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ABSTRACT 

 

In recent years, energy harvesting from vortex-induced vibration 

(VIV) of a cylinder as a renewable source of energy has been 
increased. The main goal is to enhance the harnessed hydrokinetic 
energy of the VIV converters. In this work, the effect of adding a 
rotational degree of freedom by giving eccentricity to the circular 
cylinder is investigated on vibration and rotational response as 

well as hydrokinetic energy conversion. Simulations are done at 
the Reynolds number ranging from 2×10^3 to 13×10^3. Two-
dimensional unsteady Reynolds-averaged Navier–Stokes 
equations (URANS), supplemented with SST turbulence models, 
are solved on moving mesh, and arbitrary Lagrangian-Eulerian 
formulation is employed to accommodate the deforming 
boundaries. For the freely rotating and vibrating cylinder, results 

demonstrate that increasing the inlet velocity increases the 
vibration amplitude, and the cylinder experiences complete 
rotation in some of the flow times. Moreover, adding a rotational 
degree of freedom causes hydrodynamic instability, in which the 
location of separation points changes and makes a wide wake 
pattern with unstable vortexes behind the cylinder. As a result, the 
harnessed power and energy conversion efficiency of the system is 
increased. The freely vibrating-rotating system generates a 

maximum power of 0.024 (W), and the energy conversion 
efficiency increases and fluctuates around 11.2%. 
 

© Published at www.ijtf.org 

                                                                                                                       

1. Introduction 

In the last decades, global energy demand 
has risen due to the rapid development of the 
population. The depletion of traditional energy 
sources, such as fossil fuels, and their adverse 
effects on the environment have led the global 
community to seek alternative energy, 

especially renewable energy resources [1]. 

Capturing renewable energy from the wave [2, 
3], tidal current [4], and other water resources 
are gaining more importance. As renewable 
energy conversion technologies are 
developing, many different energy converters 
have been built to harvest renewable energy 

[5]. In 2008, Bernitsas and Raghavan [6] 
invented the device called VIVACE to convert 
ocean or river current energy to electricity. 
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This converter's basic unit is an elastically 
mounted rigid cylinder and can harness the 

current's power in velocity even below 0.4 m/s 
[7]. 

Nomenclature 

    Inlet velocity (m/s)   Cylinder displacement ( )  

  Density of fluid (     )    Cylinder velocity (   ) 

   Reduced velocity               Cylinder acceleration (    ) 

   Reynolds number                 Fluid force acting on the cylinder  

  Diameter of the cylinder (m)   Eccentricity        

  Length of the cylinder (m)    Moment of inertia 

  
 

 
             (kg·m2)  

  Total mass (kg)   Rigid body rotation (   ) 

   Displaced mass          (kg)    Angular velocity (     ) 

   Mass ratio             Angular acceleration (      ) 

   

 

Natural frequency 

                  (Hz) 

     Torque acting on the cylinder 

    Frequency ratio (    )    Steady time ( ) 

  System damping (      )   Oscillation period (   ) 

  Spring stiffness (   )     Non-dimensional amplitude (   ) 

  Damping ratio 

                

   Amplitude of spectrum  

         Mean drag coefficient     Fast Fourier Transformation 

       Root mean square lift coefficient    Power of vibration (W) 

   Non-dimensional time 

          

     

 

Total power of vibration and 

rotation (W) 

  Efficiency                        Power in the fluid (W) 

 
Shedding vortices behind the flexibly 

mounted cylinder apply periodic 
hydrodynamic loads which may induce the 

structure's vibration. This interaction between 
fluid and structure is called Vortex-Induced 
Vibration (VIV), which is a form of Flow-
Induced Motions (FIM) [8]. Vortex-induced 
vibration of the circular cylinder occurs in all 
Reynolds numbers (Re) greater than 400 
except in the transition region from laminar to 

turbulent [9]. Extensive research considering 
the vibration response of circular cylinder are 

summarized in the comprehensive reviews [10-
12]. Khalak and Williamson [13, 14] 
experimentally investigated the low mass-

damper parameter elastically mounted rigid 
cylinder oscillating in the crossflow direction. 
Their results identified four distinct region 
responses denoted as an initial excitation 
region, the "upper branch," the "lower branch," 
and the desynchronization region when the 
amplitude is plotted over normalized velocity. 

