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Abstract: A micro energy harvesting device proposed in the literature, is numerically studied. It
consists of two bluff bodies in a micro-channel and a flexible diaphragm at its upper wall. Vortex
shedding behind bodies induces pressure fluctuation causing vibration of the diaphragm that con-
verts mechanical energy to electrical by means of a piezoelectric membrane. Research on enhancing
vortex shedding is justified due to the low power output of the device. Amplitude and frequency of
unsteady pressure fluctuation on the diaphragm center are numerically predicted. Vortex shedding
severity is mainly assessed in terms of pressure amplitude. The CFD model set-up is described in
detail and appropriate metrics to assess energy harvesting potential are defined. Several cases are
simulated to study the effect of inlet Reynolds number and channel blockage ratio on the prospec-
tive performance of the device. Furthermore, the critical blockage ratio leading to vortex shedding
suppression is sought. Higher inlet velocity for a constant blockage ratio is found to enhance vortex
shedding and pressure drop. Great blockage ratio values, but lower than the critical one, seem to
provide great pressure amplitudes in the expense of moderate pressure drop. There is evidence that
the field is fruitful for research and relevant directions are provided.

Keywords: Energy harvesting; micro-channel flow; CFD; piezoelectric phenomenon; bluff body.

1. Introduction

Micro-energy harvesting consists one of the most interesting perspectives of energy harnessing,
having numerous applications; for example, such a characteristic application is powering of Wireless
Sensor Networks (WSN), where millimetre-scale energy harvesting devices are required. WSN com-
prise small dimensions sensors that have been proposed and used in industrial process monitoring,
control, machine health monitoring, structural health, bridge monitoring, predictive maintenance,
environment monitoring, forest surveillance, intelligent buildings, etc. However, their main draw-
back is their limited duration of operation, so effective ways to recharge their batteries are sought [1].

Various energy sources are offered for micro-energy harvesting: mechanical, flow, thermal, so-
lar, electromagnetic, etc. In case of converting flow energy to electricity, the proposed miniature
pneumatic power systems usually make use either of micro-turbines [2] or bluff bodies [3]. The for-
mer pose requirements for precise fabrication of millimetre-scale turbomachinery components, while
the latter offer the advantages of simple design, easy fabrication and application [3]. In case of using
bluff bodies, one or more of them are appropriately installed into the flow in order to cause enhanced
vortex shedding behind them for a wide range of Reynolds numbers. Vortex shedding induces pres-
sure fluctuations that can be exploited by energy-converting materials to generate electrical power;
such materials are for example piezoelectric membranes. Usually, flexible structures that can exploit
fluid structure interaction phenomena, are used to utilize the piezoelectric effect and harvest flow
energy. Various configurations using flexible membranes in conjunction with bluff bodies, both in
external and internal flows, have been proposed and assessed in the literature [4,5]. Often, fabricated
prototype configurations are experimentally and/or numerically tested to assess their performance.
Some of these studies aim to find the appropriate bluff body shape that produces significant vortex
shedding; this is the same objective with that used in designing an effective flow meter [6].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Furthermore, using multiple bluff bodies in tandem instead of one, consists an interesting perspective
towards enhancing the associated vortex shedding [7]. A very good and compact literature review
on these topics can be found in [3].

In [3], a miniature pneumatic energy generating device was originally proposed and tested. This
device utilizes one or two bluff bodies in tandem installed in a micro-channel. A flexible diaphragm,
with a piezoelectric film on it, is located above the bodies at the upper channel wall. Pressure fluctu-
ations and unsteady forces induced on the diaphragm due to vortex shedding cause vibrations to it
and convert mechanical energy to electrical. Such a device, involves ease fabrication and installation,
facilitates miniaturization and massive production avoiding the need for micro-assembling processes
and could be used in liquid or gas pipeline systems. Its main drawback is the low power output, so
further research is required aiming to enhance its performance. This device was studied in [8], in
order to assess its prospective operation and performance, based on numerical simulations. To this
end, a CFD model was appropriately set-up and validated. While the device was experimentally
tested in [3] by measuring its actual electric power output, in [8], extended use of the CFD model was
made in order to study the driving force for the operation of the device, i.e. the pressure fluctuation
induced on the diaphragm due to the flow-field in the channel. Various bluff body shapes and con-
figurations were simulated for a fixed inlet flow Reynolds number and channel blockage ratio. Pres-
sure fluctuation characteristics (amplitude and frequency) acting on the center of the diaphragm were
numerically predicted. Vortex shedding severity was quantified and assessed in terms of the maxi-
mum unsteady pressure fluctuation amplitude. The conclusions of [8] focused on the most effective
configuration with respect to body geometry and diaphragm position. The work of [8] was partially
continued in [9], where, by means of numerical simulations on the same case, the effect of the inlet
Reynolds number was studied.

The present study focuses on studying further the most effective configuration found in [8]. This
case with the original Reynolds number and blockage ratio is considered herein to be the baseline
case. The set-up of the CFD model is described in detail and appropriate metrics to assess the energy
harvesting potential are defined. Grid independence study is carried out, followed by corresponding
time-step independence study, in order to use grid of sufficient size and appropriately select time-
step value for the various simulations. Aiming to assess the effect of inlet Reynolds number and of
blockage ratio in the channel on the prospective performance of the device, several cases are simu-
lated. Results are presented and discussed, conclusions are drawn and future research directions are
proposed.

2. Set-up of the CFD Model

The academic version of the ANSYS commercial CFD software FLUENT [10] was used for the
numerical simulations. The necessary geometric modeling and grid generation tasks were accom-
plished by using the relevant software modules available in this software.

