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ABSTRACT

To enhance the power gain of vortex-induced vibration of a circular cylinder, the active control method of pulsed blowing jets located
at h¼ 90� is utilized to intensify its oscillation with the two-dimensional simulation of Reynolds-averaged Navier–Stokes at 2.0� 104

�Re� 9.6� 104. Different from traditional continuous jets, the blowing jets used in this paper start once the cylinder moves to the upper
limited position and last for a certain duration. Based on the combination of nine momentum coefficients and four pulse durations of the
jets, the oscillation responses of the cylinder at a series of reduced velocities are calculated and distinct responses are observed in three
branches. In the initial branch (U� � 4.27), no matter what the values of Cl and n are, the vortex patterns keep 2S accompanied by the ampli-
tude ratios vibrating around the benchmarks. In the fore part of the upper branch (4.27 < U� � 6.17), as Cl � 0.1005, the control effect is
similar to that at U� � 4.27; as Cl > 0.1005, both slight enhancement and suppression in amplitude ratios are observed, as well as the small
values of power gain ratios. In the rear part of the upper branch and lower branch (U� > 6.17), the enlarged disturbance of the jets to wake
results in enhanced amplitude ratios for most cases. Galloping is observed at n¼ 1/4 and 1/2 with a maximum amplitude ratio 13 times the
benchmark, except for some suppressed cases at Cl > 0.1005, n¼ 1/16, and 1/8. Though large amplitude ratios are achieved, considering
more energy consumed as Cl increases, the better control strategy with g ranging from 5.45% to 19.78% falls in U� > 6.17 and Cl < 0.1005.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146352

I. INTRODUCTION

Over the past decades, greatly increased requirements for energy
lead to a sharp reduction in reserves of traditional fossil fuels and
phase-out plans for coal-fired plants have been pronounced by
European countries.1 Thus, numerous scholars have devoted to
exploiting clean and renewable energy to support sustainable develop-
ment of human society.2 Among all the renewable energy sources,
marine hydrokinetic energy (MHK) is quite popular due to the abun-
dant reserves in the oceans, which cover more than 70% of the earth’s
surface,3,4 and flow-induced vibrations (FIVs) have become research
hotspots. Vortex-induced vibrations (VIVs) and galloping are com-
mon phenomena of FIVs5 in water. VIVs are resonant types of
responses that are relevant with the inflow velocity and characteristics
of the structure. High amplitudes in a broad range of velocity are
observed when the shedding frequency is at or near the natural fre-
quency of a circular cylinder.6 However, the non-circular cylinders
with sharp corners are more susceptible to galloping that occurs as the
cylinder is dynamically unstable7 and results in significant large-
amplitude and low-frequency oscillations.8

Based on the characteristics of VIVs and galloping, lots of
hydrodynamic energy converters are invented. Through compre-
hensive consideration of high energy density, low maintenance,
being friendly to marine life, a proper life cycle, and being robust,
Bernitsas et al.9 proposed a novel bladeless device named
VIVACE, which can extract kinetic energy from VIVs by a circular
cylinder over a quite broad range, even at low velocities. Another
innovative system with the hydraulic turbine placed on the coast is
invented by Barbarelli et al.10 to reduce the construction costs,
nevertheless, at the expense of lower efficiencies. Harvesting energy
from the tidal current is implemented by a submerged blade, which
is connected to the device on coast through a four-bar linkage. Zhu
et al.11 invented an energy converter consisting of a circular cylin-
der and free-to-rotate pentagram impeller in TrSL2 and TrSL3
regimes and found that the hydrodynamic instability of the system
is enhanced due to the presence and rotation of the impeller, which
is beneficial for energy extraction. More different configurations of
hydrodynamic energy harvesters based on VIVs and galloping can
be seen in the review.12
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No matter what types of the above-mentioned energy harvesters
are, the energy source lies in the interaction between the oscillators
and water, namely, strong coupling in fluid–structure interaction
(FSI).13 Therefore, a feasible way to improve the performance of the
energy harvesters is to enhance the oscillation of the oscillator.
Modifications in geometrical shapes of the cross sections have been
widely used. Inspired by the large surface curvature of fish tails, Shi
et al.14 analyzed the hydrodynamic responses of an elliptic cylinder
with different aspect ratios and found that a decrease in the cylinder’s
short diameter strengthened the shedding vortices, lift forces, ampli-
tudes, and ultimately output voltage. After comparison of the FIV
responses of the cylinders with different cross sections (PTC-cylinder,
square, Q-trapezoid I, and triangular), Ding et al.15 found that the
oscillations of PTC-cylinder and Q-trapezoid I were stronger than
other cylinders, and the optimum regime for energy harvesting is the
VIV upper branch, though high amplitude is observed in the galloping
branch. To combine the advantages of VIVs and galloping, Wang
et al.16 proposed an innovative energy scavenger with three different
cross-sectioned bluff bodies (a 3/4 cylinder and 1/4 cuboid; a 1/2 cylin-
der and 1/2 cuboid; and a 1/4 cylinder and 3/4 cuboid). The results
show that only appropriate combinations of the cross sections and
attack angles could enhance the maximum voltage output. Except for
the large transformation of the cross section profile, small modifica-
tions on the surface of the bluff body can also result in the enhance-
ment of energy harvesting. The effects of convex17 and etched
concave18 metasurfaces of an ordinary circular cylinder on its aerody-
namic characteristics are investigated by Wang et al. Among all differ-
ent metasurfaces, the convex hemisphere, convex tri-prism, and the
concave hourglass patterns are beneficial for enhancing VIVs with
enlarged lock-in regions; in contrast, other patterns suppress the VIVs
or are not inappropriate. Passive turbulence control (PTC), another
method with roughness strips attached on the cylinder’s surface, is
investigated by the team of Bernitsas19–22 to realize the purpose of
transiting VIV to galloping.

