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Abstract

This study is intended to enhance research field on developing energy harvesting from
flow flow-induced vibration as well as physical insight concerning flow-induced
vibration in the low flow regime. The results show that all the prisms oscillated below
reduced resonant velocity (V). The prisms with aspect ratio L/H > 5 have reasonably
identic on vibration characteristics. The prism with the aspect ratio of 10 and side ratio
of 0.2 has a stable and large response amplitude with onset galloping at a low reduced
velocity (V: > 1.5). In the case of the splitter plate effect, it has enhanced response
amplitude, stable response, and diminished wake interferences effect on the prisms with
critical side ratio D/H = 0.5. Attaching endplate at the tip end of a prism with critical
aspect ratios (L/H < 5) has suppressed dynamic response, increased wake interferences,
and promoted unstable amplitude. Attaching additional structure on the frontward and
backward of the rectangular prism has shifted vibration onset, but the response
amplitudes are similar to that of the plain prism. The discernible stability of response
amplitude is found even if the side ratio of a stepped prism of 0.45 (nearly close to critical
side ratio of 0.5).



1. Introduction

The remarkable research topics on flow-induced vibration recently are commonly
found in the case of the effect of the aecrodynamic/hydrodynamic shape of bluff bodies on
dynamic responses as well as flow wake behavior around that structure which is correlated
to galloping or aeroacoustics. Some of the bluff bodies shape such circular cylinder,
rectangular shape, triangular, and D-shape are commonly found in the case of flow-induced
vibration on such those structure. In the field of research point of view, a structure can be
exposed to vibration in some situations which is its characteristics depend on mass, system
damping, or aerodynamic shape. Controlling flow behaviors are a primary concern of many
researchers to investigate flow features and it is widely found in the case of depth to width
ratio, span-length ratio, and tandem arrangement effect on the flow field. Meanwhile, after
body shape models of bluff body structure such as appended structures such as fin, end
plate, and splitter plate are also commonly found on some literature both stationary and
elastically mounted structure. Various types of flow-induced vibration on real engineering
structures can be found in Naudascher and Rockwell (2005). Some of the considerable
investigations on flow-induced vibration related to rectangular structures such as Blevins
(1974), Naudascher and Wang (1993), Nakamura and Matsukawa (1987), and Manini et al
(2016) has been found in many research articles. The investigations of flow-induced
vibration on semi-circular or D-section bluff bodies have been also demonstrated by Feng
(1968), Nakamura and Hirata (1989), Kiwata et al (2014), Wang et al (2015), Yamagata et
al (2016).

The objectives of the present study are to improve the increment and stability of the
response amplitude, and the decrement of the vibration’s starting velocity by several
methods. Those are using different aspect ratio and side ratio, installing a splitter, and an
endplate, and attached additional structure (a plate and a fin) to the surface of a rectangular
prism on cantilevered rectangular prisms with a side ratio of 0.2.

Figure 1.1. Overview of test models with different aspect ratio

Figure 1.1 shows a schematic of the test section with different aspect ratios and side
ratios. The prisms were made of stainless steel with smooth surfaces and had sharp edges.
The rectangular prisms had a cross-section height A of 20 mm. The side ratio D/H of the
rectangular prism was changed from 0.2 to 0.5, where D is the depth of the prism in the
flow direction. The aspect ratio L/H of the prisms was varied from 2.5 to 10. The prism was
mounted elastically to a plate spring attached to the ceiling wall of the test section with a
jig as in figure 1.2. Table 1 shows the specifications of the test models without additional
structures. Figure 1.3(a) shows side and cross-section views of a stepped rectangular prism
that was joined to an additional plate with a thickness of d = 4 mm to the front or back of
the cantilevered rectangular prism with D/H = 0.2. Figure 1.3(b) shows a cantilevered
rectangular prism of D/H = 0.2 with a fin. The effects of the configuration of a fin fitted on
the back of the cantilevered rectangular prisms to increase flexural rigidity during flow-
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Figure 1.2. Schematic diagram of the test section of water tunnel and the measurement instruments
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Figure 1.3. (a) Cantilevered rectangular prism of D/H = 0.2 with a plate. (b) With a fitted fin.

