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ABSTRACT    

In the present study, the transient vibration of a fixed cylinder attached 
to an elastic piezoelectric splitter plate is examined. The vibration 
frequency of these systems is a combination of vortex shedding frequency 
and splitter plate natural frequency. Therefore, Geometric plate and 
fluid flow parameters that affect the structure’s frequency and dynamic 
behavior are investigated. The fluid-solid interaction model is developed 
for the described problem to determine the splitter motion patterns and 
their effect on the vortex shedding frequency and the estimated 
piezoelectric output power. The effect of involving parameters such as 
inlet fluid velocity, density ratio, splitter plate length and stiffness on the 
dynamic response of the device and the produced power is inspected. A 
comparison between the data of the present study and those reported in 
the literature is conducted and great agreement is achieved. Results 
show that the decreasing of dimensionless Young modulus of plate or 
increasing dimensionless plate length and density ratio decreases the 
natural frequency of the system. By increasing the fluid velocity from 1 to 
4, 8 and 16, respectively the excitation modes of 1st, 1st and 2nd, first three 
and first four are activated and higher plate deflections are obtained. 
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1. Introduction 

Renewable energy harvesting has gained 
interest substantially by researchers recently 
due to several beneficial aspects [1, 2]. Wind 
and hydropower energy sources can be named 
as two conventional types of renewable energy 
forms which are utilized using various types of 
apertures [3, 4]. Among these apertures, the 
devices which work based on the vortex 
shedding behind a bluff body due to their lower 

cost, deployment, and installation cost as well 
as the minor impact on the environment are 
expected to have a bright future [5]. The most 
commonly designed and manufactured VIV 
energy harvesters are made of a deformable 
structure immersed in a fluid flow and the 
power is extracted from the induced vibration 
[6]. The effect of deformable structure’s 
vibration on the modification of vortex 
shedding and coupled fluid-solid behavior of 
the systems are quite unknown and gaining 
attention in recent years [7, 8].  

The flow-induced vibration (FIV) [9] and 
vortex-induced vibration (VIV) devices are 
made of a cylinder and a rigid or deformable 
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splitter beam or plate attached to the cylinder 
and immersed in the fluid flow [10]. The beam 
vibrations are due to the formation and 
detachment of the vortices from the cylinder. 
The vortex street causes a pulsating force on 
the beam which in turn oscillates the beam and 
its oscillations affect the flow field. So, the 
vibrations of the beam downstream of the 
cylinder is a fluid-solid interaction (FSI) 
problem. Lee and You [11] studied the vortex-
shedding-induced vibration of a splitter plate 
behind a cylinder. They obtained their results 
at a low Reynolds number and show that the 
plate deflection is dependent on the plate 
length. The vibrational behavior of a flexible 
splitter plate attached to a square cylinder in 
laminar flow in a vortex street is analyzed by 
Sun et al. [12]. Zhu et al. [13] numerically 
investigated the effect of upstream and 
downstream placement of circular cylinder 
with splitter plate on the flow characteristics 
and vibrational behavior of the beam. The 
dynamic behavior of two cantilevered flexible 
plates aligned parallel to each other in axial 
flow is investigated by Tang and Païdoussis 
[14]. Wong et al. [15] experimentally analyzed 
the dynamic response and wake structure of a 
rotating circular cylinder undergoing vortex-
induced vibration for 1100<Re<6300. Zou et 
al. [16] numerically investigated the flow-
induced vibration of a rotating cylinder and 
obtained that the Rotation increased the 
vibration of the cylinder in the flow direction 
and decreased the vibration in the crossflow 
direction. Hofstede et al. [17] simulated the 
flow-induced vibration of nuclear fuel rods in 
axial turbulent flows. The vortex-induced 
vibration of an asymmetrical composite beam 
bridge under five wind attack angles and two 
wind directions is studied by Wang et al.[18]. 
Their experimental results and simulations 
indicate that the properties of the vortex-
induced vibrations vary with the wind 
direction; for example, the vertical maximum 
VIV amplitude of the bridge occurred at the 
wind attack angle of −5° and wind direction of 
180°. Sahoo et al. [19] investigated the 
dynamic behavior of a beam and a 
wake oscillator model ascribing vortex-induced 
vibrations under high-frequency excitation. 

