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/ Introduction \

F. Rossl ENERGY SYSTEMS
The utilization of the captured CO, as a carbon source for the production of energy storage media offers a technological solution for overcoming crucial issues in current energy systems. Solar energy
production generally does not match with energy demand because of its intermittent and non-programmable nature, entailing the adoption of storage technologies. Hydrogen constitutes a chemical
storage for renewable electricity if it is produced by water electrolysis and is also the key reactant for CO, methanation (Sabatier reaction). The utilization of CO, as a feedstock for producing methane
contributes to alleviate global climate changes and sequestration related problems. The produced methane is a carbon neutral gas that fits into existing infrastructure and allows to overcome issues
related to the aforementioned intermittency and no-programmability of solar energy.
In this paper an experimental apparatus, composed by PV panels, an electrolyser and a tubular fixed bed reactor is built and used to produce methane via Sabatier reaction. The objective of the
experimental campaign is the evaluation of the process performance and the comparison with other CO, valorization paths.
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Methane and methanol production process

A
~

The two processes are shown in their schematic configuration, in witch are represented topical components of the production apparatus.

Scheme of the CO, methanation process. Scheme of the methanol-based process.
: The reaction of conversion of CO, to CH;OH is the
The methane-based process is Methanol ,
Fixed-bed . following one:
Sabatier based on the trasformation of reactor
t I I —
reactor cevaration electrical energy to synthetic SEBEFEtIBH CO, +H, & CH;0H + H,0 AH = —49,5 k] /mol
Pre-heating section section natural gas by means of an S Section The methanol production process is based on the use
. ; \ electrolyser and creating the R0 . . .,
H,/CO, [ ]7 = conditioyns <uitable for tie Seess h —_— of hydrogen (also in this case it’s produced by water
‘ ‘ Sabatier reaction. This reaction S == electrolysis) in the conversion of electrical energy and
o o . . R l l CO,. The reaction is highly exothermic therefore it’s
; : is exothermic and is limited by oo . .
....... storage  storage . oo CH,OH H,0 facilitated at high pressure and low temperature. CO,
the thermodynamic < storage storage .
eauilibrium. Operatine | | [ ) is converted to methanol in the ranges of temperature,
0 te(qmperaturés apre typiially / 250-300 °C, and pressure, 5-10 Mpa using
CO, + 4H, —» CH,+ 2H,0 AH = —165kJ/mol __ 45c0.400 °C 4 CuO/Zn0O/Al,O; catalyst. The produced methanol is
' 150 liquid at ambient P and T and can be safely stored and
2 2
handled.
Materials and methods
Experimental apparatus Experimental procedure Materials
The experimental apparatus includes the following sections: an electrolyzer, || Hydrogen is produced by an electrolyzer, then it is mixed The Sabatier reaction is catalysed by Ni-based
CO,-H, mixing section, heating section, Sabatier reactor and a water || with CO, according to the stoichiometric proportion. Gas catalyst containing oxide NiO. It has to be converted
separation section. »_ flows are controlled by flowmeters. The gaseosus mixture into the active form for the methanation reaction.
& F- flows throughs the two cameras; the first one constitutes Activation is achieved by the following process. At
the preheater section, while the second is the Sabatier the beginning pure nitrogen is fluxed inside the
reactor. The reactor is filled with Ni catalyst pellet, reactor at 1.5 bar, in order to remove air present

necessary for reaction development (it permits to improve into the reactor. The internal temperature is brought
the kinetics of the reaction). The reactor is equipped with to 220 °C with a rate of

one pressure sensor and ore temperature sensor (type K 60 °C/h. Then pure hydrogen
thermocouple). For reducing heat loss and for safety is fluxed at 2 bar and the
reasons, the two cameras are coated with thermo- system is heated to 430 °C
insulating material. with a gradient of 120 °C/h.

