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Abstract  

Flow induced vibration is numerically investigated for flow over three differently shaped bluff-bodies at 

different fluid velocities to assess the potential of the phenomenon for energy harvesting. The present paper 

aims to find the most appropriate energy harvester shape as lock in frequency in energy harvesting principle 

largely depends on bluff body’s structure. To optimize and refine the design of a cantilever based novel energy 

harvester, the computation has been done for cylindrical, triangular and elliptical bluff bodies to which the 

harvester is attached. As fluid flows over the structure, the frequency of vibration of the body is estimated at 

various fluid velocities (Reynolds Number). A Fast Fourier Transformation is performed to yield the frequency 

of vortex shedding. From the wake velocity profile, lift oscillation and frequency of vortex shedding is 

estimated. Strouhal numbers of the stated bodies are analyzed. A higher synchronized bandwidth of shedding 

frequencies is an indication of an optimized harvester design at different Reynolds number and both triangular 

along with elliptical shaped bluff bodies are more suitable than that of cylindrical shaped bluff bodies. Elliptical 

shaped bluff bodies yield a wide range of lock-in frequency compared to that of triangular shaped bluff bodies. 

Finally, the research clearly stated that, bluff bodies shape has a prominent influence on vortex induced 

vibration and elliptical bluff body gives the highest vibration or energy under stated conditions.  

__________________________________________________________________________________________ 
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INTRODUCTION 

Alternatives to traditional energy storage devices 

such as batteries are highly sought after by the 

research community now-a-days. Since such devices 

have short operating life and expensive maintenance, 

harvesting energy from fluid flow paves the way to 

extract energy from ambient environment. Beeby et 

al. (2006) concentrated on small-scale energy 

harvester design. This micropower generators have 

wide ranging applications particularly in wireless 

sensor network (WSN) consisting of spatially 

distributed sensors tasked with monitoring 

environmental parameters. Their  

 

study compared several transduction mechanisms, 

namely piezoelectric, electromagnetic and 

electrostatic.   Since strained piezoelectric material 

generates potential difference, it is highly suitable for 

energy harvester design. A piezoelectric cantilever 

attached body will vibrate if fluid motion induces 

steady oscillation to the body. This phenomenon 

essentially utilizes Helmholtz resonators for 

conversion of fluid motion to steady fluid oscillation 

(Seong-Hyok Kim et al., 2009). The alternative to 

this mechanism employs lift and drag force induced 

vibration on a harvester component. This component 

could be piezoelectric or electromagnetic or 

electrostatic and directly converts kinetic energy of 

the fluid to electrical power (Akayadin et al., 2010). 

In order to design such an energy harvester it is 

imperative to predict the frequency of vibrations, 

particularly resonant frequencies for vortex shedding, 

at different fluid flow regimes characterized by 

different fluid velocities. Actually, real fluids are 

viscous, boundary layer forms on bluff-body surface 

when fluid flow separates around the bluff-body and 

the phenomenon of periodic vortex shedding takes 

place. This vortex shedding is dependent on Reynolds 

number and surface geometry of the bluff-body. The 

shed vortex creates a periodic pattern behind the 

body, which is known as von Karman’s vortex street. 

An asymmetric vortex street results in unequal 

pressure distribution among upper and lower surface 

of the body. Consequently a periodic variation of lift 

and drag coefficient emerges. This variation has 

period equal to that of vortex shedding frequency and 

provided that the body is allowed unrestricted 

movement in the vertical direction, vibration is 

induced to the body. This is referred to as vortex 

induced vibration (VIV) (Zhaoa et al., 2012). “Lock-

in” occurs when the vortex shedding frequency 

matches the natural frequency of the body. Once the 

vortex shedding frequency is very close to the natural 

frequency of the body a shift in frequency of vortex 

shedding occurs, resulting in very high vibration 

amplitude. Since such amplitudes are suitable for a 

cantilever attached energy harvester device “lock-in” 

frequency is closely analyzed. Often, rather than a 

particular value, a lock-in bandwidth is estimated to 

evaluate the suitability of the design. 
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The present investigation is concerned with vortex 

induced vibration of three different bluff bodies. 

They are of cylindrical, triangular and elliptic shaped 

respectively. The study is conducted without a 

cantilever beam attached. The range of Reynolds 

number studied is up to 270. The flow regime at 

different fluid velocities is realized by utilizing the 

laminar flow module of the Finite Element Solver in 

order to calculate the frequency of vortex shedding. 

Furthermore, Strouhal number is analyzed for all the 

bluff bodies to predict the suitability of each body 

shape for the purpose of determining the optimized 

design of a cantilever-based fluid flow energy 

harvester. 

