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ABSTRACT
Power harvesting from vortex-induced vibration (VIV)

is a fairly new regime that needs to be explored. A
practical VIV-based hydroelectric farm will employ a
number of devices undergoing VIV. The present work
aims to quantify the energy extraction capability of two
rigidly-coupled circular cylinders of equal diameter (D)
in tandem arrangement. The energy extraction process
is modeled using a damper attached to the vibrating
cylinders. The cases with different damping ratios (ζ) are
numerically simulated by OpenFOAM, an Open-source
software computational fluid dynamics solver. The cylinders
are rigidly-coupled and oscillate rigidly in the cross-flow
direction. All the cases were simulated at a constant mass
ratio, defined as the ratio between net oscillating mass
to the mass of displaced fluid, 2 and Reynolds number
150. The gap ratio (L/D), defined as the normalized
center-to-center distance between the cylinders in flow
direction, is taken as 2. The damping ratio is varied in the
range of ζ = 0.025–0.10, and the reduced velocity (U∗) is
varied from 3 to 8.5. At the smallest damping, the cylinders
vibrate with significant amplitude in the reduced velocity
range of 4–6, the synchronization region. A maximum
vibration amplitude (y/D) value of 0.51 is observed close
to reduced velocity 5 at the smallest damping. This value is
close to that of an isolated circular cylinder. The vibration
amplitude decreases with increasing damping as some of
its kinetic energy is dissipated, which is assumed to equal
the extracted power in the present case. The width of
the synchronization region also decreases with increasing
damping. The mean extracted power is maximized at certain
reduced velocities in the synchronization region at each
damping value. The extracted power is proportional to
both damping and vibration amplitude. Since the vibration
amplitude reduces with damping, an optimal damping value
at which a peak value of the maximum extracted power is
obtained. For the present case, the non-dimensional peak
extracted power is close to 0.069 at ζ = 0.04 and U∗ ≈ 4.5.

Keywords: Power Harvesting, Vortex-Induced Vibration,
Rigidly-coupled Cylinder, Tandem arrangement.

I. INTRODUCTION AND LITERATURE
REVIEW

When a flexibly mounted bluff body is placed in a fluid
stream, the body experiences unsteady fluid forces. The
difference in pressure distribution around the body arises and

consequently motion in the body. The non-linear interaction
occurs when the motion of the body modifies the flow.
This phenomenon is called flow-induced vibration (FIV)
or flow-induced motion (FIM). Vortex-induced vibration
(VIV) is a resonance type FIV where the frequency of the
shed vortices behind the body synchronizes with the body’s
natural frequency. The shed vortices give rise to unsteady
fluid forces that induce motion of the body in the direction
normal to the flow.

VIV is considered a destructive phenomenon primarily
observed in slender structures like marine risers and long
tethered structures in the ocean. But in recent years, a search
for clean energy observes another application of VIV, i.e.,
power extraction capabilities of VIV. Bernitsas et al. [1]
were the first to use VIV as a source of clean energy.
They made VIVACE (Vortex-induced vibration aquatic clean
energy) setup in which the kinetic energy from the body
motion can be converted to useful electrical energy. Soti et
al. [2] numerically investigated VIV of single-cylinder at
Reynolds number (Re) ≤ 200. They have observed there is
an optimal damping ratio ζ where the maximum power is
obtained. They have also observed that the power strongly
depends on Re. The primary reason is maximum amplitude is
a strong function of Re. Lee and Bernitsas [3] experimented
on VIVACE converter at high Re (4×104 < Re < 1.2×105)
where they made a damper-spring apparatus that can vir-
tually change the stiffness and damping. As no energy is
harvested at ζ = 0 and very high damping, there is no power
due to no oscillation; there is always a ζ (here ζ = 0.12)
where the energy is maximum. They have also observed
with the increase in stiffness, the maximum extracted power
also increases. Sun et al. [4] also got increased power with
increased stiffness. In the galloping regime, as the amplitude
increases with U∗, the power also increases. Barrero-Gil et
al. [5] numerically simulated forced vibration of a single
cylinder. They have found maximum efficiency depends
upon both ζ and m∗. With increasing m∗ζ, efficiency first
increases up to a certain value and then decreases. So, there
is an optimal mass-damping parameter m∗ζ where we get
maximum efficiency. They have also pointed out that at low
m∗, the spectrum of U∗ for significant efficiency is observed,
increases.