In addition to the geometrical modifications of bluff bodies,
wake-induced vibration (WIV) that sets the oscillator at the wake of
another upstream cylinder (free or fixed) to enhance the instability
also plays an important role in improving energy harnessing. Tamimi
et al. carried out a series of research works on WIV, which mainly
focused on the different tandem configures of the oscillators (circular–
square,23 circular–circular, square–circular, diamond–circular,24

square–square, and diamond–diamond25) motion states of the
upstream cylinder (fixed or free),26 and spacing ratios between the tan-
dem cylinders. Considering the harvesting capabilities, when the
upstream cylinder is fixed (square–square and diamond–diamond),
the performance of the tandem arrangements is better than that of the
single cylinder both in mechanical power and maximum efficiency,
and the diamond oscillators are superior to the square ones;25 when
coupled with an electromagnetic transducer, the maximum total effi-
ciency of the double oscillator devices with an upstream free cylinder
is improved by 97% at the optimum electromagnetic transduction fac-
tor.26 Tang et al.27 numerically studied the effects of spacing and
radius ratios on the hydrodynamic responses of the downstream cylin-
der in-series arrangements. The results show that both the transition
from VIV to galloping and suppression are observed for the square–
cylinder system, and the optimal spacing and radius ratios are found
out to enhance conversion efficiency. More similar literature works

about the combination of geometrical modification and WIV
are researched by Tang et al.,28 Ding et al.,29 Zhang et al.,30 and
Ding et al.31

As mentioned above, to enhance the performance of energy har-
vesters, numerous passive control strategies are researched in depth,
whereas the active control, as well as an important flow control
method with the advantages of controllability and maneuverability,
such as suction/blowing, synthetic jet, electromagnetic forcing, and
rotation, is usually utilized to suppress the destructive consequences of
FIVs32,33 rather than to enhance oscillation challengingly. Among all
the active methods, suction/blowing has been widely used and suction
is more effective in suppressing oscillations,34 especially set near the
separation points.35 In the perspective of energy savings, the pulsed
jets are superior to continuous jets36 with similar performance in flow
control. Only one related paper about active control for enhancing
VIV has been searched yet. Based on an artificial neural network
(ANN) trained by deep reinforcement learning (DRL), Mei et al.37

gained effective suction/blowing strategy to enhance the energy output
by 357.63% at a relatively small Re¼ 100. Therefore, it is necessary to
analyze the effects of active control on energy harvesting enhancement
to provide a reference for practical engineering.

In this paper, the effects of pulsed jets are analyzed on energy har-
nessing at 2.0� 104 � Re� 9.6� 104 in the TrSL3 regime with a high
lift.38 In contrast to the remarkable suppression of suction, blowing is
selected here. A single micro-orifice set on the top side of the cylinder
(90�) aims to break up the structural symmetry to reach a high ampli-
tude. The pulsed blowing with a combination of nine momentum
coefficients (Cl¼ 0.0016, 0.0063, 0.0251, 0.0565, 0.1005, 0.1570,
0.2261, 0.3077, and 0.4019) and four pulse durations (n¼ 1/16, 1/8, 1/4,
and 1/2) supersedes the traditional continuous jet and starts when the
cylinder moves to the upper limited position. The impacts on near wake
structures, hydrodynamic coefficients, amplitude ratios, frequency
ratios, and power gain ratios are discussed in detail to obtain optimal
control parameters to enhance the oscillation and energy harnessing.
The numerical methodology, such as fluid governing equations, jet
model, validation of mesh, and computational domain, is present in
Sec. II. The results and discussions are in Sec. III. Section IV presents
the conclusions and prospects for future work.

II. NUMERICAL METHODOLOGY

Based on the previous literature works about bladeless energy
converters, the schematic diagram of the oscillation system is simpli-
fied as a single degree of freedom (1DOF) spring-damping-mass sys-
tem with an elastically mounted rigid circular cylinder moving in the
vertical direction39 as depicted in Fig. 1(a). The origin of the coordi-
nate is set at the center of the circular cylinder, and the axis of x is con-
sistent with the direction of the free incoming flow that is vertical to
the axis of y in Fig. 1(b). The pulsed blowing jets are ejected from a
micro-orifice with the width of wwidth¼pD/1000 positioned at
h¼ 90� on the cylinder surface.

A. Fluid governing equations

The flow field around the circular cylinder in water can be con-
sidered to be incompressible and unsteady at the interested velocity of
0.25–1.2 m/s. The Reynolds-averaged Navier–Stokes (RANS) method
that decomposed the solution parameters into time-averaged and
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fluctuating components40 is used to calculate the fluid field around the
cylinder. The fluid dynamics equations can be written as

@�ui

@xi
¼ 0; (1)

@�ui

@t
þ �uj

@�ui

@xj
¼ � 1

q
@�p
@xi
þ @

@xj
2tSij � u0iu

0
j

� �
; (2)

�Sij ¼
1
2

@�ui

@xj
þ @

�uj

@xi

 !
; (3)

sij ¼ �qu0iu
0
j ¼ 2lt

�Sij �
2
3
qkdij; (4)

where �ui and �p are the mean velocity and pressure, respectively. q, t,
lt , k, �Sij, sij, and dij, are the fluid density, molecular kinetic viscosity,
turbulent eddy viscosity, turbulent kinetic energy, mean strain rate ten-
sor, Reynolds stress tensor, and Kronecker delta function, respectively.

