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sufficient length to prevent vortex shedding intrusion. It enhances the response
amplitude ascended linearly with respect to non-dimensional velocity. In the case of
the prisms with critical points, interferences of amplitude signal spectra for the period
of displacement vanished, yielding a uniform waveform on the response amplitude.
Inserting a splitter plate improves the increment rate of the dynamic response of the
test models. A brief numerical calculation was performed to find the quantities of flow
features around a plain and rectangular prism with a detached splitter plate. The
alteration of flow wake characteristics is found by diminishing unsymmetrical vortices

Keywords: shedding and reduce flow entrainment at the trailing edge. The essential findings of the
Splitter plate; Rectangular; Dynamic prism with a detached splitter plate are the base pressure improvement, reducing drag
Response; Flow features force, and vanishing sharp peaks of wake FFT spectra.

1. Introduction

The separation shear layer is fixed at the leading edge in the presence of sharp edges on the
prismatic structure, such as rectangular and blunt bodies with a flat surface facing the uniform flow.
The alternating vortices formation downstream, reattachment point, and shear layer separation at
the prismatic structure's trailing edge affects the elastically mounted structure's vibration
characteristics. Wake flow characteristics such as the fluid force and Karman vortex shedding are
changed significantly in a rectangular prism by the depth ratio. The features of the elastically
mounted prismatic structure, such as a rectangular prism subjected to the flow-induced vibration,
depending on the damping mechanism and the hydrodynamic shape of the downstream body that is
the structural part of a prismatic afterbody shape of the flow separation point [1-2].
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The effect of cross-section depth on the flow-induced vibration characteristics of the finite length
prismatic structure was also investigated by Kiwata et al., [3]. They found that the prisms with
slender cross-sections had low onset vibration, high increment rate, and large dynamic response.
Nakamura and Hirata [4] plotted the dynamic response characteristics of the rectangular prismatic
body with various depth to cross-section height ratios. The rectangular prismatic bodies show a wide
range of vibration or galloping types, distinctly different from the elastically mounted circular cylinder
defined in the Griffin plot [5]. The dynamic response of the rectangular prisms has a limitation
response below the critical depth because of the flow features variations. The peak of base pressure
of various depths of the prismatic structure can be found in Nakamura and Matsukawa [6].

The variation of wake structure along spanwise of the prismatic structure results in some studies
on the span length effect on the dynamic response and wake structure characteristics such as Palau-
Salvador et al., Sumner et al., and Wang et al., [7 — 9]. The dynamic response characteristic of blunt
bodies with the span length variations (aspect ratios) influence vibration characteristics for which a
particular aspect ratio showed distinctly different characteristics with its counterparts [10]. The flow-
structure characteristics also reveal that wake flow characteristics of prismatic structure with below
the critical point of the aspect ratios (L/H) < 5 are distinctly different and considerably controlled by
the three-dimensionality of vortex structure from the tip end of the prism and the alternating vortex
shedding at the downstream of the bluff body. The investigation of flow wake around circular with
span length below critical point was also detailed in Gongalves et al., [11].

Controlling unsteady vortex behaviour in the trailing edge is supposed to diminish strong
unsymmetrical vortices resonance due to the separated shear layer interaction. The classical method
to control the shear layer interaction has been introduced by Zdravkovich [12]. The alteration of flow
wake behaviour is the main objective in inserting a splitter plate as a passive control of unsteady flow
behind the prism. Many researchers have focused on numerical and experimental investigations on
the attached splitter plate length and gap variation. The presence of a critical gap (a detached splitter
plate) and the length variation of the splitter plate is the main consideration in applying for a splitter
plate as a passive turbulence control for both rectangular and circular cylinders. The difference of
separation points for both cylinders is an essential parameter in the gap and length variation of a
splitter plate. A splitter plate changes the flow features, reducing drag, and galloping characteristics
for an elastically mounted prism [13 — 17].