Table 1. Specification of test models without additional structures

Spring D/H
L/H | thickness 0.2 0.5
(mm) | £, (Hz) o C, f. (Hz) 0 C,
)5 0.4 344 0.111 1.95 43.1 0.016 0.28
0.6 31.1 0.044 0.77 26.4 0.023 0.40
0.4 23.8 0.035 0.61 15.1 0.036 0.63
5 0.6 38.7 0.026 0.46 24.8 0.026 0.46
0.8 - - - 33.9 0.017 0.30
0.6 26.4 0.061 1.08 16.5 0.030 0.52
7.5 0.8 36.4 0.025 0.44 22.7 0.023 0.40
1.0 46.1 0.023 0.41 28.8 0.017 0.30
0.8 26.5 0.026 0.46 16.4 0.031 0.55
10 1.0 332 0.022 0.39 20.6 0.022 0.39
1.2 38.9 0.020 0.35 24.3 0.025 0.44

induced vibration were investigated. The acrylic resin fin spanned the entire length of the
prism. The fin-height-to-prism-height ratio (height ratio) #/H was varied from 0.25 to 0.5,
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and the fin-depth-to-prism-height ratio (depth ratio) d/H was varied from 0.15 to 0.4. All
the experiments were performed in a water tunnel equipped with underground water,
measurement instruments and a central processing unit (CPU) for data analysis.

2. Effect of the aspect ratios

Flow-field around cantilevered prisms is three-dimensional instead of two
dimensional. Hence, the effect of aspect ratio L/H and side ratio D/H (where L is the span
length of a prism, H is the height of a prism normal to the flow direction, and D is the depth
of a prism) on a vibration characteristics of cantilevered rectangular and D-section prism
models is investigated. In this research, the effect of after body shape was also considered
by using two different cross-sections as mentioned above. All the experimental conditions
were situated in the range of low-speed galloping due to instability of the separated shear
layer origin from the sharp corner of the leading edge of the prism models. The results of
the experiment show that all the prisms with different aspect ratios oscillated below reduced
resonant velocity (V..) as shown in figure 2.1. As a side ratio effect, the aspect ratio also
affects the vibration onset of the prisms model with aspect ratio below the critical aspect
ratio L/H = 2.5. While the prisms with aspect ratio L/H > 5 have reasonably identic on
response amplitude, onset vibration, and stability of response amplitude. The distinctly
different vibration characteristic appears on a prism with an aspect ratio of 2.5. In the range
of low-speed galloping, all features of vibration characteristics are linear case over reduced
velocity.
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Figure 2.1 The angle of response amplitude and normalized frequency of cantilevered rectangular
prisms respect to reduced velocity

In the case of different cross-section models, D-section prism shows a similarity to
the rectangular prism behaviors on response amplitude characteristics as shown in figure
2.2. The distinctive difference between the rectangular and D-section is the onset galloping,
increment rate, and the stability of response amplitude. The onset galloping of D-section is
lower than the rectangular prism, which is around 1.3 and 2.2 for the side ratio of 0.23 and
0.5 respectively. While the onset galloping of the rectangular prism takes place 1.5 and 3.0.

According to Nakamura and Hirata (1991), Nakamura and Matsukawa (1987),
Kiwata et al (2014) that the rectangular and D-section are different in critical cross-section
and side ratio can alter the onset of galloping behavior.

The aspect ratio affected the stability of amplitude response for L/H < 5.0 as shown
in the following figure. However, the side ratio of 0.5 has a slightly high unstable peak



amplitude rather than a small side ratio as shown in figures 2.3 and 2.4. Hence, the small
peak response of the prism with small aspect ratio is found as shown in figure 2.4 below
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for Rectangular prisms D/H = 0.2 with
respect reduced velocity V,

Figures 2.6 below describe the onset of galloping evolution over the aspect ratio of
two different side ratios and cross-section models. The onset galloping decrease by
decreasing aspect ratio and side ratio. However, D-section prim with aspect ratio and side
ratio of 10 and 0.23 respectively has the lowest onset galloping. Figure 2.7 shows the effect
of aspect ratio on-increment rate of response amplitude. The increment rate of response
amplitude is changed by increasing the aspect ratio. The highest increment rate is taken
place at D-section with an aspect ratio of 10 with a side ratio of 0.23.
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3. The effect of attached splitter and end plate

In order to maintain a two-dimensional flow structure due to the free end effect, an
end plate was also attached to the of the prism end separately. In this investigation,
mounting a splitter plate enhances response amplitude for all prism models as shown in
figure 3.1 and 3.4. inserting the splitter plate also successfully diminishes a discontinuity
of wave form peak response amplitude which is attributable to dynamic response
improvement. For D-section prism, inserting a splitter plate has improved stability of peak
and response amplitude as shown in figures 3.2 and 3.3.