To enclose the fluid dynamics governing equations [Eqs.
(1)–(4)], the Reynolds stress tensor is modeled using the shear stress
transport (SST) k–x turbulence model developed by Menter41 which
can be expressed as

DðqkÞ
Dt

¼ sij
@ui
@xj
� b�qxkþ @

@xj
lþ rkltð Þ
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@xj

" #
; (5)
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sij
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@xj

" #

þ 2ð1� F1Þqrx2
@k
@xj

@x
@xj

: (6)

More detailed description of Eqs. (5) and (6) can be referred in previ-
ous literature.41

To solve the governing equations, the FVM (finite volume
method) and the algorithm of SIMPLE (Semi-implicit method for
pressure-linked equations) are employed.

B. Pulsed blowing jet model

The schematic of the blowing jet model is shown in Fig. 2. The
horizontal axis t/T represents the ratio of the real time (t) to oscillation
cycle of the smooth cylinder (T). The solid black line indicates the dis-
placements of the circular cylinder that is monitored in real time, and
the red dotted line indicates the mean velocity of the pulsed blowing
jet. It can be seen that the pulsed blowing jet is activated once the cyl-
inder reaches its upper limit position. The duration (nT) and the
velocity (Ujet) of the jet that are both critical parameters are controlled
in the UDF code according to different cases. To analyze the effects of
duration of blowing jet, the values of n are taken to be 1/2, 1/4, 1/8,
and 1/16 in this paper. To compare the momentum flux of the pulsed
blowing jets with the free stream, the momentum coefficient Cl

42 is
introduced as

Cl ¼
2U2

jetd

U2
1D

; (7)

where Ujet, U1, d, and D are the mean velocity of the jet, velocity of
free stream, the width of the micro-orifice, and the diameter of the cyl-
inder, respectively. The concerned durations (n) and momentum coef-
ficients (Cl) of the pulsed blowing jets are listed in Table I.

FIG. 1. Schematic diagram of the oscillating system: (a) schematic diagram of the
system and (b) azimuthal angles.

FIG. 2. Pulsed blowing jet model.

TABLE I. Durations and momentum coefficients.

n Cl

1/2 0.0016 0.0063 0.0251 0.0565 0.1005 0.1570 0.2261 0.3077 0.4019
1/4 0.0016 0.0063 0.0251 0.0565 0.1005 0.1570 0.2261 0.3077 0.4019
1/8 0.0016 0.0063 0.0251 0.0565 0.1005 0.1570 0.2261 0.3077 0.4019
1/16 0.0016 0.0063 0.0251 0.0565 0.1005 0.1570 0.2261 0.3077 0.4019
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C. Structural oscillation equation

The motion of the cylinder is described by the oscillation
equation,

M€yt þ c _yt þ kyt ¼ Ffluid;y;t þ Fjet; (8)

whereM, y, c, and k are the total mass, displacement, damping coeffi-
cient, and spring stiffness, respectively. Two forces exerted on the cyl-
inder are in the right-hand side of the equation: Ffluid,y,t and Fjet.
Ffluid,y,t that can be solved in the CFD solver is the component of
hydrodynamic force in the y direction. According to Newton’s second
law, Fjet that is the mean force in the duration of nT can be expressed
as

Fjet ¼
d
dt
ðmvÞ ¼

q � nT � Ujet � Ajet � Ujet

nT
¼ qU2

jetAjet ; (9)

where Ajet is the area of the orifice that can be considered as a spanwise
slot with a unit length along the cylinder in this two-dimensional
model.

To solve the second-order linear ordinary differential equation
[Eq. (8)], a step by step integration method called Newmark b is used.
Based on the hypothesis of linear acceleration, the original equation is
discretized into a series of equations at different moments. For exam-
ple, the displacement and velocity at time tþ Dt could be written as

ytþDt ¼ yt þ _ytDt þ
1
2
� b

� �
€ytDt

2 þ b€ytþDtDt
2; (10)

_ytþDt ¼ _yt þ ð1� cÞ€yt þ c€ytþDt

� �
Dt; (11)

where ytþDt , _ytþDt , €ytþDt , yt , _yt , and €yt are the displacement, velocity,
and acceleration at time t þ Dt and t, respectively. c and b are con-
stants that make the method unconditionally stable with c¼ 0.5 and
b¼ 0.25.8 The motion equation of the cylinder at time tþ Dt is

M � €ytþDt þ c � _ytþDt þ K � ytþDt ¼ Ffluid;y;tþDt þ Fjet;tþDt : (12)

Combining Eq. (10) with Eq. (11), Eq. (12) can be reorganized as

�K � ytþDt ¼ �F ; (13)

�K ¼ K þ 1
bDt2

�M þ c
bDt
� c; (14)

�F ¼ Ffluid;y;tþDt þ Fjet;tþDt

þ 1
bDt2

� yt þ
1

bDt
� _yt þ

1
2b
� 1

� �
� €yt

� 	
�M

þ c
bDt
� yt þ

c
b
� 1

� �
� _yt þ

c
2b
� 1

� �
� Dt � €yt

� 	
� c: (15)

Then, the calculation process of displacement, velocity, and accel-
eration at time t þ Dt is fulfilled by the UDF embedded in the fluid
solver according to the Eqs. (9)–(15).

