed by the static
region 2, whose height is about 1.5D and the length is 5D
(see Fig. 3). Also, the blade surface is enclosed by an elliptic
region (major axis: 1.5¢, minor axis: 1.0¢) to adjust the mesh
size.

Figure 4 shows the computational mesh on the
equatorial plane. Non-structural polyhedral mesh was
adopted for most of the computational region, except near
the blade surface, where structural prism layer mesh was
used. The number of prism layer is 15 (see Fig. 4(d)). The
minimum distance of the closest grid to the blade surface is
3.4 x 10° m (y* <0.3). The total number of computational
cells in the whole region is about 12 million. The wind speed
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at the inlet boundary is set at a constant value of V=8 m/s.
At the outlet boundary, a constant gauge pressure of P =0
Pa is assumed. Slip condition is given at the side boundary
of the static region 1. Computation was carried out at four
rotational speed conditions of 65, 85, 110, and 120 rpm,
which correspond to tip speed ratios of 3, 4, 5, and 5.5,
respectively. Each computation is performed until the rotor
reaches 6 revolutions, at which an averaged physical
property almost converges. The torque and power

(b)

(a) Static region1 (whole region)

(b) Static region 2 and rotational region

(d)

(c) Around blade (elliptic region)

(d) Near blade surface
Fig. 4 Mesh on the equatorial plane
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Mesh of blade for FEA

Fig. 5

coefficients are obtained by averaging the values during the
last revolution. The Reynolds number based on the rotor
diameter D and upstream uniform velocity V,, is Re = 3.7 x
10°. The Reynolds number based on the blade chord length
and average tip speed Rw is Re, = 6.5 % 10°.

2.3 Conditions of FEA

The computational model of the FEA is a hollow
triangular blade which consists of 2mm thickness and it has
3 webs perpendicular to the chord line (see Fig. 5). The
second moment of area of the blade cross section based on
the chord line is 2.6 * 10° mm®. The rotor hub and the
connection parts of the blade are not considered in this
study. The material of the blade is aluminium alloy of 6NO1-
TS5 (Young's modulus: E = 7.0x10* MPa) and the proof
stress is 205 MPa. In this study, the allowable stress is
assumed to be g, = 136 MPa (205/1.5). The linear density of
the computational blade model is about 3.0 kg/m. The
practical blade is installed into a blade axis by bent fixtures.
Each root portion (120 mm from the end surface) of the
blade is sandwiched by two adaptors and is connected to a
bent fixture. However, to make the present simulation model
simple, the blade end surfaces are fully fixed. That is, each
three component of both position and angle of each end
surface is fixed. The solver (STAR-CCM-+ ver. 11.02) for the
FEA is the same as that used in CFD. The rotational speed
condition for FEA is the same as that (65, 85, 110, and 120
rpm) of CFD. The computational grid is tetra mesh and the
base size is 2mm. The total cell number is 9.2 million and
the node number is 3 million. In this FEA, the centrifugal
force and gravity acting on the blade are considered, but the
aerodynamic force is not considered.

3. RESULTS AND DISCUSSION
3.1 Results of CFD
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Examples of the isosurface of O-criterion value (5 s7) are
shown for three different conditions in Fig. 6. The main
stream flows toward right side in each figure of Fig. 6. The
one-blade rotor rotates counter-clockwise when it is seen
from above. The triangular blade is located at azimuth of
150 degrees in the sixth rotation in each figure of Fig. 6. The
vortex which corresponds to tip-vortex is generated from
each curve part of the blade regardless of rotational speed.
In the case of small tip speed ratio (1 = 3), many discrete
vortices are generated from the trailing edge of upright
straight blade part. The blade is under the condition of stall
at 1 = 3. Although being not shown in Fig. 6, the blade, at
downwind region, interacts with the tip-vortices shed at
upwind region. However, note that in the practical rotor with

(a) N=65rpm (1=3)

(b) N=85rpm (1=4)

(c) N=110rpm (41=15)

Fig. 6 Q-criterion isosurface ( Q=557 w=150°)
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5 blades, a blade should interact with a lot of vortices that
other blades generate.

Torque coefficient C, simulated by CFD is plotted against
the tip speed ratio of horizontal axis in Fig. 7. The curves in
Fig. 7 are the torque characteristics of each rotor which has
1,2, 3,4, and 5 blades, respectively. The torque curves were
calculated by an in-house code based on the BEM theory
[5]-[6], in which the quadruple-multiple streamtube (QMS)
[7] model was used as the flow field model. The
aerodynamic data of the blade section (NACA 0018)
presented by Sheldahl and Klimas [8], a portion of which
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were replaced with the data presented by Kumar et al. [9] for
low Reynolds numbers and small angle of attack, were used
as the input data into the BEM code. The BEM code was
tuned previously by fitting the prediction output to the
experimental results of ACBBWT [3] (3m diameter). In Fig.
7, comparison of the CFD torque results and the BEM
torque curve of one-blade rotor teaches us that both agree
with each other qualitatively because they take the maximum
of torque coefficient at . = 4. However, regarding the
concrete torque coefficient, there is rather difference
between them. The maximum of the CFD result (0.045) is
35% smaller than that of the BEM result (0.069).

Similarly, comparison of CFD. and BEM results regarding
the power coefficient C, is shown in Fig. 8. Regarding the
one-blade rotor under the condition of 2 = 5, the power
coefficient obtained by BEM is 0.32 and, on the other hand,
C, predicted by CFD is 0.18. CFD result is 44% smaller than
the BEM result.

125,
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Fig. 9 Blade deformation and von Mises stress
distribution
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at each portion (A, B, C and D) designated in Fig. 9(b)

One of the possible reasons why the CFD results become
much smaller than the BEM results may be the use of coarse
calculation mesh in spite of high Reynolds number
condition. When considering the performance of the
personal computer that we have now and the cost of
computing, it is not realistic to increase the density of
computational mesh at wider region. However, it is
necessary to investigate the relation between the density of
mesh and the CFD results henceforth.

3.2 Results of FEA

The stress distribution and deformation of the blade are
shown in Fig. 9 in the cases of rotational speed of 65 and
120 rpm. The semitransparent blade in grey is the original
shape before deformation. The blade depicted by color
gradation shows the deformed shape. But note that the
deformation represents the enlargement result (x10). The
color shows the von Mises stress. The blade is deformed by
being pulled outward in the radial direction by the
centrifugal force.

As shown in Fig. 9 (b) in the case of 120 rpm, large
stress is generated at the blade root (A), near the connection
portions between the slant-straight and curve parts (upper
part: B and lower part: C), and at the equatorial portion (D)
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of upright-straight blade part. The maximum displacement
occurred at the portion D and the value of displacement
becomes 79.5 mm in the case of 120 rpm. The maximum
displacement of blade at each rotational speed is shown in
Fig. 10. The rotation-speed dependence of von Mises stress
at each portion (A, B, C, and D) is plotted in Fig. 11. The
estimated von Mises stress at each portion of B, C, and D
doesn’t exceed the allowable value of 136 MPa when the
rotational speed is 120 rpm or less. However, the FEA
results show that the stress at the blade root (A) becomes
larger than the allowable stress in the case of 120 rpm. As
mentioned above, the computational model near the blade
root is different from the practical structure and fixing way.
Actually, the practical blade root portion was reinforced. So,
it is expected that the stress of the blade root portion would
not exceed the allowable value if the more detailed model
could be used. The analysis using the detailed blade model is
one of the future works.

In addition, our future works include analysis by FSI,
analysis of inclined triangular blade, and analysis in the case
of extreme wind speed (V.so). Although there is the problem
of computational cost, three dimensional-numerical analysis,
which can teach us the detailed data that experiments cannot
give, has a major role to play in development of small wind
turbine.

4. CONCLUSIONS

Numerical simulations by CFD and FEA regarding an
one-blade rotor consisting of a triangular blade, which was
one of the five blades of the vertical axis butterfly wind
turbine of diameter of 7 m, were carried out separately by

using the same software. The torque and power coefficients .

of the one-blade rotor obtained by the CFD agreed
qualitatively with the analytical results based on the BEM
theory: However, the results of CFD were much smaller than
the BEM predictions. Since the Reynolds number was large
(3.7x10%, the difference might be attributed to coarse
calculation mesh. The FEA results showed that the stress
near the blade root portion may exceed the allowable value
at the rated rotational speed of 120 rpm. Since the
computational model near the blade root is different from the
reinforced practical structure and fixing way, it is necessary
to perform analysis with a detailed model close to the
practical blade in future. According to the present FEA, the
stress at other portions did not exceed the allowable stress at
120 rpm or less.
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Butterfly Wind Turbines with Mechanical Over-Speed Control System
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ABSTRACT

Vertical axis butterfly wind turbine with a mechanical over-speed control system had been developed to reduce energy cost. The experimental
turbine (7m dia.) has five triangular blades that were designed to be inclined when it rotates fast. Forcible rotation-experiments showed good
reproducibility of the movement of blade axis and necessity of the design change of a key part of the over-speed control system. In free
rotation-experiments without load, greater-than-predictions inclination of the blades stopped the rotor. However, the blades had no damage in spite of
the abrupt braking. Therefore, it became a demonstration of validity of the aerodynamic brake.

Keywords: butterfly wind turbine; vertical axis; over-speed control; cost reduction; aluminum blade;
triangular blade; guide groove; blade element momentum theory; forcible rotation; free rotation without load

INTRODUCTION

The main stream of wind power generation is three-bladed
horizontal axis wind turbine (HAWT) and the direction of the
development is in the increase of rotor size in order to reduce the cost
of energy (Manwell, McGowan & Rogers, 2002, p. 18). However, the
conditions at the location to build large-size wind turbines are often
limited by the problems such as landscape or environmental
preservation. On the other hand, small-size wind turbines can be
introduced at a variety of places due to a lower impact on the
environment. In addition, there are various shapes of small-size wind
turbine; not only horizontal axis wind turbines but also a lot of vertical
axis wind turbines (VAWTs) have been also developed (van Bussel &
Mertens, 2005, pp.1-8). However, small wind power is in the inverse
direction against the direction for cost reduction by the enlargement of
turbine rotor. Therefore the high cost of energy is a great problem in
small-size wind turbines. In the case of turbine size less than 10kW, the
levelized cost of energy (LCOE) in 2015 is about 30-40 cents’kWh
(Orrell & Foster, 2016, p.31).

As the measures for cost reduction of small-size wind turbine, a lot
of straight-blade VAWTs, which are often called straight-Darrieus rotor
or H-rotor, have been studied and developed (Mertens, van Kuik & van
Bussel, 2003, p.438) due to the non-directionality and the simplicity of
blade shape. However, straight blades generally need arms, or struts, to
support the blades, and the aerodynamic resistance, or drag, induced by
the arms becomes problems as well as the structural strength of the
connection part between a blade and an arm. And the suppression of tip
loss should be considered in order to increase the output (Li & Calisal,
2010, pp.2332-2333). Moreover, in the case of small solidity, the
self-starting performance of the straight-bladed VAWT may be poor
(Eriksson, Bemhoff & Leijon, 2008, p. 1423), and some way to
improve the self-starting nature is often necessary.

