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To develop the power generation system using iron-gallium alloy, we focus on the transverse 

galloping vibration for a rectangular prism with a critical depth section of less than the side ratio 
D/H ≈ 0.6, and for a D-section prism which vibrates at a reduced velocity Vr (=U/fcH) lower than 
the resonant velocity. The free vibration test using a plate spring was carried out in the water 
tunnel to investigate effects of the angle of attack and the vibration direction on the vibration 
characteristics. The vibration direction I of the prism is the same as the longitudinal direction of 
the prism. The vibration direction II of the prism is the same as the transverse direction to flow. 
We also carried out a power generation experiment using the iron-gallium alloy to investigate 
effects of angle of attack on energy harvesting. The D-section prism with the side ratio of 0.23 
for the vibration direction I vibrates at a wide range of angle of attack in comparison with the 
other prisms. The maximum electric power P using a D-section prism with D/H=0.23 is 26 mW 
at Vr = 4.15. 
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1. INTRODUCTION 

The carbon dioxide emissions that lead to global warming are increased by the fossil fuel consumption 
in the world. To present of global warming, countries are proceeding the development of technologies for 
utilizing renewable power sources, i.e. solar, wind, biomass and hydraulic powers, in recent years. Although the 
utilization of vibrations for power generation is not new technology, a number of researches have recently 
investigated the harvesting of power from various vibrations1). Therefore, a large variety types of power 
generators that use flow-induced vibration has been invented, e.g., power generation of the vortex-induced 
vibration using tandem circular cylinders having electrical coils with steel cores and a ferrite magnet2), 
hydroelectric power generation using an inverted pendulum formed by a cylindrical body3), wave energy power 
generation using a piezoelectric element4), power generation by mechanical vibration due to the fluid-structure 
interaction between a flexible belt and the airflow5), wind energy harvester of a T-shaped piezoelectric bimorph 
cantilever6), electromagnetic generator using the galloping vibration of a lightweight box having a square, 
triangular, or semicircular cross-section7), and piezoelectric energy harvester using flapping-foils flutter 
vibration occur8). However, these devices have not seem to be able to provide sufficient electric energy. Practical 
applications require a mechanism that will generate vibration in the presence of a low-velocity flow. In order to 
harvest energy from flowing water, we need to develop a simple and efficient power generator using a structure 
that flow-induced vibration occurs.  

The relationship between galloping vibration and geometry of a structure has investigated by a number 
of researchers9)-22) for more than half a century. Galloping vibration is characterized by large amplitude 
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vibrations normal to the direction of flow, which causes damage to the structures in some cases. Although most 
of the effort in galloping vibration research has been concentrated in bodies with square or rectangular cross-
sections9)-13), the galloping-induced vibrations primarily occur in flexible and lightly damped structures with 
special and non-axisymmetric cross-sections such as D-shaped, L-shaped, cross-shaped, triangular and 
trapezium prisms16)-22).  

To develop the power generation system using iron-gallium alloy23), we focus on transverse galloping 
for a rectangular prism with a critical depth section of less than D/H ≈ 0.6 (where D: depth of a prism in the 
flow direction, H: height of a prism normal to the flow direction), and a D-section (semi-circle) prism, which 
vibrate at a flow velocity lower than the resonant velocity12)-15). For the low-speed galloping, the transverse 
vibration depends on lateral force coefficient CFY which varies as angle of attacks varies so that many researcher 
investigate influence of angle of attack on aerodynamics forces, i.e., drag and lift coefficients for various shape 
of cross-sections11),17),18),29)-32). However, there are a little study about the effect of angle of attack on vibration 
characteristics32),33). The purpose of the present study is to investigate the effect of angle of attack on the 
transverse galloping vibration of cantilevered rectangular and D-section prisms, and the performance of a power 
generator using an iron-gallium alloy as a magnetostrictive material and cantilevered prisms in a water tunnel. 
 
2. EXPERIMENTAL APPARATUS AND METHOD 
(1) Water tunnel 

A schematic diagram of the experimental apparatus is shown in Figure 2. The experiments were 
performed in a water tunnel with a rectangular working section having a height of 400 mm, a width of 167 mm, 
and a length of 780 mm. A variable-frequency induction motor and an inverter (YASUKAWA ELECTRIC, 
VRISPEED-686SS5) were used to drive a double suction centrifugal pump (DMW, DF-SC). In the experiment, 
the water velocity U was changed from 1.0 m/s to 2.7 m/s by controlling the pump rotational speed. The 
Reynolds number Re (= UH/ν; ν, kinematic viscosity of water) was in the range of 2×104 to 5×104. The non-
uniform level and the turbulence intensity in the working section at a water speed of U = 1.5 m/s were less than 
±1.5% and about 2.0%, respectively. 
(2) Test models and experimental method for free vibration 