The extracted power also depends upon the number of
cylinders and their relative arrangements. This observation
comes from the increase in amplitude with the number of
cylinders [6]–[8]. Most of the investigations are carried out
for the case of the upstream cylinder being stationary, i.e.,
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wake-induced vibration. Ding et al. [9] performed numerical
and experimental investigation on independently moving
cylinders in tandem. They have found suppressed VIV for
the downstream cylinder at higher Re (Re > 9.5×104) in the
experiment due to neglecting the free-surface effect in nu-
merical simulation. In their later study, they have simulated
the cases of three and four cylinders also. They have got
reduced maximum amplitude in the downstream cylinders
than the upstream cylinder [10]. Zhao et al. [11] numerically
simulated rigidly coupled cylinder in tandem and side-by-
side arrangement at low Re = 150. For tandem arrangement,
the amplitude is increasing in the upper branch with the
normalized center-to-center distance between cylinders in
streamwise direction (L/D), and the maximum amplitude
shifts to the higher value of U∗ with increasing L/D.
But surprisingly enough, for side-by-side arrangement apart
from T/D = 1.5, the amplitude response curves of other
T/D cases hug the single-cylinder case closely. Mechanism
of independently moving two-cylinders are different from
the rigidly-coupled cylinders as it involves gap flow and
VIV [12]. Here T/D represents the center-to-center distance
between cylinders in crossflow direction.

The power extracted from the multiple-cylinder arrange-
ment is far higher than the single cylinder. The extracted
power also depends upon the distance between the cylinders.
Kim and Bernitsas [13] introduced a term ‘synergy,’ which
is the energy extracted from the multiple cylinders divided
by the number of cylinders and energy extracted from a
single cylinder. Three and four cylinders in tandem can give
up to two times more synergy than the single-cylinder, and
any cylinder arrangement can give synergy more than one.
They have also noticed that at particular U∗, there is some
optimal distance for which synergy is highest. But efficiency
increases as the number of cylinders and spacing increases.
Sun et al. [14] got a steady rise in power in the VIV regime
with the increase in L/D. But there is a sharp drop in power
for high L/D (L/D = 2.57) in the transition regime due to
separation of VIV and galloping.

This study focuses on the power extraction capability
of VIV of two cylinders in tandem at L/D = 2.0. The
distance is kept at L/D = 2.0 from the practical point of
view, as in reality, the cost of making the tandem VIV
arrangement will increase, and the power-to-volume ratio
will decrease if we increase L/D. Also, the lift coefficient
of stationary cylinders in tandem at L/D = 1.5 [12], is
smaller than the case for stationary L/D = 2.0 [15]. This
reduces the extracted power. As the increasing number of
cylinders increases extracted power, VIV of two rigidly-
coupled cylinders in tandem is simulated, and extracted
power is calculated. The mass ratio is kept at 2, and all the
flow is simulated at Re =150. The reduced velocity, U∗, is
varied from 3.0 to 8.5, and the damping ratio is varied from
ζ = 0.025-0.10. It is hypothesized that using more than one
cylinder is beneficial in energy extraction. The cylinders are
rigidly-coupled and at a fixed distance of 2D. Is extracted
power of two cylinders at tandem at a distance of 2D more
than the single-cylinder is answered here.

