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Abstract: An energy-harvesting device for a riser based on vortex-induced vibration is proposed to
overcome the power supply problem for a marine deep-water riser-monitoring device. To estimate
the upper limit of its energy-capture efficiency, as well as the weight and size of the device designed, a
discrete model of the riser was configured. With the experimental settings of Stappenbelt and Blevins,
vortex-induced vibrations of the discrete cylinder with two degrees of freedom were simulated, and
the parameters affecting the energy-acquisition efficiency of the riser were analyzed. The analysis of
the dimensionless amplitude ratio showed that this ratio for the system decreased with increasing
mass ratio and damping ratio. An analysis showed that the influences of the damping ratio on the
energy-capture efficiency were different under medium and low-mass-ratio conditions. A maximum
value of 38.44% was achieved when the mass ratio was 2.36 and the damping ratio was 0.05.

Keywords: riser monitoring; double degree of freedom; vortex-induced vibration; mass ratio;
damping ratio; hydrokinetic energy harnessing; vibration reduction

1. Introduction

A marine riser is a long thin tubular structure connecting the water surface platform and the
subsea wellhead. In ultra-deep water, marine risers often experience a broad range of motion under
the action of adverse environmental forces such as vortex shedding, currents, and wave forces [1].
Vortex-induced vibration (VIV) caused by vortex shedding leads to an accumulation of riser fatigue
damage. With increasing water depth, VIV becomes the main factor in marine riser failure [1,2].

To mitigate the VIV-induced damage in marine risers, many experts world-wide have in recent
years studied methods for its suppression [3–5]. The common approach is via passive control, which
means directly changing the surface shape of the structure or adding additional devices to weaken or
reduce the negative effect of flow. There are two reasons for changing the structural form, one is to
reduce the external excitation force of vibration, such as setting up a riser suspension device [6] or
using a spiral riser [7] to quell conditions under which vortices occur, adding auxiliary members to
change the downstream wake form [8,9], establishing a riser group either in parallel or in tandem for
the wakes to interfere mutually [10]; the other is to reduce the effect of the same excitation force, for
example, damping on the vibrating pipeline, and convert the kinetic energy of pipeline into heat for
dissipation [11] so as to reduce the vibration of the pipeline.

At the same time, monitoring of a deep-water riser is important (i) to ensure the safe operation of
risers and their auxiliary systems [12], (ii) to provide real-time information of riser configuration and
fatigue damage, (iii) to assist in optimizing inspections, maintenance, and repair, and (iv) to guide
the research on the complex movements of risers to analyze and improve the design [13]. Given
the different types of risers, different field monitoring technologies have been developed [14]. At
present, the monitoring of the structural parameters of a deep-sea riser mainly relies on self-contained
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data recordings, 3-axis accelerometers, 2-axis angular velocity sensors and other instruments [12,15].
Although at present, the power supply of a riser mainly relies on the stay wire, deep-water environments
are not conducive for a stay-wire power supply interfere. Because of the variability of the power
consumption of a data collector, such as the battery power supply, long-term self-contained data
acquisition is unsustainable [16]. For example, the monitoring unit of silicon-controlled rectifiers
collects power 900 s every 3 h, and the battery supplies power for 90 days [12]. In addition, with the
goal to improve continually the reliability as well as other performance indicators of instruments and
equipment, the development of marine environmental monitoring instruments and equipment will
be from continuous on-site monitoring to long-term in situ monitoring and from manual control to
intelligent automated development [17]. Therefore, if the power supply of the detection system can be
guaranteed, this development will overcome not only the low working frequency of the low-power
chip and accelerate data acquisition and storage to completion, but also facilitate the realization of
autonomous data acquisition, tracking and control, fault repair, integration of monitoring data, and
other functions.

