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Abstract: A series of experimental tests on flow-induced motion (FIM) and energy conversion
of two rigidly coupled triangular prisms (TRCTP) in tandem arrangement were conducted in a
recirculating water channel with the constant oscillation mass mys.. The incoming flow veloc-
ity covered the range of 0.395 m/s < U < 1.438 m/s, corresponding to the Reynolds number
range of 3.45 x 10* < Re < 1.25 x 105. The upstream and downstream triangular prisms with a
width of 0.1 m and length of 0.9 m were connected by two rectangular endplates. Seven stiff-
ness (1000 N/m < K < 2400 N/m), five load resistances (8 (0 < Ry < 23 ), and five gap ratios
(1 < L/D < 4) were selected as the parameters, and the FIM responses and energy conversion of
TRCTP in tandem were analyzed and discussed to illustrate the effects. The experimental results
indicate that the “sharp jump” phenomenon may appear at L/D =2 and L/D = 3 significantly, with
substantially increasing amplitude and decreasing oscillation frequency. The maximum amplitude
ratio in the experiments is A%y, = 2.24, which appears after the “sharp jump” phenomenon at
L/D = 3. In the present tests, the optimal active power Py, = 21.04 W appears at L/D =4 (U, = 12.25,
K'=2000N/m, Ry =8 ), corresponding to the energy conversion efficiency #y,,,, = 4.67%.

Keywords: triangular prism; tandem; flow-induced motion; sharp jump; gap ratio

1. Introduction

Flow-induced motion (FIM) is a complex fluid—structure interaction phenomenon
which may occur on the surface of structures such as long-spanned bridges [1], offshore
platform, vehicle system, deep-sea risers, and so on [2]. Due to its powerful and destructive
force on structures, extensive studies on FIM have been carried out [3-5]. There are two
typical forms of FIM: vortex-induced vibration (VIV) and galloping. VIV is a self-excited
and self-limited motion. The typical VIV phenomenon can be observed on the circular
cylinder, as the flow velocity increases, the circular cylinder enters into the VIV initial
branch, followed by the VIV upper branch and finally the VIV lower branch. In the initial
branch of VIV, the amplitude and oscillation frequency stabilize at lower values because
the energy extracted from the water is limited with a lower flow velocity, but the increasing
trend can be observed significantly with the flow velocity increases. For the upper branch of
VIV, the amplitude becomes larger and the oscillation frequency and the natural frequency
are almost the same, so the upper branch is also called “Lock-in” or “Synchronization
Region”. As the flow velocity continues to increase, in the lower branch of VIV, the
amplitude begins to decrease, but the oscillation frequency presents an increasing trend.
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For the high flow velocity, the circular cylinder appears with self-limited motions [6,7],
accompanying the oscillation suppressed, which is not conducive to energy harvesting.
Galloping is defined as a motion caused by instability of lift with high-amplitude and low-
frequency, and the phenomenon can be observed on the non-circular section prisms such as
Passive Turbulence Cylinder (PTC) [8], rectangular prism [9,10], triangular prism [11,12],
T-section prism [13], etc. The galloping phenomena can be divided into two forms: soft
galloping (SG) and hard galloping (HG) [14]. For SG, the galloping can be self-excited by
the VIV with the increasing flow velocity. On the other hand, for HG, the complete VIV
response can be observed. At the lower branch of VIV, the oscillation is suppressed, while
the hard galloping can be excited by external excitation.

When the fluid flows past a cylinder, the Von Karman vortex street occurs behind the
cylinder over very broad ranges of Reynolds (Re) number. The appropriate force-transfer
coefficients have been determined experimentally by a Fourier averaging technique, and the
results were incorporated into the equation to predict the dynamic responses of elastically
mounted cylinders by Sarpkaya [15]. The experiments on FIM have been presented for
several decades, and Khalak and Williamson [16] studied the VIV phenomena for a circular
cylinder. With a constant mass-damping ratio m*¢ = 0.013, the results show that the
amplitude of a circular cylinder decreases sharply at VIV lower branch with a larger mass
ratio. Raghavan and Bernitsas [17] studied the effect of Reynolds number on VIV response,
and the experimental results show that the reduced velocity range for lock-in becomes
larger as the Reynolds number increases. The results also indicate that the Reynolds number
has a stronger effect on A* than the mass ratio, and a large amplitude ratio of A* = 1.8
can be observed with a 3.5-inch cylinder at K = 965 N/m and Re = 8.7 x 10%. Bernitsas
et al. [18] developed the vortex-induced vibration aquatic clean energy (VIVACE) converter,
which is a new concept on the energy conversion of FIM and converts the energy of fluid
flow to electricity at flow velocity as low as 0.25 m/s. The principle for energy conversion
of FIM is that the displacement of a cylinder generated by vortex shedding drives the
generator to produce electricity through the transmission part. Brandao et al. [19] studied
the effect of non-condensable gas on a circular cylinder in cavitating flows based on a
homogeneous mixture of water vapor. In the cyclic regime, cavitation was observed in
periodically shedding vortices. Bahmani and Akbari [20] studied the characteristics of
amplitude response and vortex shedding for an elastically mounted circular cylinder with
mass ratio and damping ratio as the parameters. In the laminar flow with the Reynolds
number range of 80 < Re < 160, the results show that a decrease in either the mass ratio or the
damping ratio can lead to an increase of the amplitude and the reduced velocity range for
lock-in. However, some flow-induced vibrations of structures are adverse, and they should
be suppressed due to the powerful forces. An optimization procedure involving nonlinear
aeroelastic effect is developed for galloping control and flutter control by Zhang et al. [21]
and three numerical examples were analyzed. The advantages of the nonlinear control
target and new optimization procedure were presented in detail, and a six-span continuous
beam with a nonlinear energy sink (NES) attachment was used to numerically investigate
the NES-based VIV control of a flexible structure with multiple degrees of freedom [22]. The
results show that an NES designed for VIV control of the fundamental mode can effectively
mitigate the VIVs of higher-order modes.