II. METHODOLOGY
In the present study, the flow simulation is carried

out in the open-source CFD tool OpenFOAM, based on
C++ libraries and uses an FVM-based solver. For the fluid
flow, unsteady incompressible Navier-Stokes (NS) are solved
along with the continuity equation. Non-dimensional NS
equation is written as:

∂u

∂t
+ (∇.u)u = −∇p+

1

Re
(∇2u) (1)

And continuity equation:

∇.u = 0 (2)

For the motion of the body, a classical mass-damper-spring
oscillator model is used. In the model, the body is con-
strained to move in the transverse direction with respect to
the incoming flow.

mÿ + cẏ + ky = F (t) (3)

The above equation can be non-dimensional by non-
dimensional parameters as follows:

Ÿ +
4πζ

U∗ Ẏ +
4π2

U∗2 Y =
2

π

CL

m∗ (4)

Where, Y = y/D and CL =
Fy

1
2ρU

2D
are the non-

dimensional transverse displacement and lift coefficient re-
spectively. Extracted power is modeled as the power dissi-
pated by the damper, which is cẏ2. So, the non-dimensional
instantaneous power can be written as:

P (t) =
cẏ2

1
2ρU

3D
(5)

The non-dimensional average power can be written as:

P̄ =
2π2α

U∗ U2
rms (6)

Where, α is the mass-damping parameter and Urms is

defined as Urms =
√

1
T

∫ T

0
Ẏ 2dt

The computational domain of 50D×40D is simulated for
the two-cylinder case. The schematic of the computational
domain is shown in figure 1. The upstream cylinder is 19D
from the inlet and 39D from the outlet. The distance of
the cylinder center from the wall in the transverse direction
is 20D. The center-to-center between cylinder is 2D. Mass
ratio, m∗ is kept 2 for all the cases of U∗. U∗ is varied
from 3 to 8.5, and the damping ratio ζ is varied from 0.025
to 0.1. Initially the fluid is moving with a constant uniform
velocity U=1. In inlet, the pressure boundary condition is
zero gradient. The outlet boundary condition is zero gradient
(∂u∂x = 0 and ∂v

∂x = 0). As it is a 2D simulation, front and
back boundary conditions are empty, i.e., no computation is
done on those faces. The top and bottom faces are symmetry
(∂u∂y = 0 and v = 0).
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Figure 1: Schematic of Computational Domain
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Figure 2: Numerical validation of amplitude data with
Zhao et al. [11] at L/D = 2.0, ζ = 0 and Mesh indepen-
dency test

A. Validation
Mesh independency test has been shown in the figure

2. Minimum mesh size ∆xmin is varied 0.04, 0.02, 0.015,
0.012 and 0.01. The amplitude data at U∗ = 5.0 and ζ
= 0 is taken as test data. Range of number of cells for
the varied ∆xmin are 11139, 22197, 37440, 54590 and
77058 respectively. The deviations of amplitude data for
other meshes are within 1%.The numerical setup is validated
with Zhao et al. [11] of tandem ctlinder at L/D = 2.0 and ζ
= 0. The validation results are also shown in figure 1. The
amplitude response is in good agreement with our results
except at U∗ = 6.0. The reason could be due to the hysteric
nature of VIV [16].

III. RESULTS AND DISCUSSION
A. Amplitude Response

Figure 3 shows the transient vibration response curve at
different U∗. It has been observed that at low U∗ = 3.00, the
amplitude grows and becomes stable at around timestep 500.
But in U∗ = 4.00, the amplitude stabilizes at earlier timestep.
We get highest amplitude of 0.51D at U∗ = 5.00 at ζ = 0.025.
We have also observed that at ζ = 0.025, with the increase in

U∗, the beating phenomenon is prevalent. With increasing ζ,
the amplitude slowly diminishes and becomes more stable.
The beating phenomenon is not observed at higher ζ. With
the increase in U∗, the period of beating increases. Due to
beating, the amplitude increases slowly and then decreases.
At any particular U∗ also with increasing ζ the amplitude
decreases, and the time period of beating increases.

Figure 4 shows the variation of amplitude at different
ζ with varying U∗. No upper branch is visible at low Re;
only initial and lower branches are present in the vibration
response. It is observed that with the increase in ζ, the max-
imum amplitude decreases, and the synchronization regime
gets narrower. In the initial branch of amplitude response,
the amplitude decreases with the increase in ζ. The transition
from the initial to the lower branch is smooth for all the ζ,
i.e., there is no jump. At higher U∗, i.e., U∗ > 6, the body
goes out of synchronization, and the amplitude reduces to a
low value. The desynchronization regime starts at an early
value of U∗ with the increase in ζ. A significant amplitude
is observed in the U∗ range of 4–6.

