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piezoelectric film. A 2-dimensional computational fluid dynamic (CFD) simulation
analysis is carried out with the length and height of bluff body fixed as 0.1 m and air
flow used for simulations are 0.0438 m/s, 0.292 m/s, and 0.73 m/s which corresponds
to Reynolds number (Re) of 300, 2000, and 5000. Overall, cylinder, triangle, and D
shape bluff body gives a higher vortex shedding frequency and Strouhal Number (St)
compare to square and U shape. Triangle bluff body was able to maintain the highest
vorticity for all three difference air speeds. It is found that maximum vorticity point will
move backwards when higher air velocity is simulated. Nevertheless, triangle bluff
body gave the highest-pressure difference reading among all tested shapes. In
conclusion, triangle shape bluff body is the most suitable shape for inducing vortex
shedding to piezoelectric film and it is suggested the length of the piezoelectric beam
is between 0.05m and 0.15m.
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1. Introduction

As consumption of electrical energy has been increasing year by year, mankind has built various
large-scale power plants such as thermal, nuclear and hydro power plants to produce sufficient
energy to fulfill our needs [1], [2]. However, these large-scale power plants usually cause tremendous
damage to our nature environment due to excessive waste produced during construction of power
plants and generation of electricity [3].

Due to the advancement of research and technology, scientists came up with materials such as
piezoelectric element and solar cell which able to harvest energy from ambient environment so that
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it can generate energy without burning fuel or reconstructing the whole environment landscape.
Therefore, harvesting ambient environmental energy is an effective alternative solution for
sustainable energy [4].

Among all ambient energy existed, wind energy is regarded as one of the major renewable green
energy [5]. The traditional way to harvest energy from wind is by building wind turbines which
convert kinetic energy to electrical energy through the rotation of the wind blades and electro-
magnetic induction of turbines [6,7]. However, wind turbines are huge in size, complex, as well as
costly.

Piezoelectric element can be considered as an alternative material that maybe utilized to harvest
macro scale energy for devices and instruments through method such as Vortex Induced Vibration
[8], and Wake Galloping [9]. From previous research [10-12], there were experimental and analysis
regarding vortex-induced energy harvesting using piezoelectric cantilever in fluid.

There were different approaches in bluff body design used in previous experimental researches
such as the classical cylindrical [13], rectangular [14], D shape [15], [16], triangle [17] and C shape
[11]. Each of these designs have their own theories to enhance the effect of vortex and galloping
effect. Therefore, in this paper comparisons will be made among these five bluff body designs and a
suitable length of piezoelectric film will be deduced based on several analysis on vortex formation of
each designs.

From previous research by B. Gandhi [18], it is proven that fluid flow towards different shapes of
bluff body, Karman vortex street will form behind it with different drag, and lift coefficient. The
formation of these vortices will cause changes in pressure behind the bluff body which is suitable to
vibrate piezoelectric film. By making use of these vortices and uplifting forces, it can flutter
piezoelectric film which are able to generate electricity. However, there are various types of bluff
body designs that were experimented for different harvester application.

In terms of piezoelectric film, there are several types of dimensions. These dimensions will greatly
affect the efficiency of energy harvesting system in terms of flexibility, fluttering amplitude as well as
the frequency of vibration as mention by C. Lemaitre [19]. Moreover, changes in the dimension of
the piezoelectric film will greatly affect the voltage output and fluttering condition. Hence, it is crucial
to pick suitable dimension for the piezoelectric film in order to optimize the efficiency of the system.

This research is mainly focus on analyzing vortex shedding for each bluff body as well as choosing
the suitable length for piezoelectric film that is suitable for specific bluff body under specific wind
speed. However, the length of piezoelectric film is determined by analyzing velocity curl at 3 specific
points downstream of the bluff body. This means that length proposed is based on behavior of fluid
at downstream without piezoelectric film attached towards the bluff body.

2. Theoretical Background

Vortex shedding is based on theory of vortex formation that turbulent fluid flow will generate
after passing over a structure when specific condition is applied, such as shape of structure and
velocity of fluid flow. In other words, vortex shedding is an unstable condition where air flow over an
obstacle will split into two separate streams and result in three flow instabilities which are boundary
layer instability, separated shear layer instability, and Karman vortex instability.