Due to the self-limited motions of a circular cylinder, scholars began to pay attention
on the circular cylinders with passive turbulence control (PTC) and non-circular sectional
prisms. To enhance the amplitude, Park et al. [23] and Chang et al. [8] conducted exper-
iments on the elastically mounted circular cylinders with rectangular surface roughness
strips in the steady flow, and straight roughness strips with a specific width were applied
at various circumferential locations on the surface of the cylinders. When there are two
1.27 cm wide sandpapers with the thickness of 5.08 x 10~® m and the separation angle is
80°, the maximum amplitude ratio can reach 2.7 at U, = 13 and K = 424 N/m. Sun et al. [24]
conducted the FIM experiments of a rigid circular cylinder with distributed surface rough-
ness at 3 x 10* < Re < 1.2 x 10°, and the mass ratio, damping, and stiffness were selected
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as the parameters. The maximum active power Py, = 20 W and the energy conversion effi-
ciency #uax = 44% are achieved. The inclination angle («) of a circular cylinder with respect
to oncoming flow was considered to improve the energy conversion efficiency of the piezo-
electric energy harvester by Wang et al. [25]. In the experimental tests, different cylinders
with inclination angles from 25° to 45° can produce torsional vibration and high voltage
output under high wind speed. Zhu and Gao [26] studied the numerical simulations on
the VIV responses of a riser attached by a free-to-rotate impeller and the rotation response
of the impeller. The results show that the rotation of impeller delays the appearance of
“lock-in” to a larger reduced velocity. Hu et al. [27] studied the energy conversion of circular
cylinders with two same rod-shaped attachments, which have three cross sectional forms:
circle, triangle, and square. The results show that the circular cylinder with triangular
attachments at 60 degrees arrangement has better VIV response. A numerical study of VIV
response for a circular cylinder with an attached free-to-rotate pentagram impeller was
conducted by Zhu et al. [28], and they found that the amplitude increases with the growth
of reduced velocity without an upper limitation, which is beneficial to energy harvesting,
and the average energy conversion efficiency is 22.6% in the tests. Andrianne et al. [29]
conducted the experimental tests and numerical simulations of FIM responses for a square
cylinder in the wind tunnel, and the energy conversion characteristics were evaluated
by connecting a variable load resistance. A vertical set-up and a horizontal set-up were
applied in the tests. Shao et al. [13] conducted a series of experimental tests on a T-section
prism. They revealed the complete FIM responses and energy conversion characteristics for
a T-section prism with different load resistances and aspect ratios. The results indicate that
the prism with a smaller aspect ratio may have the greater energy conversion efficiency,
and the maximum value of #,,; = 27.44% is achieved with gap ratio « = 0.8. Zhang et al. [10]
conducted the numerical simulations on the effect of the cross-sectional aspect ratio on FIM
response and energy conversion for a rectangular cylinder with seven different aspect ratios
from 1/6 to 2.0. The amplitude ratio increases approximately linearly, increasing the flow
velocity without limit. Lian et al. [30] conducted the experimental tests of FIM responses
and energy conversion on four different cross-sectional cylinders (circle, triangle, square,
diamond square), and the results show that all the cylinders present “self-excited” motions,
but the circular cylinders and the diamond square prisms present “self-limited” motions.
The maximum amplitude ratio of A* = 1.8 can be observed on a triangular prism with a
low oscillation frequency of f*= 0.6 at U, =7 (m* =42, ¢ = 0.147, K =199 N/m). Zhang
et al. [31] conducted the numerical investigation on six different oscillators (triangular
prism, square prism, hexagon prism, octagon prism, 24-sided polygon prism, and circular
cylinder) at 1.61 X 10* < Re < 2.42 x 10°, and the results show that the amplitude can be
enhanced by decreasing the number of sides in the cross section. In the tests, the maximum
amplitude A = 0.8 m appears at U = 3.0 m/s (Re = 2.42 x 10°) with a triangular prism. To
examine the effect of cross sections on energy harvesting, Zhu et al. [32] studied the FIM
responses and energy conversion characteristics of trapezoidal cylinders with two attack
angles () and five aspect ratios (4/D), where d is the length of the shorter base, and D is
the length of the longer base and the height of the cylinders. The maximum amplitude ratio
A*=0.703 and the maximum active power Py, = 24.056 mW appear atd/D =0 (U, = 10,
oc = 0°), where the trapezoidal prism becomes a triangular prism, and the maximum energy
conversion efficiency of #,4, = 12.151% is also achieved atd/D =0 (U, =9, « = 0°) in the
tests. Seyed-Aghazadeh et al. [33] conducted systematic tests on flow past a triangular
prism, and the prism oscillates in the transverse direction and different attack angles from
0-60° are analyzed in detail. Liu et al. [34] studied the numerical simulation of flow past a
triangular prism, and two cases were conducted in the tests. A stable rotational equilibrium
between the triangular prism and the fluid was defined at 90°, which is the same as the 60°
arrangement of Seyed Aghazadeh, and was applied as the most common arrangement for
a triangular prism. Lian et al. [14] conducted the experiments on soft galloping and hard
galloping of spring-mounted triangular prisms with damping coefficient c, system stiffness
K, oscillation mass m and section aspect ratio a as the parameters in a water channel. The
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responses of the triangular prism are described in detail, and the critical damping coeffi-
cient Cc is developed to distinguish between SG and HG. Zhang et al. [35] from Tianjin
University studied the effect of damping ratio on the FIM response and energy conversion
for an equilateral triangular prism with constant oscillating mass M, and system stiffness
K. In the tests, the maximum amplitude ratio A* = 2.71 and the maximum active power
Piax = 53.56 W are achieved. Furthermore, Yan et al. [36] studied the effect of magnetic
flux density on FIM response and energy conversion for a triangular prism, the energy
conversion system is shown as Figure 1. The results show that the galloping performance
of a triangular prism may be changed by increasing excitation voltage, which is related to
the total damping C,zy-
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Figure 1. Schematic of flow-induced motion energy conversion (FIMEC) system [36].