2.1. Flow Domain Geometry

Figure 1 presents the device under consideration, where two triangular bodies are located in a
flow channel of very small height. A flexible diaphragm is installed above the bodies and causes
vibrations to a piezoelectric film connected to it, converting mechanical energy to electrical, under
the action of the unsteady flow pressure forces; the latter are induced by the vortex shedding, occur-
ring behind the bodies. Contrary to most applications where vortex shedding suppression is sought,
in such an application, vortex shedding enhancement is sought for a better performance of the device.
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Figure 1. Miniature energy harvesting devise using two triangles in tandem (from [3]): (a) Configu-

ration; (b) Operational principle.

The flow domain used for the numerical simulations in [8] is shown in Figure 2. The bluff body
shape is an isosceles triangle, the base of which faces the incoming flow from the left. The length of
the channel is L=77.06D and its height is H=3.76D, where the width of the bluff body (length of the
triangle base) is D=4.25mm. The blockage ratio of the channel is defined by the ratio BR=D/H=0.27.
The aspect ratio of each triangle, i.e. ratio of height to base is 1.95. The flexible diaphragm is located
on the upper wall of the channel. Its origin is exactly above the position of the first triangle base. The
distance from channel inlet to the origin of the diaphragm is 23.53D=100mm. The length of the dia-
phragm is 8.94D=40mm and the distance downstream the diaphragm up to the flow outlet is
44.59D=160mm. The whole upper and lower boundaries of the channel are treated as solid walls. The
left boundary is the inlet of the flow domain and the right one is the outlet domain and the right one
is the outlet.

| 100 mm | 40 mm | 160 mm |
L l Flexible Dz'aphragml. l
1 1
g | T 3
= D:4.25mm; 16 mm i
1 1 10
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I 10.5 mm \ I

| 300 mm
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Figure 2. View of the computational flow domain used for the numerical simulations (not to scale).

2.2. Governing Equations and Numerical Solver

In order to simulate the low-speed flow of air in the micro-channel, the two-dimensional un-
steady, incompressible, Reynolds Averaged Navier-Stokes (RANS) equations are numerically solved,
i.e. the continuity and momentum ones (mean-flow equations). Turbulence is taken into account by
means of the realizable variant of the k- two-equation model; this variant ensures that only physi-
cally realistic viscous stresses will be allowed to arise during the simulations [11]. The mean flow
equations are solved by means of FLUENT software [10], based on the SIMPLE pressure correction
scheme, in the context of finite volume method, on unstructured grids consisting of triangular ele-
ments. Second-order spatial accuracy is used for the convective terms of the mean flow equations,
while first order is used for the turbulence model ones. Transient solution of the governing equations
is sought by means of first-order Euler scheme in physical time with constant time step, while 20 sub-
iterations are applied to converge the solution between two successive time steps. Inlet velocity is
prescribed at flow inlet (termed as ‘velocity inlet’ in the software), while zero pressure value is set at
outlet (termed as “pressure outlet’). No-slip condition is used for the velocity at walls (channel and
bodies). Wall functions are implemented to model velocity profiles at walls. In particular, the option
of ‘scalable wall functions’ is used, ensuring that the wall distance employed in wall functions will
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be such that y*>11.126. Thus, erroneous modelling of the laminar and buffer boundary layer regions
(occurring in the range y*<11.126), is avoided by effectively shifting the near-wall mesh point to
y*=11.126, irrespective the level of the actual near-wall grid refinement.

2.3. Description of Case Studies

In the present work, the effect of two parameters is investigated on the energy harvesting poten-
tial of the device under consideration. These are the inlet Reynolds number (Re) and the blockage
ratio (BR), i.e. the ratio of body width to channel height. To this end, two different studies were car-
ried out; the first concerns the effect of varying blockage ratio and Reynolds number on the device
performance, while the second refers to finding the critical value of blockage ratio that causes vortex
shedding suppression in the channel. In what follows, the cases that had to be simulated in order to
accomplish the two studies, are described and organized.

2.3.1. Cases to study the effect of blockage ratio and Reynolds number

The bluff body width D is the characteristic length of the flow. Reynolds number (Re) based on
inlet velocity Vin and body width D is Re=gVinD/p. By writing D in terms of blockage ratio BR, as
D=BR.H (H being the channel width), the above formula becomes Re=pVin BR.H /1. Air was used as
the working fluid in all the simulations with a density of g=1.225kg/m? and a dynamic viscosity coef-
ficient of u=1.789x10Pa.s. For the baseline case studied in [8], where Vin=20.7m/s and BR=0.27, the
Reynolds number is Re=6024.

Apart from the baseline value of BR=0.27, six more BR values were simulated, i.e. seven cases in
total. For each of these seven BR values, seven different Re numbers are simulated (the corresponding
cases are named after C1,...,C7), resulting in a total number of 49 simulations with respect to the
variation of both Re and BR. In each of these cases, the value of the inlet velocity is set according to
the formula Vin=(p.Re)/(0.BR.H). Table 1 summarizes the values of inlet velocity used for the various
values of Re and BR.

Table 1. Inlet velocity used for the various Reynolds numbers and blockage ratios (data for baseline
case are in bold).

Case C1 C2 C3 C4 C5 C6 Cc7

Re 4278 4860 5442 6024 6606 7188 7770 BR
16.3 18.5 20.7 22.9 25.1 27.3 29.6 0.24

14.7 16.7 18.7 20.7 22.7 24.7 26.7 0.27

13.0 14.8 16.6 18.3 20.1 21.9 23.6 0.30

Vin (m/s) 11.8 13.4 15.1 16.7 18.3 19.9 21.5 0.33
10.8 12.3 13.8 15.3 16.7 18.2 19.7 0.36

10.0 11.4 12.7 14.1 15.5 16.8 18.2 0.39

9.3 10.6 11.8 13.1 14.4 15.6 16.9 0.42

2.3.2. Cases to find the value of blockage ratio causing suppression of vortex shedding

According to the literature, the increase of blockage ratio generally enhances vortex shedding;
however, in confined geometries, there is a critical value of BR that causes suppression of vortex
shedding [3]. In order to find this value, a number of simulations was carried out, in which the base-
line inlet velocity (Vin=20.7m/s) was kept constant, while the value of the blockage ratio, was gradu-
ally increased, starting from a low value, up to finding the required critical value.