The recent extensive studies on the wake stabiliser using a splitter plate have been developed
using a flexible splitter plate that enables flap, parallel and multiple, dual, and slotted splitter plates.
The flexibility of the flapping splitter plate attached to the elastically mounted circular cylinder
showed the alteration vibration mechanism. Increasing the flexibility of the splitter plate tend to
change galloping instability to vortex-induced excitation. Contrary to fixed splitter plate, it is uptick
galloping instability for rectangular prism and experiencing instability type vibration for the circular
and square cylinder [18 - 20]. Assi and Bearman [21] investigated the effect of slotted splitter plates
on the vibration characteristic of a circular cylinder. They revealed that the vibration mechanism of
a circular cylinder with a splitter plate was not resonant type vibration. Mounting a slotted splitter at
the trailing edge of the circular cylinder deflate fluid energy absorption of the vibrated cylinder by
decreasing negative damping and pressure differences between splitter plate surfaces.

Hwang and Yang [22]; Barman and Bhattacharyya [23] presented the effect of dual splitter plate
(upstream and downstream splitter plate) on flow features around circular and square cylinders. An
upstream splitter plate does not affect wake shedding at the trailing edge but reduces drag force.
Inserting the upstream and downstream splitter plates reduced drag coefficient but did not increase
shedding suppression of downstream wake.
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Parallel splitter plates on downstream cylinders as passive flow separation control have also been
demonstrated by Dash, Triantalfyllou, and Alfarado [24]. They showed that double splitter plates are
better than a single one for controlling unsteady flow at the trailing edge, advancing pressure
recovery and vortex shedding, and suppressing fluctuation of the aerodynamic forces.

However, the effect of a detached splitter plate as passive unsteady flow control in the wake on
the vibration response of the cantilevered rectangular prism with the aspect ratio below the critical
point has not been explained in detail in the literature. The vibration mechanism of a rectangular
prism is distinctly different from that of the square and circular cylinder. It is essential to elucidate
the effect of a detached splitter plate on the slender rectangular prism's vibration response and flow
features.

This work focused on the instability galloping for the cantilever mounted rectangular of blunt
bodies with depth to cross-section height (side ratio, D/H) < 0.5 and various aspect ratios (L/H). A
detached splitter plate for the wake control system at the trailing edge was supposed to enhance the
prism's dynamic response to support power generation systems' development from flow-induced
vibration in water flow.

2. Experimental setup
2.1 Experimental Apparatus

The experiments of the dynamic response of cantilevered rectangular prism were conducted in a
closed-loop water tunnel facility. Detail of the apparatus used in this study is similar, as in Barata et
al., and Mizukami [10, 25]. The schematic diagram of the test section, and measurement devices, is
shown in Figure 1 below. The test section dimension was 400 x 167 x 780 mm. The uniform flow
velocity U was regulated in the range of 0.74 m/s and 2.7 m/s by adjusting the pump motor's input
frequency and gate opening scale of the control valve. Flow stream velocity was measured by a pitot
tube and a digital differential pressure gauge (NAGANO KEIKE, GC50).

IdH

(al (b)

c)
Fig. 1. (a) Cross-section of the rectangular prisms, (b) Schematic of the FIV test model with a splitter plate
(c) FIV translational motion concept

The stationary splitter plate length was 200 mm or 10H with a thickness of 1.0 mm. It was installed
on the central prism axis behind the prism. The gap between the prism trailing edge and the splitter
was around % H. According to the references, the splitter plate length and gap are enough to stabilise
unsteady vortex shedding in the streamwise direction [16, 26].
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2.2 Test Models and Procedures

The test models were constructed from a smooth stainless steel surface and mounted elastically
using a flexible plate hooked up to the upper wall inside a water tunnel of the test section. The prism
displacement was one degree of freedom, i.e., transverse direction. The schematic of the test models
and test section is detailed in Figure 1. The rectangular prisms had the constant cross-section height
H of 20 mm and two different depths D, i.e. 5 and 10 mm. The model's depth with the side ratio (D/H)
of 0.5 is transitional galloping type behaviour for an elastically mounted bluff body. This study
considers that the test model with a side ratio of 0.2 is a pure instability galloping type. Figure 1(a)
shows the cross-section models with different side ratios, D/H (D: the downstream dimension of the
prism, and H is cross-section height facing flow stream direction) of the rectangular prisms of 0.2 and
0.5. The lengths of the prisms test (L) were 50, 100, 150, and 200 mm with the aspect ratios L/H of
2.5,5.0,7.5,and 10.