Cylinder-like structures can be found both alone and in groups. To improve the energy
conversion of single units, multiple cylinders were applied, and studies show that multiple
cylinders in proximity can synergistically work and may harness more energy from the
fluid flow than the same number cylinders in isolation. Thus, the interaction among the
multiple cylinders should also be considered.

Xu et al. [37] conducted the experimental tests on FIM responses of two same elastically
mounted circular cylinders arranged in tandem in a water channel. The Reynolds number
of 2.86 x 10* < Re < 1.14 x 10° and four different gap ratios (L/D = 1.57, 2.57, 3.57, 4.57)
were applied. In the tests, galloping-like vibrations can be observed on the upstream
cylinder at a smaller gap ratio. Liu et al. [38] studied the flow-induced rotation of two
rigidly coupled circular cylinders arranged in tandem experimentally, a large spacing
ratio range of 4.0 < L/D < 9.0 was applied as well as the total oscillation responses were
presented and analyzed in the study. Gao et al. [39] studied the FIV responses of two
rigidly coupled circular cylinders with four incidence angles («) and two gap ratios (G)
numerically. For a larger gap ratio G = 4D (D is the diameter of each circular cylinder),
the strong wake interference between the two cylinders can be significantly observed at
« = 0. Ding et al. [40] simulated the FIM responses of multiple PTC cylinders numerically to
enhance the amplitude and harvest more energy from fluid flow. Four configurations with
one, two, three, and four cylinders were applied in the study at 3 x 10* < Re < 1.2 x 10°.
Analyzing the vortex patterns of multiple cylinders arranged in tandem, it is found that the
vortex shedding of the first cylinder may influence the oscillation responses of downstream
cylinders. Pinarbasi et al. [41] conducted the experimental tests on flow past two identical
square cylinders in tandem for the gap ratio range 0.5 < L/D < 5 in a large-scale water
channel. The results show that the flow separating from the top surface of upstream
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cylinder impinges and reattaches on the lateral surface of the downstream cylinder. To
improve the energy conversion of a circular cylinder arranged elastically in a wind tunnel,
a rectangular plate was fixed rigidly behind the cylinder, and three heights and varied
distances between the cylinder and the plate were applied in the experiments [42]. The
results show that a 2D-high (D is the diameter of the circular cylinder) plate placed around
0.2D-0.4D downstream of the circular cylinder has the most effective effect on energy
conversion of the system. Gu et al. [43] studied the effect of spacing on the vortex-induced
vibration for two elastically tandem diamond cylinders, and in the numerical investigation,
the nondimensional center-to-center gap ratio (G) varied from 2 to 6. The results show
that the reattachment and co-shedding phenomenon appear when the spacing ratio is
smaller (G = 2 and 3), but the co-shedding phenomenon only appears at a larger spacing
ratio (G = 4-6). Xu et al. [44] studied flow-induced vibration of a flexible splitter plate
attached behind a square cylinder numerically. The vortex shedding of the upstream square
cylinder excites the vibration of the flexible plate, which can be observed significantly in
the tests. Shao et al. [45] studied and analyzed the FIM responses and energy conversion
of two T-section prisms arranged in tandem. In the tests, the maximum active power
Parm = 30.12 W of the oscillation system appears at Ur = 12.25 for L/D =6 and R; =11 (),
and it is 1.5 times that of the isolated prism. Zhang et al. [46] studied the FIM responses and
energy conversion of two tandem cylinders with various cross sections (Triangular prism,
square prism, pentagon prism, circular cylinder, and Cir-Tria prism). A high damping ratio
Ctotar = 0.1076, low mass ratio m* = 0.93 and a gap ratio range of 2-50 were applied in the
tests. The amplitude ratio and oscillation frequency were analyzed in detail. The results
show that the upstream Cir-Tria prism gives higher active power, in the tests, A* =1.17,
P~ 0.26 W, and 1,4, = 26.5% are achieved. Shao et al. [47] conducted the experiments on
FIM responses and energy conversion for two triangular prisms in staggered arrangement
with variable parameters. High active power of Pj,,,, = 26.43 W is observed at Ur = 11
(L/D =6, Ry =13 Q)), which is much higher than that of an isolated triangular prism
(Pharn = 15W, Ry = 13 ). For all the typical cross-sectional cylinders, the active powers
of single units have been improved. For a circular cylinder with an attached free-to-rotate
pentagram impeller, the maximum active power is 16.8 W [28], while the maximum active
can reach 20 W with a PTC cylinder [24]. For the triangular prisms, the maximum active
power Py = 26.43 W is observed in the study of Shao et al. [47], with two triangular
prisms in staggered arrangement. The superiority of triangular prisms has been presented
significantly in order to explore the FIM responses and energy conversion characteristics
of two rigidly coupled triangular prisms arranged in tandem, and this paper presents
experimental tests with stiffness, gap ratio, and load resistance as parameters.