However, numerical results cannot match the 
experimental results in the upper branch (lock-
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in) region at higher Re numbers since they are 
not able to capture the exact vortex shedding 
pattern [15]. Studying the wake regime showed 
that the different modes of vortex shedding 
depend on some key parameters, such as the 
reduced velocity and the cylinder mass [16]. 
Many different studies have also examined the 

impact of mass-ratio, damping, and stiffness 
on the VIV response of a cylinder [17-20]. 
Besides reduced velocity and the system's 
characteristics, adding a degree of freedom 
was considered in various research as a factor 
affecting the VIV response of the system. 
Jauvtis and Williamson [21] experimentally 

investigated the VIV of the cylinder in two-
degree freedom. According to their study, the 
amplitude response resulted in remarkable 
changes for a mass ratio below six. VIV of free 
to move in both in-line and transverse 
cylinders were studied with direct numerical 
simulation [22, 23] and large eddy simulation 

[24] in subcritical Reynolds number regimes. 
These studies demonstrated that there is a 
difference between the VIV responses for the 
cylinder in line and crossflow motion and their 
one-degree-of-freedom counterparts at the 
intermediate reduced velocities.  

Not only adding the translational degree of 
freedom but also the rotational degree of 

freedom is important while dealing with a VIV 
system. Various research numerically [25] and 
experimentally [26, 27] considered the effect 
of forced rotating and free crossflow vibrating 
a cylinder on VIV responses. Mittal [25] 
investigated the effect of eccentricity on 
translating and imposed rotating a cylinder 

with computational fluid dynamics for Re=5, 
200, and 3800. In addition to the forced 
rotation, vortex-induced rotation (VIR) of bluff 
bodies is an essential issue in the application of 
engineering.  Srigrarom and  Koh [26] studied 
the self-excited rotational oscillation of a 
pivoted triangular cylinder under the uniform 

flow and visualized the flow patterns 
interchanging over a flat plate with particle 
image velocity (PIV) measurements. On the 
other hand,  Lu et al. [27] numerically studied 
the flow-induced rotary oscillation of a 
cylinder for different splitter plate lengths. 
They showed that the simultaneous influence 
of the fluid moment, rotation response, and 

phase difference results in various natural 

frequencies of the rotating body and, 
consequently, a wide regime of 
synchronization. In 2019, Wang et al. [28] 
conducted a study on vortex-induced vibration 
of an elliptical cylinder which is free to vibrate 
at transverse and azimuthal directions 
simultaneously. Their results demonstrated that 

free rotation considerably affects the lift, drag, 
and momentum coefficients. Of course, 
investigation on VIV and VIR is not a new 
topic, but a little research has been focused on 
the combined effect of free rotation and free 
vibration.  

Previously, VIV generally was considered a 

destructive phenomenon because of causing 
fatigue damage to the structures. However, in 
recent years, the approach to the VIV has been 
changed, and it is used as a source of energy. 
From the aspect of energy harvesting, it is 
desirable to enhance the oscillation amplitude 
of a cylinder and maintain a high vibration 

response. Barrero-Gill et al. [29] studied the 
impact of parameters like mass ratio (  ) and 
the mechanical damping (   on the VIV of a 

one-degree freedom cylinder as a factor of 
energy conversion. Their analysis revealed that 

there is an optimum value for      to have a 
maximum efficiency. Also, the impact of the 

elastic modulus of the material, mass ratio, and 
cross-sectional was investigated for wide 
ranges of Reynolds number from 2000 to 
50000 [30]. These parameters are considered 
as important factors affecting the VIV 
performance and, consequently, energy 
harvesting from a cylinder. The effect of the 
cylinder's cross-sections was separately 

investigated numerically and experimentally 
on energy conversion efficiency [31-35]. Due 
to the impact of rotational degree of freedom 
on VIV response, Zhu and Gao [36] and Zhu et 
al. [37] proposed a free-to-rotate impeller 
attached to the cylinder and numerically 
analyzed the effect of a freely rotating impeller 

on amplitude response and energy harnessing. 
They showed that the impeller increases the 
hydrodynamic instability resulting in 
enhancement of the in-line vibration and 
power.  