D. Mesh and computational domain independence
check

As depicted in Fig. 3, the computational domain is a rectangle
that is divided into three parts: I, II, and III. The length of the rectangle
in the x direction is chosen to be 40D, which is large enough for the
VIV with 1DOF.43 However, considering the potential large

displacements in the transverse direction when the pulsed blowing jets
are activated, the width of the rectangle in the y direction should be
large enough to diminish the effects of boundaries on the flow field.15

Three values of the width are taken to be 40D, 50D, and 60D with the
blockage ratios 2.5%, 2%, and 1.7%, respectively. Based on trial calcu-
lations, the amplitude response of the cylinder is higher than other
cases when n¼ 0.5, Cl ¼ 0.4019 at U1¼ 1.15 m/s. Hence, this case is
used to check the independence of computational domain. The relative
errors of amplitude ratios based on case 3 are listed in Table II, and
the error between cases 2 and 3 is smaller. Thus, the width larger than
50D has little effect on the results, and case 2 is selected, as illustrated
in Fig. 3. In addition, there are four kinds of boundary conditions for
the computational domain: velocity-inlet, pressure-outlet, non-slip
wall, and interface.

For the oscillation with large displacements, the traditional
dynamic mesh technology may lead to negative volumes and calcula-
tion termination. Therefore, a new method for moving meshes is cho-
sen. Meshes in part II can move with the rigid cylinder accompanied
by the deformation of the upper and down boundaries to absorb the
movements.40,44 The boundaries between I and II and II and III are
both interfaces through which interpolation operation is allowed. To
better capture the flow characteristics close to the cylinder, a circular
topology layout within 2D-diameter domain consistent with the flow
direction is set. The mesh size of the first layer around the cylinder

FIG. 3. Computational domain.

TABLE II. Independence check of computational domain (U1¼ 1.15 m/s, n¼ 0.5,
and Cl ¼ 0.4019).

Width Number of meshes A/D Relative error

Case 1 40D 97 476 3.2985 �0.18%
Case 2 50D 115 356 3.3056 0.03%
Case 3 60D 133 236 3.3046 � � �
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should be small enough to satisfy the demand of SST k–x turbulent
model for yþ < 1 and 1.2� 10�5 m is selected. The meshes are denser
near the wall and then increase gradually at the rate of 1.05. In other
parts, the mesh topology is rectangular and becomes sparser away
from the cylinder. Three grid densities with different numbers of
nodes in the circumferential and radial direction of the 2D-diameter
circle around the cylinder are given in Table III. The amplitude
response of smooth cylinder at U1¼ 0.7 m/s is used to assess the
meshes. The results indicate that the case larger than 100 860 cells in
part II has little effect on the relative error, which is calculated based
on the fine density. For the sake of accuracy and efficiency, the
medium density is selected. The meshes in the whole computational
domain and close-up near the cylinder wall are shown in Figs. 4(a)
and 4(b). All the values of yþ on the cylinder during calculation that
are carefully checked meet the requirements, and the two representa-
tive histories at different moments are given in Fig. 4(c).

E. Numerical method validation

To validate the accuracy of this numerical method, the response
of smooth cylinder is simulated in the range of 0.25–1.2 m/s
(Re¼ 2.0� 104–9.6� 104) in this paper. The range of velocities falls in
the regime of TrSL3, which means that the shear layer is fully saturated
contributing to a relatively high lift.15,38 The steps to obtain oscillation
responses of the cylinder are as follows: First, the hydrodynamic forces
exerted on the cylinder are calculated by solving the governing equa-
tions; second, based on the forces achieved in the last step, the motion
equations of the cylinder are solved by the UDF code embedded in
CFD solver to get the displacement, velocity, and acceleration in the
next state; and finally, the meshes are modified based on the new posi-
tion of the cylinder to prepare for the calculation of hydrodynamic
forces in next time step. The essential parameters of the oscillation sys-
tem45 are listed in Table IV. The reduced velocity U� introduced to
describe the variation of amplitudes is defined as

U� ¼ U1
fn;waterD

: (16)

The histories of amplitude and frequency ratios vs reduced veloc-
ity are shown in Fig. 5. Compared with the previous experimental46

and numerical45 results, it can be seen that the amplitude ratios in
Fig. 5(a) could be divided into three branches: initial branch (2.37
<U� � 4.27), upper branch (4.27 < U� < 7.12), and lower branch
(7.12� U�< 11.38). The amplitude ratios increase first to a high value
and then decrease with the reduced velocity. The ranges of the reduced
velocity for the three branches are consistent with previous data. As
shown in Fig. 5(b), the growth trend of frequency ratios with the

reduced velocity is also similar. Thus, the main features of oscillation
could be obtained by the numerical method. It can be assumed that
the accuracy of the results in this paper is acceptable though some
deviations occur.

III. RESULTS AND DISCUSSION

To analyze the effects of the pulsed blowing jets on the power
gain of the cylinder, the oscillation responses are calculated at the
selected reduced velocities of 4.27, 5.22, 6.17, 7.12, 8.07, 9.01, 9.96, and
10.91, which are distributed in the initial, upper, and lower branch,
respectively. The influences of momentum coefficients (Cl) and dura-
tions (n), as two main parameters of the jets, on amplitude ratios, fre-
quency ratios, near wake structures, hydrodynamic coefficients, and
power gain ratios are discussed in this part.

A. Effects on the near wake structures
and hydrodynamic coefficients

To explain the physical mechanisms of the pulsed blowing jets’
influences on the oscillation in a visualized method, comparisons of
the representative near wake structures between the cylinder with and
without control in three branches (U� ¼ 4.27, 6.17, and 10.91) are
discussed here. The wake structures of the cases at different Cl (Cl

¼ 0.0016, 0.1005, and 0.4019) for the same n (n¼ 1/2) and at different
n (n¼ 1/4, 1/8, and 1/16) for the same Cl (Cl ¼ 0.4019) are shown in
Figs. 6 and 8, respectively. In addition, lift coefficient (Cy), as another
important factor of the 1DOF system in the transverse direction, is
introduced to describe the lift exerted on the cylinder in the y
direction,

Cy ¼
Ffluid;y
1
2
qU2
1D

: (17)