The first author of this paper started the research on the reduction of
the cost of energy in small-size wind turbines in 2009 and devised an
armless vertical axis wind turbine that consisted of looped blades. The
wind turbine was named “butterfly wind turbine (BWT)” from the
blade shape like a butterfly (Hara, et al., 2015, p.2). The original
conceptual drawing is shown in Fig. 1 (a). Figure 1 (b) shows the
photograph of an experimental model of BWT (rotor diameter: 0.4m),
which has three cambered blades made of fiber-reinforced plastic
(FRP). The BWT has the possibility of small aerodynamic resistance
and small blade tip loss due to armless rotor structure and features the
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short length rotational axis with a generator installed near the center of
the turbine rotor. The blades of BWT were initially made of plastics by
the rapid prototyping or the FRP molding method. To reduce the
number of constitution parts and to solve the problems caused by the
connection parts between a blade and an arm, the arms, which were
necessary lo straight-bladed VAWT, were eliminated from the BWT.
However, since the blade shape became complicated, the cost reduction
of manufacture of blades remained as a problem of the BWT. In order
to solve that problem, with cooperation from two corporations, the
circular blades made of aluminum extruded and bent to shape were
adopted for the BWT rotor of 2m diameters (Hara, 2016, pp.2-3).

(a) Concept of BWT (b) Experimental rotor of BWT (0.4m dia.)

Fig. 1  Original Butterfly Wind Turbine (BWT)

Fig.2 ACBBWT (3m dia.) with OCS



Over-speed control system (OCS) is very important for wind
turbines to increase the safety and to reduce the cost of energy by
increasing the electric generation at wide range of wind speed. There
are a lot of OCSs for HAWT and some of them, including pitch-control
of blades, are used for the commercial wind turbines (Gipe, 1993,
pp.139-143). On the other hand, although several ways to prevent the
over-speed have been also proposed for VAWT (Gipe, pp.138-139;
Yamada, et al., 2012, p.41), almost none of them have been successful
for commercial machines. Most of the methods proposed for the OCS
of VAWT are complicated mechanism and are not convenient for
maintenance because movable parts like spring and hinge are often
placed far away from the rotational axis.

A looped blade that configures a BWT rotor is connected to the hub
or generator at one portion near the center of the turbine rotor.
Therefore, when the blade is held by one axis (hereafter called a blade
axis), it is possible to rotate (or to twist) the blade axis in order to
operate the blade as an aerodynamic brake like the pitch control of
HAWT. As a means for further reduction of the energy cost of the
aforementioned aluminum circular-blade butterfly wind turbine
(ACBBWT), a mechanical OCS was developed and it was installed to
ACBBWT of 3m rotor diameter. The continuous movement of twist
(inclination) of circular blades and the suppression of high rotational
speed were confirmed by experiments, as shown in Fig. 2 (Hara, et al,,
2015, p.343), ljsing an outdoor blower under the condition of almost no
load of generator. However, in those experiments, imbalance between
movements of the blades was observed because of the large backlash of
OCS that utilized L-type universal joints.

At present, 7m-diameter BWT with the OCS, which utilizes I-type
universal joints to decrease the backlash, is under development. The
new OCS and the turbine rotor with triangular blades have already been
completed, although the generator and the controller are not installed to
the rotor yet since they are under development now. Both forcible
rotation-experiments by wusing an induction motor
rotation-experiments without load was carried out to confirm the
behavior of OCS and the twist of blades. This study elucidates the
problems and the improvements resulting from those two experiments
and predicts the expected performance of the practical-size BWT with
the new OCS.

and free

TRIANGULAR-BLADE BUTTERFLY WIND TURBINE
Concept and Features
A photograph of the triangular-blade butterfly wind turbine

(TBBWT) equipped with the OCS, under development, is shown in Fig.

3 and the specification is in Table 1. The diameter of the rotor (D = 2R)
is 7.0 m and it has five triangular blades whose height is H = 2.7 m.
The OCS is installed into the central hub of the rotor at the location of
4.3 m from the ground surface. As mentioned after, the TBBWT is
planned to be installed on the top of a high-rise building to obtain large
wind energy. However, it is now placed at a photovoltaic power plant
run by one of the cooperation members of our project (consignment
project from Tottori prefecture), mainly for convenience, with an aim of
confirming the basic behavior and safety of the prototype. Therefore,
note that the site is not appropriate for wind power generation since the
circumference is complicated landform.

The concept of the development of TBBWT is “cost reduction by
large rotor and small generator”, which has three key points. The first
one is that construction of a larger rotor with the extruded aluminum
blades that can be built affordably and utilization of smaller capacity in
the electric devices, such as generator and power conditioner which are
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Fig. 3 TBBWT (7m dia.)

Table 1 Specifications of TBBWT.
Rotor radius, R 3.5m
Rotor height, H 2.7m
Chord length, ¢ 0.242 m
Number of blade, B 5
Blade section NACA 0018
Swept area, 4 18.6 m
Solidity, 6 (=Bc/2nR) 0.055
Material Aluminum
Weight of a blade 36.3 kg

often expensive, will lead to the reduction of total cost of wind power
system. The second one is the mechanical OCS, which increases the
capacity factor of wind power system by keeping the electric
generation even when very strong wind blows. The last point means
that the TBBWTs are planned to be installed at the rooftops of high-rise
buildings in order to utilize the high wind speed, and all the parts of
wind turbine, including the blades in knocked-down state, can be
carried to the highest floor by the elevators in the buildings. It is one of
the features of the TBBWT that a rope made of high tenacity
polyarylate fiber (@10mm, breaking load: 53.9kN) inserted into the
blades prevents the scattering of fragments of the broken blades in case
of damage of the turbine rotor.

Over-speed Control System

Figure 4 is a photograph of the new OCS developed for the 5-bladed
TBBWT. The diameter of the base is 0.89m. The movements of 5
blades are synchronized by connecting the coupling rods of 5 units of
the OCS to the central disk.

The schematic diagram of an OCS unit is illustrated in Fig. 5. The
centrifugal force F, acting on a blade moves the blade axis inside the
OCS unit into the radial direction (x direction). By this movement, a
pin jutting out from the blade axis moves along a pair of guide grooves,
each of which consists of straight part and helical part.



Fig. 4 OCS for TBBWT with 5 blades
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Fig.5 Schematic diagram of OCS unit for TBBWT
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Fig. 6 Schematic diagram illustrating relation between the
displacement Ax and the rotational angle A¢ of synchronizing disk.

The schematic diagram shown in Fig. 6 illustrates the relation
between the displacement Ax of blade axis (same as the shrinkage of
spring) and the rotational angle A of the synchronizing disk. The
spring of each OCS unit is under the condition of natural length (115
mm) when the turbine rotor is stationary (then F. = 0 N). Under this
initial condition, the distance between the pivot of an universal joint
and the center C of the synchronizing disk is x,=184.5mm; the angle
between the line segment (» = 40 mm), which connects the center C of
the synchronizing disk and one end of the horizontal link (length: / =
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175 mm), and the direction of the blade axis (x direction) is ;= 70.14°.
The rotation angle A¢ of synchronizing disk and the displacement
Ax of blade axis are given by the following Eqs. 1 to 3:

§=§0_A§ 6]
x=rcosé +ricost £+ 12— )
Ax=x-x 3)

The measurement data for five springs used in the OCS about each
relation between the restoring force F, and the displacement
(shrinkage) Ax are displayed in Fig. 7. The broken line in Fig. 7 shows
the result of linear approximation of the average of 5 measurement data.
The approximated equation is given by Eq. 4.
F, =kAx+ Fy =55831Ax —1607 (4)
From the gradient of the approximation line, the spring constant & is
determined to be 558 N/mm.

Considering the displacement Ax, the centrifugal force F, acting on
a blade when the turbine rotor revolves at angular velocity @ is given
by the following Eq. 5:
F, =my (x, + Ax)o? ()
where my, is the total mass of a triangular blade including the blade axis,
connection parts, bolts, nuts, and so forth. x, is the x-coordinate of the
center of mass of the triangular blade under stationary condition based
on the rotational center C.

The restoring force and the centrifugal force are equivalent (F, =
F.) under the condition of constant rotor rotation if the aerodynamic
forces are ignored (actually they are predicted as less than 4% of the
centrifugal force even at the rated rotational speed of 120 rpm in wind
speed of 18m/s). For simplicity, if the force constant F; in Eq. 4 is
ignored (i.e., Fy = 0 N), the displacement Ax is calculated by the
following Eq. 6:

my, & x,

Ax= (6)

k—m,
Therefore, when the shape of the guide groove is given, the
displacement Ax and also the twist angle # (inclination of a blade) are
decided against the rotor rotational speed N = 30 w/m rpm. The
rotational speed dependence of the displacement and the twist angle is
shown in Fig. 8 using the relation of Eq. 6. When the rotational speed
of wind turbine increases to about 90 rpm or more, the pin proceeds
into the connection portion (curve section) between the straight part
and helical part of a guide groove; simultaneously, the triangular blade
starts to incline gradually. The design maximum rotational speed of the
TBBWT is 120 rpm.

Prediction of Performance of TBBWT

In the present study, the performance of the TBBWT was predicted
based on the Blade Element Momentum theory or BEM (Hansen, 2000,
chap. 8). The TBBWT has a double-blade structure, which means that
fluid entering into the swept area of turbine rotor has possibility to
intersect the blades four times. Therefore, in the BEM-based
calculation, the Quadruple-Multiple Streamtube (QMS) model (Hara, et
al., 2014, pp. 17-19), which nested the Double-Multiple Streamtube
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(DMS) model (Paraschivoiu, 2002, chap. 6), was used as the flow field
model. Decrease in output power caused by the twist of blade is
simulated by considering the effective pitch angle (Hara, Saito, Shioya,
Shiozaki & Nishiono, 2014, p. 391). The in-house software used in this
study for performance prediction was tuned to the experimental results
of electric output power of the previous 3m-diameter ACBBWT (see
Fig. 2) equipped with the generator of 1.32 kW (Hara, et al., 2015,
p.344). Note that the prediction obtained as the electric power of
TBBWT is considered including the generator loss of 20 %.

Figure 9 shows the prediction of the power property of TBBWT of
7m diameter. The dotted lines are the turbine output in the case without
the OCS. On the other hand, the solid lines are the turbine output
property predicted in the case equipped with the OCS. Although the
experimental rotor of the TBBWT has not been equipped with a
generator yel, a multipolar core-less permanent-magnet generator
(5kW) is planned to be installed together with a speed-increasing gear

Rotational speed : N (rpm)

Fig. 9 Prediction of the power property of TBBWT with OCS and
without OCS. The loss (20%) of generator is included.