2.4. Fluid Data for the Simulations

Since the Reynolds number based on channel width H is greater than that based on body width
D, i.e. Ren=gVinH/p > oVinD/u=Rep. Thus, according to Table 1, in all cases Re > 4000 that dictates
turbulent flow. In order to set boundary conditions for turbulence, the values of turbulence intensity
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It and turbulent length scale Lt are prescribed at the inlet. Assuming fully developed flow, this is
estimated by L=0.07D, while turbulence intensity is computed as I=0.16(Rep)/ [3,8,9].

A constant time step is used to march the flow-field in physical time. A characteristic time scale
of the problem at hand is the so-called ‘convective time’, defined by Tc=D/Vin. As in [3], a value of 5%
of T, is proposed for the physical time-step in the simulations, i.e. At=At=(0.05)T.. For the baseline
case, where D=0.00425m and Vin=20.7m/s, this value is Atvs=10s=0.01ms. At each case, starting from
an ambient initial velocity field, the solution is marched using the corresponding physical time step
for sufficient time to establish periodicity and then the flow field is let to evolve for at least three
periods.

2.5. Assumptions Involved in the Simulations

All of the numerical simulations performed in the present work, rely on the following assump-

tions:

e  The flexible diaphragm is considered to be rigid wall, fluid-structure interaction phenom-
ena are ignored, displacement of the fluid due to diaphragm motion is ignored and feed-
back effects from the diaphragm to the flow were neglected.

e  The diaphragm has small inertia and oscillates with the frequency of vortex shedding, the
piezoelectric film is supposed to be strained laterally, following the vibrations of the dia-
phragm and, according to the piezoelectric phenomenon, produce electrical power.

e Although the actual geometry is three-dimensional, two-dimensional simulations along the
symmetry plane of the channel are performed to model the phenomenon.

e  The greater the calculated vortex shedding intensity, the better the expected performance
of the device.

2.6. Definition of metrics to assess the energy harvesting potential of the device

The assessment of flow energy harvesting potential in the present work, is made on the basis of
some appropriately selected and defined metrics. These are quantities of interest, either being indic-
ative for assessing the potential to cause a greater effect on the piezoelectric membrane or character-
istic quantities of the flow-field, like for example pressure drop along the channel.

Since the time evolution of pressure acting on the center of the diaphragm exhibits periodicity,
its amplitude, i.e. its maximum fluctuation width, is considered to be the basic criterion to compara-
tively assess the energy harvesting potential of the flow from such a device [8]. To monitor pressure
on the diaphragm, 21 distinct equidistant positions are defined along it on the upper channel wall,
denoted by the points P1, P2, ..., P21 (Figure 3). These points serve to evaluate and compare local
pressure signals, as well as estimate corresponding amplitude values. The latter is towards searching
for the maximum energy harvesting potential of the device, in the sense that the best performance
will be exhibited if the center of the membrane is located at the position experiencing the maximum
amplitude of pressure pi(t), i=1,2,...,21.

In the light of the above, the selected metrics that are computed in each case after establishing
flow periodicity, are:

e  The position (point Pimax among the 21 points), where the maximum pressure fluctuation

amplitude Apimax is predicted.

e  The value of the maximum pressure fluctuation amplitude Apimax and the corresponding

non-dimensional quantity (pressure coefficient) Cpimax=Apimax/0.50Vin2.

e  The frequency and the non-dimensional frequency, i.e. Strouhal number St=fD/Vin, of the

pressure signal at point Pimax.

e  The average pressure drop Apadrp in the duct, calculated as the difference between inlet and

outlet average pressures, as well as the same quantity in non-dimensional form, i.e.
derop=Apdrop/O.5QVin2.
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The grid independence study for the baseline case, as well as the assessment of vortex shedding
severity for the various inlet Reynolds numbers and blockage ratios, to be presented in the following
sections, have been based on the above defined metrics.

‘Piezoelectric membrane’
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10P11P12P13P14P15P16 P17 P18 P19 P20 P21

- 20 - 2mm = 40mm L

Figure 3. Positions P1, P2,..., P21 along the membrane.
3. Selection of Grid Size and Time-Step

3.1. Grid Generation

In order to numerically simulate the flow in the channel and around the bluff bodies, the flow
domain was discretized by means of unstructured grid consisting of triangular elements. To this end,
the grid generation module of the academic version of FLUENT was used. The grid was made denser
near the walls in order to better resolve the boundary layer regions. From the various grid metrics
available in FLUENT, the parameter named after ‘mesh size’ was mainly used to create meshes of
varying density.

A series of seven grids in total were generated to facilitate the grid independence study. The
latter is demonstrated herein for the baseline case (Re=6024, BR=0.27). Table 2 summarizes the name,
size, and corresponding value of the mesh size parameter for each of the seven grids. Figure 4 pre-
sents comparative partial views of the grid region near the bodies for the grids corresponding to the
mesh size parameter values of 1.0, 0.5 and 0.3.

Table 2. Mesh sizes used in the grid independence study.

Name Guo Go.7 Gos Goa Gos Go.zs Go2

Mesh size (mm) 1.00 0.70 0.50 0.40 0.30 0.25 0.20

# Nodes 6415 12623 21433 30490 56529 87216 105783

# Elements 12086 24230 41491 59288 110840 171737 208238

Figure 4. Grids corresponding to mesh size values of Imm (left), 0.5mm (middle) and 0.3mm (right).
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3.2. Grid Indepemdence Study

For the sake of grid independence study, the baseline case was simulated in all of the grids de-
scribed in Table 1 (i.e. G1.0 to GO0.2).