B. Frequency Response
The variation of frequency response with U∗ is plotted

in figure 5. The f/fn is the normalized frequency response.
As seen in figure 5 in the initial branch, the frequency is low.
For ζ = 0.04, 0.05 and 0.06, there is sharp jump at around
U∗ = 3.5. The jump is a little bit smeared out for ζ = 0.075
and 0.10. The reason is that at a higher value of ζ, the jump
in amplitude response is less, i.e., the amplitude increases
gradually. Compared to the single-cylinder, the frequency
response initiates at a rather high value. The frequency
response is increasing with increasing U∗, but it does not
overlap with the shedding frequency of the non-oscillatory
body or the St = 0.2 line. There is no jump in the lower
branch, as seen in figure 5 and there is a smooth transition
between the initial and the lower branches.

C. Phase Difference
Phase difference (ϕ) is calculated from the difference in

phase between lift force and displacement, and it is plotted
in the figure 6. There is a jump in phase observed near U∗ =
5.5–6 at lower values of ζ. With the increase in ζ, the jump
in phase is gradual. So, at low ζ values, ϕ remains 0◦, where
at higher ζ change in ϕ starts earlier. This jump-in phase is
associated with the cylinders going into desynchronization.
From figure 5 we can see that when normalized frequency
f/fn is less than 1, the phase difference is 0◦ and when it
is greater than 1 the phase difference jumps to 180◦. The
jump from 0◦ to 180◦ happens when f/fn crosses 1 at U∗

= 6. In the higher values of ζ, this process starts early. A
sharp jump in phase difference is observed at lower ζ. For
ζ = 0.06, 0.075, and 0.10, the phase difference gradually
changes from 0 to a higher value. For ζ = 0.10, at around
U∗ = 5.5 the value of ϕ reaches up to 90◦.

D. Flow Patterns
The vorticity contours at U∗ = 4.5 and U∗ = 5.0, ζ =

0.025 are plotted in the figure 7. It is observed that the
cylinder changes direction from the mean position from
t/T = 111.1 to 120. In the figure 7(a), the cylinders are
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Figure 3: Transient amplitude response at different U∗

and ζ

moving up, and in figure (b), the cylinders are moving
downwards. The vortices from the upstream cylinder detach
from the surface and impinge on the downstream cylinder.
The vortices roll up to the leading edge of the downstream
cylinder. In figure 7(b), the lift force of the downstream
cylinder becomes very small because the clockwise vortices
shed from the upstream cylinder cancel out the counter-
clockwise vortices from the downstream cylinder. 2S type of
vortices shed from each cycle of vibration, i.e., two single
vortices shed in a single cycle like von-kàrman vortex-street.
We can also see that as the cylinder changes the direction
of displacement, the width of the vortex street increases.

U*

A
/D

2 3 4 5 6 7 8 9
0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

ξ = 0.025

ξ = 0.04

ξ = 0.05

ξ = 0.06

ξ = 0.075

ξ = 0.10

Figure 4: Variation of amplitude response with U∗ at
particular damping ratios

U*

f/
f n

3 4 5 6 7 8 9
0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

ξ  = 0.025

ξ  = 0.04

ξ  = 0.05

ξ  = 0.06

ξ  = 0.075

ξ  = 0.10

St = 0.2

Figure 5: Frequency response at different ζ with the
variation of U∗

U*

ϕ

2 3 4 5 6 7 8 9

0

90

180
ξ = 0.025

ξ = 0.04

ξ = 0.05

ξ = 0.06

ξ = 0.075

ξ = 0.10

Figure 6: Variation of phase difference at different ζ

A. Pal and A. K. Soti316



4

3

2

1

0

1

2

3

4

(a)

4

3

2

1

0

1

2

3

4

(b)

Figure 7: Vorticity contour at timestep t/T = (a) 111.1
and (b) 120 at U∗ = 5.0 and ζ = 0.025