Since the time Bernitsas and Raghavan invented VIV aquatic clean energy, many experts have
studied the power generation behind VIV [18,19]. With higher energy density, wider working velocity
range, and higher flexibility [20–22] than underwater turbines, the VIV power generation device has
become an option in supplying power to the riser-monitoring device. In addition, drawn from the
vibration of the riser, the electric energy converted from the kinetic energy of the riser, and the generator
plays a protective role in limiting the vibration of the riser. Xu Bai and collaborators [23] designed an
energy-harvesting VIV monitoring device for a wing-pendulum-type marine riser that can vibrate
under flow in any direction (Figure 1). By exploiting the VIV of the riser, the device not only generates
power for monitoring the state of the riser but by harvesting the vibration energy captured by the
structure from water flow, it also suppresses vibrations of the riser and reduces fatigue losses.
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flow direction. By analyzing the kinematic response of the two-dimensional cylinder, a semi-
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Figure 1. Wing pendulum marine riser VIV self-generating monitoring device [23].

The conversion rate between the current energy and the vibration energy captured by the riser is
an important index to evaluate the effect of power generation. To improve the conversion of the current
design, it is necessary to analyze the state for which the power generation device obtains the best
energy-capture efficiency. In Section 2 of this paper, the process of converting energy from the flow into
electric energy is analyzed in simulations using a flexible slender riser configured from micro-segments
with two degrees of freedom (2-DOF). In Section 3, the energy use efficiency of the riser is analyzed for
which a 2-DOF coupled vibration model is proposed that considers the effect of flow direction. By
analyzing the kinematic response of the two-dimensional cylinder, a semi-empirical expression for
calculating the energy-capture efficiency of the 2-DOF cylinder is derived. Sections 4 and 5 verify and
assess the influence of mass ratio and damping ratio on the amplitude ratio and the energy-capture
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efficiency of the vibrator, as well as the response to changes in mass and damping ratios. Finally,
Section 6 summarizes and draws conclusions.

2. Physics Model

Different damping forces of various magnitudes arise from the surface action of the riser and
the wing-plate relative to sea water. Therefore, the vibrations of both riser and wing plate are not
synchronous, and various angular differences lead to a relative movement between the coil fixed on
the wing pendulum and the permanent magnet fixed on the shell, thereby generating a current with
the cutting of magnetic inductance lines (Figure 2). The vibration of the wing depends on the vibration
of the riser, and hence the fraction of the VIV of the riser available to obtain energy equals the upper
limit of the energy captured by the power generation device. On the one hand, studying the power
generation efficiency of the riser vibrator enables an upper limit of the energy-capture efficiency of the
power generation device to be estimated; on the other hand, the weight and size specifications of the
wing plate of the power generation device can be estimated by choosing both mass and damping ratios.
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Figure 2. Discrete-element diagram of the vortex-induced vibration components of risers.

Under VIV conditions, the marine riser is not displaced length-ways along the pipe, but rather
transversely. The displacement then creates a linear restoring force to a first approximation. With
this assumption, the 2-DOF riser coupling model proposed in this paper simplifies. The vertical
deformation of the riser in the unit is also ignored; the riser instead is to be regarded as a rigid cylinder.
Because the fluid and structure are anisotropic of, the model has two independent dampers and
stiffeners in the vertical plane along the pipe’s length (Figure 2).

Referring to, Compared with the spacing of the generator on the riser (Figure 2), its own radial
dimension is smaller in order, and hence the influence of the wing-plate motion attitude on the riser
VIV is ignored; it is only added to the vibration equation as an additional damping. Depending
on the existing wake vortex form [24,25], the wake region from the VIV of the rigid cylinder after
discretization is assumed to be two sets of point vortices of equal strength and opposite direction. The
model diagram of the discrete vortices is given in Figure 3, the diameter of the discrete unit vibrator is
0.1 m, mass ratio 2 < m∗< 12, damping ratio ξ < 0.6.
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3. Mathematical Model of the Power and Efficiency

The power generation efficiency of the vibrator reflects the use of the current energy by the energy
capturing device. It is an important index in evaluating the feasibility of the riser for VIV power
generation. The energy capturing efficiency per unit length from the generated motion induced by the
flow is analyzed below.