The flow-induced vibration of a beam or 
plate can be used to extract electrical power by 

utilization of a piezoelectric beam in the 
structure or attach a piezoelectric device to the 
free end of the system [12, 20]. For the first 
time, Allen and Smits [21] examined the 
feasibility of placing a piezoelectric membrane 
in the wake of a bluff body. They determined 
that the maximum output power is obtained 
when the resonance condition occurs in the 
membrane. Shan et al. [22] analyzed an 
underwater energy harvester based on the flow-
induced vibration. The effect of the Reynolds 
number on the vortex-induced vibration of a 
circular cylinder and the attached piezoelectric 
beam is performed by Zhang et al. [23]. 
Karimzadeh et al. [24] investigated a size-
dependent micro energy harvester based on the 
VIV beam and attached piezoelectric layer. 
They studied the effect of length the scale 
parameter, load resistance and fluid velocity on 
the vibrational behavior and the produced 
power of the system. 

As it is discussed above, the vibration 
frequency of VIV systems is a combination of 
vortex shedding frequency and splitter plate 
natural frequency [11], therefore the effect of 
flow parameters and geometric parameters of 
the splitter plate on the device frequency should 
be analyzed which is not performed properly in 
the literature. For this purpose in the present 
study, the FSI model of transient oscillations of 
a fixed cylinder attached to an elastic splitter 
plate is established to determine the splitter 
motion patterns and their effect on the vortex 
shedding and piezoelectric output power. The 
effect of several involving parameters including 
the inlet fluid velocity, splitter plate length and 
its stiffness on the obtained power is examined. 
Finally, some complementary comments 
regarding the applicability of the proposed 
configuration to harvest clean energy in realistic 
scenarios are mentioned. 

Nomenclature 

 𝑡 time 
 𝑣𝑓 Fluid velocity in a fixed coordinate 
𝑝 pressure 
𝜇 viscosity 

 𝑣𝑟 
Velocity vector relative to moving 
frame 

 𝐼 Diagonal unit matrix 
 𝐹𝐸 Forces in the Eulerian frame 
 𝐹𝐿 Forces in the Lagrangian frame 

https://www.sciencedirect.com/topics/engineering/axial-flow
https://www.sciencedirect.com/topics/engineering/axial-flow
https://www.sciencedirect.com/science/article/abs/pii/S0022460X09000364#!
https://www.sciencedirect.com/topics/physics-and-astronomy/oscillator
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 𝜎 Second Piola-Kirchhoff stress tensor 
Ψ Fourth order elasticity 
 𝜀 Green-Lagrange strain 
𝑆 Cauchy stress 

2. Mathematical modeling and governing 
equations 

 2. 1. Fluid-solid governing equation 

The fluid-solid interaction problem of flexible 
beam vibrations is solved using the COMSOL 
solver based on the Arbitrary Lagrangian-
Eulerian (ALE) method. According to this 
method, the fluid flow governing equations are 
solved using the spatial frame of reference 
(Eulerian approach), while the material 
reference frame (Lagrangian approach) is 
implemented to determine the transient 
deformation of the oscillating beam. To 
represent the governing equations, let’s assume 
that the fluid, solid and their interface is 
denoted by Π𝑓, Π𝑠, and Θ, respectively.  

The flow field is determined based on the 
assumption of unsteady, incompressible, 
Newtonian and laminar flow passing over an 
elastic object as [25]: 
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where in the above equations, 𝑡, 𝑣𝑓, 𝑝 and 𝜇 
are time, fluid velocity in fixed coordinate, 
pressure and viscosity, respectively. 𝑣𝑟 is the 
velocity vector relative to the moving reference 
frame and I is the diagonal unit matrix, in 
which the transpose operator is denoted by the 
(′) symbol. At the initial instance, both fluid 
velocity and pressure are set to zero. As 
different reference frames are applied for the 
fluid and solid equations, a transformation is 
needed to convert the hydrodynamic force 
between these two frames. That is 

 . /L EF F dv dV , (3) 

where 𝑑𝑣, 𝑑𝑉, 𝐹𝐸 and 𝐹𝐿 are sizing factors and 
forces in Eulerian and Lagrangian frames, 
respectively. Additionally, as the fluid domain 
deforms during the oscillations, the mesh 
motion and/or remeshing should be performed 

when necessary. The updated location of grid 
points can be determined using the solution of 
the Winslow equations for smoothing [26]. The 
new location of cell points is estimated by  
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The equations above are similar to the 
diffusion equation (due to the Laplacian nature 
of the Winslow equations).  In these equations, 
the subscripts of E and L refer to the Eulerian 
and Lagrangian frames of reference. To 
determine the deformation of the splitter, the 
relation between the stress and strain tensors is 
utilized as 