Since both the vibration and rotation of the 
cylinder are capable of generating power, why 

not use a simple way to combine them? In this 
paper, an eccentric circular cylinder, as shown 
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in Fig. 1, was applied to harvest the energy 
from the fluid current. The cylinder was let 
move in a transverse direction and rotate freely. 
The configuration of the system is a freely 
rotating eccentric cylinder, linear spring, and 
damper. Suppose we assume the zero friction 
at power taken off (PTO) connection with the 

same energy harvesting system. In that case, 
the costs may not variate too much by adding 
eccentricity to the cylinder. Here come 
questions. How adding a degree of freedom 
will change the vibrating response? How much 
energy can be harvested by the eccentric 
rotating cylinder? Whether the energy 

conversion efficiency will increase 
significantly or not? So, it is worth 
investigating these questions before the real 
applications. 

This study aims to find how the freely 
vibrating-rotating circular cylinder affects the 
vibrating response of one degree of freedom 

cylinder and how much power can harness by 
the converter. Time-dependent Navier-Stokes 
equations supplemented with a shear stress 
transport turbulence model are solved on a 
structural moving mesh, and boundaries allow 
to displace and rotate due to the cylinder's 
motion. Amplitude and frequency responses of 
the vibrating cylinder (1D) are validated with 

the previous experimental and numerical 
studies. Finally, the effect of adding a 
rotational degree of freedom on the VIV 
responses, generated power, and efficiency of 
the system is discussed. In summary, 
investigating the effect of combining the 
transverse vibration and free rotation with a 

simpler way, employing an eccentric circular 
cylinder, on VIV response and energy 
conversion efficiency of the converter at high 
Reynolds numbers is the contribution of this 
paper into the subject. 

 

Fig. 1. A VIV energy harvesting system, and its 
simple schematic. 

2. Physical Model Description 

The simplified physical model of the free 
rotating-vibrating cylinder in a crossflow 
direction is depicted in Fig. 2(a). The 
oscillatory system consists of a solid cylinder, 
linear springs of stiffness    , and linear 

structural damping   . The cylinder can vibrate 

in the transverse direction, and the rotational 
degree of freedom is provided by attaching to 
the spring and damper with an eccentricity of 
      to the PTO connection. The mass 

ratio of the system is   =2.4 (       ), 

where   is the total structural mass, and    is 

displaced mass of fluid). The natural frequency 
of the circular cylinder is set as     

             = 0.4 Hz. The value of     

is considered 0.014 based on Khalak and 
Williamson [14], where the damping ratio is 

defined by              .
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Fig. 2. (a) Computational domain and boundary conditions; (b) Computational mesh - whole domain; (c) 

Computational mesh - near cylinder; (d) Computational mesh after deformation; (e) Mesh independency study. 
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For examining the flow rate effect (   ), the 
reduced velocity             is considered 

at ranges from 3 to 14 in which the inlet 
velocities vary from 0.06 to 0.29 (m/s). The 
simulation parameters are listed in Table 1. 

Table 1 Physical model parameters. 

Diameter D [mm] 50.8 

Length of The 
Cylinder 

L [mm] 381 

Mass Ratio    2.4 

Total Structural Mass m [kg] 1.8517 

Spring Stiffness         16.57 

Structural Damping          0.076916 

Displaced Mass    [kg] 0.77153 

Natural Frequency    [Hz] 0.4 

Dynamic Viscosity 

of Water 
           0.0011379 

Water Density          ] 999.1026 

Moment of Inertia at 

The Center of 

Rotation 

I [kg·m²] 8.9597E-4 

 
As shown in Fig. 2(a), a rectangle region 

        in the streamwise and crossflow 
direction is considered as a computational 

domain. The cylinder is placed at 16D 
downstream of the inlet in the middle of the 
channel. The three-dimensional simulation of 
VIV of the rotating-vibrating system is 
complicated and time-consuming, so these 
simulations are investigated primarily with 
two-dimensional simulation and provide 
reasonable predictions [37]. In order to reduce 

computational time, the domain is divided into 
three subdomains: rotating, deforming, and 
static domains. A circular zone around the 
cylinder (rotating domain) with a diameter of 
5D pursues the rotational motion of the system 
while the outer rectangle zone (deforming 
domain) with the size of 2D follows the 

translational motion of the system. These 
zones can adapt in accordance with the motion 
of the object. In the static domain, the mesh is 
in the rest and remains unaltered during the 
computational process. This technique 
provides a hint for the mesh to deform using 
bilinear interpolation to compute the solution 

on deforming subdomain and coupling to the 
solution of the rotating subdomain. The flow 
continuity is considered between subdomains, 

and prescribed deformation is applied to both 
deforming and rotating domains. 