As illustrated in Figure 4, the wake oscillator model assumes that the forces on the riser element
are due to the discrete point vortices. According to the Biot–Savart law and Bernoulli’s equation, the
periodically shed vortices induce a change in the fluid velocity field that then leads to changes in the
pressure distribution on the cylinder surface, resulting from the combined external forces FVX and FVY

under periodic change. The shedding of each vortex generates a periodic force on the riser in the X
direction; a pair of vortices of equal opposite directions fall off to generate a periodic force on the riser
in the Y direction. So the frequency of FVX is twice that of FVY.

Energies 2019, 12, x FOR PEER REVIEW 4 of 16 

 

 

Figure 3. Model of cylinder flow-induced vibration and discrete vortices. 

3. Mathematical Model of the Power and Efficiency 

The power generation efficiency of the vibrator reflects the use of the current energy by the 
energy capturing device. It is an important index in evaluating the feasibility of the riser for VIV 
power generation. The energy capturing efficiency per unit length from the generated motion 
induced by the flow is analyzed below. 

As illustrated in Figure 4, the wake oscillator model assumes that the forces on the riser element 
are due to the discrete point vortices. According to the Biot–Savart law and Bernoulli's equation, the 
periodically shed vortices induce a change in the fluid velocity field that then leads to changes in the 
pressure distribution on the cylinder surface, resulting from the combined external forces VXF  and 

VYF  under periodic change. The shedding of each vortex generates a periodic force on the riser in 
the X direction; a pair of vortices of equal opposite directions fall off to generate a periodic force on 
the riser in the Y direction. So the frequency of VXF  is twice that of VYF . 

. 

Figure 4. Parametric model of the spatial arrangement of vortices. 

Applying the circle theorem and the Blasius theorem, the vortex-induced hydrodynamic forces 
acting on a stationary cylinder are obtained, 

Figure 4. Parametric model of the spatial arrangement of vortices.

Applying the circle theorem and the Blasius theorem, the vortex-induced hydrodynamic forces
acting on a stationary cylinder are obtained.
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where FX and FY are integral expressions of the pressure distribution p along the cylinder surface
C, ρ denotes the fluid density, w is a complex potential, Γk denotes vortex strength of the k-th point
vortex, (uk,vk) the components in Cartesian coordinates of the induced velocity of the remaining
complex velocity potential after removing k-vortex elements, and (uki,vki) the components in Cartesian
coordinates of the velocity of the mirror points of the k-th vortex element created by the induced
velocity of the k-th vortex element. The first two terms on the right of the equation indicate the force
on the cylinder arising from the change in the pressure field due to the motion of the point vortex. The
latter term represents the force associated with a change in strength of the point vortex.

Combined with the flow-induced force and the complex potential of the discrete point vortex,
ignoring higher-order terms, the simple harmonic function is used to describe the position of the
vortex near the wall. Finally, the vortex-induced fluctuating hydrodynamic force of the structure is
derived [26],  FVX = ρD

[
ωst
2 Γ sin(ωstt)

]
·

[
α Γ

UD cos(ωstt)
]

FVY = 1
2ρUΓ cos(ωstt)

(2)

where ωst denotes the vortex circle frequency of the purging vortex circle of the system, and α =

CD0/(πStC2
L0) the dimensionless empirical parameter.

Applying Newton’s law of motion with applied forces FVX and FVY produced by the wake vortex,
the dynamic equation of the oscillator is m

..
X + csys

.
X + kX = FVX

m
..
Y + csys

.
Y + kY = FVY

(3)

where csys denotes the coefficient of damping for the system, consisting of riser damping and the

wing-plate fluid damping, csys = criser + cboard; X and Y the displacements of oscillator,
.