A peculiar characteristic of response amplitude takes place on the prism with critical
aspect (L/H) < 5.0 and side ratio (D/H) = 0.5 in which fluctuation of harmonic motion of
response amplitude vanished over flow time. The phenomenon is also confirmed by using
FFT spectra analysis that there is only one sharp peak on amplitude frequency as figure 3.4
which is distinctly different from the plain prism.
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Figure 3.1 Effect of splitter plate on transverse vibration characteristics for rectangular prisms

Attaching an endplate at the end of prims does not influence the response amplitude
characteristics both rectangular and D-section prisms with side ratio D/H = 0.5. (Figures
3.5 (b) and 3.56) even if peak amplitude response is slightly unstable for the prism with an
aspect ratio of 2.5. Attached endplate at the prism with aspect ratio L/H < 5.0 and small
side ratio (D/H 0.2 and 0.23 for D-section) has suppressed response amplitude both
rectangular and D-section (figure 3.5(a) and 3.7). A non-linearity of the evolution response
amplitude was found at the D-section prism with aspect ratio of 5.0 and side ratio of 0.23
when reduced damping parameter Cn value change from the forewent use over which a
jumping response amplitude occur.
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ratio D/H=0.5 at maximum response amplitude D-section with critical side ratio
D/H=0.5
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4. Effect of the additional structure

Attached the additional structure at the frontward or backward position on the prisms
was not successful to increase response amplitude rather than shifting onset vibration as
shown in figure 4.1. Presuming that effect of increasing rigidity of the prism was not in line
with the initial prediction that attaching additional structure is supposed to put a hybrid
response amplitude.

The effect of axial force on the vibration characteristic influences bending stress
behavior acting on the span length of the rectangular prism. In this case, bending or
deflection stress effect prediction on the free vibration characteristic was reduced by
increasing rigidity of the prism by adding a lighter structure at backward and frontward of



the prism. In this case, the rigidity was increased from 107 to 810 mm*. As the result the
stability of response amplitude is improved as indicated in figure 4.2. The evolution of
onset galloping and stability of response amplitude was also found in Kiwata et al (2013)
with various size of fitted fin.
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Figure 4.1 Transverse vibration characteristic of a rectangular prism with a side ratio of 0.2 with
added structure
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5. Concluding Remarks

Based on the experiment result that vibration characteristic can be viewed into two
groups i.e. the prisms with aspect ratio L/H of > 5.0 have similar response amplitude and
the prisms with aspect ratio below the critical aspect L/H = 2.5. The prisms with aspect
ratios below critical aspect ratio show non-uniform amplitude peak displacement, unstable
response amplitude, and low increment rate of response amplitude. The discontinuity of
oscillation waveform is also introduced on the prism with critical side ratio D/H = 0.5 which
is inverse with rectangular prism with a side ratio of 0.2. In the case mounting a splitter
plate at prisms trailing edge, it has improved response amplitude for both cross-section
models by modifying the vortex dynamic behind the prisms instead of allowing them to
interact directly; hence which prevents wake interference on the response amplitude. As
the result, the fluctuation of amplitude peak is uniform with only one sharp peak is found
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on the FFT spectra analysis. For rectangular prism below critical aspect ratio L/H < 5.0 and
side ratio of 0.2 in which the galloping relies on instability, mounting splitter plate does not
affect response amplitude. Attaching endplate at the end of prisms does not influence the
uniformity of waveform amplitude for both prisms model with D/H of 0.5. Hence, there is
not any meaningful improvement amplitude. However, attaching endplate at the prism with
small depth section D/H = 0.2 (rectangular) and 0.23 (D-section) is a meaningless way
related to amplitude improvement for aspect ratio L/H > 5.0. For the prism with L/H < 5.0,
attaching endplate has suppressed response amplitude. Hardly suppressing on response
amplitude was found in the prisms below critical aspect ratio, L/H = 2.5 and D-section with
L/H=5.0 and C, property is 1.99. A non-linear response amplitude over reduced velocity
was found at D-section prism with L/H = 5.0 and Cr = 1.09 which is indicated by suddenly
jump of response amplitude.

Finned and stepped prism increase rigidity of the prism which indicated by the
stability of response peak displacement. In case of response amplitude, fined prism and
staggered has shift onset galloping regularly with increasing depth ratio, however, stepped
prisms prolong galloping range with a small amplitude that changes the onset galloping.
Staggered prism preserve peak amplitude stability remains stable even if the depth ratio
approached to 0.45.
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