 

NUMERICAL APPROACH 

Fluid Motion 

In order to explore the capability of different bluff 

bodies to provide suitable range of synchronized 

region of frequency for optimization purpose, the 

physics of fluid flow is used. The fluid flow is 

assumed to be incompressible i.e. it’s density is 

constant or it’s variation is negligible. Consequently, 

it is governed by the Continuity and incompressible 

Navier-Stokes equations.

  Continuity equation:       
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Here, ρ is density, µ is dynamic viscosity, u is the 

velocity component along the X-axis and v is the 

velocity component along the Y-axis and P is the 

pressure component of the flow. 

 

In order to evaluate the dimensionless drag and lift 

coefficient it is imperative to know the distribution of 

viscous force and shear stress over the bluff body. 

The coefficients are defined as follows: 

                                         (4) 

                                             (5) 

Here, FD and FL represent the drag and lift forces, ρ is 

density of the fluid, Umean is the mean velocity of 

fluid and D is the characteristic length of the bluff-

body. 

 

Reynolds Number 

The drag and lift coefficients are independent of the 

shape of the body. However, they depend on the 

dimensionless Reynolds number. The Reynolds 

Number (Re) relates the inertia force and viscous 

force and is defined as the ratio of inertia force to 

viscous force. The Reynolds number is indicative of 

boundary layer thickness and is often used to provide 

threshold values for different fluid flow transition 

from laminar to turbulent flow. The Reynolds number 

is defined as follows: 

                                                   (6) 

ρ, U, D and µ are fluid’s density, free stream velocity 

,characteristic dimension of the bluff body and 

dynamic viscosity of the fluid respectively. In our 

present analysis, Re provides a good estimation about 

the characteristics of vortex shedding at various fluid 

velocities.  

 

Strouhal Number 

The Strouhal Number (St) is a dimensionless number 

that relates frequency of vortex shedding for a 

particular size of the bluff body for different flow 

regimes characterized by different flow velocities. 

Hence it is very useful for the analysis It is defined as 

follows: 

                                                     (7) 

Here, fs is the frequency of vortex shedding. 

 

COMPUTATION AND RESULTS 
The results are derived from performing calculations 

in the laminar flow module of the Finite Element 

Solver for cylindrical, triangular and elliptic shaped 

bluff bodies. The deformation of the bluff bodies is 

considered insignificant. The characteristic lengths of 

the bodies are kept constant at 0.1m and each bluff-

body shape is analyzed for nine different fluid 

velocities. In this section the procedure for building 

the geometry for analysis of different bluff bodies are 

presented. The process for solving this model to 

derive different significant parameters is then 

described. Furthermore, the analysis of the obtained 

results is explained. 

 

Computational Flow Regime 

The solver performs a finite element analysis for 

laminar flow, 2D unsteady, incompressible fluid flow 

through a channel. The height and length of the 

channel is 0.4m and 2.2m respectively. The height of 

the bluff body is 0.1m. As shown in Figure.1, the 

bluff-body is placed perpendicularly to the direction 

of the velocity field of the fluid flow and at a distance 

of 0.2m from the channel inlet. The bluff-body 

geometry is .015m offset from the centerline of the 

channel. This nullifies the characteristic of 

symmetrical steady-state flow. The left wall is 

considered fluid inlet through which fluid enters with 

normal inflow velocity profile and the right wall of 

the channel is considered as outlet through which the 

fluid leaves the channel.  
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Figure 1: Model geometry and boundary conditions 

 

The model is solved for fluid velocity components in 

the x and y direction and pressure in the flow regime 

defined by the geometry as shown in Figure 1.  From 

the bluff-body surface, velocity gradient viscous 

forces can be obtained and by evaluating their 

integrals the time varying forces are obtained. Some 

properties of the flow regime used for computation 

are presented in Table I.  

 

Table I: Fluid properties 
Fluid velocity 0.3-2.7 m/s 

Density 1.23 kg/m3 

Dynamic Viscosity 0.0000179 Pa.s 

 

Boundary Conditions 
Since fluid velocity plays a key role in the research, 

normal inflow velocity with values ranging from 0.3 

m/s to 2.7 m/s is considered for inlet boundary 

condition. Pressure with no viscous stress is applied 

for outlet boundary condition. To negate viscous 

effects, on the longer sides of the rectangular flow 

regime, the slip boundary condition is applied. This 

also takes into account the fact that boundaries are 

considerably far apart in practical applications. Due 

to the slip condition, there is no viscous effect at the 

walls. Therefore, there is no boundary layer 

development. This boundary condition also ensures 

no viscous stress in the tangential direction and 

prevents the fluid from exiting the flow regime 

through the longer sides. However, the viscous 

effects on the bluff-body surface are of interest to the 

study, therefore no-slip condition is applied there. 