X and
..
X are the

first and second derivatives of X respectively.
The Van der Pol equation is introduced to describe the dimensionless wake intensity of the

VIV [27,28],
d2q
dτ2 + ε(q2

− 1)
dq
dτ

+ q = H
d2Y
dτ2 (4)

where H denotes an experimental parameter of the fluid, ε= 0.018e0.21m∗ (m∗, mass ratio) the coupling
parameter of the Van der Pole Equation [26]. The relation Γcos(2π fst) = βUDq holds for q(t) with
dimensionless parameter β = CL0/q0 representing the vortex strength.

The dynamic equation and the vortex strength equation are coupled simultaneously under a
dimensionless transformation, yielding the coupled oscillator model:

d2 y
dτ2 + (2ξδ+ γ

µ )
dy
dτ + δ2y = −

αβ2

4πStµ
q dq

dτ
d2x
dτ2 + (2ξδ+ γ

µ )
dx
dτ + δ2x =

β
8π2St2µ

q
d2q
dτ2 + ε(q2

− 1) dq
dτ + q = h d2 y

dτ2

(5)
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where τ = tωst is a dimensionless time; x = X/D and y = Y/D are dimensionless displacements,
ξsys denotes the coefficient of damping ratio for the system, γ = CD/(4πSt) the fluid damping
parameter, δ = ωn/ωst = 1/(UrSt) the dimensionless frequency ratio, and µ =

(
ms + m f

)
/πρD2 the

mass parameters. The Strouhal number is set to St = 0.19, the hydrodynamic parameter to h = 12, the
average coefficient of drag CD0 = 0.2, and the average coefficient of lift CL0 = 0.3 [29].

From the literature [25], the expression for the motion of the cylinder is{
X = AX sin(2ωt)
Y = AY sin(ωt)

(6)

in which A denotes the dimensionless maximum amplitude. Multiplying the vortex-induced
hydrodynamic force and the velocity obtained from Equation (3), and integrating over a single
period, the expression for the vibration energy per unit length of the cylinder per cycle is

TFIM=

∫ Tst

0

(
m

..
X + c

.
X + kX

) .
X +

(
m

..
Y + c

.
Y + kY

) .
Ydt

=
1
2

csysω
2
stTst

(
4A2

X + A2
Y

) (7)

In a uniform flow field, the work power of the fluid is Pflow = pQ, where p = ρU2/2 gives the
fluid pressure and Q = AflowU the flow within the area of fluid action. For the cylinders undergoing
vibration, with D the effective projected area in the flow process, the fluid energy of the uniform flow
field per unit length over a single period is

Tflow =
1
2
ρDU3Tst (8)

The ratio of the structural energy to the flow field energy is the energy-capture efficiency of the
cylinder from the flow field. By considering the 2-DOF vibration in both directions of flow and in
the transverse direction, the energy-capture efficiency of the cylinder in a uniform incoming flow in
dimensionless parameters, becomes

η =
4π4St2ξsys(m∗ + Ca)

(
4A∗X

2 + A∗Y
2
)

Ur
(9)

showing that the efficiency is related to the square of the Strouhal number, the damping ratio of the
system, the mass ratio, the dimensionless amplitude of 2-DOF, and the reduced velocity. Where, Ca

denotes the added mass coefficients, Ur = U/D the reduced velocity.
The Strouhal number is related to the velocity, the frequency of vortex shedding, and the cylinder

diameter, whereas the reduced velocity is related to the structure frequency, the velocity, and the
cylinder diameter. The damping ratio of the system changes with changes in mass and structural form,
and the dimensionless amplitude changes with changes in other parameters. In total, the mass ratio
and the system damping ratio are the parameters directly influencing the variation in energy-capture
efficiency. The effective results may be obtained through their analysis and calculation.