2.1 Strouhal Number

Since vortex shed at the wake region of the body is in an alternating form, the vortex will appear
periodically in Von Karman Vortex Street [20]. The frequency of this phenomenon can be represent
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using Strouhal Number (St) which is shown in Eq. 1, where vortex shedding frequency (f),
characteristic diameter of bluff body (D), and average velocity flow (u) is used.

In order to maximize the piezoelectric film vibration and conversion efficiency, the film is
recommended to have the eigenfrequency that matches with vortex shedding frequency [21]. The
matching frequency will resonate the fluctuation of piezoelectric film which is an advantage for the
vortex induce vibration energy harvesting system.

2.2 Reynolds Number

Re is calculated based on the ratio of inertial forces of fluid to viscosity of fluid as in Eq. 2, where),
average velocity flow (u), and kinematic viscosity of fluid (v) is used.

Re = — (2)

When Re is high, it means that the inertial forces of the fluid will be the dominating factor that affect
the overall condition of the fluid, resulting in turbulent flow.

2.3 Pressure Loss

The pressure loss is greatly affected by shape of obstacle, diameter ratio, and also viscosity of
fluid. The turbulent flow in the wake is difficult to mathematically described with Navier—Stokes
equation. Thus, the pressure difference AP can be estimated from Bernoulli’s equation during laminar
flow given in Eq. 3 where k is velocity ratio, viem is laminar velocity flow, and p is air flow density [21].

AP = g(vzlam - (vlam - Ul%)z ) (3)
3. Modelling and Settings

The simulation is conducted under three different air flow velocity, 0.0438 m/s, 0.292 m/s, and
0.73 m/s which corresponds Re of 300, 2000, and 5000. In order to model all the three flows, three
viscous models; laminar, transition SST 2 and standard k - € with standard wall function, were used.
In all three cases, standard air properties were used, where the fluid density p = 1.185 kg/m3 and the
dynamic viscosity u = 1.831 x 10-5 kg/ms. The objective of this simulation is to obtain the optimum
pressure point for each of the bluff body and compare which bluff body gives the pressure difference
to vibrate the piezoelectric film.

3.1 Sketching
In Table 1 and Figure 1, the dimension of wind tunnel as well as bluff body is drawn and labelled.

The length and diameter of bluff body were tuned to the same measurement in order to generate a
fair test between each shape.
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Table 1
Dimension of bluff body
Bluff Body LxD
Cylinder 0.1mx0.1m
Square 0.1mx0.1m
Triangle 0.1mx0.1m
U-Shape 0.1mx0.1m
D-Shape 0.1mx0.1m

The sketching for the design includes two components, which are air flow domain and cross

section of bluff body. In this stage the dimensions of bluff body and air tunnel is fixed so that the data
are standardized.

u
— > L Wall
0.6m -
—
| v o
—
0.6m BlufEB Qutlet
— " ody (’ Wall
Im 2m

Fig. 1. Simulation setup wind direction towards model

3.2 Meshing

The meshing for the surface body is set to triangular mesh with max face size of 0.015m so that
the overall mesh will be fine and even. While for the bluff body, it is set with edge sizing of 0.002m
along with inflation or boundary layers by setting first layer thickness of 2.0 x 103 m with 20 layers
and intra layer growth rate of 1.5. By doing so, the meshing around the bluff body will be evenly

distributed according to the shape of the bluff body where the mesh skewness is around 0.63. The
mesh result of cylinder is shown in Figure 2.

Fig. 2. Close-up view of meshing after inflation and edge sizing applied

As in Table 2, the nodes and elements in each design were listed after meshing process. This is to
ensure the consistency and accuracy of the result
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3.3 Setting

Table 2

Number of nodes and elements after
meshing process

Bluff Body Nodes Elements
Cylinder 20102 36368
Square 18563 34466
Triangle 18235 34582
U-Shape 18588 34579
D-Shape 19595 36110

All the settings that will be used for this simulation are tailored to three different Re categories.
The three different categories of Re are 300, 2000, and 5000 which falls into laminar, transition, and
turbulent categories respectively.

The solver that will be used in all the three categories of simulation will be set as pressure based,
transient, with Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) pressure-velocity
coupling algorithm scheme. The detail settings that used for each of the models are listed in Table 3.