This paper is organized as follows. First, the experimental setup, physical models,
and the free decay test are organized in Section 2. Secondly, in Section 3.1, the overall
oscillation response of the two rigidly coupled triangular prisms (TRCTP) is presented
and analyzed. Then, in Section 3.2, the effects of the stiffness, gap ratio, and load resis-
tance on FIM responses, including amplitude and frequency responses, are discussed,
respectively. In Section 3.3, the energy conversion characteristics are analyzed. Two gap
ratios of L/D =1.5 and L/D = 4 are considered for the analysis of active power and energy
conversion efficiency. Finally, the main conclusions are summarized.

2. Experimental Methods
2.1. Physical Model
2.1.1. Recirculating Water Channel

All the experiments in this paper were conducted in the recirculating water channel.
As shown in Figure 2, the recirculating water channel consists of five parts: the water tank,
the variable frequency power pump, the 2 m wide flow channel, the bend flow channel, and
the 1-m wide flow channel, where the experimental setup is placed. The channel can store
300 m? water with a whole length of 50 m. The dimension of the water tank is 5 m (length)
x 5m (width) x 2 m (height). The maximum power of the variable frequency power pump
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is 90 kW and the water depth in the tests is controlled at 1.34 m. The Reynolds number of
the experiments covers the range of 34,504 < Re < 125,712 (0.395m/s < U < 1.438 m/s)
in the TrSL3 (20,000 < Re < 300,000) flow regime.

Variable Frequency
Power Pump Water Tank

Contraction Section
Bend Flow Channel

Figure 2. Recirculating water channel system.

2.1.2. Oscillation and Energy Conversion System

In Figure 3, the oscillation system consists of twelve main parts: the frame, side strut,
moving structure, springs, magnetic induction displacement transducer, transmission part,
spring carrier structure, linear guide ways, bearing, the coupled triangular prisms, rack,
and gears.

Magnetic Induction
Displacement Transducer

Transmission Part

Structure

|
» Spring Carrier
=

Moving Structure

Springs

Coupled triangular

Side Strut prisms in tandem

Move
Up and Down

Figure 3. Oscillation system.

The frame is made of steel and fixed in the moving structure which can move freely
on the top of the 1 m wide flow channel. The linear guide ways attached onto the steel
frame are perpendicular to the direction of the incoming flow and parallel to the side struts,
and are made up of stainless steel with a width of 20 mm and a length of 1500 mm. The
transmission part is fixed to the linear guide ways by four linear bearings (two on the left
and two on the right), therefore the triangular prisms can only move in a vertical direction
in the water channel. There are spring carrier structures arranged on the transmission part
regularly, and the two ends of the springs are connected vertically on the frame and the
transmission part, forming an integrated linear reciprocating system.

In Figure 4, the energy conversion system consists of three main parts of the generator,
load resistances, and the data acquisition system. In Figure 5, the transmission part is
connected to the rotor of the generator by the gears, and the rack is fixed into it. The linear
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motion of the prism is transferred to the rotational motion of the generator rotor to cut the
magnetic induction lines. The generator transmits electrical power to the load resistances
by the output wire to simulate power consumption. The voltage signal wire transmits the
voltage of load resistance to the data acquisition system, which collects the output voltage
time history and the displacement time history transmitted by the magnetic induction
displacement transducer in real time and provides data for the subsequent analysis of
oscillation and energy conversion characteristics.

Magnetic Induction
Displacement
Transducer

Frame

Transmission Part

Coupled triangular
prism in tandem

Magnetic Induction

Displacement |
e

Transducer

| Gears |
/
;

7 .

7

Figure 5. Transmission part-generator.

2.2. Coupled Triangular Prisms

As shown in Figure 6, the triangle with side length D = 0.1 m and height H = 0.1 m
is applied as the cross section of an isolated triangular prism, and the coupled triangular
prism combines two identical isolated triangular prisms rigidly with a settled distance in
tandem. Rectangular endplates are installed at both sides of the prisms to decrease the
effect of boundary, and the thickness of the endplate is selected as 0.01 m. In the tests, all the
prisms and end plates are made of plexiglass, as shown in Figure 7. The projection width of
the prism in the direction of incoming flow is 0.1 m and the length of the prism is selected
as 0.9 m. In order to explore the oscillation response and energy conversion characteristics
of the TRCTP, five gap ratios (L/D =1, 1.5, 2, 3, 4) are selected in the experiments, where L
is the horizontal center-to-center distance between the two coupled prisms.
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Figure 7. Actual model.

2.3. Free Decay Test

The natural frequency and damping ratio of TRCTP in the air were measured by the
free decay test. In order to reduce the measurement error, four tests were conducted for
each stiffness and resistance, and the average value of the four tests was taken. The results
are shown in Figure 8.

200 200

150 150

100 100

50 50

50

Displacement (mm)
Displacement (mm)
(=3

-100 -100

-150 -150

900 1 L 1 1 ~200 L L 1 1
0 0

(a) (b)
Figure 8. Free decay tests. (a) K = 1400 N/m; (b) K = 1800 N/m.
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The calculation formula for natural frequency of the system:

1 | K
fo=5-

)

Mosc

where f, is the natural frequency of the system in the air, K is the stiffness, and 1y is the
oscillation mass of the system.
The damping ratio of the system can be calculated by:

@)

where A; is the iy, peak amplitude and {,;, is the damping ratio of the system in the air,
which is derived as:

Ctotal
) a__ 3
gazr ) oK ( )
Ctotal = 2v/MpscK - gair (4)

The natural frequency of the system was calculated by Equations (1)-(3), as shown in
Tables 1 and 2. In the free decay tests under different stiffness, the DC generator was in
open circuit, and only mechanical damping existed in the system. The total damping error
for different stiffness is within the allowable range of experimental error (less than + 5%).

Table 1. The results of free decay test ().