4. Results and Discussions

4.1. Mass Ratio and Dimensionless Amplitude

As a fluid–solid coupling variable, the dimensionless amplitude cannot be obtained directly.
Because the mass ratio for a marine environment is relatively low, the dimensionless amplitude of the
riser’s vibrator under low-mass-ratio conditions is analyzed first. The experimental parameter settings
of Stappenbelt and collaborators (Table 1) [30] were inputted into the 2-DOF calculation model for a
comparison of calculated results with experimental results (Figure 5).
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Table 1. Input data from the test described in Ref. [30].

m* ξ m*ξ

2.36 0.006 0.0142
3.68 0.006 0.0221
6.54 0.006 0.0392
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As shown in Figure 5, remove the effect of the hysteresis effect, the simulation and experimental
amplitude ratio trend is consistent, taking the large vibration A∗Y as an example, the maximum
dimensionless amplitude error is 7.68%. The simulation is in good agreement with the corresponding
experimental results. For transverse flow vibrations, as the mass ratio increases, the frequency lock of
vibration is always within the range Ur = 4–8 although the peak value of the dimensionless amplitude
decreases gradually. For a mass ratio of m∗ = 2.36, the peak value of the dimensionless amplitude is at
a maximum value of 1.5, whereas for mass ratio m∗ = 8.79, it decreases to 0.6. In addition, hysteresis
develops with increasing mass ratio. Hysteresis means that the change in dimensionless amplitude
lags behind the change in velocity when the reduction velocity increases or decreases. The main reason
for this significant hysteresis is that the fluid–solid coupling parameter ε changes exponentially with
mass ratio that gives rise to obvious nonlinear characteristics.

For the downstream vibration, with increasing mass ratio, the peak value of its dimensionless
amplitude decreases gradually. With a mass ratio of m∗ = 2.36, the peak value of the dimensionless
amplitude is at its maximum value of 0.4 but decreases to 0.05 when the mass ratio is m∗ = 8.79.
However, the position of the dimensionless amplitude peak in the downstream direction is independent
of the mass ratio and is basically stable near Ur = 3.

The dimensionless amplitude is inversely related to the mass ratio for both the transverse and
downstream flow-induced vibrations. When m∗ = 2.36, the transverse dimensionless amplitude of the
vibration is much larger than that for the flow direction, but becomes larger than that of the transverse
direction when m∗ = 8.79, indicating that the decreasing speed of the amplitude in the downstream
direction is far less than that in the transverse direction. Moreover, the higher the mass ratio, the
greater the influence of the vibration in the downstream direction on the whole. In addition, the lower
the mass ratio, the wider is the range of the frequency lock of the vibration, i.e., the lower the mass
ratio, the better the device is able to capture energy over the larger range in velocity.
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4.2. System Damping Ratio and Dimensionless Amplitude

Besides the mass ratio, the damping ratio also affects the oscillation dimensionless amplitude and
must be considered in the calculation of energy-capture efficiency of the vibrator. The first two groups
of parameters in the low-mass-ratio experiment of the group in Michigan [20,30] were selected for
verification, and the parameter settings were imported into the 2-DOF calculation model to calculate
the dimensionless amplitude of the vibrator in the flow and transverse directions. Comparisons
between calculation and experimental results were performed (Figure 6); a selection of calculation
parameter settings is presented in Table 2.Energies 2019, 12, x FOR PEER REVIEW 9 of 16 
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Table 2. Input data from the test described in Ref. [20].

m* ξ m*ξ

5.4 0.002 0.0108
5.4 0.02 0.108

As shown in Figure 6, remove the effect of the hysteresis effect, the simulation and experimental
amplitude ratio trend is consistent, taking the large vibration A∗Y as an example, the maximum
dimensionless amplitude error is 17.07%. The simulation is in good agreement with the corresponding
experimental results. For the transverse flow vibration, with increasing damping ratio, the frequency
locking of the vibrator is always within the range Ur = 4–8, but the peak value of the dimensionless
amplitude decreases gradually. When the damping ratio is ξ = 0.002, the peak value of dimensionless
amplitude is at 1.1, whereas it decreases to 0.7 when the damping ratio increase to ξ = 0.02.