O 5 10 n 15 mon II o -- L) 30
Wind speed : ¥ (m/s)

Fig. 10 Comparison between power curves of TBBWT with OCS and
without OCS. The loss (10%) of speed-increasing gear is included in
addition to the loss of generator.
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Fig. 11 Prediction of Annual Energy Production (AEP) of TBBWT

with OCS and without OCS.

(3:1) in near future. The monotonic increasing curve depicted in Fig. 9
is the output power of the generator including the loss of 20% and the
rotational speed is converted into the input-side rotation of the gear



(same as the wind turbine speed). The symbols of circle (o) on the
generator property are the operating points in the case equipped with
ocCs.

The turbine output curve that intersects the generator output curve
at a specific operating point is found out with the BEM-based
simulation by changing wind speed gradually under the condition of
specific constant rotational speed N and specific twist angle # given by
the concerned operating point. As shown in Fig. 9, the twist angle of
the blades becomes 14.3° when wind speed ¥ is 15.7 m/s; in this case,
the electric output power is 3768W. At any wind speed of about 16 m/s
or higher, the output power is expected to become constant, since the
turbine output curve does not intersect the generator output curve at the
specific operating point designated by Fig. 8.

Comparison between the power curves of TBBWT with OCS and
without OCS is shown in Fig. 10. The power curves are based on Fig. 9,
but the loss (10%) of speed-increasing gear is considered in addition to
the loss of generator by multiplying the values of operating points in
Fig. 9 by a factor of 0.1. The maximum wind speed of power
generation is assumed to be 12 mys in the case without OCS, in which
case the turbine is stopped by some measure at 13 m/s or higher.

The annual energy production (AEP) can be calculated based on the
power curves. The predictions shown in Fig: 11 assume the Rayleigh
distribution (Burton, Sharpe, Jenkins & Bossanyi, 2001, p. 14) as the
wind speed probability density. It turns out from Fig. 11 that there is no
difference of the AEP between the turbine without OCS and the turbine
with OCS when the annual average wind speed is 6 m/s or lower. From
Fig. 10, the case without OCS needs a generator of 7.4 kW or larger in
the rated power considering the energy loss (0.8x0.9 = 0.72). On the
other hand, the case with OCS, in which a generator of 5§ kW or smaller
is emough, can expect the same AEP as the case without OCS.
Therefore, the TBBWT equipped with OCS can expect cost reduction.
The prediction of AEP in the case of annual average wind speed of 5
nvs is 5180 kWh from Fig. 11.

EXPERIMENTS
Forcible Rotation

In order to confirm the movements of the OCS developed in the
present study, field experiments, in which the turbine rotor of TBBWT
was rotated forcibly by a geared motor controlled by an inverter, were
conducted under conditions of moderate wind speed on December of
2016. The rotational speed of the rotor was directly measured by an

- optical rotation sensor (detector: LG-930, digital tachometer: TM-2130),

which was installed under the hub. The twist angle # of a blade and the
rotation angle A¢ of synchronizing disk were monitored by two wireless
video cameras installed on the hub. The video cameras were supplied
electricity by a storage battery connected to five small solar cell panels
on the hub.

.An example of the experimental data, which is the time-series data

of rotor rotational speed N and displacement Ax obtained by the first try .

of several forcible rotation experiments of TBBWT by using an
induction motor, is shown in Fig. 12. The displacement Ax was
calculated with Egs. 1 to 3 from the value of A{ observed by a video
camera. As shown in Fig. 12, the rotational speed was not able to be
increased over 90rpm due to lack of motor power (1.5kW). Therefore,
the inclination of the blades was not observed.

The relations between the displacement of a blade axis and the rotor
rotational speed are shown in Fig. 13. The data obtained from three
forcible rotation experiments in Fig. 13 are showing almost the same
behavior. This demonstrates that, in the new OCS, the reproducibility

253

~~

E 1 00 T T T T 25 ~~
é‘ 80 20 E
5
§ 60} 15 .
o g
= 4o {10 g
g 8
= 20f 5 =
g &
(-4 (a)

200 300
‘Time (s)

Fig. 12 An example of the experimental data (Exp.1) in forcible
rotation of TBBWT by using an induction motor.

,E\ 30 L) L] L L L)

g ¢ Exp.1-up Prediction

;’ ¢ Exp.1-down

<1 20 © Exp2-uwp .

Displacement

100
Rotational speed : N (rpm)

120 -

Fig. 13 Relations between the displacement of a blade axis and the
rotor rotational speed in the experiments using an inrduction motor. The
solid curve in black is the prediction based on the spring constant and
the shape of guide-groove.

of movement of the blade axes is very good. The data of Fig. 13 also
prove that there is hysteresis in the movement of a blade axis and a
blade axis does not move until the rotor speed exceeds 40 rpm when the
rotor starts the rotation from the stationary condition.

As a matter of fact, the shape of guide grooves of the OCS used in
the present experiments was designed based on the measurement results
of spring characteristics shown in Fig. 7, or Eq. 4, in which the force
constant F, was -1607 N. Therefore, the prediction of relation between
displacement Ax and rotational speed N corresponds to the solid curve

. in Fig. 13, which exists 3mm above the experimental data. The quantity

of 3mm coincides with the coordinate value of intersection point of the
approximation line on the horizontal axis in Fig. 7. That is to say, the
force constant F, should have been 0 N, not -1607 N. If the shape of
guide grooves had been designed assuming Fy = 0 N, the prediction of
relation between the displacement and the rotational speed would have
been the dotted-line curve in Fig. 8 leading to the better coincidence
between the prediction and the experiments. To put it concretely, the
length of straight parts of the grooves used in the experiments was too
long by 3mm.
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Fig. 14 Prediction of operating points when the TBBWT with no load
rotates in natural wind.

Free Rotation without load

The TBBWT is supposed not to become an over-speed state by the
OCS even in case it loses the electrical control by any cause. Figure
14shows the prediction of the operating points obtained by the
BEM-based calculations like Fig. 9 when the TBBWT without load

rotates in natural wind. The symbols of circle (o) on the horizontal line -

showing the loadless condition (torque: Q = 0, or power: P = 0) in Fig.
14 are the operating points. The torque characteristic curve passing
through an operating point is obtained by finding out the wind speed
which gives zero torque condition at a specific pair of twist angle n and
rotational speed N providing the operating point. When the rotational
speed is larger than 120 rpm, no operating point giving the wind speed
satisfying any specific pair of # and N determined by the OCS is found
out. Therefore, it is predicted from Fig. 14 that the TBBWT rotor holds
the condition of N = 120 rpm and » = 16.8° even when wind speed
becomes larger than 16,9 m/s.

To investigate the behavior of the experimental rotor without load
and to observe the inclination state of triangular blades, the motor used
in the forcible rotation experiments was removed from the TBBWT and
the wind turbine rotor in almost non-load condition was left in natural
wind as it is. Wind speed and direction were measured by a 2-axis
ultrasonic anemometer (CYG-85000), which was placed at the location
of 20.3m in the direction of west (0 = 276°) from the center of the
TBBWT at the height of 4.5 m from the ground surface. The sampling
time interval was set at one second. The rotational speed of the rotor
was measured by the same sensor system as the forcible rotation
experiments.

The measurement results in a continuous 14-hour period
(0:00-14:00 on Jan. 14, 2017) are shown in Fig. 15. In that period, wind
speed was rather large and wind direction was relatively stable (average
wind direction: 8 = 246°). Each data (rotational speed, wind speed, and
wind direction) shown in Fig. 15 is five-minute average. The symbols
of circle (o) in Fig. 15 are the predictions of the operating points of
loadless condition in Fig. 14. The measurements and the predictions
about the average wind speed dependence of the average rotational
speed agree well at wind speed of around 3m/s. However, the
difference between them tends to increase gradually with the increasing
wind speed. The cause is thought to be attributed to the complicated
landform around the turbine rotor as mentioned above.
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Fig. 15 An example of the experimental data of free rotation (no load)
in natural wind. Each data is averaged in every 5 minutes and the data
period is a continuous 14 hours, Prediction of operating points is the
same as ones shown in Fig. 14.
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Fig. 16 Data showing the abrupt braking by twist of the blades of
TBBWT. The time point A in (a) shows the maximum wind speed of
13.32m/s at 191s; the time point B in (b) shows the maximum
rotational speed of 108.1rpm at 199s.



Fig. 17 TBBWT inclined the blades and stopped because the straight
part of the guide groove was too long (3mm) and the helical part had
too steep gradient. However there was no damage to the blades even

after the abrupt aerodynamic braking.

Figure 16 shows the time series data obtained by the sampling time
of one second of wind speed, wind direction, and rotational speed,
which were measured during 300 seconds from 14:00:00 to 14:05:00
on Jan. 14, 2017. The maximum wind speed in Fig. 16 (a) of 13.32 m/s
is recorded at 191 s (time point A). In eight seconds after the time point
A, at 199 s (time point B) in Fig. 16 (b), the maximum rotational speed
of 108.1 rpm is recorded. After the time point B, the rotational speed
abruptly decreased, and the wind turbine stopped.

As shown in Fig. 17, which is a photograph of the TBBWT two
days after the incident, probably the five triangular blades inclined
drastically about 45 degrees after the time point B in Fig. 16 (b); and
they were not restored to the former conditions and held the slant state.
This incident was caused by the facts that the length of straight parts of
the guide grooves was too long by 3mm as mentioned in the previous
section and that the gradient of helical parts of the guide grooves was
too large. However, in spite of the abrupt movements by the
aerodynamic braking, there was no damage to the triangular blades.
This unexpected incident proved that the TBBWT can be safely
stopped by the inclination of the blades.

FUTURE WORK

The shape of the guide groove used in the present experiments is
depicted in Fig. 18 (a). To solve the problems of the shape of the guide
grooves elucidated in this study, now the design of groove will be
improved as shown in Fig. 18 (b). That is, the length of straight part
will be reduced to 11 mm from 14 mm; the angle between the center
line of helical part and the horizontal line will be reduced to 72.52
degrees from 79.78 degrees.

One of the objectives of this project is to measure and obtain the
performance of the TBBWT with OCS by field experiments. The
experiments at the present site aim at confirmation of the basic
operation of the OCS. Afier confirming the continuous blade-twist
movements and the suppression of over-speed states, the measurements
of power generation by the TBBWT will be conducted at a flat and
opened place. By considering countermeasures comprehensively to
reduce the cost of energy of the TBBWT, we aim at the energy cost of
25 JPY/kWh (20 cents’kWh) or less as the final goal in this project.
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(b) Improved design after experiments

Fig. 18 Improvement of the shape of guide grooves built in a

cylindrical frame.