   0 0Ψ:  σ σ ε ε ,         for Π𝑠 (6) 

where in the above equation, 𝜎, Ψ and 𝜀 are the 
tensors of second Piola-Kirchhoff, fourth-order 
elasticity and Green-Lagrange strain, 
respectively. The magnitude of these tensors at 
the initial instances is determined by the ‘0’ 
subscript and the double-dot product operator 
is represented by ‘:’. Based on the obtained 
values of the solid displacement (us), the 
Green-Lagrange strain tensor can be calculated 
as [27] 
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Moreover, to determine the movement of 
the splitter surface points, the elastic behavior 
of the beam is utilized as [6] 
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where 𝐹𝐿 as the force exerted by the fluid and 𝑆 
known as Cauchy stress and is determined as [28] 
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For the initial and boundary conditions for 
the solid displacement equation, it is assumed 
that the system is at rest (zero displacements 
and velocity) at the initial state, and the 
boundary cells at the cylinder surface are 
assumed to be fixed. 

Additionally, at the fluid-solid interface, the 
displacement and force should be balanced at 
both fluid and solid sides. So, the following 
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equations (Eq. 10 for geometry and Eq. 11 for 
force) should be satisfied: 
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where 𝑛𝑓 and 𝑛𝑠 are the unit vectors normal to 
the interface boundary. 

2. 2. Solution method: 

To solve the flow governing equations the 
collocated (non-staggered) method with a 
second-order central difference for spatial 
derivatives, as well as fractional time-step for 
the unsteady term, is implemented. The 
fractional time step consists of two subsequent 
parts for the advection-diffusion equation as 
well as the Poisson’s equation for pressure 
estimation. To ensure the solution convergence 
at each time step several iterations are 
performed until the interface convergence 
criteria (compatibility of fluid force and 
structure deflection at the interface) is achieved.  

The time step is dependent on the frequency 
of the oscillations, so based on the time step 
independency test, a time step equal to 0.001 s 
is selected and applied to all of the examined 
cases. The simulation is performed on a 
computational system equipped with Intel® 
Core™ i7 CPU (3.5GHz for each core), 16 GB 
physical memory and ATI Radeon™ 6490M 
256 GB GPU. 

2. 3. Problem description: 

Self-inducted vibrations of a flexible splitter 
plate attached to a cylinder is numerically 
simulated. The flow and deformation fields are 
determined based on the solution of a set of 
non-linear coupled equations. To prevent the 

effect of flow blockage on the obtained results, 
the computational domain is extended to 10 D 
and 30 D in height and width. For the fluid-
solid interfaces, the no-slip boundary condition 
is assigned which denotes the zero velocity at 
the fixed wall faces, while at the moving 
boundaries, the compatibility of the solid and 
fluid domains is applied.  

For the left face, the uniform velocity inlet 
boundary condition is assigned based on the 
magnitude of the examined Re. At the upper 
and lower faces, two types of boundary 
conditions are set. For the validation with 
experimental data, as the fluid flow through a 
duct is modeled, these boundaries are set to no-
slip condition. For the rest of the numerical 
simulation, the vibrations are assumed to occur 
at the free stream of the fluid and 
consequently, the open boundary condition is 
assigned. As the simulated system has a high 
aspect ratio and the blockage effect is 
negligible, the pressure field at the upper and 
lower boundaries are not affected and the open 
boundary condition is valid.    

Moreover, the right surface is set as the 
pressure constant face at the atmospheric 
pressure. For the structural deformation, the 
fixed B.C. at the cylinder face as well as the 
hydrodynamic force at the splitter surface is 
assigned. The hydrodynamic force is affected 
by both fluid shear and pressure stresses which 
are estimated based on the flow field 
calculations at each computational time step.  