The histories of non-dimensional Cy/Cy0 (Cy0, the maximum lift
coefficient for the smooth cylinder) and displacements vs t/T are given
in Figs. 7 and 9, where T1, T2, and T3 are the vibration cycles of the
smooth cylinder at U� ¼ 4.27, 6.17, and 10.91, respectively. As
depicted in the first line of Fig. 6, 2S, 2P0, and 2P modes are observed
for the smooth cylinder without control in the initial, upper, and lower
branch, respectively. As a transition mode from 2S to 2P, 2P0

47 has a
much weaker secondary vortex, which decays rapidly in each pair, dif-
ferent from the typical 2P mode with two vortices of similar strength
in each pair. The features of the wake agree well with the results in pre-
vious literature.19

(a) Compared with the cases without control, there are little
changes in the wake at U� ¼ 4.27, no matter what the values
of Cl are as shown in the first column of Fig. 6. At Cl

¼ 0.0016, the faint vortex induced by the jet is trapped within
the shedding vortex in the shear layer and dissipates immedi-
ately once the jet is off with little disturbance injected to the
flow field. The fluctuations of the lift coefficient are also quite
small at the moments when jet is on and off for Cl ¼ 0.0016
as shown in Fig. 7(a). However, as Cl increases, the jet rushes
out of the shear layer to wrap up the vortices, which is about
to shed leading to a delay of the shedding process. The delay
becomes more apparent for a larger Cl with less peaks of lift
coefficients (four peaks at Cl ¼ 0.0016 and three peaks at Cl

¼ 0.4019) in the same time, as shown in Fig. 7(a). In addition,

TABLE III. Independence check of meshes (U1¼ 0.7 m/s, smooth cylinder).

Central circle:
circumferential
� radial

Number
of meshes
in Part II A/D

Relative
error

Coarse 220� 45 71 000 1.0541 1.13%
Medium 260� 70 100 860 1.0434 0.11%
Fine 340� 100 125 900 1.0423 —
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it can also be seen that the bigger Cl is, the larger pressure
fluctuations induced by the sudden injection and stop of the
jets are. Despite these differences, for all controlled cases with
different Cl at U� ¼ 4.27 and n¼ 1/2, the vortex shedding
patterns still keep 2S and the deviations of RMS (root mean
square) of Cy/Cy0 are within 10% compared with the bench-
marks. What is more, the displacements vibrate around the

benchmark with a maximum difference of 20% as shown in
the first figure of Fig. 7(d). Thus, Cl is unable to greatly
change the flow field and lifts on the cylinder at n¼ 1/2, as
well as the displacements.

The comparisons of near wake structures and Cy/Cy0 for
different n at U� ¼ 4.27 and Cl ¼ 0.4019 are illustrated in
Figs. 8(a) and 9(a). It can be seen that all the vortex patterns

FIG. 4. Medium meshes: (a) entire computational meshes, (b) close-up of 2D-circle near the cylinder, and (c) yþ.
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keep 2S and the fluctuations of Cy/Cy0 are almost equal at the
same Cl. Although there are differences in partial distribution
of the Cy/Cy0, the deviations of RMS are still within 10%.
Therefore, different pulse durations of the jets have little
effects on the oscillation of the cylinder in the initial branch.

(b) As depicted in the second column of Fig. 6, when U� ¼ 6.17
and Cl ¼ 0.0016, the near wake structure is similar to the
smooth cylinder. Due to little disturbance injected into the
flow field with such small Cl, both the lift coefficients and dis-
placements basically coincide with the benchmarks in Figs.
7(b) and 7(d). However, different situations occur as Cl

increases. At Cl ¼ 0.1005, 2T mode is observed with two
more vortices shedding in one cycle. The vortex induced by
the jet splits the vortex in the shear layer, and the amounts
of shedding vortices raise. The slight increments in RMS of
Cy/Cy0 and amplitude are 15.2% and 3.8%, respectively. As Cl

increases to 0.4019, during the downward movement of the
cylinder, the vortices induced by the jet become strong
enough to shed itself and merge with the shedding vortices
from the shear layer to form a stronger one, rather than just

wrap up or split the shedding vortices as aforementioned
cases. TþP0 mode with three more vortices shedding is
observed during a half cycle of the oscillation. Both the
amounts and strength of the vortices are elevated compared
with the benchmarks. RMS of Cy/Cy0 and amplitude ratios
are raised by 87.4% and 31.7%, respectively. Hence, the oscil-
lation of the cylinder is slightly enhanced as Cl � 0.1005 at
n¼ 1/2.

The different effects of n are apparent at U� ¼ 6.17 and
Cl ¼ 0.4019 as shown in Figs. 8(b) and 9(b). The duration
of the jet lasts for a quite short time at n¼ 1/16 and 1/8.
The lengthened streamwise vortices about to shed, as well as
the reduced transverse distance between vortices, lead to the
decline in the amplitudes by �61.7% and RMS of Cy/Cy0 by
�62.3% at n¼ 1/16. As n increases, a longer duration will
excite the shedding process with slight enhancement of oscil-
lation at n¼ 1/2 as mentioned above.

(c) Significant disturbances in the wake are observed at U�

¼ 10.91 as depicted in Fig. 6(c), even at small Cl. When Cl

¼ 0.0016, though the trapped vortices induced by the jet
make the shedding pattern keep 2P, the transverse distance
between the vortices is enlarged leading to the enhancements
of amplitude and RMS of Cy/Cy0 by 238.5% and 150.7%,
respectively. When Cl increases to 0.1005, the jet splits the
vortices in the shear layer and P þ 2T mode is observed with
four additional shedding vortices in one cycle. As a result of
the extra vortices, more frequent pressure changes around the
cylinder can be seen from the fluctuations of Cy/Cy0 in Fig.
7(c). The oscillation mode transits from VIV to galloping. As
an example of typical galloping, the evolution of the vortex
shedding in one cycle at Cl ¼ 0.4019 with selected 12 posi-
tions is illustrated in Fig. 10. The jet is on and off at positions
1 and 7, respectively. The vortex induced by the jet rushes out
the shear layer (position 1) and splits the negative vortices
(positions 2 and 3). During the downward movement of the

TABLE IV. Essential parameters.