 

Grid Generation 
The computational domain is divided into small units 

of simple shapes or cells. This is essential for solving 

the governing equations numerically by finite 

element method (FEM). These cells are known as 

mesh. However, during mesh generation it must be 

kept in mind that too many cells may result in long 

solving time whereas too few cells may lead to loss 

of accuracy in result. As a result, the two dimensional 

computational domain is divided into triangular sub-

domains or cells. These cells are mainly free 

triangular mesh elements. Figure 2 shows the mesh 

topology for the entire domain and the relatively finer 

mesh elements near the bluff-body. 

 

 

 

 

 

 

 

 

 

Figure 2: Mesh topology 

 

Moreover, a grid independency test is performed by 

increasing global number of cells and running the 

computation progressively on finer grids or cells. 

This is done to minimize discretization error in mesh 

generation. Beyond 20000 or higher                             

number of mesh elements, the value of the estimated 

drag coefficient varies negligibly as shown in Figure 

3. Therefore, the 40000 mesh elements are sufficient 

for our computer 

Figure 3: Grid independency test 

 

Velocity contours 

The velocity contours are observed at different 

Reynolds numbers for different bluff bodies. 

Therefore, the governing equations are solved 

accompanying the applied boundary condition. The 

velocity contours clearly demonstrate the developing 

vortex at the upper end and shed vortex at the lower 

end in the wake of the bluff-body in Figure 4 and 

Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4:  Velocity contour at Re = 270 and t=7s for 

(a) Triangular (b) Elliptical(c) Circular bluff body 
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(b) 

(c) 

(a) 

(c) 

The peak velocity (7.8ms
-1

) is obtained with the 

triangular bluff body as a very higher red color region 

is observed near the body. As the shape of the body 

changes from triangular to cylindrical, the velocity 

decreases. In Figure 5, the effect of Reynolds number 

is investigated. It is clearly observed that increasing 

Reynolds number leads to a higher velocity and 

vortex shedding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  Velocity contour at t=7s for Triangular 

bluff body at a) Re=90 b) Re=180 C) Re=270 

 

Streamline Distribution 
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Figure 6, shows the streamline distribution of the 

flow at Re=270 for different bluff bodies. From 

Figure 6(c), the formation of vortices is observed 

close to cylinder and the recirculation zone is a tiny 

one. In case of Figure 6(b), the recirculation zone 

goes towards the main flow region and two wakes are 

seen immediately after the body attached circulation 

zone. There is a tendency of formation of vortices 

along the centerline of the flow.  

 

In case of Figure 6(a), the main flow creates some 

additional circulation zone near the region of the 

bluff body at the very beginning stage of the flow. 

This actually depends on the shape of the body. In all 

the three figures, the different distribution of vortices 

signifies that bluff bodies’ shape plays a vital role. 

The triangular and elliptical bluff body creates a huge 

amount of flow disturbances which leads to a modest 

amount of oscillation than that of cylindrical bluff 

body. So, this driving oscillating forces generated 

from the bluff-body induced by the von Kármán 

vortex streets will mechanically strain an attached 

piezoelectric cantilever at the trailing edge, and hence 

power could be generated. The power generation by 

per unit inflow observed by the newly shaped bluff 

bodies (triangular and elliptical) is significant than 

the traditional circular bluff body. 

 

Figure 7 illustrates the formation of wake vortices for 

triangular shaped bluff-body in two dimensional, 

unsteady laminar flow at nine different Reynolds 

numbers. There is almost no separation below Re ≤ 

60. At comparatively higher Re ≤90, downstream of 

the bluff-body, the von Karman path is evident and a 

fixed pair of vortices emerge. Until Re = 270, the 

laminar vortex street is present in the flow regime. 

However, beyond Re > 300, the vortex street is 

subsumed into transition range of turbulence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

Figure 6: Streamline distribution at 

Re=270 at t=7s for  (a) Triangular(b) 

Elliptical(c) Circular bluff body 
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Figure 7: Streamline distribution at t=7s for  Triangular bluff body at a)Re=30 b)Re=60 c)Re=90 d)Re=120 

e)Re=150 f)Re=180 g)Re=210 h)Re=240 i)Re=270 

 

Now by evaluating surface integrals, lift and drag 

coefficients are calculated. Figure 8 depicts the lift 

coefficient variation with non-dimensional time. The 

plainly visible sinusoidal variation corroborates the 

presence of sustained vortex shedding. The triangular 

and elliptical bluff bodies create a higher oscillation 

of lift forces than that of cylindrical bluff body. 
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Figure 8: Variation of Lift coefficient with non-

dimensional time.   

 

However, as shown in Figure 9, for triangular shaped 

bluff-body the lift coefficient increases gradually 

with increasing Reynolds number for Re ≤90. 