For the downstream vibration, with increasing damping ratio, the peak value of the dimensionless
amplitude of the vibrator decreases gradually. When the mass damping ratio is ξ = 0.002, the peak
value of the dimensionless amplitude is at a maximum value of 0.08, and when the damping ratio
ξ = 0.02, it decreases to 0.1. In addition, the downstream vibration of the vibrator is concentrated in
the reduced velocity range Ur = 4–8; downstream vibrations outside the range can be ignored.

In general, the dimensionless amplitude of the system is negatively correlated with the damping
ratio for both transverse and downstream flow-induced vibrations. Under constant mass ratio
conditions, a low damping ratio helps to increase the dimensionless amplitude peak and the range of
frequency lock.
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4.3. Comparative Analysis of Dimensionless Amplitude

According to the flow-induced vibration experiments of a single DOF cylinder and a 2-DOF
cylinder performed by Williamson and collaborators [24,25] and Stappenbelt and collaborators. Ref. [30],
the vibration amplitude along the flow direction cannot be ignored. From the vortex shedding law,
the downstream vibration frequency of the vibrator is always twice the transverse frequency, so the
contribution of the downstream vibration to the energy absorption of the structure cannot be ignored.
To assess the influence of vibration in the downstream direction, the ratio AX/AY of the dimensionless
amplitude in the downstream direction to that in the transverse direction is introduced and referred to
as the amplitude ratio. The rate of change for the amplitude ratio under different damping ratios and
different mass ratio conditions were examined (Figure 7), the parameter settings used being the same
as those in the experiment described in Ref. [30].
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The amplitude ratio for various mass ratios and damping ratios increases gradually with increasing
reduction speed, reaching a maximum value at Ur = 2.5, and then decreases. The amplitude ratio for
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damping ratios Ur > 6 tends to stabilize. The downstream vibration accounts for a large fraction of the
flow at low velocities and then decreases rapidly because the resonance resulting from the subsequent
frequency lock causes the transverse vibration to increase rapidly.

In the peak range of reduced velocities 2 < Ur < 3, when the damping ratio is ξ ≤ 0.1, the
amplitude ratio of the riser vibration is positively correlated with the mass ratio; when the damping
ratio is ξ > 0.1, the amplitude ratio is inversely correlated with the mass ratio, suggesting that the
influence of the damping force on the downstream VIV is far greater than that for transverse flow
vibrations. In addition, when the damping ratio is ξ ≥ 0.4, the amplitude ratio is less than 1 at each
value of the reduced velocity; that is, the transverse vibration is always dominant.

For a fixed mass ratio, the peak value of the amplitude ratio always decreases with increasing
damping ratio, whereas with increasing rate of reduction, the value of the amplitude ratio after the
final flattening is basically not affected by the damping ratio. For example, for m∗ = 2.36 at a high flow
velocity, the amplitude ratio is always stable at about 0.4.

In the frequency lock regime, i.e., the best working range for the VIV power generation device,
the vibration conditions for each mass ratio and damping ratio setting have the same characteristics;
specifically, the amplitude ratio is less than 1, and the amplitude ratio decreases with increasing
mass ratio. This shows that the vibration in the region of the vortex-induced resonance is mainly
in the transverse direction, and the low mass ratio enhances the dimensionless amplitude in the
downstream direction.

In brief, in an environment with low flow rates, a larger mass ratio may be considered when the
damping ratio is ξ ≤ 0.1 to produce a larger amplitude; however, for high damping ratios, and for high
flow rates, a low mass ratio achieves greater enhancements in power generation from the device when
operating in the frequency lock regime.

5. Energy-Capture Efficiency of the Proposed Device

Based on calculations performed with rigid columns of various mass ratios and damping ratios,
curves were obtained showing the dependence of the energy-capture efficiency for the riser vibrator
undergoing 2-DOF vibrations under a reduced velocity (Figure 8).