In the present project, the wind turbine system is designed for grid
connection and the turbine rotor is planned to be placed on the roof top
of high-rise building as mentioned in the previous chapter. As the next
stage, the authors are considering to apply the TBBWT to the
agriculture sector and the drylands of the world. Therefore, to develop
the affordable TBBWT equipped with OCS that operates as
independent power source on the ground will be one of our future
works.

CONCLUSIONS

A ftriangular-blade butterfly wind turbine (TBBWT) of 7m
rotor-diameter equipped with the over-speed control system (OCS) was
developed and the forcible rotation-experiments by using an induction
motor and the free rotation-experiments under the condition of no load
were carried out. The forcible rotation-experiments proved that the
blade axis was able to move with high reproducibility along with the
increase and decrease of the rotor rotational speed and that the
movement of the blade axis had a hysteresis property. On the other
hand, the experiments also proved that the prediction of the movement
of blade axes did not agree with the measurement data due to the offset
of the force constant Fy, which could be obtained in the measurements
of spring constant. However, by assuming the value of Fj to be zero,
the cut-back of guide-groove straight part probably leads to successful
improvements. In the free rotation-experiments without load, the
TBBWT rotor stopped unexpectedly by occurrence of the large twist
angle of the triangular blades. In spite of the abrupt braking of the
rotation of the rotor, there were no damages to the triangular blades
made of aluminum. This incident showed the validity of the
aerodynamic braking by the OCS of the present TBBWT. To implement



the continuous blade-twist movements and the normal suppression of
over-speed states, the improvements of guide grooves by reducing the
gradient of the helical part in addition to the above-mentioned cut-back
of the straight part are now carried out. The prediction of the power
generation by the present TBBWT with OCS was conducted on the
basis of the blade element momentum method and it showed the
possibility of the annual energy production of 5180kWh in the case of
annual average wind speed of 5m/s.
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v IIMREL 2D &, BABBIIZE VBRI NED Hivic & LT\, Jimbo &0
BT VTITHEMO EEEGEZEE L TR0, EEOBKTIZ 200um O X v v FIE X
SWEEDLNDN, 3 ARKZEAET 2RI TIL, FIR /R O 68 OB IRINAE 2 &

DB L0 OPERNTIE 100 p mAEEDORAEITH X 5 5, Ormianer 5% 50MPa 2B WLIIZ
DRMBHBETHDHELTEY, REEEZ A ENIC/R T2 LT, RO 7T NEH
DBEWIE WS TZHEZBO LD 2000 LIV,

fiam : 3ARDA T b B CEES L2 el AN TORIE, ko
AT T MIHEN ) A7 3B 6Nl FROA T T MIREGBFET
HL, Yy 7RIS CTHEMBNOISHPERT D Z &6, BRINAELD Z L AVRE
S,
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CVD FANVEVRE LUV TZILI7REIEAH) Y LFEEDOERRMEDERBIED
RAENT—FRFREEOREICET MR
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EBEXRZREFRIFHEN BEX

1. 5

Ga031%, N FF¥ v v 7'M 48eV T, NU—HERLE L THFRFF SN TWD. 04, Halide Vapor
Phase Epitaxy (HVPE) iERHERL, @BERTERENEERRETE DL )27, FxlL,
Edge-defined film-fed growth (EFG) mEMiMmIC/ER L7z a v =Y T X 14— F(SBD)DE
SR & BEAT & ORI A B 5 2Mc L= A[1], 4R, HVPE iR ™ BRI/ L7z SBD 0 ) — 2
E L RS R D BMRIZ W TEIE L

2. FBR

FEERTIE, EFG iR Ga0s Hift i (001) Fabik £, HVPE 5T 6~11 um JED R E T B X %2 ¥ /LfK
ZRRE LTS E AW, JEIZ TiIAU A — v 7 EBETEA L, FKHEIZ 400 pm ££D PUTi/Au &
2 SRR TERR L7-fE5Lo> SBD #/ERL L, 4 SBD OFpEZHIE L7z, MIER, Y VEIZ k-
Ty Fr 7L, HBILIeT vy FE Y b &M THBMEES J OB BB (AFM)IC & 0 Bl
L.

3. MR

Fig. 1(a), (b)I2& %, WM, NEHMERFEL/RT. SBD-AZHX, SBD-BIiihm Y —7 &
TR E G METF DA AP ENZ ENbD. =y F vy N E2BE LR, EFG 5 An(001)
1 & [FARICHALIR E Y RSl OEMALE CR O, & Y — 7 &t SBD-B TlX Fig. 2 TR
£ 97, 500 nm 1F TR E JF NSOV & Sesif ISR O BALIR By MR DT,

4. FEEE
HVPE = 5% U 7= SBD IZBWTC, SHVHILRY vy R R o7, ZiUISBD O Y — 78
e DEENRSH D bbb,

e
ABFIEIE, SUNRZEISH )R EET O L RIFI AT FE DB &2 52 1 TIThiu E Lic. AL Tk
WIZTEWTZ IR ZZIS - 2R 5EmT . AT —Jek, B oA IV LR

23 3R
[1] M. Kasu, K. Hanada, T. Moribayashi, et al , Jpn. J. Appl. Phys. 55, 1202BB (2016).
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Fig. 1. (a) Reverse and (b) forward /-V characteristics of Gaz03 for
low-leakage-current SBD-A and high-leakage-current SBD-B.
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Fig. 2. AFM image and depth profile of an etch pit on Ga>O3 (001) surface observed in
high-leakage-current SBD-B.
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29ME-12 HE L > XBRHEADRFRHMHES{LEESH (CFRP) OEEEMREIFHE
ICREZTEFAAREEEDEE

RIILEERER T P BA

1. #
JRF IR EI OFELARE, ENIMIB W THARRRFT =X e L TRNDBEENER SN TND,
JUNRZFTIEL, =R % @D T AR TRl L XJaVE | 2 BAs L, (L RS0 I EE LT
BRx IRMEREFER AT > T\ D, 5%, TRAFINERLZEITEOHDHT2OICIL, BETHOME, &t
ThHhHRUREZFART HDLERD D, ZOL D RBLEND, JREO KEREEHM 2R EHI b -
T%fﬁ%ﬁk@Aﬂ‘@HW)@ﬁ%ﬁ%@éhfvéoth%ﬁ%ﬁ%ﬁn%@I3»#E@I

ForE IR, BEZEMIEE IR E (Vacuum assisted Resin Transfer Molding : VaRTM) (2 X % CFRP
ORI NHT LT —~ E LTRBGENTWD, ZOFEEZHWD & REBESCERIRZ EEHE 7 KR
M A RET D 2 L BHAE S e D, BL v RRER, BESCKE - @RS & S EER A T R
DL E T 272912, CFRP OFEBEHET — X N AR K TH D, F/o, AL AREEZHET D
LATIZ > TiE, BN EORBIZIVRAEOREN LT 0H 5720, &7 2BICIXAE
FEDORELBETHUNERD D,

AWFZEO BEYIE, VaRTM EIZ KV OB LT ERFEE 1 —AR > /TR ¥ A O FE 3 Tmd 720
HikkE (1-), mER (2-), WE (3-) HICH T D F - BB ) — O SRR OIR AR A% |
FEBRANCEHET 5 2 & THhH D, mOTHEE (K 10%s) TOEMES S — OF HBEUROEEKFEN (T
= 20, 40, 60, 80 °C) %, 7 ¥V HED ROBKFICE VIRE LTz, F72, A A b o ik
R OMERM 2 VT, AROFREE (107°s) 1281) B EMiGH — OF 2B OREREE 2RO 72,
IO OREREZLRT D Z L2 X0 OF Al B &R EE D Fih 3 5 AN 31T B e det: (R R g o B
MRFRERE O 7, MRFRERE O B E TORINTRLF) ITRITTHEIZONTELRE LT,

2. BEREEBIABRRORRTE

fi5h & LT, VaRTM JEIZ L 0 E SN2 E S 10 mm OEARRIFERE ([0/90],s) H—RY /=
WERHEEM A Lc, ZORBBEEGH ORILEHER, ~ Y v 7 ARG ORI &K O FE & A
. RUIRT, ZOEBEGHND, &b - T TOMMESLm (1-d), mAMTm (2-d), HRIEH M
(3-d) (T L CREROIN T2 £ 0 R d = 8 mm @ R OFRIE L OB A 280 L7, PR
Bl o EMRE (RS L/ERED Ol B, BLTO XS IBIR-NEZE LTz, FrIYERE RS T
RIZHOWT, ASTM E9-89a% Ml THERE STV AR L /d = 1.56~2.0 L 25 X HICES (1= 12
mm) ZHRELE B-dICHOWNTDH, WEDHIRIZCE Y 1=8mm & L7z, —F. ERIEHERERF Tk
IZOWTIE, BEHERLR 7% o BRI I 1) Bl IE AR AR L o #iPH (0.5=1/d=1.0) ¥ 12 A
HEolc, BE (I=4mm) ZRE LT,

F1 ARBRTHM L7CEEM OLlFER, ~ U v 7 Z8lE O M OWHER TS A =3

Cross-ply carbon/epoxy laminated composite

Fiber HTS40 F13 12K (Toho Tenax)
Matrix Epoxy XNR/H 6815
Fiber volume ratio V; 0.56
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3. RBRAZRUFIE

3-1 FMEMHER X e BB (70 5500R) K OMERM A HWT, RiREOERE (T
=20, 40, 60, 80 °C) FIZ TIRONT Al CIEMARRER 21T 72 o 7o, FRAVEBR A 2 5B o b T TR B H
(BRI, — 7 1 Ao~y RIEE 1 mm/min TRBR T D AEES 5 £ CIEMAM 21778 o 72, e (1-), i\
WAE (2-) HmoEMERER (K1 28) cid, RBUTiE TORIRZER (end brooming) (251 & it
AU U TR AR O ARBR AR TR L 2ME B2 O T, ZOMEEE— REZHIET 57201 (d=8
mm) OFLZEHIF7-EREY o 7Y (B30 mm, EE 3mm, o /U8 625 8 & 3B A b
RO AT Tnd (K2 28, -, RBRAIEEZ EMICHT 2700, kA IS EEEE X
(ST-23E-100-GW2-ASP, Z iit#sthatt) 20 i Tuns,

Environmental
chamber

Steel rings Specimen

Steel rings

Thermocouple

(T = 20, 40, 60, 8 ‘C) L 10 mm ]
M1 EESRIE GO O (1), Pk (2-) M2 EASREE O O (1), TP (2-)
FRICHT 2 BB OB+ FINC T % HRORBRI A L7 g ) o o