Figure 5(a) presents pressure fluctuation amplitude for points P1-P21 as it was predicted in each
of the seven grids G1.0 to G0.2. According to the corresponding plots, the position of maximum pres-
sure amplitude along the diaphragm for the first two grids, namely G1.0 and G0.7 appears to be at
positions P8 and P9, respectively, while in all the rest finer grids it was predicted at point P5, i.e. ata
distance 1.88D=8mm from the beginning of the diaphragm (not at the center of it).

Figure 5(b) presents average pressure drop in the channel as it was predicted in the grids of
various sizes. As it becomes evident from this plot, this quantity essentially stops changing after grid
G0.3.

Figure 6(a) presents local pressure evolution in time at point P5 (where the maximum amplitude
of pressure fluctuation is predicted) for grids Gio, Goz, Gos, Gos, Gos. It has to be mentioned that the
pressure signal curves, after dropping out their transient part till the establishment of periodicity,
have been shifted in time for the sake of comparison. According to this figure, it is clear that the
various grids from Gu.o to Gos exhibit a different resolution of pressure evolution.

Figure 6(b) presents again local pressure evolution in time at P5, but for grids Gos, Goas, Goa.
According to it, differences in pressure evolution between them are practically negligible, i.e. local
pressure evolution at point P5 exhibits negligible variation for grids having lower size than that of
G0.3.

According to the above analysis, grid Gos was considered to be sufficient for obtaining grid-
independent solution in the case under consideration and the size of 0.3mm was selected to generate
all the grids required for the numerical simulations in the present work.
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Figure 5. (a) Position of maximum pressure fluctuation amplitude along diaphragm for various grid
sizes. (b) Average pressure drop predicted for various size grids.
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Figure 6. Local pressure evolution at point P5, for grids (a) Gio to Gos and (b) Gos to Goz.

For the sake of completeness, the necessity of using ‘scalable wall functions” was assessed by
computing the value of y* in several simulations. Thus, for the baseline case in grids of various sizes,
minimum y* was found to be between 0.3-1.1, while maximum y* was found to be in the range 17.3-
74.0. For the seven different Reynolds numbers (C1, ..., C7) in case of BR=0.27 using grid Go., mini-
mum y* was between 0.3-1.1 and maximum y* was in the range 17.1-27.2. The aforementioned mini-
mum values justify the use of the selected approach.

3.3. Time-step selection

According to what was prescribed in section 2.5, the time-step for each simulation is calculated
as At=0.05(D/Vin). In [8], where all the numerical simulations referred to the baseline case (Re=6400,
BR=0.27), the value computed by this formula i.e. Ates=10s=0.0lms was used. However, in the
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present study, that the inlet velocity in each case is calculated as Vin=(p1.Re)/(0.D), the above formula
for time-step is written as At=0.05(0.D?)/(1.Re). Furthermore, by taking into account that D=BR.H,
the final formula for time-step as a function of Re and BR is written as At=0.05(0.BR2H?)/(p.Re), i.e.
Atc depends on BR and Re, so it is different in each case. In particular, the value of Atc is found in
some cases to be lower than Atosi (Atec < Atwst); this happens in cases with BR=0.24 for Re > 4830 (i.e. C3-
C7, 5 cases) and in those with BR=0.27 for Re > 6024 (i.e. C5-C7, 3 cases). For these cases, appropriate
comparisons were made in order to assess the effect of time-step on the resolution of the flow-field,
so as to decide if the use of Atvs at any case is sufficient or the corresponding value of Atc had to be
considered instead. The comparison was made in terms of pressure evolution at point P5, where
maximum local pressure fluctuation is predicted in all cases (as it will be shown below in subsection

5.1.1).

Figure 7 demonstrates comparison of pressure evolution at P5 for cases C5, C6, C7 with BR=0.24
and C7 with BR=0.27, as they are predicted by using either At=Atos=10-s (blue curves) or At=Atc<Atosi
(red curves). These comparisons reveal that pressure evolution predicted by the use of the two time
steps Atc and At is different. Furthermore, for the same BR, it seems that the discrepancy between
the two curves rather becomes more significant as Re increases (from case C5 to C7). Obviously, in
cases where At<Atbsi, the lower value (i.e. Atc) is considered to provide more accurate results. Thus,

according to the above analysis, the value of the time-step used at each simulation was set as
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Figure 7. Pressure evolution at point P5 for cases (a) C5 with BR=0.24, (b) C6 with BR=0.24, (c) C7 with
BR=0.24 and (d) C7 with BR=0.27. The blue curves correspond to results obtained with At=Ates=10"5s,

while the red ones to results obtained with At=Atc<Atbsl.

4. Results and Discussion
The operational principle of the device under consideration relies on the severity of vortex shed-

ding. The results to be presented concern the effect of various Reynolds numbers and blockage ratios
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on its prospective performance, as well as the estimation of the critical blockage ratio leading to vor-
tex shedding suppression. These investigations are made on the basis of the flow metrics defined in
subsection 2.7.

4.1. Effect of Reynolds Number and Blockage Ratio

As mentioned above, the seven cases C1-C7, corresponding to different inlet Reynolds numbers,
were simulated in grids having characteristics similar to those of Gos, for each of the seven different
BR values. The results that are presented and discussed below in this section have been produced
and presented in the context of [12].

4.1.1. Effect of Reynolds number - Baseline geometry

Some representative pictures of the flow-field are presented first, for the sake of demonstration.
These refer to the baseline geometry (BR=0.27). In particular, Figure 8(a) shows iso-velocity contours
predicted at time 8ms for case C4 (Vin=20.7m/s, Re=6024), while Figure 8(b) shows corresponding
results for case C7 (Vin=26.7m/s, Re=7770). Obviously, due to the greater inlet velocity, a greater ve-
locities are attained in case C7, above and below the bluff bodies (red regions) where flow is acceler-
ated due to the narrow flow passage.