The experiment used rectangular and D-section prisms constructed of stainless steel with a smooth 
surface and sharp edges, as shown in Figure 3. Table 1(a) shows the specifications of the test prisms. Table 2(a) 
also shows the natural frequency of the test prisms. All prisms had a cross-section height H of 20 mm. The side 
ratio D/H of the rectangular prism was varied 0.2 and 0.5. The side ratio D/H of the D-section prism was varied 
0.23 and 0.5. The span length of prisms L was 200 mm, and the aspect ratio was 10. The prism was mounted 
elastically to a plate spring attached to the ceiling wall of the test section with a jig as shown in Figure 2(a). The 
jig can change an angle of attack α of the prism between 5° and 60°. Furthermore, we investigated the effect of 
the vibration direction of the prism, namely, the vibration direction I of the prism is the same as the longitudinal 
direction of the prism, and the vibration direction II of the prism is the same as the transverse direction to flow. 
The characteristic frequency fc of the prism was adjusted to a constant value between 22 and 46 Hz by using 
different plate springs. The tip displacement of the prism y and the characteristic frequency of the tested model 
fc were measured using an acceleration sensor (Showa measuring instruments, 2302CW) implanted inside the 
tip of the prism using an integrator and an FFT analyzer (Ono sokki, CF-5201). The output signals of the 
integrator were converted using a 12-bit A/D converter with a sampling frequency of 2 kHz, and 104 data points 
were stored. The root-mean-square value of the fluctuation of displacement of a prism tip yrms, reduced velocity 
Vr (= U/fcH) or V̅r (= Ufc/H̅) and non-dimensional amplitudes ηrms (= yrms/H) or ͞ηrms (= yrms/H̅) was calculated 
using a personal computer.  
(3) Test models and experimental method for vibration-power generation 

Figure 2(b) shows the experimental setup in the water tunnel in order to investigate the performance 
of the vibration-power generation device. Tables 1(b) and 2(b) show the specifications and natural frequency of 
the test models. The rectangular prisms had a cross-section height H of 20 mm and a span length L of 350 mm. 
We use the two test models that have different cross-section rectangular prism with D/H = 0.2 and D-section 
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prism with D/H = 0.23. The power-generation device was placed in an airtight acrylic resin box in order to 
prevent water intrusion. The Galfenol beam acted as a plate spring. The Galfenol had a tensile strength of 200 
MPa. The dimensions of Galfenol beams were 5 mm × 3 mm × 100 mm, and the winding coils were 1,190 turns 
of 0.05-mm-diameter wire (internal resistance of 6.5 Ω). The time variations of the internal magnetic flux 
density caused by periodic bending deformation generate a voltage on the coils according to Faraday’s law of 
induction. The harvester was connected in series to the resistance, R = 10 Ω. The generated voltage V was 
measured by an A/D converter with a sampling frequency of 2 kHz, and 104 data point were stored. The power 
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Figure 1: Cross section of a prism and vibration directions
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Figure 2: Schematic diagram of the test section in water tunnel 
apparatusTable 1: Specification of the test prismsTable 1: Specification of the test prisms

(a) Free-vibration test
Table 1: Specification of the test prisms

(b) Power generation test

(a) Free-vibration test (b) Power generation test

Table 2: Natural frequency fc of test prisms
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generation P (= Vrms
2/R) was calculated by a personal computer, where Vrms is the effective value of the generated 

voltage. The tip displacement of the prism y was also measured using an acceleration sensor simultaneously 
implanted inside the tip of the prism. 

 
3. EXPERIMENTAL RESULT AND DISCCUSION  
3.1 FREE-VIBRATION 
(1) Vibration direction I 

We investigated the response amplitude for the vibration direction I of the rectangular and D-section 
prisms. The vibration direction I is the same as the longitudinal direction of the prism (Figure 1). 
a) Prism with side ratio D/H ≈ 0.2 