The boundary conditions are also presented 
in Fig. 2(a). The normal velocity and zero-
pressure-gradient are considered as upstream 
and downstream boundary conditions, 
respectively. The length of the domain is 

considered far from the cylinder to reach zero 
gradients for velocity (              
   at the outlet. The slip-wall condition is 
given on the upper and lower boundaries, and 

on the surface of the cylinder, the no-slip 
condition is specified. 

3. Computational Model and Numerical 

Approach 

In this present study, two-dimensional 

Navier-Stocks equations coupled with (SST) 
    turbulence model is applied to describe 

the flow field around the cylinder. The full 
incompressible Navier-Stokes with an 
Arbitrary-Lagrangian-Eulerian (ALE) [38] 
formulation are 

 
  

  
             

       
                
   

(1) 

      (2) 

Where,         shows the velocity field, 
  the time,   the density,   the 

pressure         the laminar and turbulent 

viscosity function.   denotes the unit diagonal 

matrix and     the transpose of a matrix, and 
F is the volume force affecting the fluid. The 

mesh movement velocity is           . In 
ALE formulation,     is determined by 

solving an equation for mesh displacement. 
This equation smoothly deforms the mesh 

given the constraints placed on the boundaries. 
Here, the Winslow smoothing method (Eq.3) is 
employed to create a single coupled system of 
equations for all coordinate directions, where x 
and y are spatial coordinates of the spatial 
frame,    and    are the reference 

coordinates of the material frame. 

    

   
 

    

   
   

(3) 
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The SST turbulence model proposed by 
Menter [39] calculates two variables of the 
turbulent kinetic energy,   (Eq.4) 

and  the dissipation rate of the eddies,   (Eq.5). 

This model has demonstrated to give a good 
performance in capturing turbulent vortices 
and modeling flow with adverse pressure 
gradient [36, 40]. 

 
  

  
            

   

                
(4) 

 
  

  
       

  

  
      

               

    

     
    

 
      

(5) 

Where,                
    , in which    

is a productive term defined by 

                  
 

 
       

 
 

 
      

(6) 

The turbulent viscosity is given by 
                       where S (   

          is the characteristic magnitude of 

the mean velocity gradient.           are 

model constant, evaluated from reference [39]. 
The model constants are defined through 

interpolation of appropriate inner and outer 
values,     and     are blending function [41]. 

                  
 for              

(7) 

Vortex-induced vibration of an eccentric 
cylinder can be described by the classical 
oscillator model of mass-spring-damper. The 

total hydrodynamic force of      
                 applied at the center of the 

rotation in a vertical direction on a cylinder 
with a mass of m. Value of transverse 
displacement (    ) and velocity (     ) of the 

system continuously are calculated at each 
time step and replaced as initial values for the 

next time step. Assuming the zero friction at 
the center of the rotation for the freely 
rotating-vibrating system, the transverse 
motion will induce the rotational motion on the 
cylinder.   

Commercially available finite element 
package COMSOL Multiphysics® version 5.4 

is used to solve governing equations. The 
equations are discretized on structured Mapped 

meshes, as shown in Fig. 2(b,c) For the 
discretization of the fluids, the scheme of 
P2+P1, quadratic shape functions for the 
velocity but linear basis functions for the 
pressure, has been chosen. For establishing the 
Courant–Friedrichs–Lewy (CFL) condition, 
the non-dimensional time-step (       ) is set 

to be     , and keep the CFL number smaller 

than one. The fix-stepsize Backward 
Differentiation Formula (BDF) method with a 
maximum order of two is applied to meet the 

requirement and increase the accuracy of the 
approximation. For handling the linear system 
of equations at any time-step, PARDISO and 
MUMPS direct solvers are used. 