32 RIFXUYIUHBRICLIEETMHAER X 3 IR THEHERIAR 75 o UGS N VB RUF %
A LT, RIEROEIE T IS CEBREMRBREZIT 72, AEEIT, T& LTAHIE (JISSUJ2, i
16 mm, & & 1500 mm) &#THI LA (JIS SK5, [EE 15.9 mm, & & 350 mm) OSSN TWND,
R A A & RO BICERZSAA TI]Y (T 5, e BBRA T O BB OB Z BT 5 7=
W2, B A OMSHEICIE LT Y 7T 2B LTV D, B TIE K OYE B ORI DUV ik,
EHLOXRY 2BBENIV, £, HHORER L FEE, SREBRAICEEAE 2T T TV A,

Pressure
chamber 1200 . 1500 1500
) Hand valve Gun barrel Input bar Output bar
Bk
valve Striker bar © 750 750 Sglppilzﬂ
<.y Gage |no.1 Gage no.?=I oc
Channel steel Cushion ' Stopper ring V-block
. . . Thermocouple
(Dimensions in mm) Thermometer
< Inpyt bar W)utpu bar>
7 i ><"_"'A """ Temperature controller
C Electric furnace — [
Specimen

B4 3 JEMERIAR 7 o R ORI [
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4. BRERRUEER

HNRE (2-), WE (3-) FlackiFs, =ik (T=20°C) KOEIR (T=60°C) TOFMN - L
Mih&s 11— OFT B O el 2 . X 4 1 20R3 Gl (1-) iz oW, miasidsm & R CHm o720
BT D), E0AMAN, REICHBNTS, OFTHEED LF IO WIHRED, MmRE
MR (B REMEIGSE) o 1FEMLTWD 2, BREMROT e METLTWD ZERbnd, £
7oo OFTREFEEICRIRZR <. MAMGIE BIRED FF LT o BT LTWDR, g FARMF I
L VEAB R > TWD, FHIROERICBIT D00, &, HEETORINTRLF Uc &, Ik
LTy b LIERRZR 5~7 12T,

1000.........,....| 1000 T T I I

© _|Cross-p|y CFRPI T°C|£=10%s| £=10%s = | Cross-ply CFRPI £=10"%s| £=10%s
S 800 L 800 1d] O o |
o = 2d| A A
2 600 600 ¥l O u
o £
2 400 £ 400
& 2 A
9 []
g 200 £ 200
8 5
0 ol— - -
0 20 40 60 80 100
Compressive strain & Temperature T (°C)
X4 4 EQEE@Aﬁwém&@%ZTT@ X 5 [HEAFEBHE A OFRAY - B AR
AR, BIEITAICIT 2 EREY - R TR DI K VR 7 Al A7k
W A1 — O B
11 : : 40 . : : :
10 ?ICFOSS'DW CFRP! T | —~ :| Cross-ply CFRPl £=10%s |é=10%s
of I T 1 it e ¥F 14| O ° I
s 8 g ¥ a ; L|'I % 30 2-d A A |
= E * N 3-d O | ]
s T £=107s | € =10%s S5 25) " :
s 6 4!* 1d| O 0 N !
@ 5F 2d| & A o : W
2 4 3d| O ™ ® 15¢ H
© o © L
£ s —*& 2 g 1of
= g 2 E
A Y ? £ 5 i
0 E ) Lr . T . oL - - - . Z .
0 20 40 60 80 100 0 20 40 60 80 100
Temperature T (°C) Temperature T (°C)
X 6 [EAKEEE A O FRAY - B ARFR A M7 ERHEEESH ORI
O B DR S O 5 T K A7 TR OIREE K OV 5 [ AP

EOAMAN, EOREIZBNTY, o FEQOTHAERERMFELZRLTND, LinL, g & Uc
OO B PEERAF T AR I EREIC Lo TR RS, Fo, BE, OFHEEICERR < K
JEH N30T DIEMER L, i 2 Fiics T 22 L0 bIEFITE VY, T, WEHFmMTIE, &
MTH % x=RF e O EA ORFHMER I L 2 ERREVTZOTH L, I, KO HEE
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(1073/s) I\ THilHE, mPIRE AT, IR T 28 60~80 °C OHIFHICH VT o DAL T 238
b5, Zhud, B THDTREHE (XNRH6815) D75 7 R (Ty=90°C) 1TE-SW =72
0. tﬁ#ﬁmbf@%@r PWAECTDEBEZ BN, —JF, WEHFR T, FIREFRGREAICBNT

FFEAEBLL TR ERNDMND, Ziud, ML L TH, BERL TV Ak K2 5
nrwétwf&é&%zamé —J . BOTHEE (K10%s) TOold, EDOFMTHIRE -5

D BBMR T 358D B, ZAUE, T TIEEER A N Z i E CTlde < S EDMER T 572
ﬁ%@r PAECDENCERICEE L CHE SN D, 4%, BT — FCRIETOTHEE, RE,
AR OREEELZT HTETH D,

5. §&
EAFEE ) — R SRR EEM O (1-), mREE (2-), WE (3-) FHmOEHMEG T — O3 A
et (RRIRIEHERE, MR OT A, W= R LX) OOTHEE « BEERGTEZ, YRR 7 % o
Y UBRER O A b a iR A O CEHI L7s, ZORER. RO XD i i 57,
(1) CoAMHE, BECBONTH, OFHREEN LR 51250 T, MEREMEIRE T8N
THD, MREMFOT HE ORI VR T T 5, £/, OFHEE, RECERR, WE
07 W D JERMERF A I - B MO L0 HIEFITEL
(2) AROT BB I, e X OV AR 7 e féﬁ@ﬁ%%ﬁ@mf@ﬁ IR MIZEB T 5
ZRE 0 BIEFICE Y, LoL, BOTHEE T, MIRERERE OREKFEI X AR e X 5
HEIHE VRO LN,
i
ABFTEE, TUN RIS DA E i O SRR AR OB A= 7o b D Th D, T ZIZR LT, EKGH
DEHFRT D,

B35

1) H. Kolsky: An investigation of the mechanical properties of materials at very high rates of loading,
Proceedings of the Physical Society, Vol.B62 (1949), 676—700.

2) ASTM E9-89a: Annual Book of ASTM Standards, Vol.03.01, American Society for Testing and
Materials, Philadelphia (1995), 98—105.

3) G. T. Gray Illl: ASM Handbook, Vol.8, Mechanical Testing and Evaluation, ASM International, Materials
Park, OH (2000), 462—-476.

4) J. Lankford: Compressive damage and failure at high loading rates in graphite fiber-reinforced
polymeric matrix composites, Advanced Composite Materials, Vol.19 (1991), 553-563.
5) Rl B, HENA, FHEEH . — iRk — R AR & VB O M OB B AR ) B
REITHEA O T 3 w1 S %M, #4 Bh, Vol.58, No.11 (2009), 887-894.

5k i
- WREAERE IR BE (MILBRRRRY: I B R T A TR
Jeth /1% ABUSREA, M. Ramadan (JUMNKFKZFRE AP TSN WEPE L RHK)
- FTNHEEEAN I Rk OuNREE  ISHJIERRERT B koL X — )55 E)
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29ME-13 — IR

29 ME-13 3R ERIZEATIERENRAWIZ L 2BEOERIZOVT
BRER KSR T 200 BEEE R

=i

T HARTZ RN X —IZ L DBEFIENMHL SN, KIEOBERHEIRESND Z ENEEN
. BIREMB RO Z OB E bbb - TE Y, AEE TIXERIE T OBLE ) Dikas DX
YR L THRET L T D, Rl ClE, SRDEAE LTEMOZ2MICET 2 NE R T 5.
ZAHDPTAE L THHER O RERZREBICH S S IFR 620, Lo Lan s, SEERMINES S &4
HOME RN E U D ATREtEN & 5. AR TIEZE D L 5 fafRemE 2 a4 5 —FEEZME L.
2 FMBIOERE AW MEHIRFEM S15C L S45C Th H M3, Mif TR RIS bz
DT S15C OEEERT. Bix/eE L-FEMZ VT Fig.l IR TR ORE 7 2 80E L Rimft L%
To7c. ZDOH%IZ 600CT 1 RFHEZEREX 0 E LE21T> TV 5. SIREM AT, I8k R 723-1 o—
TEIG ) (JRIE 86MPa) CX R AR I HE R AT, R IITREEX A TDOLOTH Y, BRI
DOHRNE & JESITENEN 20mm & 4dmm THDH. FRICAY v FE2IMLL, Z050mN 5 TR HEFAE S
B2, AV v MREEIZEDPMEAE XL 4mm TH D, AR TIE, AV v MHETIZAEY fHT720
THT—=VDEFEZFHA LT, ZHEROIELZ GO fERMAEOAM L REMT 5 HEZ KR L.

a
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> o -

i a
S Str: Strain
\ gage | gag s :
) 5 1 gl
_ Loading dircction_ . o @ osic 2| Top| el
N ! ,..4;»»%( £| = Ae/ —]
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, ==‘==== 7 (‘mcll- | 3 crk 5|
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Fig.1 Geometry of the specimen (mm) Fig.2 Measurement of the crack opening and closing stresses

Fig.2@i%, EHHBTICOTHT =N oB b ol OFT e DR ZHRXMIR LTI e A7 U &
AN—T T H(OT X Fig.1 OAMORIIRT L IICA Y v b OGS & S CllE L).
AL TIE, BRffiE a7 T4 7o RAEVCESE, B AT U U A—T O BRI T 2 At C
%0.900x ~0.60,,0, PEIPHTHIE L, XKD X5 20T HBEH HERDI-.

H;, = ¢ — Co; (1)
KOO T EXF 1L, Figl HRNTR LIEOT AT — VO AT AEOBFITRIS L TN D, 20
OFTHREBERNTE AT Y VAL—T % EWT 5 L, Fig20)D L 52t A7 Y ¥ Z—FITE{bH
B, 2L T, ZOZRIZE > TEROMA RIS )05y, HDWVIIHARISIogNRETED. Z0
TN EC L > TEHERONEE L 72 5 TfERMEOAT OFEAVHM TE 5.

TR A IESELERMEL LT, —EISHTOIEGEROBRICEZHES 2¢ (R v FEED)
2% 6mm (Z7g o TR Cil KA oy, (F— S 3R R i, BlE - FEMEOXI O KAE) 4 A Liz. A
BT, BKRMAEE AR L WEARN SRR T — % % Base & L, il bl L T ZHEROME
LS TEAMENAR SNENENEHET D REEZ R L.

3 EBHERBLOHBEE Fig 3ICMAKMTEZ AN LBy o= 20t REE 257 it X< 208 E
a, FREMIICSIOMIK LI N TdH 5. Fig 4 XS HERIEE do/dV & & TIIERFEL D I KIEK o & DB
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RERLTWD. P ORENTE KW Hoy 2 AM L7ZHAEZFE L TH Y, Base [T K{wfiEZ A LR
WEEAR L 7 29 97 T D, Base &R T, WARMEOKE I 113MPa DAL = Z0ERIT
I, 185MPa DIFAIC & ZLERE NI LEMIC/R D, TOMEBEANIIAGEHRTH D LHBrans.