K (N/m) fn (H2) Mosc (Kg) Ctotar N.s.m™1) Lair
1000 0.831 36.718 31.420 0.081
1200 0.915 36.343 27.693 0.065
1400 0.982 36.812 27.696 0.061
1600 1.061 36.039 24.534 0.052
1800 1.125 36.062 24.372 0.048
2000 1.174 36.794 24.580 0.046
2200 1.243 36.104 24.237 0.043
2400 1.291 36.512 23.361 0.039

Table 2. The results of free decay test (II).

gair guir guir guir guir
K(N/m) R =210 R, =16 Q R, =13 Q RL =110 R, =8Q

1000 0.131 0.143 0.154 0.167 0.188
1200 0.115 0.127 0.138 0.151 0.172
1400 0.111 0.123 0.134 0.147 0.168
1600 0.102 0.114 0.125 0.138 0.159
1800 0.098 0.110 0.121 0.134 0.155
2000 0.096 0.108 0.119 0.132 0.153
2200 0.093 0.105 0.116 0.129 0.150
2400 0.089 0.101 0.112 0.125 0.146

3. Results and Discussion

In the following oscillation tests of TRCTP, the DC generator is in open circuit (the
oscillation system has only mechanical damping) and the gap ratio and stiffness are selected
as the parameters for oscillation tests, which aims to explore the oscillation characteristics
of the TRCTP, and the test parameters are shown in Table 3.
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Table 3. Parameters of the physical model.

Designation Symbol [Unit] Values
Width D [m] 0.1
Length I [m] 0.9
Oscillation mass Mose [Kg] 36.423
. 1000, 1200, 1400, 1600, 1800,
Stiffness K [N/m] 2000, 2400
Reduced velocity u, 475 < U, <1225
Range of velocity U [m/s] 0.395 < U <1.438
Reynolds number Re = pUD/u 34504 < Re < 125712
Gap ratio L/D 1.0,1.5,2.0,3.0,4.0
Load resistance Ry [O] 8,11,13,16,21

3.1. Overall Oscillation Response

For L/D =1, the TRCTP starts to oscillate at U, = 6. In the range of 1000 N/m < K
<1600 N/m, A* continues to increase as the reduced velocity grows without a downtrend,
and the maximum amplitude ratio is 1.78 (U, = 12.5, K = 1600 N/m). In the case of
1800 N/m < K <2000 N/m, the oscillation is suppressed at a higher reduced velocity, as
shown in Figure 9a. In the initial branch, the oscillation frequency of TRCTP is fluctuant
but it mainly concentrates in 0.4-0.45 and tends to be stable gradually with the increasing
reduced velocity. Compared with the isolated triangular prism, both the amplitude ratio
and frequency ratio of TRCTP are smaller.

5 5 i ———
[Fa—K=1000Nim 7.7=1 c p— [Fa—x- oo 171
=K 16008 im LD 1 & . .
100N m LS| g g 160N LA31 5] T d b
5 K L000N i) 2 - A Fojannn L1
2 p lar=toomim =y [ [y Lsonem i 3 K=11074 — —
= K=1000K. et 600N £ 4 —A— K100 L
. % 12000 D & E- 10 Tt o130y,

1.8 F[=A=12 & K=1R00N/m T.7=1 3] R IR0 £
. K=12001, K IBODNAm 217 2
~ *J=L 200N V| ek 100NN LAY 3
515 K 1200N 4 K=1800N/m J.7=1
.2 Lo ar=r1om
= A K=1400N5
o K 1400N.
oy 1.2 b [ 100
= A—K=1100Nm J =1
=1
=
=09
£
-t

0.6

200N L1
| [A—K=2000Nm L7=1 3
| K 2000Nan 742 2 -
K 2000Nm 2A) 3 -~

| [~ E=2000Nm L= 02
0.0 L it ' ' )
4 3 6 7 3 9 0ol 12 3 4 5 6 7 8 9 o123
Reduced Velocity 1/, Reduced Velocity U,
(a) (b)
Figure 9. Amplitude and frequency responses for TRCTP. (a) Amplitude response; (b) Frequency
responses.

For L/D =2, the TRCTP starts to oscillate at U, = 6, where the amplitude ratio is lower
than 0.3 and the oscillation frequency is not stable. With the increase of reduced velocity,
the amplitude ratio appears the “sharp jump” phenomenon, then the TRCTP oscillates
with larger amplitude and lower frequency. In the range of 1600 N/m < K < 2000 N/m,
the “sharp jump” appears at U, = 7.25-7.875. The amplitude ratio of TRCTP increases from
0.2 to 0.98-1.1, and the corresponding frequency ratio decreases from 0.68-0.82 to 0.62. In
the case of 1200 N/m < K < 1400 N/m, the “sharp jump” appears at U, = 7.875-8.5, and
the amplitude ratio of TRCTP increases from 0.1 to 1.2 as the frequency ratio decreases.
For K =1000 N/m, the “sharp jump” appears at U, = 8.5. The amplitude ratio of TRCTP
increases from 0.12 to 1.38, and the corresponding frequency ratio decreases from 0.68 to
0.62. As the reduced velocity continues to increase, the amplitude ratio becomes larger,
but the corresponding frequency ratio remains in the range of 0.63-0.65. For L/D = 2, the
lower the stiffness is, the higher the amplitude ratio is, and the largest amplitude ratio is
A*Max = 2.23, which appears at U, = 12.25 and K = 1000 N/m.
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For L/D = 3, there are larger amplitude ratios than the same cases for L/D = 2,
and the TRCTP starts to oscillate at U, = 4.75. With the increase of reduced veloc-
ity, the amplitude ratio also appears the “sharp jump” phenomenon. In the range of
1200 N/m < K < 2000 N/m, the “sharp jump” appears at U, = 8.5-9.125. The amplitude
ratio of TRCTP increases from 0.1-0.3 to 1.28-1.641, and the corresponding frequency ratio
decreases from 0.95-1.02 to 0.55-0.58. Compared with L/D = 2 for the same case, there
are larger amplitude ratios and lower frequency ratios. For K = 1000 N/m, the “sharp
jump” appears at U, = 9.75. The amplitude ratio of TRCTP increases from 0.18 to 2.04
sharply and the corresponding frequency ratio decreases from 1.12 to 0.62. The oscillation
of TRCTP enters into galloping branch, and the amplitude ratio is close to that of an isolated
triangular prism. Then the amplitude ratio A* continues to increase with the growth of
reduced velocity, and the TRCTP oscillates with a larger amplitude and a lower frequency.
Due to the limitation of the experimental conditions, the maximum reduced velocity can
only increase to U, = 11 at L/D = 3, and the lower the stiffness is, the higher the amplitude
ratio is. The maximum amplitude ratio is A*yj,x = 2.24 (K = 1200 N/m, Ur = 11.625).