The computational mesh of the vibrating-
rotating cylinder after deformation is depicted 
in Fig. 2(d), at the 50th second of the 
simulation time where maximum displacement 

occurs for the case      . In the outer zone, 
the mesh shifts linearly, and in the area around 

the cylinder (outer cylinder), the mesh follows 
the rotational movement of the cylinder. 

In the simulation, while moving near to the 
surface of the cylinder, the grid size becomes 
smaller. For the largest flow velocity at 
        , to keep the    below 5 and 

increase the accuracy of the boundary layer 
resolution, the minimum grid size is 
considered 0.0001. Moreover, based on 
experience with the present model, the 

prescribed deformation is assumed at rotating 
and deforming domains to eliminate the need 
for re-meshing the model and save time and 
expenses. 

For a vibrating cylinder at   
     a mesh 

dependence test is performed, and the number 
of elements, transverse displacement, mean 

drag coefficient    
      and the root-mean-

square  (     ) of the lift coefficient are listed 

in Table 2. Mean Drag and       are 

expressed as [37]: 

       
 

 
 

      

    
  

 

   

 (8) 

       
 

 
  

      

    
  

 

  

   

 (9) 

Fig. 2(e) represents the grid differences 
around the cylinder. As the grid number 
increases from G1 to G4, the mesh transition 
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becomes smoother. The maximum difference 
between G1 and G2 for calculated parameters 
is about 5% which reduces to 1.8% for G4 (see 
Table 2). The simulation time between G4 and 
G3 on a system with a CPU of 4.2 GHz and 
8.0 GB RAM was significant, while the 
maximum variation in results was near 2%. 

Therefore G3 with 15078 elements was 
selected for the rest of the simulations. 

3.1 Validation Method 

The numerical model in this study is 
validated against experimental VIV responses 

by Khalak and Williamson [13] and the 
numerical by Guilmineau and Queutey [14] for 
a transversely oscillating cylinder. Simulation 
parameters, including    and   are the same as 

the ones in the above-mentioned experimental 
and numerical studies (   =2.4,     
       ). The comparison of the non-

dimensional amplitude and frequency 
responses versus reduced velocity for the 
vibrating cylinder is presented in Fig. 3. It is 
found that the amplitude and frequency 
responses have good agreement with the 
numerical results of Guilmineau and Queutey 
[14] for initial, upper, and lower branches. 

However, the numerical results could not 
match the upper branch of experimental data of 
Khalak and Williamson [13]. This is because 
the 3D issue was studied in the experiment and 
two-dimensional simulations employed in this 
work are not able to capture the vortexes in the 
critical range of the Reynolds number. Thus, 

the results of this 2D numerical simulation are 
reasonable in regions outside the critical Re 
range. 

The diameter and frequency of the cylinder 
used in the above-mentioned studies was 38.1 
mm, and 0.4 Hz, respectively. The VIV 
responses from numerical simulation agree 
well with the experimental results at the lower 

and initial branches. Moreover, adding the 

rotational degree of freedom has made the 
more complex system, and the experimental 
case of this problem has not been performed 
yet. Therefore, the same parameters, including 
the cylinder's diameter and natural frequency, 
are used in this simulation in order to 
conveniently compare the VIV response of the 

vibrating-rotating cylinder with the vibrating 
one. 

(a) 

(b) 

Fig. 3. (a) non-dimensional amplitude response, 

  verses non-dimensional velocity,   ; (b) non-

dimensional frequency response,    verses non-

dimensional velocity,     

Table 2  Mesh independency test for     
 ,   

    and      
 for the vibrating cylinder at      . 

Grid Elements     
    

         
 

Values Percentage changes Values Percentage changes Values Percentage changes 

G1 7851 0.0277 / 1.667 / 0.137 / 

G2 10110 0.0265 4.33% 1.745 4.67% 0.143 4.38% 

G3 15078 0.0259 2.26% 1.801 3.21% 0.148 3.49% 

G4 32124 0.0256 1.15% 1.823 1.22% 0.150 1.35% 
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4. Result and Discussions 

In this part, the amplitude and frequency 
responses of the freely vibrating and rotating 
cylinder for          is presented. The 

effect of adding a rotational degree of freedom 
to the vibrating cylinder on the hydrodynamic 
coefficients, generated power, and energy 
conversion efficiency at different reduced 
velocities is discussed in detail. 

