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ABSTRACT: In this paper, the energy harvesting by porous beams exposed to the external fluid flow
is studied. The electromechanical nonlinear differential equations of the transverse vibration behavior
of porous beams exposed to external fluid flow are derived using the Euler-Bernoulli beam theory. A
porous beam with concentrated mass which is equipped with a piezoelectric layer at its upper surface is
considered energy harvesting. After numerically solving the governing nonlinear equations, the effect

of different parameters on the generated energy is investigated. The results show that in the lock-in

area, the maximum amount of energy is taken. Also, the porosity distribution has a significant effect  Keywords:

on the maximum amplitude of the oscillations as well as the energy harvesting by the porous beam. Energy harvesting
In addition, for electrical resistance of 1000 k€, the maximum voltage generated for the beam with P b
. T . . e orous beam
symmetrical porosity distribution in the form of wall stiffness, asymmetric porosity distribution, and

uniform porosity distribution is equal to 0.39 V, 0.44 V, and 57 V, respectively, which indicates the Fluid induced vibrations

highest energy harvesting capability of the beam with the porosity distribution of the third type.

Lock-in region

1- INTRODUCTION

Defects in mechanical structures are one of the main
reasons for the error in the mathematical modeling of
mechanical systems. Porosity [1-3] is one of the most
common defects in these structures. Avoiding porosity in
parts made in the additive manufacturing process by metal 3D
printers, which have also recently developed extensively, is
inevitable [4-6]. Accordingly, considering these defects in the
mathematical modeling of mechanical structures, especially
beams, can increase the accuracy of modeling and achieve
results consistent with experimental data.

Extensive research has been done on the production of
electrical energy from the forced vibrations of the beam
[7]. Li et al. [8] studied the energy harvesting capability of
the bridge using the finite element method. Dai et al. [9]
investigated energy harvesting by fluid-induced vibrations
flow and the base excitation. Radgelchin and Moeenfard [10]
investigated the electrical energy harvesting from a beam
under basic excitation. Qi [11] analytically studied the energy
harvesting from a functionally graded beam.

In this paper, using Euler-Bernoulli beam theory and
considering the interaction of structure and fluid the coupling
nonlinear differential equations of the motion governing
the induced vibration behavior of porous beam fluid with
piezoelectric layers as energy harvesting are extracted.
The nonlinear equations are discretized using the Galerkin
method, and finally, by numerically solving the discretized
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equations, the effect of different parameters on the vibration
characteristics and energy harvesting of these beams is
investigated.

2- EQUATIONS OF MOTION

As shown in Fig. 1, the beam is a porous beam with a
rectangular cross-section and a piezoelectric layer of PZT 5A
is used on the upper surface of the beam as energy harvesting
layers.

Three different porosity distributions are considered in
terms of beam thickness. Continuous changes in Young’s
modulus (E), shear modulus (G), density (p), and Poisson’s
ratio (v) can be obtained using the following equations [12]:

E(Z):Emax (1_e0q(z)) (1)
i(z)=0221p+7_, (0342p° —1.21p+1) )
A(z) = iy, (1—-€,q(2)) 3)

where ¢(z) represents the porosity distribution function
in the direction of the beam thickness. ¢;is the porosity
coefficient of the beam is between zero and one.

Using dimensionless variables, the nonlinear equations
governing the fluid-induced vibration behavior of the
porous beam as an energy harvesting system in terms of
dimensionless variables are obtained as follows:
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Fig. 1. Configuration of piezoelectric energy harvesting with the core made of porous material

Fig. 2. The maximum amplitude of oscillations of the midpoint
of a porous beam in terms of external fluid flow velocity
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According to the Galerkin method, the hypothetical
solution of the differential equation is considered as follows:

w(x, 1) = Z% (y,(®, qx,1)= Z ¢, ()7, (%) (7

By substituting Eq. (7) in Egs. (5) and (6), the system of
nonlinear differential equations with ordinary derivatives with
unknown 2N is obtained, which must be numerically solved
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in order to calculate the unknown parameters including beam
transverse deflection, instantaneous oscillation coefficient,
and generated voltage. By solving these equations using the
Rangokota method, in the next section, the effect of different
parameters is studied.