Figure 4 shows the effect of angle of attack α on variation of the root-mean-square value of the 
amplitudes ηrms (= yrms/H) in vibration direction I for a rectangular prism with a side ratio of D/H = 0.2, and a 
D-section prism with a side ratio of D/H = 0.23 with the reduced velocity Vr (= Ufc/H). In the case of a 
rectangular prism with D/H = 0.2 vibration begins to occur near reduced velocity Vr ≈ 1.5 lower than the resonant 
velocity and the amplitudes of a prism increase linearly with an increase in the reduced velocity Vr at angle of 
attack α= 0°. The rectangular prism until α= 25° vibrates the same as one with α= 0°. For α≥ 30°, the reduced 
velocity of the vibration onset for a rectangular prism increases at Vr = 2.1, and a rectangular prism of a= 35° 
do not occur the vibration. In the case of a D-section prism with D/H = 0.23 at α= 0°, the vibration also begins 
to occur near reduced velocity Vr ≈ 1.5 and the amplitudes of a prism increase linearly with an increase in the 
reduced velocity Vr as with the rectangular prism with D/H = 0.2. In the range of angle of attack between 10° 
and 45°, a D-section prism vibrates the same as one with α= 0°. The reduced velocity of the vibration onset for 
a D-section prism of α = 55° increases at Vr = 2.1, and a D-section prism of α = 60° do not occur the vibration. 
Thus, a D-section prism with D/H = 0.23 can vibrate at the larger angle of attack than a rectangular prism with 
D/H = 0.2. 

Figure 5 shows the response amplitude ηrms (= yrms/H) for a rectangular prism and D-section prism with 
the reduced velocity V̅r (= Ufc/H̅), which is non-dimensionalized by a characteristics length normal to the 
incident flow H̅, for various angles of attack α. For a rectangular prism with D/H = 0.2, there are a little difference 
between Figures 4(a) and 5(a). For the D-section prism with D/H = 0.23, as shown in Figure 5(b), the reduced 
velocity V̅r of onset of vibration increases as angle of attack α increase. Because H̅ decreases as the angle of 
attack α increase.  
b) Prism with side ratio D/H = 0.5 

Figure 6 shows the effect of angle of attack α on the response amplitudes ηrms for a rectangular prism 
and a D-section prism with side ratio D/H = 0.5 with respect to the reduced velocity Vr in the vibration direction 
I. In the case of a rectangular prism with D/H = 0.5, a prism at α = 0° begin to vibrate near Vr ≈ 3.0. The reduced 
velocity of the vibration onset for a rectangular prism of α = 15° increases at Vr ≈ 3.5, and the vibration is 
suppressed gradually at α ≥ 10°. Especially, the rectangular prism at only α = 20° for Vr = 3.0 − 4.2 vibrates 
with a half of natural frequency fc/2, i.e. 14 − 17 Hz. This phenomenon has a concern in the change of flow 
separation point from the leading to trailing edge on the rectangular prism with D/H=0.5 at α ≈ 23° 30). In the 
case of a D-section prism with D/H = 0.5 at α= 0°, a prism begins to vibrate smaller the reduced velocity at Vr 
≈ 2.5 than a rectangular prism with side ratio D/H = 0.5, and the response amplitude of a D-section prism 
vibrates until α = 25° the same as α°. The vibration is suppressed at a= 35° and the response amplitudes do 
not increases more than ηrms = 0.02. Thus, a D-section prism with side ratio D/H = 0.5 can vibrate at larger angle 
of attack than a rectangular prism with side ratio D/H = 0.5. 
c) 5 % non-dimensional and increment rate of response amplitude 

Figures 7 shows the reduced velocity at the 5 % non-dimensional response amplitude of the prism 
Vr0.05 with respect to the angle of attack α. The reduced velocity Vr0.05 of a rectangular prism with D/H = 0.2 and 
a D-section prism with D/H = 0.23 is smaller than prisms with D/H = 0.5. The vibration of a D-section prism 
with D/H = 0.23 is kept until α = 45°. Figures 7 shows the increment rate of the response amplitude for a prism 
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dηrms/dVr, which is the average rate of measured points, with respect to the angle of attack α. The increment rate 
of the response amplitude dηrms/dVr of a D-section prism with D/H=0.23 are larger than that of a rectangular 
prism with D/H = 0.2 and a D-section with D/H=0.5. In particular, the increment rate of a D-section prism with 
D/H=0.23 indicates large value in a wide range of angle of attack until α = 45°.  

Figure 4: Response amplitude rms of prism for vibration direction I with respect to 
the reduced velocity Vr.

(a) Rectangular prism with D/H=0.2

Figure 5: Response amplitude ηrms of prism for vibration direction I with respect to the 
reduced velocity V̅r.