Before conducting the flow-induced vibration test, the initial displacement test and
frequencycharacteristic f. of the system were measured by hitting the prism at the air and stationary
water flow. Frequency characteristics f- was set in the range of 16 and 39 Hz by using different plate
thicknesses. The reduced-mass damping parameter (Cn) was taken by measuring the decrement rate
of structural damping (8), which is defined as logarithmic of peak displacement, p at the time (i)
over peak displacement p at time (i+n)™ as defined in Figure 2. These non-dimensional quantities are
defined as:

5=l (1)
pi+n
C =25x2> (2)
Ps

where p is the density of structure (s) and fluid (f). Figure 2 below demonstrates the structural
damping for which the decay rate of free vibration tests is defined. Table 1 summarises the physical
properties of the test models. The test model's structural damping into the water is less than in the
air because of the viscous effect and added mass. The disparity of the test model's frequency
characteristic in the water and air is around 2 — 5 %.

l Piianyth
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Fig. 2. The decay rate of response amplitude
conceptual
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Tabel 1

Physical properties of the test models

Properties In the water In the air

Cross section D/H Aspect Ratio (L/H)  f_[Hz] 6 Cn f.[Hz] 6 Cn

Model

Plain 0.20 10.0 26.49 0.0262 0.46 27.08 0.0117 152.26

Rectangular 7.5 26.36 0.0504 0.89 26.86 0.0125 162.92
5.0 38.70 0.0262 0.46 39.23 0.0140 181.71
2.5 38.45 0.0224 0.39 38.70 0.0146 190.07

0.50 10.0 16.36 0.0314 0.55 16.97 0.0115 149.68

7.5 16.48 0.0296 0.52 16.97 0.0151 196.21
5.0 24.78 0.0263 0.46 25.63 0.0147 191.52
2.5 26.37 0.0225 0.40 26.86 0.0163 211.95

An embedded type acceleration sensor (Showa Measuring Instrument, 2302CW) in the tip of the
test model was used to measure the model's tip displacement. The acceleration signal was proceeded
by an integrator (RION, UV-12, and UV-05) and converted using 12-bit A/D resolution with the
sampling frequency of 2 kHz, where 16,384 data points were collected in the flow time. The dynamic
response frequency was analysed using the FFT analyser (ONO SOKKI, CF-5201). The angle of tip
displacement (@) for a cantilevered type is defined from Figure 1(c) and written as equation 3.

O =2 xS ®)

7 L+l
where [ is plat spring length. The reduced resonance velocity (V, = U/fcH) was ranged between 1.3 to
5.0 depending on uniform flow velocity U and the characteristic frequency of the test model. The
range of critical reduced velocity (V) used in this experiment is still less than the critical point of the
prism as defined by Nakamura and Matsukawa [6]. The prism tip displacement was limited to around
3 mm to prevent plate spring failure.

3. Results and Discussion
3.1 Response Amplitude

The primary consideration focus on the prisms whose physical properties around the critical
points, such as the aspect ratios (span length to width ratio, L/H) and side ratio (depth to cross-section
height D/H), i.e., L 5.0 Hand D = 0.5H.

The detached splitter effect on the dynamic response characteristics of the rectangular prisms
with different aspect ratios is shown in Figure 3. The prisms with aspect ratios L 2 5.0H and depth D
= 0.2 H exhibit similar dynamic response and onset galloping characteristics. However, the dynamic
response improves at resonance velocity V, of > 2. The prism with L = 2.5H shows distinctive dynamic
responses, different from those of L > 5.0 H. A slight improvement of the dynamic response occurs
at high flow velocity (or V: > 3).