In general, with increasing reduced velocity, the energy-capture efficiency increases first and
then decreases, with the efficiency in the interval 4 < Ur < 8 being larger. This is mainly because
the vibration frequency of the riser’s vibrator is close to the vortex shedding frequency, promoting
resonance, and locking the vortex shedding frequency onto the vibration frequency. For different mass
ratios and damping ratios, when Ur= 5.8, the energy-capture efficiency reaches a maximum of 38.44%.
At this instance, the mass ratio of the vibrator is m∗ = 2.36 and the damping ratio is ξ = 0.05.

At a fixed damping ratio, the lower the mass ratio, the larger is the frequency lock range. For
example, when the damping ratio is ξ = 0.05, the frequency lock range is 3.8 < Ur < 9; when the
mass ratio rises to m∗ = 8.76, this range reduces to 4.2 < Ur < 7.1. Therefore, the low-mass-ratio
vibrator has a wider generating range and is suitable in relatively more complex sea conditions. In
addition, a high mass ratio combined with a low damping ratio reduces the energy-capture efficiency
slowly after exiting the frequency lock regime (Figure 9a). When the damping ratio equals 0.6, even
if the frequency is outside the locking regime, the energy-capture efficiency is still 51% of the peak
energy-capture efficiency.
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For the same damping ratio, there is an inverse correlation between the energy-capture efficiency
and the mass ratio, but the sensitivity of the efficiency on the mass ratio is different for different damping
ratios. As in Equation (9), the energy-capture efficiency is directly affected by the dimensionless
amplitude and damping ratio. Generally, an increase in the damping ratio will cause a decrease in
the amplitude ratio, which will lead to a decrease in the peak energy-capture efficiency. However, if
the damping ratio is very small, the increase in the dimensionless amplitude due to the reduction
of the damping ratio is much smaller than the reduction of the damping ratio itself, so the peak
energy-capture efficiency will decrease. In addition, under larger or smaller damping ratios, the
sensitivity of energy-capture efficiency to mass ratio is not high. When ξ = 0.05, reducing the mass
ratio from 8.76 to 2.36 leads to a peak energy-harvesting efficiency improvement of 32.95%; when ξ =

0.006 and ξ = 0.6, the peak energy-harvesting efficiency is increased by 6.08% and 7.39%, respectively
(Figure 9a). This is the result of the superposition of the decrease caused by the damping ratio and the
increase caused by the decrease in mass ratio. Therefore, for an appropriate damping ratio, choosing a
lower mass ratio may improve the riser power generation efficiency significantly.

However, the influence of damping ratio on energy-capture efficiency is relatively complex for a
fixed mass ratio (Figure 9b). When the mass ratio is m∗ ≥ 8.76, the maximum energy-capture efficiency
is inversely related to the damping ratio, whereas for m∗ ≤ 7.91, there is an optimal damping ratio
that maximizes the energy-capture efficiency of the vibrator for a given mass ratio. Different mass
ratios correspond to different optimal damping ratios. When the mass ratio is m∗ = 2.36, the damping
ratio is ξ = 0.05 and has the largest vibrator energy-capture efficiency, followed by ξ = 0.1. However,
when m∗ = 5.19, the efficiency at ξ = 0.006 exceeds that at ξ = 0.1; when m∗ = 8.76, the energy-capture
efficiency is highest for ξ = 0.006 (Figure 9a). This is because, at ξ = 0.05, the rate of change for the
maximum energy-capture efficiency as mass ratio decreases is far greater than that at ξ = 0.006.

Therefore, for a riser with a high mass ratio, a lower damping ratio is more conducive in improving
the energy-capture efficiency of power generation. However, when the mass ratio is low, the maximum
energy-capture efficiency rises first and then declines with increasing damping ratio, and hence an
appropriate damping ratio needs to be found to obtain a higher energy-capture efficiency.