0 23466891 11 14 16 18 21 23 25 27 30 32 34 37 39 41 43 46 0 3 598912 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 59

ST 5N -

20 (e [ s

(@) (b)

Figure 8. Iso-velocity contours predicted at 8ms in the baseline geometry (BR=0.27) for cases (a) C4
(Re=6024, Vin=20.7m/s) and (b) Re=7770 (Vin=26.7m/s).

Figure 9 presents the variation of pressure amplitude along the diaphragm, versus the distance
from the beginning of the diaphragm (i.e. for each of the points P1-P21), for various inlet Reynolds
numbers, in the baseline geometry. According to this, the position of maximum pressure amplitude,
is found for all cases C1-C7 to be at point P5, i.e. at a distance 8mm=1.88D from the beginning of the
diaphragm (at the 20% of the diaphragm length from its origin and at the 76% of the distance
L=10.5mm between the two bodies). Similar plots like that of Figure 9 have been derived for all the
other values of blockage ratio and, according to the corresponding results, the maximum pressure
amplitude for all cases and all blockage ratios simulated herein, was predicted to be at the same lo-
cation, i.e. at point P5.
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Figure 9. Pressure fluctuation amplitude versus distance from the beginning of the diaphragm for
baseline geometry (BR=0.27) and various inlet velocities (Re).

The authors in [3] state that “maximum pressure fluctuation is located near where the minimum
mean pressure occurs” as it is shown in their plot in Figure 10(a) reproduced by [3]. More specifically,
it seems that maximum pressure amplitude occurs a little downstream the location of minimum mean
pressure. This claim motivated the present research to examine if the aforementioned statement con-
cerning maximum pressure amplitude and mean pressure is also valid for the set of cases simulated
herein. The results of this investigation are shown in Figure 10(b), where the distribution of mean
pressure along the diaphragm is plot. According to this, the position of minimum mean pressure was
found for all cases C1-C7 to be at point P7, i.e. at a distance 12mm=2.82D from the beginning of the
diaphragm (at the 30% of the diaphragm length). This seems to validate the statement that maximum
pressure amplitude occurs near the position of minimum mean pressure; however, herein, in contrast
to the results of [3], maximum pressure amplitude occurs a little upstream the location of minimum
mean pressure.
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Figure 10. (a) Pressure amplitude and mean pressure versus streamwise coordinate for the baseline
case (from [3]). (b) Mean pressure versus distance from the beginning of diaphragm for baseline BR
and various Re (present results).

Figure 11 presents the pressure evolution at point P5, after periodicity has been established, for
the baseline geometry and various Reynolds numbers. The results for all cases C1-C7 are distributed
and shown in a set of four different plots, each of them containing one or two curves (in order to
clearly distinguish them and compare each other). Furthermore, in these four plots, the same range
has been used in the vertical axis, in order to facilitate cross comparison among them. So, cases C1-
C2 are shown in Figure 11(a), C3-C4 in Figure 11(b), C5-C6 in Figure 11(c), and C7 in Figure 11(d). As
it can be observed, both amplitude and fundamental frequency of pressure evolution at point P5,
increase with the increase of Reynolds number.
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Figure 11. Comparative pressure evolution for the baseline geometry at point P5 for cases (a) C1-C2,
(b) C3-C4, (c) C5-C6 and (d) C7 (the same range has been used in the vertical axis).

4.1.2. Effect of Reynolds number - Various blockage ratios

In this subsection, plots of the performance metrics against Re are presented, with BR as a pa-
rameter. Figure 12(a) presents the variation of maximum pressure amplitude at point P5 with respect
to the increase of inlet velocity for various values of BR. A first notice is that the curves in the plot are
shifted to the left as BR increases, i.e. towards lower values of velocity. This is due to the fact that the
same range of Reynolds numbers was simulated for each BR, so at each case, inlet velocity was com-
puted by Vin=(11.Re)/(0.BR.H) (see section 2.4.2); according to this equation, for the same Re, Vin de-
creases as BR increases.

Referring to Figure 12(a), some further remarks can be stated:

e An almost linear increase of pressure amplitude with inlet velocity is noticed for all BR; this
increase becomes steeper for greater values of BR.
e Pressure amplitude increases with the increase of BR for the same inlet velocity.
Figure 12(b) presents the corresponding curves, in terms of non-dimensional quantities, namely
the coefficient of maximum pressure amplitude against Reynolds number. According to this, Cp max

seems to vary slightly for the same BR, irrespective the value of Re, i.e. the effect of Re on Cpmax is
very weak. It could be stated that Cpmax is essentially an increasing function of BR only.
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Figure 12. (a) Pressure amplitude vs inlet velocity and (b) pressure amplitude coefficient vs Reynolds
number.

Figure 13(a) shows the variation of the fundamental frequency of pressure signal at point P5
with respect to inlet velocity for the various BR values. According to it:

e An almost linear variation is predicted for all the values of BR; all curves have about the
same inclination.

e For the same inlet velocity, contrary to pressure amplitude, frequency decreases with the
increase of BR.

Figure 13(b) presents the corresponding curves in terms of non-dimensional quantities, namely
Strouhal number against Reynolds number. According to this plot, the value of St for each BR is
almost independent the Re, and increases with the increase of BR, i.e. St presents a similar behavior
Wlth Cp,max.
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Figure 13. (a) Frequency vs inlet velocity and (b) Strouhal vs Reynolds number, for various BR.
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Figure 14(a) presents the variation of average channel pressure drop with the increase of inlet
velocity for various BR. As expected, pressure drop increases with the square of velocity for constant
BR. For the same inlet velocity, pressure drop increases for greater values of BR, which is expected,
due to the resistance caused in the flow by the greater channel blockage.

Figure 14(b) presents the corresponding curves in terms of average pressure drop coefficient
Cp,drop against Re. According to it, Cpdrop slightly varies with Re, however having a different value for
each BR, not monotonically increasing or decreasing with it.
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Figure 14. (a) Average pressure drop vs inlet velocity and (b) average pressure drop coeffficent vs Re,
for various values of BR.