. .
8r .
il:lL v & sisc v v
. o 4 R=-1 ©

—_ Omax=86MPa ° A 10 °
= N = Gy =86MPa
E Ofa puc 5
- O g,~113MPa 7 >
= ® o =-185MPa i
) E .5
a |- o= 5
5 4 = 10
3 & 3 4
< £ < A
5 © 0,~+185MPa & -185MPa 5

2 B ol B a=t113MPa & -113MPa °

4 ol v g185MPa & +185MPa " @

I I I I I 107 . v
o 1 2 3 4 5 6 7 10
Number of cycles N [x10%] Koy [MPay m]
Fig. 3 Crack length a vs. Number of cycles N Fig. 4 da/dN vs. Ky

OFT AT =T HOTZBRHE 7T 4 7o AE VLY, SZhERERO X ZOBPA N 268 % J
ELZ. wbEmME Rl KT ES: 185 MPa & -185 MPa T, falRfiiBEAMRIZICBWT, O
BT —=U DR LNTZT — X & Fig. 5 £ Fig.6 IR L72(R Y » M HYART &Sl o 2 3o O g 2
ORNERF AR LT2). Fig. 5 (Xl EA M AT, Fig.6 I3 EAMEZOT —% Thd. M@)o —H
N—TTohY, OIIOTHER HOWR LISTTEE CThH 5. Fig. 5 (@76, fERAEAMATIEEHD
B O, PO SUSIIEBRE SN2 Mo LIS ) 0 MPa (12 Rr LT\ 5 (OB I8V T HIH
BoOMEmMAR L), LovL, ERAFEARICE D SZERAINET 55481, Fig. 6 @D X HIcx
OB DA, AOAISHPEMRANCKEE T LTS Z EB¥bnd. 202 Lk, AERTEZGER
DHE U2 E%IE, XZ2UEmSIZITHRE LSO THA L TWA Z La4RrLTEHY, ZoEHITE
'Jﬁ‘ﬁimm BRSNS S NI D ThH EEZ D, ok, EHERNINELZ2WEE

KA EOAMBIZICE W TR OIS NXTEE A EEBIET, - HLV—7ORRICHE{iZ
ﬁ%ﬂ&#ok

WIT, OT BB H 2 Cllny I oon L7e R R 2 i 9~ 5. falRfmr EmAM AT Fig. 5 () TiX, &
OO, RIS EZ7RT HOBEEOYEN 0 AL, SO 0 MPa & 72 5 #isl & A3 L
TWDZ NN, UL, falfmEAn%IL, Fig. 6 0O X 5 HOWEEOPrthis v SR H
L7220, ISR EZ R Lic. ZOWMBOEE, o mas#ic < ZERIIEL
TR ICB W T ORI D2 ENTE ., LER- T, SZMEREZINE S & 5 fam mAafs O %
BT 27200 —FEE LT, OTHEE HOWBBEOFEIMELZ RT LN TERLLEEZZTND.

100 100 T
1+ 6, Gy 4 &~ c,g c,-(:ya Pt
RSN | oA
_ Uﬂ ﬂ “ox 1 _ | HN RN o
S o 2 ; : ) : 3 ‘
© [ o L Ca ] o 3 4 L ]
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(a) o-Hloop (b) Waveforms of ¢ and H, (a) o - Hloop (b) Waveforms of ¢ and H,
Fig. 5 Before application of o, (= 185MPa and -185MPa) Fig. 6 After application of o, (= 185MPa and -185MPa)

ZEIH D H)I, R, MW, S, MEE 25%, 276 %5, pp. 899 - 903 (1976)
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Fig.1. Modified structure with half of connecting density.
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1) S.F. Chichibu etal., J. Appl. Phys. 116 213501 (2014).
2) S.F. Chichibu et al., E-MRS 2017 Fall Meeting, P10.2.
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VERHY Xy VTRELZ R n~zm‘é$75@£ﬂ@5 Xy U TRESY 2
Y ha— T BT K— 1:°/7“Bzfﬁ IEIRTH D . FFIC CIGS KEEMIZIHB W T
Na 1@ L ZERT DT OICMBRAMY TH 5H, £ Z TAMFIE TIX, Na-doped
CZTS HiffidhzFR L, * v J 7/&%“%.;.@**4:@ M % 559 2 =5 C HAA dl K B a i
T A AERLD IR ZEE 22 D Voc Al E~7 7' —F 1T - 7=,

2. EBRFIE

Na,S % F— 30 k& LTl ERE & — koA aeF I C 2255 Atk 1100C TIE
Al S Feed & 725 CZTS Ziti~ K—E 7 L, CZTS-Sn it It RIRREX > 5 il
R 900°C, 80 mol% CZTS-20 mol% Sn e, Bk #HE 4 mm/day D54 CTHEIE —
2 —1E(THM)Z T Na-doped CZTS Hififh & iR S W72, fhmMEiE, BR X #
[EIH7(XRD) & Raman 43 5tikz AV CTRRNT 247 - 7o FRRRHTIX. & EWEH SRS~
7 A= 3557 61 (ICP- AES)%EJEHD\“CTTOKO BRI AR — VB R EE VT
W E R 20~300 K, R&4 055T DN Tiro7e, o7 ¥4 XE, 5
mmx5mmx0.5 mm & L. FEITH E 0.01 um D ALOs ¥y K THFEE L 7=, EA 1 mm,
JE X 300 nm @ Au BB A YT NV DI EZEFKEEE AW TIER Lz, Au B
A= v 7 REE IR L, AEMEORPUE IS E B Er KinS ¥ —ThbH Z &
EHER L T\ 5,
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Fig. L THM JFNIRE 7" 1 7 7 A L Fig. 2 Na-doped CZTS Hifgh ¥ 7L

P % Na-doped CZTS Hiffidh/N B CdS /X 7 7 @D PN AT D 7 O I AR AR E
T % Chemical bath deposition(CBD %)% Fv 7=, <& CdCl2 (0.015M), ﬁ'ﬂlﬁ%%‘
er? L7 (1.5M), $EEHlE LTT =7 & AV Tl EIRE 80 °C, AR 11 %

HiEd B2 CdS & 50 nm FEERE L7-, CBD 4. i-ZnO J&(50nm), % 1{’;2
AZO(Al-doped ZnO 100nm)J&. Al EH(500 nm) D45 2 23w & ) o 7 TR L 7=,
IV (FEit-7E £ ) E D> & KGR R 2 i A L 72,

3. WREEL

Figure 1123 Y —u 06725 THM IFNOIRE T v 7 7 A4 V&7, EP/‘L\I:—/S'—
IREEIE 900C CTHRAHIEAE LV 50C AR R E L TRFEZ AL T\ 5, Huls -
e — & — [ GEAZFNREIR) DR E AEL X 45°C/em ISR ET D Z & THIRY — /@Eé
Z1coemfEEIZay hue—/L LT3, Figure 2 (2 Na-doped CZTS Hifkfh#~7, A
vy M A XITER 10 mm, £ & 40 mm B CT5mm Ll EOEERAE LT,

ICP-AES 7> 453 54172 Na-doped CZTS Hiftidh ¥ o 7V ORI HTRERIZ, &2TD
BT AT B W TR EE[CU)/([Zn]+[Sn]) = 0.92-0.98. [Cu]/[Zn] = 1.73-1.86.
[Zn]/[Sn] = 1.06-1.15 T3 Y Cu-poor. Zn-rich #lk% =~ L7, Na ¥EEI%. 0.04-0.13
at% s L7z,

##AR% D Na-doped CZTS > 7LDy XRD 7% — > % Fig. 3 u?ﬁ‘o ﬁ’iaa%L
%, kesterite % A 7DIEfZEnRL, £ TCHOEEREHFE—271T ICDD T — # (#01-
075-4122 kesterite CZTS) & —%c L 7=, Kesterite fHiZ, Cu/Zn DELE 23E 5 disordered
kesterite FH & TER T DA S & 528, disordered FH TIEBIER S N7V 20 =183 OB —
7 IR S T2 728 kesterite FH & HIBT L 7= 9, Figure 4 (2K /1/037’\7/ >t 3
EREREZ T, ALE— FOSIFRMEICERT 2 338 cm™ & 288, 371 cm™ |2 CZTS [EH
DE—7 ZBEE LTz, ZnS R CuSnSs ICHRRET 2 B — 7 3Bl S hgn o7 1010,
INHORERNO S EOHEEEE Y TR G LR L7, Table 1 [Z={ED
R VNRRERER LT, Fo® v U 7RE, [8R BEIEIT Na REIHE
mysiconThELz, FFHAEICLD E CuP A D Zn(Zncw) s CZTS 1D
FE 72 R —MERETHD P, Na F—I2 k> CZOZEMZR R —n@Eh s n
(=Nacy). FFT—I2Xk2F ¥ U THEORNICL > THFy U TRERM ELIZEE X
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3 Na-doped CZTS ¥3>K XRD Fig. 4 Na-doped CZTS 7 ~ > 43 el &

Table 1 =R & — /L7230 S E Rt R

Na [at%] Carrier concentration [em?] Conductivity [Q1cml] Mobility [em?V-15]

Intensity [arb. unit]

CBD CdS

CdSon CZTS

0 8.80=10% 2.22x102 8.35
0.04 2.03x10% 1.46x10-2 139
0.13 742x10Y 1.07x101 154

CdS 306 em! CZTS 338 em”! 5

() fcoonoouooomieeaioniconocstigsssROEAERE

1
h

CZTS 289 cm™!