3- RESULTS AND DISCUSSION

As can be seen from the results shown in Fig. 2, the
amplitude of steady-state vibrations for the lock-in zone is
greater than for the other regions. In addition, the results
show that the porosity distribution has a significant effect on
the lock-in area as well as the maximum amplitude of the
porous beam oscillations. The maximum vibration amplitude
for the third type distribution of porosity occurs in the
velocity of u=0.015, the value of which is equal to 0.27. Also,
the lock-in area for the beam with two other types of porosity
distributions is created in this speed range, but the maximum
amplitude created is different and for the first and second type
distributions is equal to 0.22 and 0.13, respectively.

Figs. 3 and 4 show the voltage generated by the porous
beam for three different porosity distributions. At low fluid
velocities, the output voltage, which is directly related to the
system response, is oscillating with a constant amplitude.
At the velocity of u=0.5, it causes different behavior in the
time response of the porous beams. In this case, the beating
phenomenon occurs in response. At this speed, the maximum
voltage generated by the piezoelectric layers in the steady-
state for the first type porosity distributions, second and
third types is 2.38V, 2.52 V, and 2.87 V, respectively, which
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Fig. 4. Time response of porous beam for different fluid flow
velocities u=0.5

indicates the high energy production capability in the use
of porosity beams with uniform porosity distribution (third
type).

Table 1 provides a comparison between the maximum
voltage obtained by the presented porous biomorphic beam
in the present study and some of the models presented in
the previous research. According to the results shown in this
table, it can be seen that the use of porous beams has a very
good ability in energy production and can replace similar
existing systems.

4- CONCLUSION

In the present study, the effect of energy harvesting from
porous beams exposed to external fluid flow was analyzed. A
summary of the important results of the present study is:

- The porosity distribution has a significant effect on
the time response as well as the maximum amplitude of the
porous beams oscillations and affects the energy harvesting
of this type of beam.

- The results show that the porosity distribution does not
have a significant effect on the lock-in area, but the maximum

Table 1. Comparison between the maximum voltages of porous
beams presented in the present study with some of the models
presented in previous research

Present Ref. Ref. Ref.
work [13] [14] [15]
Max.
Voltage 0.57 1.07 0.05 0.02
V)
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Fig. 3. Time response of porous beam for different fluid flow
velocities #=0.015

amplitude of porous beam oscillations is strongly affected.

- The amount of energy that can be extracted in lock-in
areas is much higher than in other areas, which is due to the
existence of high dynamic strains in these areas.

- The results show that the maximum voltage of the
porous beam is about 1.6 times higher than the corresponding
beam without porosity. Based on this, it can be concluded that
the use of porous beams significantly increases the ability of
energy harvesting due to fluid-induced vibrations, which is
due to the high flexibility of porous beams.
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Fig. 1. Configuration of piezoelectric energy harvesting with core made of porous material
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Fig. 3. Comparison of the maximum amplitude of beam oscillations with simple supports at both ends in terms of
external fluid velocity
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Fig. 4. Changes in the maximum amplitude of oscillations of the mid-point of Type-3 porous beam in terms of external
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Fig. 5. Maximum amplitude of oscillations of the midpoint of a porous beam in terms of external fluid flow velocity
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Fig. 6. Time response of porous beam for different fluid flow velocities (a) u=0.015 and (b) u=0.05

U=-17 Jbw ol o gl & Jolioio pi (Sloj gl glasonno .V S
Fig. 7. Time response of porous beam for fluid flow velocity of #=0.6