For the gap ratio L/D = 1.5 and L/D = 4, the amplitude ratio of TRCTP increases as the
reduced velocity grows without the “sharp jump” phenomenon. For L/D = 1.5, the TRCTP
starts to oscillate at U, = 6. The amplitude ratio increases with the decrease of the stiffness,
and the maximum amplitude ratio A* = 1.92 appears at K = 1000 N/m and U, = 12.875.
The oscillation frequency of TRCTP is unstable, which shows a trend to increase first and
then it begins to decrease, but mainly concentrates in the range of 0.6-0.65. For L/D = 4, the
TRCTP starts to oscillate at U, = 4.75, and the maximum amplitude ratio A* = 2.23 appears
at K =1000 N/m and U, = 11. Generally, the frequency ratio of TRCTP is also unstable, but
it mainly concentrates in the range of 0.55-0.7. Due to the limitation of the experimental
conditions, the reduced velocity for L/D = 4 only increases to U, = 11.

3.2. Parameter Analysis
3.2.1. Effects of Stiffness on Oscillation

In the tests above, when the gap ratiois L/D =1,L/D =15 or L/D = 4, the A* curves
increase gradually and linearly without the “sharp jump” phenomenon. According to
the results in Section 3.1, the stiffness range is selected as 1000 N/m < K < 2400 N/m
and the gap ratio is selected as L/D = 1.5 to explore the effect of stiffness on the FIM
responses of TRCTP. In the tests, only mechanical damping exists in the system, and due
to the limitations of the experimental conditions, the flow velocity can only increase to
U, =12.25. The overall oscillation response of the TRCTP can be summarized as follows:
(1) The TRCTP starts to oscillate at U, = 6, and the amplitude ratio increases gradually
with the growth of flow velocity, while the corresponding oscillation frequency also rises
slowly. (2) For U,> 9.75, the growth rate of amplitude ratio begins to reduce, while the
corresponding oscillation frequency tends to be stable. (3) Generally, in the tests, it shows a
trend that the smaller the stiffness is, the higher the amplitude ratio is, and the maximum
amplitude ratio is A* = 1.78, which appears at K = 1000 N/m and U, = 12.25. (4) The
frequency ratio of TRCTP is unstable. It first increases and then begins to decrease at
U, =11, but mainly concentrates in 0.6-0.65. Generally, the oscillation response of the
TRCTP has identical rhythm with the isolated triangular prism, but the amplitude and
oscillation frequency of TRCTP are relatively lower, as shown in Figure 10.
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Figure 10. Amplitude and frequency response for different stiffness at L/D = 1.5. (a) Amplitude
response; (b) Frequency response.

Figure 11 shows the time history of the displacements for the isolated triangular prism
and TRCTP (L/D = 1.5), and the comparison of the dominant frequencies extracted by Fast
Fourier Transform (FFT) at U, = 11 (K = 1400 N/m). The results show that the oscillation
of TRCTP is very regular and the time history of displacement is stable at U, = 11. The
amplitude of TRCTP is obviously lower than that of the isolated triangular prism, but the
dominant frequency of the TRCTP is higher.
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Figure 11. Typical displacement and spectra comparison at U, = 11 (L/D = 1.5). (a) Comparison of
displacement time history; (b) Comparison of spectra.

3.2.2. Effects of Gap Ratio on Oscillation

According to the results in Section 3.1, the system stiffness is selected as K = 1400 N/m
and only mechanical damping exists in the system in all the oscillation tests with different
gap ratios. In the cases of different gap ratios, the oscillation characteristics of the TRCTP
are discussed in detail. Compared with other gap ratios, the lowest amplitude ratio exists,
and the corresponding oscillation frequency is lower at L/D = 1. Therefore, the case of
L/D =1 is not discussed in the following sections. For L/D = 1.5, the A* curve increases
gradually without a “sharp jump” and the amplitude is obviously higher than that at
L/D =1, and the frequency ratio is concentrated at about 0.62, as shown in Figure 12.
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Figure 12. Amplitude ratio and frequency ratio for different gap ratios. (a) Amplitude response;
(b) Frequency response.

As mentioned above, the “sharp jump” phenomenon may appear at L/D =2 and
L/D =3, and the oscillation is suppressed all the time at 7.875 < U, < 8.5. The amplitude
of TRCTP is lower than that of the isolated triangular prism obviously and the oscillation
frequency is unstable, indicating that the cases of L/D =2 and L/D = 3 are not conducive to
energy conversion. The reason for this is that the wake of the upstream triangular prism is
attached onto the surface of the downstream triangular prism, which results in an unstable
flow filed between the two prisms. Therefore, these two cases are not considered in the
following energy conversion tests.