4.1 Vibration and Rotational Response 

Figure 4 displays the transverse 
displacements and vorticity contours of the 
vibrating and vibrating-rotating cylinders over 
a period of oscillation at      . The 

nondimensionalized amplitudes are presented 
in order to facilitate the comparison. It is seen 
that the displacement of the vibrating-rotating 

cylinder is significantly greater than (multiple 
is about 20 times) the vibrating cylinder. The 
main reason maybe is the larger the pressure 
difference at the front and rear of the eccentric 
cylinder due to the rotational motion. Also, the 
pattern of vortex shedding is changed for the 
rotational system. For a vibrating-rotating 
cylinder, the wake pattern becomes wider with 

a larger size of vorticities. The vortex shedding 
modes changes from 2P mood, in which four 
vortices are shed per cycle for the vibrating 
cylinder to 2S mood, where two vortices are 
shed per cycle for the vibrating-rotating 
cylinder. These alterations in vortex shedding 
moods by adding a rotational degree of 

freedom cause changes in the acting forces on 
the cylinder and results in the vibration 
response increment for the vibrating- rotating 
cylinder. In addition, the boundary layer near 
the object's surface is disturbed because of the 
rotational motion and results in the separation 
points movement away from the symmetric 

position around the vibrating cylinder to 
nonsymmetrical positions for the vibrating-
rotating cylinder. Due to the rotation, the 
locations of separation points change 
alternatively. When the cylinder moves 
downward, the separation point goes to the 
lower half of the cylinder, while for upward 
motion, the separation point occurs on the 

upper half of the cylinder. 
Figure 5 compares the lift and drag 

coefficient (     ) of the vibrating (1D) and 

vibrating-rotating (Rotational) cylinders in a 

certain flow time at maximum reduced 
velocity (     ). The cylinder mean drag 

coefficient     
     is 0.98, and adding a 

rotational degree of freedom to the system, the 

amplitude of vibration —as shown in Fig.4— 
and consequently, the lift and drag coefficients 
increase and vary with time. This may be 
caused by the constant changing friction drag 
and pressure drag under the action of rotation. 
The mean drag reaches 3.17 in the rotating 
cylinder due to the enhancement of the vortex-
induced vibration effect and changes in the 

wake pattern. Also, it is seen that despite the 
harmonic displacement of both vibrating and 
vibrating-rotating cylinders, nonharmonic lift 
and drag forces apply on the vibrating-rotating 
cylinder. This reason may be that skin friction 
drag does not act tangentially over the surface 
of the cylinder and enter the geometrical center 

of the rotating cylinder. Similarly, in the freely 
vibrating-rotating cylinder, the amplitude of 
the lift coefficient becomes larger and results 
in the dimensionless amplitude increment. The 
root-mean-square of lift coefficient (     ) for 

the vibrating cylinder and the vibrating-
rotation cylinder is 0.19 and 1.77 at maximum 
reduced velocity (     ), respectively. 

The lift force is not the only factor affecting 
the amplitude response, the natural frequency, 
inlet velocity, etc., are also important 
parameters [34]. The movement history of the 
eccentric cylinder against dimensionless time 
(          ) is depicted in Fig. 6 for 

different reduced velocities. By increasing the 
reduced velocity, non-dimensional 
displacement increases. Differences in non-

dimensional amplitude responses for the 
lowest and highest reduced velocity are 
noticeable (increasing from 0.0.5 at      to 

near one at       ). Whereas at higher 
reduced velocities 9-14, the cylinder 

experiences a gradual increase in 
dimensionless amplitude response. As for the 
rotational response, it does not follow a 
specific pattern. In all cases, the rotation rate 
does not reach zero, hence the eccentric 
cylinder rotates in the counterclockwise 
direction all the time.   
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Fig. 4 Vorticity contour for the vibrating and the vibrating-rotating cylinders during the period of oscillation. 
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(a) (b) 

Fig. 5 Comparison of hydrodynamic coefficients (  ,   ) of 1D and rotation cylinder at      . 