£y



FEYA LYY domao V¥ v Jlo A ojlaud Y 080 ¢ pusS puol SOl wiins 4 puls

68 — 68 — 68

5 51 4 - s 51 g 51
= = =
>3 E - =) E IS3
= 2] 1

e £ 34 - = 34

i \ i
17 — — 17
s FRPSNSI R
0 30 60 90 120 150 0 30 60 90 120 150 0 30 60 90 120 150
Time Time Time

U=I0 o ol € pos (5131 4 Jolokio i STl Fonly & y90 Jioksd A JSC
Fig. 8. Morlett transform of the vibrating response of a porous beam at velocity of the fluid flow of #=0.5

05 —m—m—r——7—— S T—T—T——T——T7T—T7— 0.6 T T T
1 Type-1 ——R=100kQ 1 1 Type-2 po, —— R=100kQ 4 1 Type3 f’o.. bbb ——R=
0.4 ooy ——R=50kQ - 0.4 g Y\ RSk o 05 7 Ty T ROk
=z 7 'd o ——R=1000Q 1 : / o & T—R=1000Q {0 ] i "5, R=1000Q
303 AN 0.3 / 4 f
o V.5 , %0 — . ", i "-.°°°<70000
Z - s, o, - - { 034 e
£0.2 - e, %000 - 0.2 - .
= | i i ] 024
0.1 1 - 0.1 1 o1 4
0.0 T T 0.0 ? 0.0 — T T
00 01 02 03 04 05 00 01 02 03 04 05 00 01 02 03 04 05
u u u

Jolito pi g9 dw lp Jlow (b2 Sy o 1 g9 JLg Hlade iSTas Ol e (S A S
Fig. 9. Changes in the maximum magnitude of output voltage in terms of fluid flow velocity for three types of porous

beams

QL"" C"L"’ ‘Ot’.‘ > 09315- g0 oswlive RS 0 uLuAJ |) 6?)‘,5
Sanad 4l laasde BB 5b Jslss w45 aad e
aly mSlas ols Jodsie 5 Sllug aels iSlas uen o
U= N0 S p S99 )3 g pou €98 I @595 Sl (LA
039ae (nl ;3 5 ;K0S JHS @jei €95 90 b 5 slp (Sub e
Adlbge N 5 VY pln i 4 g 5 sl e85 ms sln
aw gl 4 Jodse 5 5l ol 5Ly Y 9 # sla IS o
U=+/\D ).g‘).) JLAAJ ) d‘Lb;a.CJ»J )°5J"1"3="J*’°°é’)9’

odalive bl 4y axgi Lol oaloslo las u=-/-Fgu=-/-0

S5l cls p Sloj azu )b Jlow (rre S G 50 45 090 o0

£7gY

Sptsr Sl ol Gl aidloed o5 JmS e BB K00 5 00t
SSL SHge 4 pas DLkl aels YL slace w0 0 b
3hedgaze (nl g Sl pias Sblagi o)lgs 5 a8l a8l
4>l 5l am 4l 0 058 oo ool (Saud Ja8 4l ¢ Jlow Ce s
Sllug aels (rals el Jlow copw iy (iulidl o Sad Jad
o 4 S8 Gl GM5  min b Sl 4l 5 sud
gy » Jw 5 G20 pslie slog s o3game nl 53 wow ) o0
Bed s i G GSLe ely g ol Ll 5 oails Sk g (o ]
Sg 0 oddlin O USG50 0ad ools lis bl I a4 jshiles
Al g0 5l iy (Sas a8 axl lyp sl cdl olile )l als
Al a5 S8 4 az i b (lgiee |y e J18) cplcel Koo
Jb Gl S o J55e 5 Sl alals Dbl asls