Description Symbol (unit) Value

Length L (m) 1.00
Diameter D (m) 0.0912
Mass M (kg) 13.63
Density of fluid q (kg/m3) 1000
Stiffness of spring K (N/m) 1063
Damping coefficient C (N�s/m) 30
Natural frequency fn,water (Hz) 1.1556
Displaced mass of cylinder Md (kg) 6.5325
Mass ratio m� ¼M/Md 1.725

FIG. 5. Comparison of (a) amplitude ratios and (b) frequency ratios between experimental and numerical results.
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FIG. 6. Comparisons of near wake structures for different Cl at n¼ 1/2: (a) initial branch (U� ¼ 4.27), (b) upper branch (U� ¼ 6.17), and (c) lower branch
(U� ¼ 10.91).
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FIG. 7. Comparisons of Cy/Cy0 and displacements for different Cl at n¼ 1/2: (a) Cy/Cy0 at U
� ¼ 4.27, (b) Cy/Cy0 at U

� ¼ 6.17, (c) Cy/Cy0 at U
� ¼ 10.91, and (d) displace-

ments at U�¼ 4.27, 6.17, and 10.91.
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FIG. 8. Comparisons of near wake structures for different n at Cl ¼ 0.4019: (a) initial branch (U� ¼ 4.27), (b) upper branch (U� ¼ 6.17), and (c) lower branch (U� ¼ 10.91).
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FIG. 9. Comparisons of Cy/Cy0 and displacements for different n at Cl ¼ 0.4019: (a) Cy/Cy0 at U
� ¼ 4.27, (b) Cy/Cy0 at U

� ¼ 6.17, (c) Cy/Cy0 at U
� ¼ 10.91, and (d) displace-

ments at U�¼ 4.27, 6.17, and 10.91.
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FIG. 10. The evolution of near wake struc-
tures in one cycle at U� ¼ 10.91, Cl

¼ 0.4019, and n¼ 1/2.
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cylinder, the process of combination with the vortex in the wake
and shedding are observed (positions 4 and 5). Then, the jet is
still strong enough to split another vortex in the shear layer at
position 6 till the jet terminates at position 7. During the violent
interaction between the jets and wake, the instability of the cylin-
der is highly excited by the energy obtained from the ambient
flow. In addition, four more vortices shedding in the period of
injection are dragged by the fast moving cylinder leaving a long
wake in the transverse direction. Thus, the structures of the wake
are markedly changed by the jet at large Cl. Both RMS of Cy/Cy0

and amplitude ratio are about 13 times the benchmarks. It can
be concluded that the enhancements of the oscillation become
violent as Cl increases at U

� ¼ 10.91.
As depicted in Fig. 8(c), different effects of n become more
apparent compared with the cases at U� ¼ 6.17. When n¼ 1/
16, the jet makes the vortex pattern transit from 2P to 2S and
the oscillation is suppressed with amplitude decline by 67.8%
as shown in Fig. 9(d). In addition, the oscillation frequency
increases almost twice the benchmark. The detailed evolution
of the near wake structures in a cycle for this suppressed case
is illustrated in Fig. 11. It can be seen that the jet rushes out
the shear layer to split the negative vortex and then disappear
(positions 2–4) in the duration of 1/16T3. Under the influence
of such momentary jet, the damping of the oscillator increases
leading to the decrease in amplitude. So the control strategy
with short duration and large Cl will lead to high-frequency
and low-amplitude oscillation that should be avoided.
However, as n increases, more disturbances are injected into
the flow field with more shedding vortices and larger travel in
the transverse direction. At n¼ 1/4 and 1/2, the amplitudes
are elevated to about three times the benchmarks. Therefore,
to stimulate the oscillation at a high reduced velocity, the jets
with longer duration (1/4 and 1/2) are beneficial.

B. Effects on amplitude and frequency ratios

The amplitude ratio (A/D), an important parameter of the oscil-
lation, is calculated by averaging 40 absolute values of the peaks after
the flow field is fully developed. Meanwhile, the frequency ratio (f/fn)
is achieved by FFT (fast Fourier transform) of the displacements. The
histories of A/D and f/fn vs reduced velocity at different Cl and n are
shown in Figs. 12 and 13, respectively. In the figures, the histories
with red squares represent the response of the smooth cylinder with-
out control that is regarded as the benchmarks. According to the
variation tendency of the amplitude ratios with control, the results
can be divided into two distinct groups based on the reduced velocity:
U� � 6.17 and U�> 6.17.

(a) When U� � 6.17, the variation trends of amplitude ratios
with control are almost in accordance with the smooth cylin-
der. As Cl � 0.1005, the amplitude ratios fluctuate around
the benchmarks with quite small deviations (�19.6%–16.1%)
for all n as shown in Figs. 12(a)–12(e). The tiny changes in
amplitude ratios owe to the little disturbances into the flow
field as mentioned in Sec. III A. As depicted in Figs.
12(f)–12(i), when Cl > 0.1005, the influences of different n
on amplitude ratios become apparent where both suppression
and stimulation occur. Due to the interaction between jet and

wake, the damping of the cylinder increases with a maximum
drop of the amplitude ratio reaching 61.7% at n¼ 1/16.
Energy absorption from the flow field is also observed with a
maximum growth rate of 31.7% at n¼ 1/2. Though differ-
ences of amplitude ratios exist when U� � 6.17 for different
n, the deviations are relatively smaller than the cases at larger
U�. In addition, the frequency ratios are also very close to the
benchmarks with the largest fluctuation of 10% at n¼ 1/2.
Therefore, we can come to the conclusion that both n and Cl

have little effects on the amplitude and frequency responses
within the initial branch (U� < 4.27) and fore part of the
upper branch (4.27 < U� � 6.17).