 
(a) (b)  (g) (h) 

(c) (d)  (i) (j) 

(e) (f)  (k) (l) 

Fig. 6 Non-dimensional amplitude and rotational responses versus non-dimensional flow time; (a, b)     ; (c, 

d)     ; (e, f)     ; (g, h)      ; (I, j)      ; (k, l)      . 

 
With the start of counterclockwise rotation, the 
formed vortex in the lower, followed by 

pressure difference along the negative 
transverse direction, pushes the cylinder 
downward direction. At     , the cylinder 

flaps between 2 and 4 radians. At     ,  , 
and     the complete rotation of the cylinder 

can be seen in some flow times, however, for 
higher reduced velocities,       and 

     , complete rotation around the center 

of the rotation occurs at each rotation period. 
The cycle time of vibration is not consistent 
with the rotation rate which means that rotation 
and vibration are not synchronized. 
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With increasing reduced velocity (   
     ), the dominant frequency and the 

spectrum amplitude increase as well.       

has a maximum spectrum amplitude but a 
fewer number of dominant frequencies. For 
     , two significant frequencies have 

nearly the same amplitude of the spectrum and 
the dominant frequency ratio of 0.89. 

The hydrodynamic coefficients (   
    

and       
) of the vibrating-rotating and 

vibrating cylinders are presented in Fig. 8. It is 
clearly seen that the vibrating-rotating 
(Rotational) and vibrating (1D) cylinders have 
different change trends in the mean drag 
coefficient. When the reduced velocity 
increases from 3 to 4, there is a slight change 

in coefficients. For a vibrating cylinder, for 
reduced velocity greater than 8, the mean drag 
coefficient decreases as    increases. However, 

for the vibrating-rotating cylinder, the   
    

grows rapidly as    increases. Compering the 

mean drag values for       and     , it 

can be seen that the coefficient is about two 
times larger. The reason is that increment of 
the reduced velocity results in shedding the 
bigger vortices in the wake, and consequently, 

greater drag force is acted on the object. A 

motionless circular cylinder at        
      has an approximately constant drag 
coefficient (     ). However, due to fluid and 

solid interactions, the vibration and rotation 
enhance the drag coefficient. The freely 
vibrating-rotating cylinder has a larger drag 
coefficient at the same reduced velocity 

(      ) as it has a larger vibration 
amplitude (Fig. 6(e)) and spectrum amplitude 

(Fig. 7(e)). The root mean square of the lift 
coefficient (     ) versus reduced velocity for 

the vibrating-rotating cylinder and the 
vibrating cylinder do not follow specific trends. 
However, in general, the       for the 

rotational system is larger than the vibrating 
cylinder. For reduced velocities greater than 8, 
the root-mean-square of lift coefficients 
slightly decreases while it grows for the 
vibrating-rotating cylinder. 

Pressure fields and streamlines during the 
period of displacement for a vibrating cylinder 
and its counterpart point on the displacement 
diagram of the vibrating-rotating eccentric 
cylinder at       is given in Fig. 9. The 

nonharmonic pressure field distribution around 
the rotational cylinder can be considered the 
main cause of amplitude variation. It is seen 
that for the vibrating cylinder, the pressure 
distribution is symmetrical, and maximum 
pressure occurs at the stagnation point. 
However, for the vibrating-rotating cylinder, 

the pressure distribution is asymmetric, and 
maximum pressure is not limited to the 
stagnation point. 

4.2 Power Generation and Conversion 
Efficiency 

The mathematical model for harnessed 
power of the eccentric cylinder has been 
introduced. The freely vibrating-rotating 
cylinder generates power in transverse and 
rotational directions calculated by 

   
 

      
        

 

  

   (10) 

     
 

      
               

 

  

      (11) 

in which                ,         , 
and    is the power generated by the crossflow 

motion of the cylinder called vibration power 
while      is the total power summation of the 

vibration power and the rotational power. 
Transverse velocity (  ), acceleration (  ), and 

angular acceleration (   ) can be determined 
based on the displacement and angular position 
of the cylinder in each time step. Based on 
Bernoulli's Equation, the fluid power can be 

defined as (Eq.10), DL is the projected area of 
the cylinder [31]. 