6. Conclusions

According to the analysis above, it is valuable to collect the vortex-induced vibration energy of
the riser to supply the detection device. For riser with a mass ratio 2 < m∗ < 12, a damping ratio
ξ < 0.6, by changing the mass ratio and damping ratio parameter settings, the dimensionless transverse
amplitude, dimensionless downstream amplitude and the trajectory of motion during flow-induced
vibration in the cylinder were obtained, and the dimensionless amplitude ratio and energy-capture
efficiency were analyzed. The following is a summary of results:

1. With increasing mass ratio, the dimensionless amplitudes of the flow-induced vibration of the
cylinder in both downstream and transverse directions decreased, and the range of “frequency
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lock” decreased; with increasing damping ratio, the dimensionless amplitudes of the flow
direction in the cylinder and the transverse direction also decreased, but the range of “frequency
lock” remained unchanged. The maximum value of the transverse amplitude occurred near the
reduced velocity Ur= 6.

2. Taking the damping ratio ξ = 0.1 as a threshold, the low and high mass ratios of the cylinder at ξ
> 0.1 account for most of the amplitude along the flow direction. The influence of the vibration
along the flow direction cannot be ignored.

3. The maximum value of the energy-capture efficiency occurred near the reduced velocity Ur= 5.8.
For each damping ratio and mass ratio setting, the maximum energy-capture efficiency was
38.44%. In this instance, the mass ratio of the vibrator was m∗ = 2.36 and the damping ratio ξ =

0.05.
4. Regardless of damping ratio, with increasing mass ratio, the energy-capture efficiency of the

cylinder decreased; however, with the mass ratio of m∗= 7.91 as a threshold, the maximum
energy-capture efficiency of a high mass ratio vibrator was inversely related to the damping ratio,
whereas the maximum energy-capture efficiency of a low-mass-ratio vibrator increased initially
and then decreased with increasing damping ratio. The maximum value of the energy-capture
efficiency occurred near the reduced velocity Ur= 5.8.

5. Because the “frequency lock” regime expands with decreasing mass ratio, the low-mass-ratio
vibrator may also operate over a larger velocity range. However, for extreme values of the
damping ratio, the energy-capture efficiency of the low-mass-ratio vibrator remained to a certain
extent, which can be used in high-velocity water flows.
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Nomenclature

Symbol Meaning
FX,FY vortex-induced hydrodynamic forces acting on a stationary cylinder
ρ fluid density
w complex potential of fluid
Γk vortex strength of the k-th point vortex

(uk,vk)
components in Cartesian coordinates of the induced velocity of the remaining complex
velocity potential after removing k-vortex elements

(uki,vki)
components in Cartesian coordinates of the velocity of the mirror points of the k-th vortex
element created by the induced velocity of the k-th vortex element

ωst vortex circle frequency
α dimensionless empirical parameter α = CD0/(πStC2

L0)

csys
coefficient of damping for the system, consisting of riser damping and the wing-plate fluid
damping, csys = criser + cboard

X,Y displacements of oscillator
.

X,
..
X(

.
Y,

..
Y) the first and second derivatives of X(Y) respectively

H an experimental parameter of the fluid
m∗ mass ratio
ε coupling parameter of the Van der Pole equation ε= 0.018e0.21m∗

β dimensionless parameter of the vortex strength β = CL0/q0 = CL0/2
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τ dimensionless time τ = tωst

x;y dimensionless displacements x = X/D;y = Y/D
ξsys coefficient of damping ratio for the system
γ fluid damping parameter γ = CD/(4πSt)
δ fluid damping parameter δ = ωn/ωst = 1/(UrSt)

µ mass parameters µ =
(
ms + m f

)
/πρD2

St Strouhal number St = 0.19
h hydrodynamic parameter h = 12
CD0 average coefficient of drag CD0 = 0.2
CL0 average coefficient of lift CL0 = 0.3
Tst vortex period
p fluid pressure p = ρU2/2
Q flow within the area of fluid action Q = AflowU
Tflow the fluid energy of the uniform flow field per unit length over a single period
Ca the added mass coefficients
Ur the reduced velocity Ur = U/D
η energy-capture efficiency
ηUL peak energy-capture efficiency
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