(b) When U� > 6.17, dramatic changes take place in the ampli-
tude response. As Cl < 0.1005, all the controlled cases are
higher than the benchmarks with a maximum increment of
334.3% that is much larger than the peak value (31.7%) at U�

� 6.17. Though high amplitude ratios are achieved, the devia-
tions (�25.5%) between different n are still quite small.
Combining with the cases at U� � 6.17, it can be considered
that the effects of different durations (n) at small momentum
coefficients (Cl < 0.1005) are similar in the three branches.
When Cl � 0.1005, the amplitude ratios increase with n and the
deviations between different n enlarge at the same Cl and U�.
Sudden jumps occur in the lower branch at n¼ 1/2 when 0.1005
� Cl � 0.2261 where the oscillation mode shifts from VIV to gal-
loping accompanied by the decrease in frequencies shown in Figs.
13(e)–13(g). The amplitude ratios increase approximately linearly
vs U� at Cl ¼ 0.3077–0.4019 for n¼ 1/2 and 1/4. Thanks to the
occurrence of galloping phenomenon, the highest amplitude ratio
reaches 3.31 that is 13 times the benchmark at U� ¼ 10.91. In the
perspective of amplitude ratios, a higher value obtained in the
lower branch means that a strong oscillation benefitting for
energy harnessing is achieved. However, except for the enhance-
ment, the amplitude ratio histories below the base lines are also
observed at n¼ 1/16 for Cl � 0.1570 and n¼ 1/8 for Cl �
0.3077 where the oscillations are suppressed. Under the action of
the jets, the damping of the cylinder is enlarged as mentioned in
Sec. IIIA. At U� ¼ 10.91, Cl ¼ 0.4019, and n¼ 1/16, the oscilla-
tion is almost totally suppressed with a tiny amplitude ratio and
high frequency ratio, which means that the cylinder vibrates up
and down violently with small displacements. Almost all the sup-
pressed cases are at shorter n and larger Cl. So it is necessary to
avoid using the pulsed blowing jets with shorter durations and
larger momentum coefficients to excite the oscillation of the
cylinder.

C. Effects on energy harnessing

Apart from the near wake structures, hydrodynamic coefficients,
amplitude ratios, and frequency ratios, power gain is another prominent
index tomeasure the effects of the pulsed blowing jets on energy harness-
ing. As an active control method, the generation of the jets will consume
some energy. Therefore, to assess the jets’ effects on energy harnessing,
the differences between the power done by forces exerted on the cylinder
and consumed by the pulsed blowing jets are necessary to be calculated.

(1) The work (P) done by forces exerted on the cylinder in one
cycle Tosc can be calculated as
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FIG. 11. The evolution of near wake
structures in one cycle at U� ¼ 10.91, Cl

¼ 0.4019, and n¼ 1/16.
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P ¼ 1
TOSC

ðTOSC

0
ðFfluid;y;t þ FjetÞ � _y � dt: (18)

Substituting Eq. (8) in Eq. (18),

P ¼ 1
TOSC

ðTOSC

0
ðM � €y þ c � _y þ k � yÞ � _y � dt: (19)

As the displacement of the cylinder is approximately sinu-
soidal,39 the power can be simplified as

P ¼ 1
Tosc

ðTosc

0
c � _y2dt: (20)

The velocity ( _y) of each time step in Eq. (20) has been cal-
culated during the iterations in CFD. So the power (Pcontrol and
Psmooth) done by the forces with and without control can be cal-
culated in a cumulative way, respectively. So the changed power
DP can be obtained as

DP ¼ Pcontrol � Psmooth: (21)

FIG. 12. Amplitude response vs reduced velocity at (a) Cl ¼ 0.0016, (b) Cl ¼ 0.0063, (c) Cl ¼ 0.0251, (d) Cl ¼ 0.0565, (e) Cl ¼ 0.1005, (f) Cl ¼ 0.1570, (g) Cl ¼ 0.2261,
(h) Cl ¼ 0.3077, and (i) Cl ¼ 0.4019 for various n.
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(2) The power consumed by the pulsed blowing jets (Pjet) can be
written as

Pjet ¼
1
2
�q �nToscUjet �wwidthL �U2

jet

Tosc
¼qnwwidthL

2
ClU2

1D
2d

� �3=2

: (22)

So the power gain Pgain is

Pgain ¼ DP � Pjet : (23)

To get a dimensionless power gain, the power gain ratio g is intro-
duced as

g ¼
Pgain
Pfluid

� 100%; (24)

where the flow power Pfluid
39 is

Pfluid ¼
1
2
qU3
1DL: (25)

If g > 0, the pulsed blowing jets are considered to be beneficial to
enhance energy output; otherwise, control strategy is worthless. The

FIG. 13. Frequency response vs reduced velocity at (a) Cl ¼ 0.0016, (b) Cl ¼ 0.0063, (c) Cl ¼ 0.0251, (d) Cl ¼ 0.0565, (e) Cl ¼ 0.1005, (f) Cl ¼ 0.1570, (g) Cl ¼ 0.2261,
(h) Cl ¼ 0.3077, and (i) Cl ¼ 0.4019 for various values of n.
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power gain ratios vs reduced velocity at different Cl and n are shown
in Fig. 14. In the figures, the red dashed lines denote g¼ 0. According
to the variation trend, the results are divided into two parts based on
the reduced velocity: U� � 6.17 and U� > 6.17.