4.1.3. Effect of blockage ratio - Various Reynolds numbers

For the sake of completeness, in this subsection, the results of the previous subsections referring
to non-dimensional performance quantities against Re for various BR, are briefly presented in an-
other form, namely against BR with Re as a parameter.

Figure 15(a) and 15(b) show the plots of pressure amplitude coefficient Cpmax and Strouhal num-
ber, respectively, against BR for various Re; both quantities exhibit an almost linear increase with BR
irrespective the Re. Similarly, Figure 16 presents pressure drop coefficient Cp,darop against BR for vari-
ous Re; like Cp,max and Strouhal, Cp,drop is almost independent the Reynolds and increases about line-
arly with BR, except the final value (this behavior can also be noticed in Figure 14(b)).
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Figure 15. (a) Pressure amplitude and (b) Strouhal number against BR for various Re.


https://doi.org/10.20944/preprints202306.2018.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 June 2023 doi:10.20944/preprints202306.2018.v1

19

Pressure Drop Coefficient - Blockage Ratio

1.6
14
1:2
1
a —&—Re 4278
.%)_ 8 —&—Re 4860
8- o— Re 5442
Re 6024
0.6
—o—Re 6606
~&— Re 7188
0.4 ——Re 7770
0.2
0
0.2 022 024 026 028 03 032 034 036 038 04 042 044

BR

Figure 16. Average pressure drop coefficient vs BR for various Re.

4.2. Investigation of vortex shedding suppression due to blockage ratio increase

Nguyen et al [3] numerically investigated the effect of blockage ratio increase on the perfor-
mance of the device under consideration. To this end, they predicted the mean value and amplitude
of the pressure at the center S of the diaphragm for values of BR higher that the baseline one (i.e.
BR>0.27) for Vin=20.7m/s. Figure 17 reproduces their plot from [3], in which, the change in pressure
mean value and amplitude at the center of the diaphragm is plot versus BR. They concluded that by
increasing BR, the pressure amplitude is enhanced, attaining a maximum for BR=0.33, then gradually
decreases and becomes zero for BR=0.42, where actually vortex shedding suppression is predicted.
No other information is provided in [3], for example on the corresponding behavior of pressure drop
or vortex shedding frequency.
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Figure 17. Pressure mean value and amplitude at the center of the diaphragm vs BR (reproduced by

[3D)-
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The authors of the present work attempted to verify the findings of [3], so the BR=0.42 case was
first simulated. Contrary to what the authors claim in [3] reporting suppression of vortex shedding
for BR=0.42, not only vortex shedding is predicted by the present approach at BR=0.42, but pressure
amplitude at the center S of the diaphragm continues to increase significantly beyond that value (for
BR>0.42). This fact motivated the present authors to conduct a thorough study in order to seek the
value of BR, for which the present CFD model predicts vortex shedding suppression, named after
“critical” value of BR, in what follows.

To this end, a series of appropriate simulations were carried out, in which, the inlet velocity was
kept constant Vin=20.7m/s and the blockage ratio BR was gradually increased, while the body aspect
ratio value was also kept constant and equal to 1.95 (like in [3]). Each time, a new grid was generated,
the corresponding case was simulated and the results were post-processed, up to numerically predict
suppression of vortex shedding. Figure 18 depicts a focused view of some grids used in this study,
in the region near the bluff bodies for various BR values. In each of these simulations, the mean value
and amplitude of pressure at the diaphragm center, the average channel pressure drop, as well as
vortex shedding frequency and Strouhal number were recorded. After several numerical simulations
and related trial-and-error efforts, the critical value of BR value was finally found at about BR=0.662,
i.e. significantly higher than that predicted in [3]!

BR=0.240 BR=0.270
BR=0.300 BR=0.330
BR=0.360 BR=0.390
BR=0.420 BR=0.550
BR=0.650 BR=0.655
BR=0.660 BR=0.661
BR=0.662 BR=0.663

Figure 18. Focused view of grids near the bluff bodies for various BR values in increasing order.
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Figure 19(a) shows the results from the present investigation in a form similar to that of Figure
17, i.e. change in pressure mean value and amplitude at the center of diaphragm versus BR. Accord-
ing to this figure, pressure amplitude increases with the increase of BR, attaining a maximum for
BR=0.655. Then an abrupt decrease occurs and suddenly becomes zero for BR=0.662, i.e. in a very
small region of BR increase. This behavior of attaining a maximum and then decreasing to zero is
qualitatively the same with that of Figure 17 predicted in [3]. However, these are predicted now in
significantly greater values of BR and in a much more pronounced way; the maximum is greater than
double and the corresponding decrease much more abrupt. Figure 19(b) provides a focused view of
the same plot in the range of abrupt amplitude decrease, i.e. in the neighborhood of the critical BR
value.
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Figure 19. (a) Mean value and amplitude of pressure at the center of the diaphragm vs BR by the
present method. (b) Focused view in the range near the critical BR value.
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Figure 20 presents in the same diagram, the pressure amplitude at S with the increase of BR,
along with the corresponding change in the channel average pressure drop. The comparative view
of these two curves, namely that of pressure amplitude (for which a high value is desired) and that
of pressure drop (that a high value is unwanted) may be particularly useful to the designer of the
device. Their comparison shows that, in the case under consideration, the increase in pressure ampli-
tude due to increase of the body width comes in the cost of about a similar pressure drop, up to the
value of BR=0.42. Then the two curves diverge and they come close again at BR=0.65, where both
amplitude and pressure drop are maximized. From a designer point of view and provided that these
results would be validated by experiments, the value of BR=0.60 seems to provide a significant in-
crease in amplitude in the expense of a moderate pressure drop.
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Figure 20. Pressure amplitude on the center S of the diaphragm and average channel pressure drop
as functions of BR for constant inlet velocity.