To introduce the non-dimensional 
parameter groups, the cylinder diameter and 
far-field velocity are chosen as the non-
dimensionalization scales. So the following 
dimensionless variables are introduced and 
used in the following discussions: 
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The utilized computational domain is 
illustrated in Fig. 1. To obtain accurate numerical 
results several considerations are accounted for in 

the meshing procedure. Three main schemes are 
utilized for different parts of the domain. For the 
solid domain (including the fixed cylinder and 
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the deformable plate) a triangular distribution of 
the cells is implemented. The cells are uniformly 
distributed within the solid region, however, the 
density number is higher near the tip of the plate. 
For the fluid zone in the remeshing part (i.e. the 
left zone including the oscillator), the boundary 
layer near the solid walls with five layers of 
gradually increasing height is utilized. As the 
remeshing procedure is applied, the grid density 
near the regions with higher deformation (i.e. at 
the end of the plate) is increased. The growth 
ratio of the cells from small to large cells is set to 
1.1 to prevent sharp variations in the cells’ sizing. 

For the undeformed region (i.e. the right 
rectangular zone), a structured distribution of 
rectangular cells is assigned. The size of the 
cells is set to increase gradually from the 
interface surface with the left zone to the outlet 
boundary condition at the right side of the 
domain. To determine the sufficiency of the 
size of the implemented grid cells, the grid 
independency test is utilized. To do so, the four 
different computational cells with identical 
meshing schemes at various cell numbers are 
applied and the tip deflection is observed as the 
decision parameter. The number of the grid 
cells are 35451, 51975, 73555 and 97743. 

The simulated geometry is revealed in Fig 
2, which includes the fixed cylinder, the 
vibrating plate, the moving mesh region and 

the fixed zone. As the oscillations of the plate 
affect the distribution of the computational 
grids, at each time step, it is necessary to 
update the grids. However, as the remeshing 
process is time-consuming and a large portion 
of the utilized mesh is unaffected by the 
vibrations of the beam, the domain is divided 
into two regions for remeshing in the vicinity 
of the system and fixed at farther regions. 

3. Results and discussion 

In order to investigate the accuracy of the 
present simulations, a flow past over a 
deformable plate attached to a circular cylinder 
similar to [11] and [6] is considered and the 
results are presented in Fig. 3. In this figure the 
Reynolds number based on the cylinder 
diameter D and the mean fluid velocity is 
assumed to be 200. The dimensionless physical 
parameters for this test are the ratio of 
structural density to fluid density (𝜌𝑠 = 10), 
dimensionless Young's modulus (𝐸 = 1400) 
and Poisson's ratio (𝜈 = 0.4) and the time step 
is set to Δt = 0.005. Findings indicate that the 
present solution is in complete agreement with 
previous theoretical research [6] and the 
maximum computed error with the 
experimental study [11] is under 8%. 

 

 

Fig. 1. The representation of the computational domain as well as the assigned boundary conditions. 
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Fig. 2. View of the fluid mesh near a circular cylinder attached to a flexible plate. 

 

Fig. 3. Time histories of the dimensionless vertical displacements of the plate tip. 
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 The vorticity contours and structural 
deformations at four equally spaced time points 
in one period of oscillations for the main 
analyzed structure (𝐿 = 1, 𝑈 = 1, 𝐸 = 10000) 
and various dimensionless parameters such as 
Young modulus (𝐸 = 2500, 40000), plate 
length (𝐿 = 0.25, 4), and fluid velocity (𝑈 =
16) is obtained and illustrated in Fig. 4. 
Outcomes indicate that for 𝐸 = 2500 the plate 
is more flexible than the main structure and the 
plate deflection is increased but for 𝐸 = 40000 
the plate is stiffer and no vibration occurs in 
the plate. Increasing the beam length from 𝐿 =
0.25 to 1 and 4 decreases the plate stiffness 
and the vibration in the beam is more visible. 
These results can be explained according to the 
splitter plate's natural frequency, where the 

plate frequency is proportional to 𝐸 and 
1

𝐿
 , 

increasing the length and decreasing the Young 
modulus will decrease the natural frequency, 
and therefore oscillation in the structure and 
lock-in phenomena occurs at lower fluid 

velocities. Results also reveal that the vortex 
shedding frequency is only dependent on the 
fluid velocity and Reynolds number and other 
investigated parameters have no effect on the 
vortices frequency. The vortex shedding is due 
to the instability that occurred in the wake 
region of the fixed cylinder and its interaction 
with the motion of the vibrating plate. 

The effect of dimensionless Young modulus 
on the dynamic response of the system is 
illustrated in Fig. 5. As it is seen, reduction in 
𝐸 at constant fluid velocity decreases the 
stiffness of the system and at specified vortex 
frequency, higher mode shapes of the plate are 
excited and respectively higher oscillations and 
output power can be obtained from the device. 
For the stiffer plate (𝐸 = 40000), only the first 
mode shape with low vibration amplitude is 
observed therefore the estimated extracted 
power would be lower than the softer plate 
(𝐸 = 2500). 