0.4 =

03 /

Q .
S i 1
?/ 0.2 - I
g | )
nF !
0.1 -
i /

0.0

=+ =Type 3, g,=0.9 |
— Type 3, ,=0.2 |
'~ = Type 3, ¢,=0.0 |

~

: _
l —

0.0 0.1 0.2

0.3 0.4 0.5
u

pow £ JRl @398 b Joloe i 9 Joli (9 i 612 Jlew 0L 2 S pw s ol gi S JSTas e SOl
Fig. 10. Maximum output voltage in terms of fluid flow velocity for beam without porosity and porous beam with
porosity distribution type IIT

e S5 ol o s y5b plan oJl o 4 9 i
e 4 Fandis (Hly e Jlasinl BB 65l ol ol
oS ool sgzg & el ul e oS ol (2l s 51 ey
Qs oo LS gl (pl poegdle el (2lei cpl jo oby (Sl
5 93 3l fedw pom £ JHS L 5 Sllag aials iSlao oS
€5 45 9903 Ol Olgies bl nl adlior S0 S @y
Sdyllnd 5 o3l Jobeo i 55 e e o JH5S a5
s 51 aizan 5 Sloj by Shaliodle 16 Ll ]
by g5 ool 5l o3 cutlo p Wil oo g s Jodie sla s
Sl szl Wyse Soge has sl A S8 0

G390 dx g LIl dsis .l oals &I F S j0 0als sols L
Sllug (uilS )8 Glaiome a5 cl () 9505 canlive g5 o aS
prr A o9z dlaly 4 adbige pite o) s e
Ooml sbce e o (2B Jbw Gl jpam l SB6 0ol
2 o 3 Mage GRS e Sllag oS i
ol Sllag (w5 3 daasls 57 JSeas e ap 5VL glacee o
oSS B U=/0 0 aS v e ol Edjee Soge Jas b oo
s 5 (1S 305 D52y o 4y g 009 T HZ Ly LI
LoaS Welion ol g gl )5 325 655, sl
Sishige B3> i goly | lS 3 ol S ooy S
kol el S8 a8 e a5 09l e cdmlin (Jilde o

Sg o oddlice AIF S 4 az g b il o Sl Ojg0 4
e (Sly 85 g Sy Sl el o s o oS
Ol yo el ce ol aalo b Slugd & ygo 45 0,10 e wly 4
ol ol a8 aaliS b Jlw 5l 256 00938 pye il L s>
o s Gl b 0930 8 rerb (58 alS sl
ailbige 035 b g awal Jlaw g5 5l 5 BLbI Jlw by
Sl oo sleals ;s s SLbE Jlw 655 by ol b
Oy g o Slml o)lEe Sjge 4 S Cty e e jlid
ol Sel am )3 g oad 55 S0 g Cid lagys 098
245 jshilen Wigd so gudsi S5 ol Az )5 5 Sllugi asls
5 BLLL Jlws 8= 10 S s 5 Sl 0 ol (L5 F S
Ded s JFSe slo s Slej Gl jo Dglaie (6,ld, slwl el
&) Bl o 0l oy S 0 958 0 0aalie S jshailen
boe ol g Gl Bl ley SBISTL 5 bl aels 5 aes
Sy Slyrs sloay baug ool wdgi sy 2Slae wae s cnl o
o £ 9 p9° 95 ool &8 JH Glamy slp bl S o
olas a5 Wil YIAY V g YO V.Y VYA Ll s 4
S oy 5l osliinl ©)90 55 (655w VL bl osis
4 azg badbios OF )0 (eow g5 CSleSy Ul mie b
J555 035 b 55 sl i 4l u=0 Jip> oS

FB Gl iz 0 JS8 @ a9 b cnlplo wBboe pow g5

1 Beating

£1€g



FEYA LYY domao V¥ v Jlo A ojlaud Y 080 ¢ pusS puol SOl wiins 4 puls

iz 3 oo &l B e 31 5 b ol Gz 55 o &) Joksiie & ygasls yi Luawgd o0y Codls 5y y5T0> s dunnglio ) Joui

Table 1. Comparison between the maximum voltages of porous beams presented in the present study with some of the
models presented in previous research
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