Table 3

Settings for Different Types of Model

Bluff Body

Nodes

Elements

Spatial Discretization

Transient
Formulation
Solution Initialization
Calculation Time
Setting

Turbulent Intensity
Turbulent Viscosity
Ratio

Least Squares Cell Based

Gradient

Second Order Pressure

Second Order Upwind
Momentum

Second Order Implicit

Hybrid

0.01s Time Step Size
2000 Number of Time
Steps

50 Max Iteration/Time
Step

Least Squares Cell Based
Gradient

Second Order Pressure
Second Order Upwind
Momentum

Second Order Upwind
Turbulent Kinetic Energy
Second Order Upwind Specific
Dissipation Rate

Second Order Upwind
Intermittency

Second Order Upwind
Momentum Thickness Re
Second Order Implicit

Hybrid
0.01s Time Step Size
2000 Number of Time Steps

Least Squares Cell Based
Gradient

Second Order Pressure
Second Order Upwind
Momentum

Second Order Upwind
Turbulent Kinetic Energy
Second Order Upwind
Specific Dissipation Rate

Second Order Upwind

Hybrid
0.01s Time Step Size
2000 Number of Time

Steps

50 Max Iteration/Time Step 50 Max Iteration/Time
Step

5% 5%

10 10

The boundary condition of bluff body will be set as no slip condition while the fluid domain walls
will be under free slip condition where air density and dynamic viscosity is 1.225 kg/m3 and
1.7894x10° kg/m-s respectively.

253



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 55, Issue 2 (2019) 249-263

3.4 Post Processing

In order to obtain the optimum pressure difference downstream, three different points with a
distance of 0.05 m, 0.15 m and 0.25 m are monitored to determine the maximum vorticity behind
the bluff body as shown in Figure 3.

In order to get the specific values of pressure different for the highest vorticity point, two points
will be created 0.025 m above and below from the highest vorticity point as shown in Figure 4.

- 7

o Sa e - :IZ

Fig. 3. Fixed points to determine Fig. 4. Two points for pressure
maximum vorticity difference measurement

4. Results and Discussion
4.1 Grid Independent Study

The simulation research was undertaken after completing a grid independent study. This is to
establish higher accuracy of the fluent simulation. The blunt body is analyzed using the laminar model
with inlet velocity of 0.0438m/s. For the study, six different meshes applied to the model to predict
the vortex strength in order to determine the optimal mesh quality for CFD simulation analysis. The
grid independence study was established by varying the growth rate between 1.001 and 1.8 for the
best computational accuracy with minimal computational time. From Figure 5, the vortex strength
produces after the bluff body showed that the value increases from 0.31 s'* with 17486 elements to
4.0 st with 343844 elements for 0.05 m from the bluff body while for distance 0.15 m the vortex
strength value increase from 0.4 s'to 1.78 s1. The results obtained onward had a constant value
around 1.8 which is an acceptable range. From the graph, the mesh above 3 x 10* elements is
adequate for the high computational accuracy.

Mesh Independent Study

35

2.5

Vortex Strength

15

0.5

—

17486 18862 20596 24991 34865 47273 102990 343844

Number of Elements
=== (.05 0.15

Fig. 5. Graph of the mesh independent study
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4.2 Pressure Distribution

Figure 6 shows trend of St with increment of Re. Out of five shapes, two of them (square and U
shape) have a same trend with a slight decrement from 0.17 to around 0.13. Cylinder and D shape
shares the same pattern where it has the same St at Re 300 and decrease to 0.21 at transition Re,
and increase back to 0.24 at Re 5000. On the other hand, triangle shape shows consistent trend for
all Re.

Strouhal Number vs. Reynolds Number

0.3
= 025
w)
= P——
2 0.2
= S
=]
2 015 —
g
< 01
o
& 005

0
300 2000 5000
Reynolds Number
—8—Cylinder Square Triangle D Shape =—@=U Shape

Fig. 6. Plot of St for each shape at different Re

However, there is an obvious difference in St for square and U-shape compare to the other
shapes. This is due to the flat surface facing towards the air flow which causes flow separation to
occurs on top and bottom face of square and U blunt body as shown in Figure 7 and Figure 8.
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Fig. 7. Velocity Contour for Square bluff body at Re = 300
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Fig. 8. Velocity Contour for U shape bluff body at Re = 300
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From Figure 9, 10 and 11, cylinder, triangle and D shape bluff body are more favourable among
the five bluff bodies in generating high vortex shedding frequency downstream, for the range of Re
300 to 5000, since the separation region is thinner than square and U shape bluff body.