E. Power Extraction
The fluctuating lift force generated from the shedding of

vortices behind the body is responsible for the oscillations
of the flexibly mounted rigid body. The vibration of the
cylinders is a means to extract energy from the VIV. From
equation 6 it is clear that power is dependent upon m∗, ζ
and U∗. In the present work, m∗ is constant and taken as 2.
Variation of power with ζ and U∗ is plotted in the figure 8.
It has been noticed that for a particular ζ with the increase
in U∗, the power increases to a maximum value and then
decreases. This variation of power with U∗ corresponds to
the fact that amplitude depends upon U∗. With the variation
of U∗, we get different regimes of amplitude response. The
power variation is similar to that of the amplitude response.
But notice that we do not get maximum power at maximum
amplitude. We can see that transient power depends on the
square of the instantaneous velocity, so the effect of velocity
is more than the amplitude itself. We can associate the jump
in power with the jump in phase difference also. When the
lift force is in phase with the displacement, the power is
higher, and power decreases when it is out of phase. The
sudden fall in power at U∗ = 5.5 for ζ = 0.10 is associated
with the change in phase difference ϕ. The fall in power
shifts to the left as ζ decreases. From the figure 8, it has been
noted that we get maximum power for a particular ζ, and
there is always an optimum ζ for which we get maximum
optimum power.
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Figure 8: Power extraction at different ζ. Maximum
power obtained is 0.069 at U∗ = 5.0
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Figure 9: Variation of power extraction with ζ. Com-
parison of power extraction of tandem cylinders with
single cylinder value of Soti et al. [2]. Maximum power
obtained for single cylinder is 0.131

In the figure 9, the maximum power at each ζ value is
plotted. We see that there is an optimum ζ for which we
get the maximum power. For the tandem cylinder case, the
maximum non-dimensional power we get is 0.069 at ζ =
0.04, U∗ = 4.5. We can also see that at the lower values of
ζ, the power is less, and at high values of ζ, the power is
small. The reason is power depends upon ζ, so if we decrease
ζ to a smaller value, we will get negligible power. Also, the
displacement is minimal at a higher value of ζ, so there is
no noticeable appreciable power. So there must be some ζ
for which the power is maximum. We compare the result of
extracted power with that of the single-cylinder from Soti et
al. [2]. We see that at ζ = 0.10, the value of non-dimensional
power is almost 0.125, double the value of maximum power
we get for tandem cylinders. So, we can say that rigidly-
coupled two cylinders in tandem at a distance of L/D = 2.0
are not a feasible arrangement of power extraction.

IV. CONCLUSIONS
This paper discussed vortex-induced vibration (VIV)

attributes of tandem cylinders at L/D = 2.0. The amplitude
response, frequency response, and phase differences are
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discussed for the tandem arrangement. Then the power
extraction from the cylinders is presented. The highest
amplitude is reported 0.51D, which is less than the amplitude
value of the single cylinder. Two regimes of amplitude have
been observed similar to a single-cylinder at low Re. The
amplitude decreases with increasing damping ratio ζ. The
higher ζ value follows the transition from upper to lower
branch more smoothly. The phase difference is smeared out
more as we increase ζ.

The power also shows the same trend as the amplitude.
The maximum non-dimensional power is 0.069, and it is
observed at U∗ = 4.5, ζ = 0.04. With the increase in ζ
extracted power decreases. Also, there is an optimum ζ for
which the power is maximum. In this case, the optimum
ζ is 0.04. But the extracted power from the single-cylinder
is almost two times the extracted power from the tandem
arrangement. The reason may be the downstream cylinder is
greatly affected by the upstream cylinder. The vortices from
the upstream cylinder are detached from the surface and roll
up to the surface of the downstream cylinder. As the two
cylinders acted as the same body and the distance between
them is significantly less, the vortices from the upstream
cylinder do not have the space to develop and suppress the
vortices from the downstream cylinder.
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NOMENCLATURE

U Free stream Velocity
u Fluid velocity
D Diameter of cylinder
L Center-to-center distance between

the cylinders in cross-flow direction
U∗ Reduced velocity [ U

fnD
]

Re Reynolds number
fn Natural frequency of body in water
ζ Damping ratio [ c

cc
]

m∗ Mass ratio [ m
md

]
md Mass of displaced fluid
c Damping constant
k Spring constant
CL Lift coefficient
T Time period of oscillation
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