Inserting a splitter plate behind the test model with D = 0.5 H improves the response amplitude
at prisms with a span length, [=5.0 H, and L = 2.5 H, as shown in Figure 3b. All prisms with a detached
splitter plate exhibit the dynamic response improvement after the resonance velocity V; around 3.7.
The previous studies can be considered to uncover such phenomena that the rectangular depth
affects the dynamic response rectangular prism such as Kiwata et al., and Nakamura & Tomonari [3,
26]. The vibration mechanism of the slender prisms (D = 0.2H) with a sharp leading edge is solely
induced by the shear layer's instability from the separation point at the leading edge and is
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independent of vortex-induced vibration. The prism depth changes the vibration mechanism in which
vortex shedding downstream and reattachment are involved in the rectangular prism's dynamic
response.

The previous studies [26, 27] presented a critical depth of the rectangular prism was 0.4, which
was indicated by sudden alteration of the base pressure. Over this range, the vortex shedding effect
because of the after body length is considered. For aspect ratio L/H =10, flow-induced vibration over
the rectangular varied with various depths as shown in Kiwata et al., [3]. The waveform variation of
the dynamic response for depth D = < 0.5H is uniform in which the discontinuity of waveform
response is not found.

l'v'iLth alﬂjlgtel' Wit "
* L= WHIth a splitter
12 TaL=15H 120 1 L=10H "
Si23%4 mI-50H -
-|- . ' el=25H u®
2 e Prial Bare oris
L08 +OL=10H 080 T o i=10 o -
g AL=75H 5 2 SE-ing
5 OL=50H ¥ &% - OIsoH
(O L=25H && 0I-35H
o -
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0 - — 0.00 A
0 2 4 i 0 2 4 6
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fa) O0=0.2H ibh) O=05H

Fig. 3. Effect of a splitter plate on the response amplitude of the rectangular prism with different depths
and span lengths

Figure 4 shows the FFT power spectra analysis of dynamic response at the maximum amplitude
for the prism with D = 0.5H. The velocity displacement of a prism is the part of energy transfer from
the fluid to the structure during vibration motion. The frequency of displacement from time-lapses
of waveform response is defined by FFT power spectra on the left side of Figure 4. The waveform
signal interference or lagging of energy transfer from the fluid to the prisms is considered at the plain
prisms. It implies that the vibrated bluff body loses some energy due to the fluctuation of the
hydrodynamics forces, which upticks the fluid friction. The minor disturbances of oscillation
frequency adjacent to the sharp peak (Figure 4a) is found at the prism with L/H = 2.5, and two sharp
peaks (Figure 4b) on the FFT power spectra.

The highest sharp peak represents amplitude-frequency, and another one is the wake fluctuation.
The intermittent waveform vanished for test models with a splitter plate and appearing only one
sharp peak on the FFT power spectra analysis. Vanishing an intermittent on the second peak adjacent
to the dominant peak is considered an uptick of shear layer instability and alters the critical point of
the depth of the prism [13,29].
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Fig. 4. The FFT power spectra (left) and time lapses of the
dynamic response of the prism with a side ratio D/H of 0.5

3.2 Peak Deviation and Increment Rate of Response Amplitude

The effect of a detached splitter plate on the deviation of peak amplitude is shown in Figure 5.
The prism below the critical point shows a noticeable stable peak, i.e., L/H=2.5; D/H=0.5. The prisms
with the aspect ratios L/H > 5.0 and side ratios D/H of 0.5 show a stable peak at the resonance velocity
Vr > 3.7 even if the peak deviation remains high at low reduced velocity. In contrast to the side ratio
of 0.2, a splitter plate's effect on the prism's peak deviation with the aspect ratios L/H > 5.0 is similar
to the plain prism. It agrees with the uniformity of waveform time-lapses of the response amplitude
Eliminating a discontinuity of waveform peak amplitude reduces the effect of wake fluctuation

intrusion at the prism trailing edge, especially at high flow velocity.
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Fig. 5. Standard deviation of peak amplitude on the prisms with a splitter plate