Fig. 9. Velocity Contour for Cylinder bluff body at Re = 300
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Fig. 10. Velocity Contour for Triangle bluff body at Re = 300
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Fig. 11. Velocity Contour for D-shape bluff body at Re = 300
4.3 Vorticity at Re = 300

From the plot in Figure 11, it is obvious that all bluff bodies generate the highest vorticity at 0.05
m distance from the bluff body. Triangle and cylinder have a huge slump from 3.5 s to 2 s* and 2.3
s1to 1.2 s respectively when distance increases from 0.05 m to 0.15 m. Meanwhile, for square, D,
and U shape show a steady decrement when the distance is increased by 0.1 m. It is clear, when the
distance is increased to 0.25 m all the shapes have slight decrease in vorticity. The graph in Figure 12
shows that triangle bluff body gave the highest vorticity among all the shapes at Re = 300 and is
expected to produce the highest-pressure difference according to this set of data.

256



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 55, Issue 2 (2019) 249-263

Changes of Velocity Curl Z vs. Distance behind

bluff body
g
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Fig. 12. Changes of velocity curl z at Re = 300

4.4 Vorticity at Re = 2000

From Figure 13, triangle generates the highest vorticity of 32 s followed by cylinder and U shape
with value of 22 st and 16 s respectively. Subsequently, these three shapes have the same pattern
where there is a huge decline of vorticity from 0.05 m to 0.15 m. Besides that, D and square shape
bluff body have the lowest starting velocity of 1.9 s and 6 s at 0.05 m point. However, D and square
shape show vorticity increase when the distance is increased by 0.1m. Finally, at 0.25 m point, all
shapes have vorticity which falls between 5 s and 10 s. Although the vorticity for all bluff bodies

fall in the range between 5 s to 10 s, triangle gives the highest vorticity value among all which is
10 s,

Changes of Velocity Curl Z vs. Distance behind
bluff body

Pesz

1k Welocity Curl Z (s*-1)
- l//

Fig. 13. Changes of velocity curl z at Re = 2000

4.5 Vorticity at Re = 5000

According to Figure 14, the vorticity for triangle bluff body drastically decreases from 34 s to 20
s! between 0.05 m and 0.15 m. Square and U shape bluff body shows increasing trend from 0.05 m
to 0.25 m in terms of vorticity value (i.e 1 s-! to 8 s and 3 s-1 to 13 s respectively). D shape and
cylinder bluff body, shows the best vorticity value of 20 s*and 15 s respectively at 0.15 m point.
Although the maximum vorticity point has changed according to increment in wind speed, triangle

bluff body still perform well at 0.05 m point which gives the highest vorticity value among all other
bluff bodies.
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Changes of Velocity Curl Z vs. Distance behind
bluff body
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Fig. 14. Changes of velocity curl z at Re = 5000
By comparing Figure 15, 16 and 17 it can be seen that there is a huge low velocity region right

behind square and U shape bluff body compared to the cylinder bluff body. This can explain the
higher vorticity of cylinder compared to square and U shape at 0.05 m point.
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Fig. 17. Velocity contour for U shape at Re = 5000
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On the other hand, Figure 18 and Figure 19 shows the velocity profile of triangle and D shape
have a much smaller low velocity region right behind the bluff body compared to the three other
shapes. However, triangle gives the highest vorticity among all.
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Fig. 18. Velocity contour for Triangle shape at Re = 5000
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Fig. 19. Velocity contour for D shape at Re = 5000
4.6 Pressure Difference

Fluctuating a piezoelectric film attached downstream of a bluff body needs a pressure difference
that provide force towards the film in ds; direction. Since the bluff body is placed under windy
condition, vortex will be the main force provider which cause pressure difference on the surface of
the piezoelectric film.