Beyond that, a sharp decrease is noticed. This 

Decrease is also apparent for elliptic shaped bluff-

body consistently throughout the Reynolds number 

range. For cylindrical bluff body the lift coefficient 

variation is somewhat sinusoidal with progressive 

rise and fall throughout the Reynolds number range. 
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Figure 9:  Variation of Lift coefficient with Reynolds 

number. 

 

The drag coefficient (CD) variation for triangular and 

elliptic shaped bluff-bodies is analogous as shown in 

Figure 10. However; CD is comparatively higher at 

every Reynolds number for triangular shaped bluff-

body than elliptic shaped bluff-body. The drag 

coefficient of cylindrical shaped bluff-body decreases 

sharply up to Re = 60. The decrease is less 

pronounced for rest of the Reynolds number range. 

 

Figure 11 and Figure 12 demonstrate the Fourier 

coefficient variation with frequency and at different 

mean inflow velocity. These plots are utilized to 

compute the correct value of Strouhal number. The 

most pronounced spikes occur at 7±0.5 Hz, 8±0.5 Hz, 

9±0.5 Hz for cylindrical, triangular and elliptic shape 

bluff-bodies respectively.  
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Figure 10: Variation of Drag coefficient with 

Reynolds number. 
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Figure 11: Variation of Fourier Coefficient with 

frequency for different bluff bodies (Re = 270). 

 

The frequency spikes shift to the right with increasing 

mean inflow velocity for a triangular bluff-body.  

This is indicative of the fact that at higher Reynolds 

number, the frequency of vortex shedding is 

increased and it is suitable for the desired application 

in energy harvester design. 
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Figure 12: Variation of Fourier Coefficient with 

frequency at different mean inflow velocity 

 

The Strouhal number for all the bluff-bodies are 

found to be around 0.2 for a wide range of Reynolds 

number for our fluid velocity range. This is in 

agreement with the experimental values as reported 

by Williamson (1998). Their experimental 

investigation concluded that most bluff bodies have 

Strouhal number of approximately 0.2. The Strouhal 

number variation with Reynolds number for all the 

bluff-bodies are presented in Figure 13. Below 

Reynolds number of 100, the Strouhal number 

increases almost linearly for all the bluff bodies.  

 

However, this increase is preceded by a gradual 

decrease of Strouhal number for cylindrical bluff-

body. Beyond Re ≥ 100, the Struohal number 

increases for all the bluff-bodies. Moreover, the 

increase is higher for elliptic shaped bluff-body 

compared to that of triangular bluff body. This is 

indicative of the fact that shedding frequency is not 

constant but it fluctuates inside a frequency range 

which is dependent on the bluff body shape and 

Reynolds number. At comparatively higher Reynolds 

number where the increase is progressively nonlinear 

for Strouhal number, is the operable range for an 

optimized energy harvester. The harvester attached 

cantilever beam will resonate with vortex shedding 

frequency and lock-in will occur in this region. 

Moreover, since the elliptical shaped bluff-body has 

comparatively lower drag coefficient at every 

Reynolds number than that of triangular shaped bluff 

body, it results in reduced shear surface force. These 

two effects yield a better optimized design for the 

cantilever attached energy harvester design.  
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CONCLUSION 

The objective of the present research is to study- 

1) Vortex induced vibration for three differently 

shaped bluff-bodies, namely cylindrical, triangular 

and elliptic through a channel flow regime at 

different Reynolds number. 

2) Strouhal number has been analyzed to decide the 

suitability of the above mentioned bluff-bodies for an 

optimized cantilever attached energy harvester 

design.  

3) The research predicts that vortex shedding 

frequency is not constant value and it fluctuates 
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within a frequency range which is a function of bluff-

body shape and flow velocity (Reynolds number). 

The von Karman vortex street due to the vortex 

induced vibration of the bluff-bodies generates an 

oscillating force. This force has capability to 

mechanically strain an attached piezoelectric 

cantilever at the trailing edge. This strain will then 

generate power.  

4) Although wake from both triangular shaped and 

elliptic shaped bluff-bodies present near equal 

fluctuant shedding frequency range as evident from 

Strouhal number distribution, the elliptic shaped 

bluff-body has comparatively lower drag coefficient 

throughout the operating range than that of triangular 

shaped bluff-body.  

 

Hence, elliptic shaped bluff-body is suitable for an 

optimized piezoelectric cantilever attached energy 

harvester design under present consideration. 

 

LIMITATIONS 

In order to get more clarifications about the process 

of Vortex induced vibration, large scale laboratory 

experiments are necessary.  Due to resource 

constraint, three dimensional simulation of the 

present research could not be conducted otherwise it 

might give a better prediction. The current research 

could be conducted for different other bluff bodies 

than the stated shapes.  
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