As the flow velocity increases, for U, = 11 at L/D =2, the amplitude of TRCTP becomes
lower than that of the isolated triangular prism. For L/D = 3, due to the experimental
limitation, the flow velocity only increases to U, = 11, but the oscillation is violent with a
higher amplitude ratio (A" = 2.16), which is larger than that of the isolated triangular prism
obviously. Before the “sharp jump” appears, the frequency ratio increases gradually, then it
drops to about 0.58 sharply. For L/D =4 and U, < 9.125, the amplitude ratio of TRCTP is
almost the same as that of the isolated triangular prism. On the contrary, for U, > 9.75, the
amplitude ratio is obviously larger, especially for the case of U, = 11, and the amplitude
ratio of TRCTP is 2.11, which is obviously larger than that of the isolated triangular prism.
However, the frequency ratio is significantly lower than that of the isolated triangular
prism all the time at L/D = 4. Based on the measured data and the detailed analysis above,
the following energy conversion tests mainly focuson L/D =1.5and L/D = 4.

Figure 13 shows the time history of displacements and the comparison of the dominant
frequencies for the isolated triangular prism and the TRCTP at U, = 8.5 (L/D = 3). The
result shows that the oscillation of the TRCTP is unstable and the dominant frequency is
much higher, which may be not conductive to energy conversion. Figure 14 shows the
time history of displacements and the comparison for dominant frequencies for the TRCTP
and the isolated triangular prism at U, = 11(L/D = 3). It can be seen that the oscillation
response of the TRCTP is very regular, and the time history of displacement remains fairly
constant. The amplitude is higher and the dominant frequency is lower than that of the
isolated triangular prism, which agrees well with the results shown in Figure 12.
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Figure 13. Typical displacement and spectra at U, = 8.5 (L/D = 3). (a) Comparison of displacement
time history; (b) Comparison of spectra.
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Figure 14. Typical displacement and spectra at U, = 11 (L/D = 3). (a) Comparison of displacement
time history; (b) Comparison of spectra.

3.2.3. Effects of Load Resistance on Oscillation

To analyze the effects of the load resistance on oscillation response of the TRCTP,
constant system stiffness of K = 1400 N/m and the gap ratio of L/D = 4 are selected, and
five load resistances are applied (R, =6 (2, 8 (3, 11 (3, 16 ), 21 Q). The results are shown in

Figure 15.
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Figure 15. Amplitude ratio and frequency ratio for different load resistances (L/D = 4). (a) Amplitude
response; (b) Frequency response.

The experimental results can be summarized as follows: (1) For Ry = 6 (), the TRCTP
performs a rather lower amplitude (A* < 0.33), with the growth of reduced velocity, the
amplitude has little fluctuation and the oscillation does not enter galloping branch. (2) For
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8 () < Ry, <210, the amplitude increases gradually with the growth of reduced velocity,
and the oscillation is not suppressed, although the reduced velocity has already increased
to U, = 12.25. For U, < 8.5, the amplitude ratios at different load resistances are similar, but
in the case of R =21 (), the amplitude ratio of the prism is relatively higher. For U, > 8.5,
there exist significant differences in the amplitude ratios with different load resistances.
The oscillation becomes more violent with a larger load resistance, and the corresponding
amplitude ratio also becomes larger. For 8 () < R; < 21 (), the frequency ratios at different
load resistances have similar values, which concentrate between 0.6 and 0.7. Figure 16
shows the comparisons of time history of displacements and dominant frequencies for the
isolated triangular prism and the TRCTP at U, =11 (L/D =4, Ry = 16 Q3). The results show
that the TRCTP oscillates stably and there is an obvious peak for the dominant frequency,
which indicates the advantage in energy conversion. The isolated triangular prism also
oscillates stably but it has more obvious peak values for the dominant frequency.
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Figure 16. Typical displacement and spectra at U, = 11 (L/D = 4). (a) Comparison of displacement
time history; (b) Comparison of spectra.

3.3. Energy Conversion Analysis

Considering that the “sharp jump” phenomenon may appear at L/D =2and L/D =3
for the TRCTP, which can cause negative effects on energy conversion of the system, and
the oscillation frequency is rather lower at L/D = 1, therefore, L/D =1.5and L/D = 4 are se-
lected for the energy conversion tests in this section. Five different stiffness (K = 1200 N/m,
1400 N/m, 1600 N/m, 1800 N /m, 2000 N/m) and five load resistances (R =6 2,8 (3, 11 (),
16 O, 21 ) were selected to discuss the effects of parameters on the energy conversion
characteristics of the TRCTP.

3.3.1. Energy Conversion Analysis for L/D = 1.5

For 4.75 < U, < 6.625, the amplitude of the TRCTP is lower and the corresponding
active power is small, and the energy conversion efficiency is lower than 0.4%. In the
reduced velocity range of 6.625 < U, < 9.75, the active power increases gradually with
the growth of reduced velocity. In this case, the larger the load resistance is, the higher
the active power will be, and the active power at a large stiffness is slightly higher. The
maximum active power is Py, = 3.27 W, which appears at R; =21 (3 (K = 2000 N/m,
U, =9.75), as shown in Figure 17.
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Figure 17. Active power and energy conversion efficiency for L/D = 1.5. (a) Active power; (b) Energy
conversion efficiency.

However, the energy conversion efficiency begins to decrease after a little uptrend,
and the maximum value #,,,, = 3.52% appears at U, = 8.5 (K =1600 N/m, R} =21 (3). With
the increasing reduced velocity, the energy conversion efficiency continues to decrease.
For 9.75 < U, < 10.375, the larger active power appears with a low load resistance, and
in this case, the active power of the TRCTP with large stiffness and small load resistance
has a sharp increase. For 10.375 < U, < 12.25, the growth rates of active powers at most
cases begin to decrease and then they tend to be stable. The maximum active power is
Pharn = 5.44 W, which appears at K = 2000 N/m and Ry = 8 (. Compared with the isolated
triangular prism, the active power and the energy conversion efficiency of the TRCTP at
L/D =15 are lower.