As shown from the graph in Figure 20, triangle is able to generate the highest-pressure difference
which is 2.25x10°3 Pa at Re = 300. The second highest pressure difference is given by D shape with
1.50x103 Pa. However, cylinder, square and U shape are able to produce around 1.00x107 Pa
pressure difference which is 1.25x10°3 Pa less than triangle.

The secondary vortex induced peak mentioned by Q. Wen et al., [18], had appeared in all bluff
body but the effect is less for triangle and D shape as shown in Figure 21. The effect of secondary
vortex induced peak which are bounded with rectangle and circle in Figure 21 will cause an extra
damping towards piezoelectric film and the efficiency of energy harvester will be greatly reduced by
it.
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Comparison of Pressure Difference for Re 300
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Fig. 20. Comparison of pressure difference for each bluff bodies at
Re =300
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Fig. 21. Comparison of secondary vortex induced peak for at Re = 300

For Re = 2000 pressure difference, triangle bluff body shows the highest-pressure difference of
0.15 Pa. It is 0.1275 Pa higher than pressure generated by D shape as shown in Figure 22. For Re =
2000, U shape gives the least pressure difference which is around 1.25x107 Pa. In contrast, triangle
have a pressure peak difference of around 0.1488 Pa.

Comparison of Pressure Difference for Re 2000
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Fig. 22. Comparison of pressure difference for each bluff bodies at
Re = 2000
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The secondary vortex induced peak effect is less obvious for triangle and D shape bluff body
compared to Re = 300. It appears that D shape have none of the secondary induced peak effect or in
other words D shape have a perfect sinusoidal wave for Re = 2000.

According to the graph in Figure 23, triangle gives the best generated pressure difference among
all shapes which is 0.6 Pa. For the other four shapes the pressure difference was maintained around
0.25 Pa. By comparing shapes to other, triangle bluff body has a 140% larger pressure.

Comparison of Pressure Difference for Re 5000
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Fig. 23. Comparison of pressure difference for each bluff bodies
at Re = 5000

Overall, triangle bluff body is shown to be the best bluff body in generating high pressure
difference at the downstream. The simulation result from Figure 20, 21 and 22 have shown triangle
as a consistent bluff body that able to generate high pressure difference and less effected by
secondary vortex.

5. Conclusions

From this project, five different shapes of bluff body that were widely used by previous
researcher were picked and compared for three different air velocity; 4.38x102 m/s, 0.292 m/s, and
0.73 m/s.

For St, three shapes; cylinder, triangle, and D, gives the best results compared to square and U
shape. The increase of flow separation is due to flat surface against the air flow. By comparing St
against Re, the result for triangle bluff body showed St was maintained around 0.23 for Re 300 to
5000. For square and U shape, the trend of St decreases from 0.17 to 0.13 when Re increases.
However, for D shape and cylinder, both experienced a slight decrement of St from 0.23 to 0.21 from
Re =300 to 2000.

The maximum vorticity point for each bluff body differs when Re increases. From simulation, the
result for triangle is the most consistent among all which gives the best value at 0.05m even while Re
increases from 300 to 5000. Subjectively, it is also found that the vortices formation for cylinder,
square and U shape moves backwards as Re increases. Thus, the separation distance of 0.05m is the
best place to pivot piezoelectric flag.

As for pressure difference, triangle bluff body poses the best shape in generating high pressure
difference downstream of the bluff body. The pressure difference obtained from triangle shape is
2.25x103 Pa, 0.15 Pa, and 0.6 Pa for Re = 300, 2000 and 5000 respectively. It is found that at Re =
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5000, the effect secondary vortex induced peak is less obvious compare to lower Re. D-shape took
the second-best shape in generating high pressure difference of 1.50x103 Pa, 2.25x10 Pa, and 0.15
Pa when Re increase from 300 to 5000. Triangle and D shape also showed reduced effect on
secondary vortex induced peak.

Finally, triangle is the most suitable, followed by D shape for piezoelectric film where all the
criteria that were needed for piezoelectric film fluctuation was met. As for length of piezoelectric
film, it is recommended to place film between 0.05m and 0.15m after the bluff body. The proposed
position is in accordance to L =2.25D in [14] which will eliminate possibility of second vibration mode.
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