       
 

 
     

    (12) 

Since there is no significant difference in the 

sweeping area of either vibrating or vibrating-
rotating cylinders, the energy conversion 
efficiency   of the converter can be 

generalized to the case of this study and 
evaluated by  

  
    

      
 (13) 



Babaie  et al. 

International Journal of Thermofluid Science and Technology (2022), Volume 9, Issue 5, Paper No. 090502 

13 

(a) (b) (c) 

(d) (e) (f) 

Fig. 7 The amplitude of the spectrum (As) versus frequency ratio (  ); (a)     ; (b)     ; (c)     ; (d) 

     ; (e)      ; (f)      . 
 
(a) (b) 

Fig. 8 Comparison of the hydrodynamic coefficient against the reduced velocity for the vibrating-rotating and 

vibrating cylinders; (a) the mean drag coefficient; (b) the root-mean-square of the lift coefficient. 
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Fig. 9 Pressure fields and streamlines around the cylinder during a period of oscillation for vibrating and 

vibrating-rotating cylinder at      . 
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The generated power from the vibrating 
(1D) and vibrating-rotating (Rotational) 
system are displayed in Fig. 10. It can be seen 
that the power of the freely vibrating-rotating 
cylinder increases dramatically with increasing 
reduced velocity. This is because the rotational 
motion of the cylinder enhances the frequency 

and amplitude responses so that more energy 
can be harvested at larger inlet velocities. The 
maximum power for this study is 0.024 (W) 
for      . The vibrational (red line) and 

total power (blue line) —power harnessed both 
from rotation and vibration of a cylinder— of 
the converter are estimated by Eq.8 and Eq.9, 
respectively. The vibration power of the freely 
vibrating-rotating cylinder is greater than the 

rotational one. 
Figure 11 shows the energy conversion 

efficiency of the converter computed by Eq.11 
for different reduced velocities. The efficiency 
generally increases by adding a degree of 
freedom to the system, especially for higher 
reduced velocities, differences are noticeable. 
The efficiency of the vibrating-rotating system 

experiences some fluctuations at different flow 
velocities. Here, the average conversion 
efficiency for the freely vibrating-rotating 
cylinder is 0.112, which means, unlike the 
vibrating (1D) system, the efficiency for the 
rotating converter is independent from reduced 
velocity. 

 
Fig. 10 Comparison of power generated by 1D and 
vibrating-rotating cylinder versus reduced velocity. 

 
Fig. 11 The power efficiency of the system at 

different flow velocities. 

 

5. Conclusions 

In this study, adding a degree of freedom to 
the VIV converter is proposed in order to 
increase the harnessed hydrokinetic power and 
energy conversion efficiency of the converter 

with varying Reynolds numbers from       

to       . The rotational degree of freedom 
is simply exerted using an elastically mounted 
eccentric circular cylinder. The URANS 
equations combined with the      turbulence 

model are solved on the structured moving 
mesh, divided into three sub domains.  

Prescribed deformation is applied to the 
rotating and deforming domains to reduce the 
computational time; deformation of boundaries 
is calculated by the ALE scheme. Based on the 
result of the present work, the main finding is 
listed as 

 The vibration amplitude of the freely 

vibrating-rotating cylinder increases with 
increasing reduced velocity. Since the 
displacement history is nonharmonic, the 
system has more than one dominant 
frequency. The increase in vibration 
response and the number of dominant 
frequencies result in generated power 

enhancement of the converter. 

 The rotational degree of freedom causes 
hydrodynamic instability. In low inlet 
velocities, the cylinder flaps between 2 and 
4 radians while increasing the velocity the 
cylinder undergoes complete rotation. 

Therefore, the wider wake pattern forms 
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and unstable vortexes shed, leading to the 
enhancement of vibration response and 
consequently harnessed power of the 
converter. 

 The hydrokinetic power generated by the 

freely vibrating-rotating system increases as 
reduced velocity increases. However, the 
energy conversion efficiency of the system 
stays constant and fluctuates around 11.2% 
for all reduced velocities examined in this 
study. 
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