Figure 6 presents the increment rate of response amplitude of the prisms with a fixed splitter
plate. The Increment rate of response amplitude uptick by increasing the aspect ratio L/H on both
side ratios D/H = 0.2 and 0.5. It increases the increment rate of response amplitude for all cases. A
bit of improvement is only found at the prism with L/H 2.5 and D/H = 0.2. The uptick of increment
rate proves that the frequency response also increases. This is an essential parameter in developing
power generation from flow-induced vibration. A remarkable increase in the dynamic response
increment rate is found at the slender prisms D = 0.2H at aspect ratio L/H > 5 even if the displacement
angle is pretty similar to plain prism at Vr < 2 (Figure 3). Preventing the vortex shedding for direct
interaction upticks the galloping behaviour at a similar flow velocity with the bare prisms.
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Fig. 6. Increment rate of the response amplitude

3.3 Numerical Approach

A brief numerical approach was carried out using a large eddy simulation (LES) turbulence model
to investigate the quantities of a stationary rectangular prism with D = 0.5H at Re = 22000. A PISO
pressure-velocity coupling method and non-slip wall condition were applied at the code. The Mesh
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model of the domain was a structural grid by considering the simulated model, such as the model's
simplicity and fine grid necessity at high separation point, as shown in Figure 7. The first cell height
and growth rate of the mesh construction were determined by considering eddy motions at viscous
sublayer (y*<5). The result showed that the y* calculation is 2.1, with a maximum value is 7.0. It is in
good agreement with the initial calculation as outlined in some references [30, 31]. The residual and
mass balance were monitored for convergence criterion as outlined by Oberkamf [32, 33]. The
features and limitations of URANS over LES for high separation flow, such as a rectangular prism with
critical side ratio L/H < 0.6 as described by Tian et al., [34] and Yosuf et al., [35] was also considered.

30 H

e

Fig. 7. Structural grid'of the domain

The flow feature around a bare prism was analysed first and extended to the model with a
detached splitter plate for the same approach. The flow features comparisons are shown in Table 2.
The drag and base pressure coefficient are sensitive to side ratio (D/H) variation, where the depth D
= ~0.6 H is the critical depth. The Strouhal number of a rectangular prism with D/H < 1.0 is less
sensitive than hydrodynamics forces. As shown in Table 2, the drag and base pressure coefficients of
a plain prism agree with other numerical calculations and are slightly different from the experimental
investigations. The Strohual frequency is also reasonable agreement for both numeric and
experimental investigations.

Table 2
The flow features of the quantities around a bare prism and detached splitter plate
Bare Prism

D/H (Square) CD -Cpb St Re Remark
Tamura [36] 0.5(-) 2.82 - 0.13 x10* 3D Numeric
Mizukami [25] 0.5 (1.0) 2.84 (2.15) 2.34(1.43) 0.13(0.12) 2.2x10% LES 3D
YU [37] 0.5(1.0) 3.03 (2.14) 2.37 (1.56) 0.17 (0.14) 10* LES 3D
Sohankar [38] 0.4 (1.0) 2.49 (2.20) 1.75(1.57) 0.15(0.12) 10* LES 3D
Knisley [39] 0.5 (1.0) 2.33(2.03-2.20) 0.14(0.13) 2.2x10*  Exp.
Bearman [40] 0.5(1.0) 2.40 (2.19) 1,62 (1.4) 0.13(0.12) 2-7x10* Exp.
Present 0.5 2.80 (-) 2.40 (-) 0.14 (-) 2.2x10% LES 3D
With a splitter plate