Figure 18 shows the comparisons of the energy conversion characteristics for the
isolated triangular prism and the TRCTP at Ry = 21(L/D = 1.5). The instantaneous voltage
time history and the corresponding active power at six typical reduced velocities are shown
in the figure. The results show that there are obvious differences between the two types
of prisms, and the isolated triangular prism has the better oscillation response and energy
conversion characteristicat L/D = 1.5.
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Figure 18. Active power and the instantaneous voltage for L/D = 1.5.

3.3.2. Energy Conversion Analysis for L/D =4

In the range of 4.75 < U, < 12.25, the active power of the TRCTP continues to increase
with the growth of reduced velocity, while the energy conversion efficiency increases firstly
and then begins to decrease, but finally it has an uptrend again, as shown in Figure 19.
For 4.75 < U, < 9.125, there are some fluctuations in the active power of TRCTP, which
has a value lower than 4.5 W. The energy conversion efficiency of the oscillation system
begins to decrease after an uptrend. In most cases, the maximum efficiency value appears
at U, = 6.625, but the maximum efficiency in the tests (1, = 7.62%) appears at U, = 6
(K'=2000 N/m, R}, = 8 ), and the corresponding active power is Py, = 1.48 W. When
the reduced velocity increases to 9.75 < U, < 12.25, the active power of TRCTP begins
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to increase sharply, and the corresponding energy conversion efficiency also increases
until U, = 10.375, then it begins to decrease. In the tests, the maximum active power Py,
=21.04 W (U, = 12.25, K = 2000 N/m, R} = 8 ), and the maximum energy conversion
efficiency in this range is #y,,,;, = 8.2%, which appears at U, = 10.375 (K = 1600 N/m, Ry
=6 1), as shown in Figure 19. Generally, as the reduced velocity increases gradually,
the active power of the oscillation system increases constantly, but the energy conversion
efficiency varies without rhythm, which indicates that there exists an optimal case for
energy harvesting.
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Figure 19. Active power and energy conversion efficiency for L/D = 4. (a) Active power; (b) Energy
conversion efficiency.

Figure 20 shows the comparison of the energy conversion characteristics for the
isolated triangular prism and the TRCTP at Ry, = 21 Q) (L/D = 4). The instantaneous voltage
time history and corresponding active power with six typical reduced velocities are shown
in the figure. The results show that the instantaneous voltage of the TRCTP at L/D =4 is
very similar to that of the isolated triangular prism.
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Figure 20. Active power and the instantaneous voltage for L/D = 4.

4. Conclusions

In this study, the FIM responses and energy conversion of two rigidly coupled trian-
gular prisms arranged in tandem in a water channel are studied experimentally in a wide
range of flow velocity changing from 0.395 m/s to 1.438 m/s, and varied stiffness, gap ratio,
and load resistance are applied to examine the effect of the parameters. Based upon the
presented experimental results and the corresponding discussion, the specific conclusions
can be summarized as follows:

(1) ForL/D =1, the TRCTP stabilizes at a low amplitude ratio and a low frequency ratio,
which is lower than that of the isolated triangular prism. On the contrary, the TRCTP
performs better in oscillation with higher amplitude and stable oscillation frequency
at L/D = 4. The phenomenon illustrates that the oscillation of the TRCTP in tandem is
suppressed at a lower gap ratio.
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4)

The amplitude of the TRCTP presents an increasing trend with the growth of gap
ratio and load resistance in the tests; on the other hand, it decreases with the growth
of stiffness within the selected values.

The “sharp jump” phenomenon occurs at 7.25 < U, < 7.785 (1600 N/m < K < 2000 N/m)
for L/D =2and 8.5 < U, <9.125 (1200 N/m < K < 2000 N/m) for L/D = 3, then
the oscillation of the TRCTP becomes violent with a higher amplitude ratio. With the
increasing reduced velocity, the amplitude ratio can reach 2.24 at L/D = 3, which is
larger than that of the isolated triangular prism.

With the increase of flow velocity, the active power presents an increasing trend, while
the energy conversion efficiency increases firstly and then decreases at U, = 10.375. In
the tests, for L/D =4, the maximum active power is 21.04 W (U, = 12.25, K = 2000 N/m,
Ry, =8 )) with the energy conversion efficiency of #,,, = 4.67%. The maximum energy
conversion efficiency is 8.2% at L/D =4 (U, = 10.375, K = 1600 N/m, R} = 6 Q2) with
the active power of Py,,,, = 11.58 W.
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Abbreviations

A Average of the amplitudes under continuous oscillation for 60 s
A* Amplitude ratio, A*= A/D

Ciots1  Total damping of the system

D Projection width of the prism in the direction of incoming flow
fn Natural frequency of oscillator

Sose Dominant frequency of oscillation

f* Frequency ratio, f* = fosc /fn

K Stiffness of oscillation system

L Center-to-center distance between the two coupled triangular prisms
l Length of the triangular prism

mpsc  Oscillation mass

my Displaced mass, mq = mpD?L/4

m* Mass ratio, m* = mg. my

Pparn  Active power

Ry, Load resistance

Re Reynolds number

u Incoming flow velocity

u, Reduced velocity, Uy = U/(fn D)

0 Water density

Ciotat  Damping ratio

Nharn  Energy conversion efficiency

FIM  Flow-induced vibration

VIV

Vortex-induced vibration
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SG Soft galloping

HG Hard galloping

VIVACE Vortex-induced vibration for aquatic clean energy
PTC Passive turbulence cylinder
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