Figures 21(a) and 21(b) present the corresponding plots of frequency and Strouhal number ver-
sus BR, respectively (always referring to pressure signal at the center S of the diaphragm). Both quan-
tities follow the behavior described for pressure amplitude in Figure 20; the predicted vortex shed-
ding beyond the value of BR=0.42 is characterized by increase in the frequency which is maximized
for BR=0.660, where it is maximized and then exhibits a steep decrease.
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Figure 21. (a) Frequency and (b) Strouhal number of the pressure signal at the center of the diaphragm
as functions of BR for constant inlet velocity.

For the sake of completeness, Figure 22 demonstrates the predicted pressure signal at the center
S of the diaphragm for various values of BR. In particular, the plots in Figure 24(a) refer to the values
of BR=0.65, 0.655, 0.660, 0.661, 0.662, 0.663, while those in Figure 24(b) refer to BR=0.661, 0.662, 0.663.
As it becomes evident from these plots, the value of BR=0.662 is the first one for which pressure es-
sentially stops fluctuating.

Figure 23 demonstrates iso-surfaces of instant velocity, at time 25ms after the beginning of flow
solution for some BR values. Vortex shedding seems to be suppressed for BR=0.662.
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(a) (b)

Figure 22. Pressure signal at the center S of the diaphragm. (a) For values of BR=0.65, 0.655, 0.660,
0.661, 0.662, 0.663. (b) For values of BR=0.661, 0.662, 0.663.

{a) BR=0.420

{b) BR=0.550

(c) BR=0.662

Figure 23. Instant iso-surfaces of velocity 25ms after beginning the flow solution. Clearly vortex shed-
ding seems to be suppressed for BR=0.662.

4.2.1. Discussion on the estimation of the critical BR

An explanation about the difference of the present results and those of [3] concerning the esti-
mation of the critical BR value is not obvious at all, since a very similar numerical approach has been
implemented in both works (same commercial software, similar grids, same turbulence model and
time step selection). It has to be mentioned that, concerning the effect of BR on vortex shedding sup-
pression, no further information is provided in [3] for the simulations or any relevant experimental
evidence.

For the sake of investigation, the cases BR=0.42 and BR=0.55, containing one instead of two bluff
bodies, were also simulated. Figures 24(a) and 24(b) present the evolution of pressure at the center of
the membrane in these cases. According to Figure 24(a), the present method predicts vortex shedding
for BR=0.42 even for the case of one body and with a predicted amplitude comparable to that of the
corresponding case with two bodies. According to Figure 24(b), vortex shedding has been suppressed
for the case with one body for BR=0.55 (but not for the case with the two bodies).
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Figure 24. Pressure evolution at the center of the membrane for the cases with one or two bluff bodies
for (a) BR=0.42 and (b) BR=0.55.

In parallel with the present work relying on simulations, a corresponding experimental work is
conducted in the Department of Naval Architecture of the University of West Attica, where the pre-
sent authors belong. This concerns the fabrication of the device under consideration and relevant

measurements of the produced voltage by the piezoelectric element [13]; in that work, vortex shed-
ding appears in the form of fluctuations on the measured voltage signal. In an effort to have an initial
hint on what is the actual behavior of the flow in this case, the present authors addressed their ques-
tion to the group of experimentalists. They asked them for conducting an indicative experiment with
Vin=20.7m/s and BR=0.55, in order to check if their measurements are compatible with the occurrence
of vortex shedding in such a case. This value of BR is well beyond BR=0.42, i.e. in a region where the
present numerical results clearly predict vortex shedding, while in [3], suppression of vortex shed-
ding has been noticed from the value of BR=0.42. The desired experiment was performed twice, using
two different piezoelectric membranes, one at a time; with both membranes it was verified that the
measured voltage signal corresponded to a flow exhibiting vortex shedding [14]. For the sake of
demonstration, Figures 25(a) and 25(b) depict measured voltage in the case with two bluff bodies for
BR=0.27 and BR=0.55, respectively [14]. As it can be seen, both cases exhibit similar behavior, that of
a flow with vortex shedding. This fact is considered to be positive information for the results of the
present study. (Obviously, the joint work that just started with the group of experimentalists must

and will definitely be continued).
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Figure 25. Measured voltage in case with two bluff bodies for (a) BR=0.27 and (b) BR=0.55 [14].
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5. Conclusions — Future Research

A millimeter-scale flow energy harvesting device proposed in the literature [3] was studied nu-
merically. The device contains two bluff bodies installed in a very small flow channel. It exploits
vortex shedding behind them to cause oscillations on a flexible diaphragm above them and convert
flow energy to electrical one by means of the piezoelectric phenomenon.

In [8], a CFD model was set-up for the numerical simulation of this case and different body
shapes and configurations were simulated for a fixed flow Reynolds number. The achieved vortex
shedding severity was assessed in terms of the predicted unsteady pressure fluctuation on the dia-
phragm in order to find the most efficient configuration, which involved two bodies of triangular
section. The study of this configuration was continued herein by scrutinizing the CFD model of [8]
and performing parametric studies to understand the effect of various parameters on the expected
performance of the device. In particular, grid independence study and investigation on the selection
of a sufficient time step for the resolution of the flow phenomena under consideration were per-
formed. The device performance was then numerically assessed in a range of different inlet Reynolds
numbers and blockage ratios. Furthermore, the behaviour of vortex shedding with respect to block-
age ratio increase was studied in detail and the critical value of BR (for which vortex shedding sup-
pression occurs) was sought and found.