D/H (Square) CD -Cpb St Re Remark
Bearman [40] 0.5 (1.0) 1.37 (1.34) 0.59 2-7x10*  Exp.
Park [42] -(1.0) 1.47 (0.053) Numeric
Ali [43] -(1.0) -(1.26) - (0.015) 1.5x10? Numeric
Present 0.5 1.38 0.58 0.053 2.2x10*  Numeric
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In the case of a prism with a splitter plate, the calculation result on drag and base pressure
coefficient match Bearman's work [39]. The length of the splitter plate is long enough to counter
vortex shedding downstream and reattach to the splitter plate's body, as suggested by Bearman [40].
However, they did not show the effect of the gap between the prism and splitter. Ali et al., [41] have
shown a critical gap of ~2.5 for a square cylinder with a detached splitter plate. This study considers
the gap ratio is 0.5. We consider that the flow pattern of a square cylinder is different from a
rectangular prism with depth below critical depth. It is a curiosity for future work.

Some comparisons are shown to understand the detached splitter plate's effect on the dynamic
response of elastically mounted blunt prisms. Figure 8 compares the local vortex region in the flow
field around a bare and rectangular with a detached splitter plate. In a bare prism, the vortex region
at the after body exhibit unsymmetrical swirling vortices, which is different from its counterpart.
Consequently, the alteration of flow features such as the base suction, hydrodynamic forces, and
Karman vortices street is distinctly different from the prism with a detached splitter plate.

{a) {b)
Fig. 8. Vortex region around after body of rectangular prism on two different conditions. (a)
Without a splitter plate (b) With a detached splitter plate

Figure 9 shows the effect of a detached splitter plate on wake development at the after body.
The splitter plate with length L = 10H effectively prevent shear layer entrainment in the after body
resulting in a symmetrical pattern of vortices. The presence of a splitter plate creates cavities
downstream, and it makes recovery of the base pressure. Reattachment of the separated shear layer
on the fixed splitter plate does not affect the prism's dynamic response because it is detached from
the bluff body. Potent vortex entrainment is found at the plain prism.

(a) Prism without a splitter plate (b} Prism with a splitter plate
Fig. 9. The middle plane of vorticity around the prisms at t = 4 second

10
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In contrast, the shear layer interaction is diminished in the prism with a splitter plate. The splitter
plate length L = 10 H is also sufficient to weaken vortex shedding streamwise. The evolution of
separated shear layer characteristics behind the prims changed base pressure and hydrodynamic
forces such as lift and drag force, as shown in Figures 10 and 11.

(a) —With 3 splitter
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Fig. 10. Characteristics of the flow features around the prism. (a) Pressure coefficient, (b) Lift
Coefficient, (c) Drag Coefficient

The fluctuation of hydrodynamic forces and pressure is suppressed during the flowtime. Figure
11 exhibits the effect of a detached splitter plate on base suction. It shows that reducing flow
entrainment at the base improves the pressure coefficient (CP) at the prism with a fixed splitter plate.
Moreover, a non-dimensional wake shedding frequency is also shown in Figure 12. Prism with a
detached splitter plate presents a weak fluctuation vortex shedding, while a bare prism shows a sharp
peak of shedding fluctuation. It seems that vortex shedding in the after body takes an essential role
for some quantities, such as pressure and hydrodynamic force. They are related to the dynamic
response of the elastically mounted structure.

11
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4. Conclusions

The experiment of flow-induced vibration of cantilevered rectangular prisms with a detached
splitter plate in a water tunnel had been accomplished with the following conclusions:

i.  Mounting a splitter plate at prism trailing edge improve response amplitude for both
cross-section models by modifying the vortex dynamic behind the prisms instead of
allowing them to interact directly.

ii.  Mounting a splitter plate in rectangular prisms with aspect ratios L/H < 5.0 and a side
ratio of 0.2 does not affect response amplitude. It diminishes interference of peak
amplitude on the prism with D/H = 0.5 and uptick the increment rate of response
amplitude.

iii. The stable peak amplitude is achieved by inserting a splitter plate behind the prism with
a side ratio of 0.5 for all aspect ratios L/H.

12
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iv. A splitter plate stabilises vortex shedding at trailing edge, increases base pressure,
reduces drag force and Strouhal frequency.

v. Inserting a splitter plate is a prospective method to enhance power generation
performance from flow-induced vibration
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