-10 ¢ 2.65%
CZTS 368 cm FF 30.1%
-15 Voc 0.60V

Current density (mA;’cmz)

JSC 14.9 '[']"l/ql'lr(.:l"l']2
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Fig. 5 CZTS/CdS Raman 73 il & Fig. 6 Na-doped CZTS Hifskt /L IV h—7

%o ZHIZ XRD JIERERND Na JBEHINE &bl =y MEAEREBENT 5O

T Na DEHLOZEIIMHEZR TE D,
Figure 5 (Z CdS il & CZTS Hiffh/CdS Y > 7 /LD Ramann 73 HIE 27~ 9,

308 cm*

ZCASICERT DB —27 282 L7 ¥, CZTS/CAS ¥ 7 micisnTEhz
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NoO—7 222U, CZTS Hfidh I CdS EENME TEX TWA Z & 2R LT,
Figure 6 |Z Na-doped CZTS Hiffigtu KM IV U —7 Z7xd, CZTS Hifidh LIZ
Chemical bath deposition (CBD)#: T N % CdS % #lfE L PN &8 TEREZIC A/ Sy Z )
JETCEHEMmE BMmA R LT, B3 265 %, 7 4 /v 7 7 7 #—30.1%. Bl
S EEE Voc 0.6 V., &G EDT Jsc 14.9 mA/cm? DFE RN S BTz, IRITME ST
HHOLY B/ NRYID T CZTS KL EMD 6% %28 2 -t/ WE ki 5 &
Voc DIEBRKEWNWZ ENRNn5D, ZIUIFESRMED BWERE S ORFEN KB L TV 5
MHTEEZEZ B,

4., £L0

AFFFEIL. CZTS R KB EM O W= ) D 7= DI BT Vo B IZiER L
Na-doped CZTS HifEfaA/EHL L, Na R—E U /&L Xy U TRELETeELXWIED
FA RS D FLREAFZE M & BB 72 Na-doped CZTS Hifkih & V7= Hifs ik KIS &M T /S A
ZNVER OISR E NS T e —F &fi7o7-, ONa R—v 7 E&EINE & LA
BheR(f FICRID D F v U TIRESCBENE O EAER SN, @CZTS it
BT ETE Voc=0.6 V 235 b7z,
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RIE—F DETFNVF—ICLERAIR TH DA /= ZEIROBKER TH D ¥ v /ST &I
O ANEHEMTH Y, ¥ v /30 X OFMPE—FBEEHA > — X B H & O FHh &R E
LTW5, TE—FBEHA = ZIZBN TSN AREN R v XU ThHEMRa T
WZERB L, ZOSHUEMOEFR/ A 7 ZABEKAEZ IEABRIC L VR LTz, TORE, Hbo
B CTH 5 ESR (Equivalent Series Resistance) & v /33 % o RILEFNA T ABEICK LER S
A E2 R L, PIE2WNICIL ESR X v XU H U AWNFDOEF=HF ) I RUERAIRTHDH I &
ZH M LT,

1. Frim

BT —H DETFNFT—ICHLBERAARTHDHA = F AHEOERERZTHDHF v 3V 41T,

PR MR T N R e A U H 7 BIZHARBC L D PR KRE RFMTHY, v /30 F DFm

WE—ZEENHA = FERB S OFmEREL TWD, %%A/&®mﬁfﬁ&ﬁ%%ﬁﬁé
WX RBEOMEEN AT HEL - BIREIEEZHRT 2 2 ENUASKETH DL, AFEOBIE, £
~5m@%4xﬂ—&ﬁ%®%ﬁ%mk_gﬁékkAy&ﬁﬁ&m®%ifﬁéo%~&%@%
AUN=FIZBEWTHERH SN AREBIR Xy XU X THLEMa T o HITER L, 0%
DE A T ABEREVECOWTERIICHE LTz,

2. BRIk f

B4 1 (CEME = T AR T 2 Bl R A
Y, HPUCHER S A7 43R (Voltage Divider) & L
W 8 MLOBRHIE 22 > T S E NN R B E N
AT AEFEO0~30V)E 52T\ D, [EIRZEDR B i
R H720, 1Oz T i 4 SOEIRONFHE
TR L TWD, ar7 HOHERIZ25V, 470 uF
Thv, MAMRERZEE LEKL EOELELHIINL
W5,

X 2 {2 A A VSRR e T T2 IR ER B2 O S &
T, AANNR T T T Y OERIRE 85°C—EITIR
B, HHE =T o &R LTV 5, 3BBRIE 1250 FRFfHE
FhEL, ZTOMOESR & ¥ ¥ /0¥ U AERET S,
a7 B D ESR & ¥y N v F U AREIZIE LCR A
— X ERNTWS, 728, MERITa T o et K2 AA AR E TR

[ T O N O A N N e

Eight Capacitors under Test

4 1 #E = > 7 B ERINE RS

Voltage Divider

Capacnors under Test
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A 7 AN %F L C HEFHHE N O 1) 13 A fEIE T RS
L, ESR OBLENHITL D @A T ABER 2T o
DB ESIER T ENHERTE 5,

B 4 ITRBRE THOX ¥ XU ¥ U ADEEEZ R
I, EMEELLT O TIXER A 7 AEEDOHEN
MF Y R E R TFEMA TS, 5L, £V s ]
BT AL T ABES 2 T oSk x 54 © 1000 |
BN TS, — 5 CEMELEL EOfEk I a2 -o —_—
Yﬁ’)@:ﬁﬂ’%ﬁb, B SNA 7 AEEOEEINMAF v 3 DC-bias Voltage [V]
R EIMRL TS, LIZn->T, EHRELELLTD
ST, B OE R SA 7 AMEIFMET ESR & % o8 X4 Ty Sy U AZHEROEGAA T A
o B DB RS OB &R LT B, FRIER AT

4 512 ESR Z b & % ¥ S & v A L&D HHEE
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-50

T
—e—
n n 1 n n
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Li=F xSy 2 HFMmERT, BSR: ¥y vz zbt 8000 rimedbyC | -
RFZE(LD—ETHD LE L, ESRIZ2MF, Fv 8 5000« 0, i
VHY AT 20WET T S ECICHR A R b > T W5,  34000° T . e =
COREDD, BSR £E% 180 X L ADHEIFT g 3000 Estimated by ESR -
Ha LT EaE AL S D ERTES, WEDE= @ 20000 .
2 2T BHERBWICLERIK Tl s 2 LNEX D5, 1000 .
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K. Hasegawa, K. Tsuzaki, and S. Nishizawa, “DC-bias-voltage dependence of degradation of aluminum

electrolytic capacitors,” Microelectronics Reliability., vol. 83, pp. 115-118, 2018.
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Numerical Analysis on Arm Drag of Vertical Axis Wind Turbine
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Yutaka HARA™!, Naoki HORITA",
Hiromichi AKIMOTO ", Takahiro SUMI" and Shigeo YOSHIDA "
"I BEUKZE  Tottori University
2 KBRAZ Osaka University
B HERKE  Saga University
* AAMKX%E  Kyushu University

To investigate the éffects of horizontal arms on the performance of vertical axis turbine, three dimensional CFD
(Computational Fluid Dynamics) analysis was carried out for straight-bladed vertical axis wind turbines, which have
different arm cross-sections like airfoil, circular, and rectangular shapes. CFD result on the resistance torque genémted
by circular cylinder arms agreed well with the theoretical value used with the drag coefficient of two-dimensional body.
However, CFD results on the airfoil and rectangular cylinder arms were larger than theoretical values. The difference
was probably caused by the connection part of a blade and an arm. Comparing the power coefficient of rotors at the tip
speed ratio of 3, the power coefficient of virtual rotor without arms was larger than that of experimental value and the
power coefficient of rotor with airfoil arms agreed with the experimental value. The power coefficients of rotors with
circular and rectangular cylinder arms had minus values.

Key Words : Vertical axis wind turbine, Computational fluid dynamics, Wind power, Arm drag, Drag coefficient
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Mt qggth e Blade2

Fig. 1 Computation model of straight-bladed vertical axis wind turbine with four arms

(a) Airfoil arm (b) Circular cylinder arm (c) Rectangular cylinder arm
Fig.2 Definition of size parameters for the arm models investigated in this study
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(a) Rotor without arms (b) Rotor with arms of aifoil cross section

Fig. 4 Isosurface of O-value (200 s7) and volticity distribution on the surface
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.867 0.658 12 .249 0.095 20 0.24: 24 .658 28 0.894 .952 .705 4 0.469 .616 0.804
Section B Section E
No. x/c No. x/c No. / 0. x/c N c o. x/c No. /¢ No. / No. x/c No. x/c No. x/c No. x/c
1 0.864 5 0.769 9 0.610 3 0.323 17 0.249 1 0418 25 0.707 29 0.837 1 0.755 1 0.589 1 0.442 1 0.667
2 0.859 6 0.738 10 0514 4 0.291 18 0.270 2 0514 26 0.738 30 0.850 2 0.743 2 0511 2 0.476 2 0.718
3 0.838 7 0.707 11 0418 5 0.264 19 0.291 3 0.610 27 0.784 31 0.856 3 0.718 3 0.476 3 0.511 3 0.743
4 0.801 8 0.650 12 0.354 6 0.243 20 0.354 24 0.650 28 0.821 32 0.863 4 0.667 4 0.459 4 0.589 4 0.755
Section C
No. / No. / No. / 3 x/ /o /s No. /¢ No. x/c
.74 0.677 9 .531 0.421 0.420 .642 25 0.747 29 0.773
770 0.642 10 499 4 0.404 0.459 677 26 0.757
758 0.617 11 459 0.394 0.558 696 27 0.765
715 0.558 12 440 0.405 20 0.617 724 28 0.769

Fig. 2: Experimental model.
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Fig. 3: Experimental system for measuring aerodynamic forces and moments and pressuredistribution
simultaneously.
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Fig. 4: Aerodynamic properties of the Canard-Configuration WIG with different angle of attack of
front wing at ap = 0.0deg. (ap = 0.0degs., aps = 3.0degs.).
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Fig. 5: Pressure distribution of horizontal tail wing (ap = 0.0deg., ap = 9.0deg., h/c = 0.35,
ap = 0.0deg.).
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Fig. 6: Sectional pressure distribution on the main wing with end-plates of the Canard-Configuration

WIG at h/c=0.35 (, ap = 9.0degs.).
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Fig. 7: Sectional pressure distribution on the main wing with end-plates of the Canard-Configuration
WIG with different angle of attack of front wing at h/c = 0.35, ap = 0.0deg.
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1. Introduction

The purpose of this study was to predict the changes of stress variation and bone remodeling in the lower limbs after
THA using computational analysis. Inhomogeneous 3D-model of lower limbs was developed using computer
tomography (CT) images to consider hip osteoarthritis (OA) and THA cases. A load case of quiet standing position was
considered to evaluate the stress distribution in both limbs.

2. Finite Element Model

3D computational model of a pair of lower limbs was constructed from CT images of a 79-year old female patient
with hip osteoarthritis (OA). The images were collected from Kyushu University Hospital, Japan. A finite element
model was then developed from the 3D-model. Distribution of bone mineral density (BMD) was estimated using the
gray values of Hounsfield unit (HU) in the image [8]. Distribution patterns of young modulus and yield strength were
then calculated by correlating the mechanical proeprties with the BMD . It was assumed that each of finite elements was
homogeneous with one modulus. This modeling was processed using commercial biomedical software, Mechanical
Finder v6.1. Higher values of young modulus at the outer part of the femoral bone indicated cortical bone with high
stiffness, while the inner part was known as cancellous bone with porous structures. Hip cartilages were considered on
both the left and right joints with a low elastic modulus. The bonds between cartilage, acetabulum and femoral head,
sacrum and ilium were assumed to be rigidly connected.

In developing a 3D model of the lower limbs with hip prosthesis, the femoral head of the left femur was cut and
inserted with a prosthesis stem. Meanwhile, the acetabular cup and bearing were aligned properly to the acetabulum to
demonstrate a ball and socket joint. A ceramic-on-ceramic type of implant was used in this analysis. The material
properties of hip cartilage and prosthesis are described in Table 1. The matrials were assumed to be linear elastic and
homogeneous. Interfacial connection between implant and bone was considered as perfectly bonded.