5.1. Conclusions

The conclusions drawn in the present work can be summarized (from a designer’s point of view)

as:

e The maximum pressure amplitude (Apmax) in all cases occurs at the same position, located
upstream the center of the diaphragm (at distance 8mm from its beginning). Thus, in order
to maximize the effect of vortex shedding on the diaphragm, the center of the latter should
be placed upstream at the point where maximum pressure amplitude is predicted.

e The maximum pressure amplitude increases almost linearly with the inlet velocity for all
the values of blockage ratio (BR); the greater the BR, the more abrupt is the increase. Thus,
using greater inlet velocity and greater blockage ratio, greater maximum pressure fluctua-
tion amplitude can be achieved.

e The fundamental frequency of the predicted pressure signal at the point where Apmax occurs,
increases almost linearly with inlet velocity for all values of BR; the slope of the linear in-
crease remains almost constant for all BR. This frequency slightly decreases with the increase
of BR for the same Reynolds number. Since a high frequency is rather desired, maximizing
the pressure amplitude (as proposed above) will also lead to a frequency increase.

e The channel pressure drop (Apdrop) increases with the square of inlet velocity for all values
of BR. For the same inlet velocity, pressure drop increases with BR. As expected, increase of
pressure amplitude causes increase in pressure drop.

e Contrary to similar previous research in the literature [3] for the baseline case, the critical
blockage ratio for which vortex shedding suppression occurs, was found in the present
study to have a significantly greater value and this seems to be validated by corresponding
experiments [14].

e As a contribution of this work, from a designer point of view, and under the prerequisite
that these results would be validated by experiments, a great value of BR but lower than its
critical one, seems to provide a great value of amplitude in the expense of a moderate pres-
sure drop (Figure 20).

5.2. Further Discussion

The non-dimensional quantities Cpmax, Strouhal number and Cp.drop, all exhibit the same behav-
ior, i.e. are almost constant irrespective the Re number for the same value of BR. This constant value
is an increasing function of BR and could be estimated by averaging for various Re (for example from
Figures 15(a), 15(b) and 16 for Cpmax, Strouhal number and Cp,drop, respectively).
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Figure 26(a) presents the variation of the Re-averaged values of Cpmax, St and Cp,drop versus BR.
It can be clearly seen that the increase in BR increases all these three quantities. However, the rate of
increase in Cpmax is greater than that of Cpdrop, which again dictates that appropriate increase in BR
may be an efficient way to enhance the vortex shedding effect on the piezoelectric membrane.

Figure 26(b) shows plot of the ratio Apmax / Aps, i.e. pressure fluctuation amplitude at P5 to pres-

sure fluctuation amplitude at the center S of the diaphragm, versus Reynolds number, for various
values of BR. This ratio slightly decreases with Reynolds and for each Re it increases with BR.

Figure 26(c) shows plot of the ratio Apmax / Apdrop, i.e. maximum pressure amplitude at P5 to the

average channel pressure drop, versus Reynolds, for various blockage ratios. This ratio seems also to
be independent the Reynolds number and be an increasing function of BR.

Figure 26(d) presents the Re-averaged value for the two above presented pressure ratios for each

value of BR. The following information that could be extracted from this figure:

e Apmax is, over the BR range, from 1.3 to 2.6 times the value of Aps (about double in average)
and the same is valid for Apdrop. This means that if the diaphragm was positioned with its
center at S at point P5, the achieved pressure amplitude could be multiplied by the corre-
sponding ratio (greater than 100% increase).

e The value of Apdrop is of the order of that of Aps and definitely lower than Apmax.
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Figure 27. (a) Re-averaged values of Cpmax, Strouhal and Cp,arop versus BR. (b) Ratio Apmax / Aps ver-
sus Re for various BR. (c¢) Ratio Apmax / Apdrop Versus Re for various BR. (d) Re-averaged values of
Apmax [ Aps and Apmax / Apdrop Versus BR.

Based on the above statements and according to Figure 20, the greater the BR, the greater the
enhancement of Aps, for BR values lower than the critical one. In particular, for a 44.4% increase of
BR (from the baseline value 0.27 to 0.39), the increase in ApS is about 125%. Furthermore, beyond the
value of 0.42 that the authors in [3] claim vortex suppression to take place, the increase in ApS is much
more significant, i.e. for a 41% increase (from 0.39 to 0.55) the increase in ApS becomes about 167%.
The value of Aps for the baseline case according to Figures 9 and 20 is Aps=252kPa. By further con-
sidering the above claim (Figure 27(d)) that Apmax~1.5Aps (using a moderate estimation), it is con-
cluded that for BR=0.55, a value of about (252)(1.67)(1.5)=631.3kPa could be attained if the center of
the membrane was placed at point P5. However, this case corresponds to Re=12473 which is outside
the range studied in Figure 13(b). Furthermore, experimental validation of these important
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statements becomes absolutely necessary. Anyway, according to all the above, there is evidence that
the relevant research field is fruitful and open to further research.

5.3. Future Research

In view of the above, aiming to further develop research on the study and design of flow energy
piezoelectric harvesting micro-devices, the following directions are proposed for ongoing research
and future work:

e Study of the effect of the distance between the two bluff bodies on the device performance,
since there is already experimental evidence [13], that a greater distance between the bodies
may lead to a greater pressure amplitude.

e Study the device performance for a particular membrane and attempt to correlate maximum
pressure fluctuation amplitude predicted by CFD with measured electric power from
corresponding experiments, i.e. to extract the operational curve of the device.

e To perform design optimization studies with respect to characteristic geometric quantities
(location and distance between the two bodies, location of the diaphragm, channel blockage
ratio, etc) for maximum performance. A stochastic-based approach can be implemented (e.g.
genetic algorithms), which would utilize either the present CFD solver or any reduced order
model of the phenomenon. The solution of a multiobjective problem could be sought, e.g.
maximization of Apmax with minimization of Apdrp. Furthermore, this could be a
constrained problem, e.g. by requiring the frequency to be near the resonant frequency of
the membrane.

e To model the phenomenon more accurately, like for example to compare 3D against 2D
simulations and/or model membrane dynamics and consider fluid-structure interaction in

the simulations.
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