(a) When U� � 6.17, it can be seen that almost all the histories are
close to or below the red dashed lines. In this range, as mentioned
above, slight influences of the jets on the oscillation result in the
values of power growth (DP) approaching 0. However, the neces-
sary energy consumed by the pulsed blowing jets (Pjet) must be
considered once the jets are on. So the minimally positive or neg-
ative power gain ratios are obtained inevitably without extra
power to output. No matter what the values of Cl and n are, the
results show that the control in this range is worthless.

(b) When U� > 6.17, the histories are all higher than zero lines at Cl

< 0.1005 in Figs. 14(a)–14(d). In the range of 6.17 < U� � 9.96,

g increases first and then decreases with the reduced velocity,
which are in accordance with the amplitude response with the
values ranging from 5.45% to 19.78%. In addition, the deviations
between the values of g for different n are quite small. Therefore,
the outstanding performance to enhance energy harnessing with
a relatively broad bandwidth is achieved when U� > 6.17 and Cl

< 0.1005.
When 0.1005 � Cl � 0.1570, the power gain ratios g are
smaller than the values at the same reduced velocity for Cl <
0.1005, due to the greater growth rate of Pjet than DP as Cl

increases, except for the cases at U� ¼ 10.91 as shown in Figs.
14(e) and 14(f). However, there are still high g (gmax ¼
42.28%) at U� ¼ 10.91 where galloping occurs accompanied
by large increment of DP. So a relatively narrower bandwidth
for the enhancement is achieved for these two momentum
coefficients. When Cl > 0.1570, although the amplitude

FIG. 14. Power gain ratios (g) vs reduced velocity at different Cl and n: (a) Cl ¼ 0.0016, (b) Cl ¼ 0.0063, (c) Cl ¼ 0.0251, (d) Cl ¼ 0.0565, (e) Cl ¼ 0.1005, (f) Cl

¼ 0.1570, (g) Cl ¼ 0.2261, (h) Cl ¼ 0.3077, and (i) Cl ¼ 0.4019.
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ratios are quite large, Pjet is dominated in the power gain, and
only a fraction of the cases is efficient (g > 0) for energy har-
nessing where the oscillation amplitude is extremely high as
shown in Figs. 14(g)–14(i). Therefore, the jets falling in U� >
6.17 and Cl � 0.1005 should be selected prudently to
improve energy harnessing.

IV. CONCLUSIONS

After detailed comparisons of near wake structures, lift coeffi-
cients, amplitude ratios, frequency ratios, and power gain ratios, the
major conclusions are summarized as follows:

(a) Based on the distribution of the wake structures, it can be
seen that the interactions between jets and vortices in the
near wake are distinct due to the variation of Cl. The injected
vortices at small Cl (Cl ¼ 0.0016) are trapped in the shear
layer with a relatively small disturbance into the flow field. As
Cl increases, the injected vortices become strong enough to
rush out of the shear layer, split the vortices, or even shed
themselves and merge with other vortices during the down-
stream convection. As a result of the interaction, transitions
of the vortex pattern and oscillation mode are observed in dif-
ferent branches. In the initial branch, no matter what the val-
ues of Cl and n are, the vortex patterns keep 2S. The RMS of
Cy/Cy0 and amplitude ratios vibrate around the benchmarks
within 10% and 20%, respectively. In the upper branch, dif-
ferent vortex patterns (2T and 2T þ P0) are observed and
the amplitude ratios are slightly enhanced (31.7%) at large Cl

(Cl � 0.1005). In the lower branch, the oscillation of most
cases are highly motivated, except for some suppressed cases
at Cl � 0.1570, n¼ 1/16, and 1/8. For the enhanced cases, the
disturbances of the jets to wake become violent and more vor-
tices shed in a cycle thanks to the energy absorption from
flow field. Even galloping is observed at Cl ¼ 0.1005–0.4019
and n¼ 1/2. However, at Cl � 0.1570 and n¼ 1/16 and 1/8,
the interactions increasing the cylinder’s damping make the
vortex patterns transit to 2S mode accompanied with the
decline of amplitude ratios.

(b) Based on the amplitude and frequency responses, both the
momentum coefficients (Cl) and durations (n) have little
effects on the oscillation in the initial branch and forepart of
the upper branch (U� � 6.17). As U� > 6.17 and Cl

< 0.1005, a maximum increment of 334.3% in amplitude
ratio is achieved, but the small deviations between different n
can be ignored. When U� > 6.17 and Cl � 0.1005, the
enhancement of the amplitude ratio is further improved at
n¼ 1/4 and 1/2, with the largest value about 13 times the
benchmark. In addition, suppressed cases are observed at
n¼ 1/16 and 1/8 for Cl � 0.1005 that should be avoided.

(c) In the perspective of power gain, the effects of the jets are
quite distinct. In the initial branch (U� � 6.17), the power
gain ratios are almost negative, which means that the control
is worthless. However, in the range of U� > 6.17 and Cl

< 0.1005, the outstanding performance to enhance harnessing
is achieved with the values of g ranging from 5.45% to
19.78%. As U� > 6.17 and Cl � 0.1005, though the ampli-
tudes reach high values, the efficient cases to improve energy

harnessing are quite few owing to the rapid growth of con-
sumed energy by jets at large Cl and reduced velocities.

The effects of various parameters, such as location of the micro-
orifice, special position when jet is on, and types of the jets (synthetic
jet or others), will be further researched in our future work.
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