A load case of quiet standing was considered in this analysis. The posture in the foot side-by-side position is known
to contribute to the structural and functional equivalent of the lower limbs [9,10]. A distributed load of a 60kg patients’
body weight was applied in the cross section of the lumbar vertebrae and fixed at the distal end of the femoral shafts.

3. Results & Discussion

Projection of bone remodeling in lower limbs after several years was discussed on the resulting bone mineral density
(BMD). The process of bone remodeling was predicted by the adaptive changes in bone density life equations. The
remodeling analysis was computationally conducted using the implemented sub - program in commercial biomedical
software, Mechanical Finder v6.1. Alteration of bone mineral density in the lower limb with THA over 5 years is
illustrated in Fig. 5. The cross sectional view of the femoral shafts suggested that the bone density was reduced at the
proximal and middle region throughout the years at both limbs. While, the distal region of the shafts indicated an
increment of BMD. This finding correlates to the gain in the principal stress after THA. The changes were predicted to
be high between year 0 and year 1, especially at the hip joint where the load was transferred from the pelvic to the
femoral shafts. From year 1 onwards, the changes were mostly dominant at the femoral shafts and minimal elsewhere.
Similar clinical findings were reported by Venesmaa et al. [17] where the bone loss, acute at the initial phase while
further losses was minimal in relation to the normal ageing bone. The operated limb indicated more changes as
compared to the non-operated limb. Prediction of early bone loss was principally a consequence of stress shielding and
bone disuse atrophy [17,18]. The findings recommended that the remodeling process of bone resorption and thickening
problems may become worse after a period of time. Besides, the possibility of changes in bone mass and architecture
was also projected as the bone will modify itself to adapt the new biomechanical environment. All of these possibilities
are believed to contribute to the instability and imbalance gait te of the THA patients.

Critical adaptation was expected to occur in the operated limb. Fig. 6 shows the percentage of BMD change around
the prosthesis stem. Several points were selected at the lateral and medial aspects to calculate the percentage of bone
density changes over 5 years and to further estimate the bone loss. Although the bone loss is not favorable to adaptive
bone remodeling, consideration of changes in BMD values was sufficient to be taken as a baseline to assess bone loss
after surgery. In medial aspects, bone loss was predicted to be high in point 1, 2 and 7 (up to 80%). The result was
expected as a high stress was concentrated in the respective region due to the bending effects of the prosthesis stem. The
higher bone loss was also reported in Gruen zone 7 by Venesmaa et al. which was presented as point 1 and 2 in this
study. The respective areas were potentially becoming the weakest part and most probable location for failure to start.
The bone loss was minimum in the middle and distal region of the femoral shaft. Different patterns was predicted in

336



lateral aspects. No bone loss was predicted to occur in point 1 and 2 which are referring to the greater trochanter region
of femur. An average of 19% of bone loss was estimated along the prosthesis stem, but it increases exponentially from
the distal tip of the stem. The highest value predicted in the region was parallel to that reported by Herrera et al. The
bending effects from the prosthesis shaft were assumed to influence the higher percentage.

Computational prediction conducted in this study showed overestimate difference (percentage of change) as
compared to clinical findings. However, the findings are sufficient to predict the bone remodeling behavior and regions
in femoral shaft after arthroplasty. The weakness was contributed by the limitations in the present study. Contribution of
associated muscles was not considered in the analysis. Gait stability was primarily supported by muscles in hip joints
for proper balancing and adjustment. Different physiological loading can be considered to demonstrate the correlations
between the computational findings and gait performance.

3 year 4 year

Fig. 5. Changes of bone mineral density (BMD) distribution in the lower limbs with THA

after 5 years at the cross-sectional anterior view
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Fig. 6. Prediction of the possibility of bone loss in operated limb after 5 years at the medial (left)
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(a) Healthy side.

(a) Healthy side. (b) THA side. (b) THA side.

Fig.1 Bone density distribution of bone axis. Fig.2 Bone density distribution
of lesser trochanter.

(a) Healthy side.

ey

(a) Healthy side. (b) THA side. (b) THA side.
Fig.3 Strain energy density distribution of Fig.4 Strain energy density
bone axis. distribution of lesser
trochanter.
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Table 1 Compressive properties.

Structures A B C
Maximum load [N] 532 855 156
Stiffness [kN/m] 726 892 156
Absorbed energy [md] 211.8 | 448.3 | 239.5

Fig. 5 FE-SEM microphotographs of fracture regions.

Fig. 6 Distribution of equivalent stress at 800 N

uFig. 7 Morphology of bone implant
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Fig. 8 Cell viability
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1. Introduction

Computed tomography (CT) images of an object have been used to construct its three-dimensional
structure by layering the CT images. For example, medical CT images have been used to construct 3D bone
and joint structures and such computational models have been utilized to analyze the fracture strength with
use of finite element method (FEM). This kind of CT-FEM technique for bone fracture analysis has already
been used to estimate bone strength of osteoporotic patients clinically in some hospital with permission of
Ministry of Health, Labour and Welfare, Japan. However, application of CT-FEM for animal models used in
vivo experiments is very limited.

In the present study, CT-FEM method was applied to analyze the fracture behaviour of vertebrae of Wistar
rat models quantitatively by using micro-CT images. Fracture behavior of 4 different rats were analyzed and
the distribution of strain energy density and the variation of fracture elements were compared.

2. Methods

The program Mechanical Finder v7.0 was used to transform the many hundreds of two-dimensional p-CT
scan images into four solid, three dimensional finite element models. Each element in the mesh has its own
mechanical properties, such as Young’s modulus and yield stress, determined by the bone density in that
region of the p-CT scan, a method which uses the well-established Keyak formula and known constants.
Poisson’s ratio was set to be the same constant value, 0.3. For this finite element analysis, a mesh size of
0.05mm was used, providing a network of around one million discrete nodes for each approximately
4x2x2mm specimen. Once a model is created, a load can be applied to it in many different ways, to see how
the bone stands up to different kinds of bending and compression. Compression, extension, flexion, lateral
bending left and lateral bending right tests were performed at 1000N intervals between 0-8000N. The fracture
rate was measured for each of the four samples as well as the strain energy density under each load.

3. Results and Discussion

As can be seen in Figure 1, the bone density variation across each of the four specimens is quite large,
however there are similarities which can be drawn as well. In each vertebrae the area of densest bone is found
along the transverse centre of the posterior surface (the red regions). The areas of least dense bone are again in
the transverse centre, but in the core of the bone tending towards the anterior surface (the blue regions). This
indicates that the vertebrae might be designed for bending outward under stress, as the dense bone should be
better at resisting compressive forces, whilst the sparse bone is often more flexible and able to stretch.

Figure 1 Bone density variations in the z/y plane (sagittal plane) of each specimen at its midsection.
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A striking difference between the four vertebrae is their shape. These are all taken from the same spot in the
lumbar section of the rat’s spine, from rats that are genetically very similar and bred to be standard. Yet the
great variation in vertebrae shape and density here is a clear warning to researchers not to assume that rats
sold as standard, are entirely so.

Figures 2 show the total failure elements under compression and flexion as examples. The location of
failures was also analysed, and it was found that they strongly followed the strain energy distributions of
each bone under each mode of loading. Other loading modes showed similar results.

Figure 3 shows the strain energy density distribution of each specimen along the z/y axis (the sagittal plane)
after an 8000N compression, as well as an external view to show the strain energy density distribution along
the vertebrae surface. Whilst the implications of this data in relation to the previous two analyses is covered in
the Discussion section, it can be noted here that there is a very large difference in strain energy density which
is immediately obvious. The specimen RFT45 for example, seems to have transferred its entire load without
undergoing much bone remodeling at all. This indicates a much stronger and more inflexible bone structure
than any of the other vertebrae.

Consider the worst performing sample, RFT46. The bone density analysis shows two things about the
specimen; it contains a vertebra which is abnormally narrow and this narrow region has a thick layer of dense
bone at the top, and a region of much less dense bone below. For this vertebrae then, we would expect firstly,
a lot of stress concentrated on this narrow region of the bone and secondly, a mismatch in the strain between
the two distinct regions. Where there are mismatches in strain there are build ups of stress and often this can
cause severe fractures. Looking at the fracture analysis data we can see that specimen RFT46 does indeed
have much higher fracture rates than the other bones under three of the five modes of loading. Of the
remaining two, RFT46 places second. We then see that RFT46 underwent measurably more strain than any of
the other vertebrae and that it was concentrated along the stiff back portion of the narrow vertebra, as well as
at both tips of the front of both vertebrae.

By integrating all this information, we can build a picture of RFT46, which indicates that this vertebra was
susceptible to bending at the narrow point and therefore fractured more easily than any of the other
specimens. Secondly, consider the most stable specimen; RFT45. The internal sections of the vertebrae of all
specimens except for RFT45 show middling to high strain in certain areas, indicating that these regions are
moving more when under stress and perhaps fracturing. To see whether that might be true a comparison can
be made to the fracture analysis results, and it can be seen that RFT45 had the fewest fractures in almost every
loading mode. By looking at the bone density variations, it can be seen that the cortical bone in the vertebrae
in sample RFT45 is thick and dense, and continues almost unbroken around the full perimeter. In the other
samples this is not the case, so perhaps the cortical bone is transferring the stress in RFT45 and not allowing
the weaker, cancellous bone inside to be damaged.

X-RFT43 -x-RFT44 -%-RFT45 -%RFT46

18000

Number of Failed Elements
Number of Failed Elements

1000 2000 3000 000 00 6000 7000 000

4 < o 0 4
Force /N Force /N

(a) Compression test (b) Flexion test

Figure 2 variation of number of failed elements.

Figure 3 Strain energy density across all four samples after an 8000N compression test.
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TUTORIALS

A set of tutorial lectures for young researchers and students will be held on the
afternoon of November 14, 2017, the first day of IWUMD 2017, at Main Hall. The

speakers of tutorials are listed below.

13:30-13:40 Opening Address Hiroshi Fujioka
(The Univ. of Tokyo,
Japan)

Kazunobu Kojima

(Tohoku Univ., Japan)

13:40-14:25 AlGaN-based deep-UV emitters —from Michael Kneissl

materials research to real-world applications - (TU-Berlin, Germany)

14:25-15:10 Preparation of bulk AIN substrates by hydride Yoshinao Kumagai

vapor phase epitaxy (Tokyo Univ. of

Agriculture and

15:10-15:55 Electronic structures and optical properties of Atsushi Yamaguchi
AlGaN materials and their quantum-well (Kanazawa Inst. of

systems Technol., Japan)

Technol., Japan)

15:55-16:10 Coffee Break

16:10-16:55 Recent progress of AlGaN-based deep-UV LED Hideki Hirayama

(RIKEN, Japan)

16:55-17:40 Challenges in device physics of deep-UV LEDs Debdeep Jena

and lasers (Cornell Univ., USA)
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