(b) D-section prism with D/H=0.23

(a) Rectangular prism with D/H=0.2 (b) D-section prism with D/H=0.23
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Figure 6: Response amplitude of the prism ηrms respect to the reduced velocity Vr with 
D/H=0.5
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Figure 6: Response amplitude of the prism 
(a) Rectangular prism with D/H=0.5

respect to the reduced velocity with
(b) D-section prism with D/H=0.5
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Knisely presented the Strouhal number for rectangular prisms with side ratios ranging from 0.04 to 1 
and with angles of attack from 0° to 90° 30). For the side ratio of D/H = 0.2, the reattachment of the separated 
shear layer occurs near 35°. For the side ratio of D/H = 0.5, the reattachment occurs near 20°. Takizawa et al. 
shows that the lift force of a D-section prism with D/H = 0.5 changes at α ≈ 40° 34). These angles of attack 
coincide with a change in the response amplitude of prisms. Therefore, the rectangular prism with a small 
afterbody and D-section prism can vibrate until larger angle of attack. 
 
(2) Vibration direction II 

Next, we investigated the response amplitude of the prisms for the vibration direction II, which is the 
same as the normal direction to flow (Figure 1). 
a) Prism with side ratio D/H ≈ 0.2 

Figure 9 shows the response amplitudes ͞ηrms (=yrms/H̅) of a rectangular prism with side ration D/H = 
0.2 and a D-section prism with side ration D/H = 0.23 for vibration direction II with respect to the reduced 
velocity Vr (= Ufc/H). The response amplitudes of a rectangular prism with D/H = 0.2 increase linearly with an 
increase in the reduced velocity Vr at angle of attack α≤ 15°. The rectangular prism at α≥ 20° vibrates very 
little. Thus, the range of angle of attack (0° ≤ α < 20°) in which a rectangular prism with D/H = 0.2 can vibrate 
for the direction II is narrower than that (0° ≤ α < 35°) for the direction I. Although a D-section prism with 
D/H=0.23 for the direction I vibrates at large angle of attack, i.e. α = 45°, the D-section prism for the direction 
II at α = 15° vibrates very little. 
b) Prism with side ratio D/H = 0.5 

Figure 10 shows the response amplitudes η͞rms (=yrms/H̅) of the rectangular and D-section prisms with 
side ration D/H=0.5 for the vibration direction II with respect to the reduced velocity Vr (= Ufc/H). The response 
amplitudes of a rectangular prism with D/H = 0.5 increase linearly with an increase in the reduced velocity Vr 
at angle of attack α≤ 15°. The rectangular prism at α= 20° and 25° vibrates slightly. Especially, the rectangular 
prism at only α = 25° for Vr = 2.5 − 5.2 vibrates with a half of natural frequency fc/2, i.e. 10 − 17 Hz. This 
phenomenon has a concern in the unsteady flow separation point similar to the rectangular prism with D/H = 
0.5 for the vibration direction I. In the case of D-section prism with D/H=0.5, the reduced velocity of the 
vibration onset increase gradually from Vr = 2.8 of α = 10° to Vr = 3.0 of α = 25°, and the vibration is suppressed 
at α ≈ 35° the same as the vibration direction I. 
c) 5 % non-dimensional and increment rate of response amplitude 

Figures 11 shows the reduced velocity at the 5 % non-dimensional response amplitude of the prism 
Vr0.05 with respect to the angle of attack α. The reduced velocity Vr0.05 of a rectangular prism with D/H = 0.2 and 
a D-section prism with D/H=0.23 is smaller than prisms with D/H=0.5. The vibration of a D-section prism with 
D/H=0.5 is kept until α = 25°. Figures 7 shows the increment rate of the response amplitude for a prism d ͞ηrms 
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/dVr with respect to the angle of attack α. Although the increment rate of the response amplitude d ͞ηrms/dVr of a 
D-section prism with D/H=0.23 are larger, the range of vibratile angle of attack is narrower than the other prism. 
In particular, the increment rate of the response amplitude d ͞ηrms/dVr of a D-section prism with D/H=0.5 indicates 
large value in a wide range of angle of attack until α = 30°. 
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3.2 VIBRATION-POWER GENERATION 
From the result of free-vibration experiment, the prisms with small side ratio for the vibration direction 

I are suitable for the power generation of flow-induced vibration. So, the power generation experiment is 
conducted by using a rectangular prisms with side ratio D/H = 0.2 and a D-section prisms with side ratio D/H 
= 0.23. Figures 13 and 14 show time histories of the response amplitudes and the generated voltage at α= 0° 
and 25°. Although there is a phase difference between waveforms of amplitude and voltage, each waveform of 
the amplitudes and voltages is almost stable against times. Figure 15 shows the response amplitudes ηrms (= 
yrms/H) and the generated power P of a rectangular prisms with side ratio D/H = 0.2 and a D-section prisms with 
side ratio D/H = 0.23 at angles of attack α= 0° and 25°. The response amplitudes and the generated power 
increase with increase of the reduced velocity. There are no marked difference between α= 0° and α= 25° on 
the response amplitudes and generated power. The generated power at Vr = 4.15 for a D-section prism is about 
26 mW. Figure 16 shows the coefficient of power generation of the prisms with respect to the reduced velocity. 
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Figure 15: Response amplitudes 
of a prism and generated power
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power generation