 

 

Fig. 4. Vorticity contours and structural deformations at four selected time points. 
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Fig. 5. Variation of the superimposed view of the plate vibration mode versus dimensionless Young modulus at 
Re=200. 

In Fig.6 the superimposed mode shapes of 
the plate for different lengths are plotted. 
According to the literature [29], the natural 
frequency and corresponding mode shapes of a 

plate are proportional to 
1

𝐿
. Present findings 

reveal that by increasing the dimensionless 
length from 0.25 to 4 the natural frequencies of 
the plate are decreased and more mode shapes 
and corresponding natural frequencies are 
excited and observed in the response of the 
system. For example, for L=0.25 no vibration 
is detected and none of the modes is excited, 
for L=0.5 and L=1 only the first mode is 
excited while for L=2 and L=4, the second and 
third modes with higher deflection are 
obviously excited. This phenomenon gives that 
increasing the beam length reduces the beam’s 
natural frequency and changes the vortex-
shedding frequency of the VIV device. It can 
be concluded that the equality of plate natural 

frequency and vortex shedding frequency 
(lock-in phenomena) for devices with higher 
plate lengths happens at lower fluid velocities. 

The effect of the dimensionless density 
ratio on the excited mode of the system is 
presented in Fig. 7. For 𝜌𝑠 = 2.5 to 20 only 
the first mode of the plate is excited and 
increasing the dimensionless density has no 
effect on the device behavior, while for 𝜌𝑠 =
40 the second mode of the structure is 
observed in the dynamic response. This 
behavior can be explained by the 
dimensionless Young modulus where for  a 
constant 𝐸∗ and fluid velocity, increasing the 
density ratio of the solid to fluid decreases the 
stiffness of the system, and therefore, higher 
mode shapes and the corresponding natural 
frequencies are excited and play a substantial 
role in the vibrational behavior of the structure.  

 

Fig. 6. Variation of the superimposed view of the plate vibration mode versus plate length at Re=200. 

 

Fig. 7. Variation of the superimposed view of the plate vibration mode versus dimensionless density at Re=200. 
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Fig. 8. Variation of the superimposed view of the plate vibration mode versus fluid velocity at Re=200. 

In the study of vortex-induced vibration of 
the plate, fluid velocity plays an important role 
in the dynamic response of the solid structure 
and the obtained output power. This behavior 
is clearly illustrated in Fig. 8. As it is depicted 
in this figure, for the fluid velocity 1, 4, 8 and 
16, the 1st, 1st and 2nd, first three and first four 
mode shapes are excited respectively and 
higher plate deflections are obtained. This 
observation reveals that in analytical analysis 
of these systems based on the mode of the 
system sufficient mode shapes of the plate 
must be considered to obtain precise results. In 
addition to that, increasing the fluid velocity 
increases the vortex shedding frequency, and 
therefore higher mode shapes and 
corresponding natural frequencies are excited.  

4. Conclusion  

In order to investigate the combined effect of 
vortex shedding frequency and splitter plate 
natural frequency on the vibrational behavior 
of VIV systems, in the present work the 
transient vibration of a fixed cylinder attached 
to an elastic piezoelectric splitter plate in a 
flow field is studied. For the described 
problem, the FSI model is developed to obtain 
the splitter motion patterns and the effect of 
that on the vortex shedding and predicted 
output power. The effect of parameters such as 
the inlet fluid velocity, density ratio (ratio of 
solid density over fluid density), splitter plate 
length and young modulus of elasticity on the 
vibrational response of the device is examined. 
The outcomes of the present study are 
compared with the theoretical and 

experimental results reported in the literature 
and great agreement is observed. Findings 
show that decreasing dimensionless plate 
Young modulus or increasing dimensionless 
plate length decreases the natural frequency of 
the system and higher modes of the device take 
part in the dynamic behavior of the system. In 
addition to that, by increasing the fluid velocity 
from 1 to 4, 8 and 16, respectively the 
excitation modes of 1st, 1st and 2nd, first three 
and first four are activated and higher plate 
deflections are obtained. This observation 
reveals that for precise analysis of these 
systems, sufficient mode shapes of the plate 
must be considered. 
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