Figure 13: Time history of the response amplitudes 
of rectangular prism and generated voltage at Vr=3.6
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Figure 14: Time history of the response amplitudes 
of D-section prism and generated voltage at Vr=3.8
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For Vr > 3, the coefficient of power generation becomes saturated. Maximum coefficient of power generation 
of the prism is about 0.045%. 

 
4. CONCLUSIONS 

Free-vibration and power generation tests using rectangular and D-section prisms with side ratio D/H 
≈ 0.2 and 0.5 were performed in a water tunnel. The main conclusions of the present study are as follows: 
(1) For the vibration direction I which is the same as the longitudinal direction of the prism, the D-section prism 

with side ratio D/H = 0.23 has the highest increment rate of the response amplitude, and vibrates in the wide 
range of angle of attack than the other prisms. 

(2) For the vibration direction II which is the normal direction to flow, the D-section prism with side ratio D/H 
= 0.23 has the highest increment rate of the response amplitude. The range of vibratile angle of attack is 
narrower than that for the vibration direction I. 

(3) The generated power and the maximum coefficient of the prism for the vibration direction I are 26 mW and 
0.045 %, respectively.  
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AEROELASTIC AND PERFORMANCE BASELINE ANALYSIS OF PIEZO-
AEROELASTIC WING SECTION FOR ENERGY HARVESTER 

Harijono Djojodihardjo1 
Key issues: Aeroelasticity and Flapping Mechanism, Bio-Inspired, Flapping Piezoelectric Energy Harvester, Flow 
Energy Harvesting, Oscillatory Foil. 

 
 
 ABSTRACT.   
Piezo-aeroelastic energy harvesters convert airflow induced vibrations into electrical energy, while the availability 
and affordability of piezoelectric transducers offer a class of flapping foil energy harvesters mostly in micro- to 
milliwatts scale which need to be tuned to match the characteristic frequencies. The present work presents a brief 
review of aeroelastic instability of a generic typical wing section due to the free stream flow field which is utilized as 
an oscillating foil energy converter. For propaedeutic analysis a generic piezo-aeroelastic cantilevered beam is 
defined and treated as a typical section. The basic governing equation of this generic structure is treated as a three 
degrees of freedom electro-dynamic system, with the first two-degree-of freedom comprising the standard binary 
aeroelastic system with additional relevant terms to represent the influence of a piezoelectric embedded element on 
the cantilevered wing. Following the philosophical approach of binary aeroelastic system, the problem is 
mathematically formulated and solved for the range of solutions that can be obtained depending on the prevailing 
physical properties of the system, focusing on the stability characteristics of the generic system. The characteristic 
of the unsteady aerodynamics of the oscillating system associated with favorable energy harvesting capabilities are 
assessed.  
 
I. INTRODUCTION AND BRIEF REVIEW 
The progress of energy harvesting technology and self-powered systems that has been prompted by the 
development of low power electronics offers autonomous systems that require minimum maintenance that 
are essential for their deployment in previously inaccessible locations (Zhu, 2011). Energy Harvesting can 
be defined as the process of capturing energy, which are relatively minute, from the naturally occurring 
(“Green”) energy sources, and then accumulating them and storing them for later use. Autonomous 
system and smart material technology that are now widely utilized take advantage of the thermal energy 
that can be converted to electrical energy by the Seebeck-Peltier effect, or mechanical energy extraction 
in piezoelectric system (first discovered by Jacques and Pierre Curie). These make extracting energy from 
mechanical energy an attractive approach for powering electronic systems, as in piezoelectric system.  
The piezoelectric effect was discovered by the bothers Pierre Curie and Jacques Curie in 1880, while the 
converse effect was later discovered by Gabriel Lippmann in 1881 through the mathematical aspect of the 
theory. These behaviors were labelled the piezoelectric effect and the inverse piezoelectric effect, 
respectively (Ledoux, 2011). New approaches have been developed using first-principles computations, 
based on fundamental physics. First-principles theory laid the framework for a basic understanding of the 
origins of piezoelectric behavior and properties.  
The principle of the composite energy harvesting system relies on the fact that the material, such as  
Polyvinylidene fluoride (PVDF) has natural piezoelectric properties. The conversion of mechanical 
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