Results and discussion

Experimental runs Discussion Comparison between methane and methanol
production process
The experimental campaign consists of 14 tests. The | | Results allow to discuss the influence of the operating
difference between one test and the other lies in the | | parameters on the methanation process. The in-continuo The experimental methane-based process was compared to
variation of four main parameters: CO,/H, ratio, flow | | operation of the apparatus is clearly the fundamental element the methanol-based process on the basis of the ratio: Spent
conditions, temperature and pressure. Values adopted for | | to obtain noteworthy results. Tests 11-14 demonstrated the Energy/Stored Energy. The considered parameter is an
these paramet(zgs/Hare shc;w[r: in the followmg table. strong conversion decrease caused by a deviation from the ideal | | 3dimensional number calculated as the ratio between the
Test atch or in- emperat Pressure . . . . . . . .
Ratio continuo ure [bar] value of the CO,/H, ratio. Third place of importance is occupied specific energy spent in all the sections of the process to
B-C oc . o . . . . . . .
2 1/4 C 317 2 H T . A
3 12 c 363 7 proportional to the methane production rate. At the end, stored in the fuel. Process condition for both the processes are
4 1/4 C 490 4 I I Tal| i . o . .
: L < 150 : temperature represents an aid within its optimal range. The summarized in the following list.
g i c 451 20 graphs clearly show the positive effect of pressure on the N Viethane process Viethanol process
8 m 5 271 10 process, with an increasing regression line. Temperature instead Electrolyser working pressure (bar) 1 1
10 1/4 B 353 15 has a beneficial action only within the range from 400°C to Synthesis reactor pressure (bar) 2 25
11 1/1 C 371 16 o Synthesis reactor temperature (K) 573 493
12 1/1 C 325 17 450°C.
13 1/1 C 329 17 Reaction heat (kJ/mol) 165 49
14 1/1 ¢ 378 17 2 Conversion efficiency 0.9 0.9
Experimental tests were carried out with internal 1 /3 Storage pressure (bar) 200 1
temperature in the optimal range from 250 °C to 451 °C _ 08 / Storage temperature (K) 298 298
i S s 2 . .
and an internal pressure from 2 bar to 20 bar. Tests from 1 t:o 0,6 / Then energy costs were calculated in accordance with
ratio (1/4), while tests from 11 to 14 with ratio equal to 1. 0,2
. . .l < Energy consumption Methane Methanol
Only tests 7-10 were realized in batch conditions. For each 0 —_———————— (kI/kgq,) process process
.. . 0] 2 4 6 8 10 12 14 16 18 20 22
test, the composition of the gaseous mixture collected at Pressure (bar) Fecirolvser e ry
the end Of the process IS ShOWﬂ. Gaseous mixture compression to synthesis pressure 2887 7593
Test Pr[ebsas:}re Tem;;oeg;lture H, Fimgl_:/: v/v co, : reactor heating 10100 714
1 2 250 85.98 8.55 .47 0,8 removal of reaction heat 3437 3437
2 2 317 15.53 37.80 46.68
3 4 363 56.33 29.13 14.54 06 Compression to storing conditions 1810 -
4 4 490 72.61 19.47 7.92 T Totalval 39349 19097
5 8 422 24.58 64.75 10.67 < otalvalue
6 20 451 1.74 97.24 1.02 E 0,4
7 10 250 58.56 5.99 35.44 ° .
g 10 271 60.57 2.27 37.16 0,2 Results show that the ratio between the spent energy and the
9 10 350 17.93 13.36 68.71 . .
10 15 353 29.75 12.52 57.73 stored energy is higher for the methanol process. The methane
11 16 371 90.65 8.79 0.56 0 - ' ' . :
12 17 325 33.11 37.82 34.03 250 317 363 422 451 490 production process has a best performance in terms of energy
13 17 329 11.68 36.60 51.72 Temperature (°C) ey
14 17 378 3.96 15.79 80.25 storage ca pabl|lty.
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1 Introduction 2 Charging process and electret fabrication by SEM

Electret is a dielectric material that has a quasi-permanent electric charge To asses the charging process we adopt the Total Yield Approach [1][2]

or dipole polarization. An electret generates internal and external electric
fields, and it is the electrostatic equivalent of a permanent magnet.
Electrets have important technological application from established ones
such as microphones or particulate filters to emerging ones as in powering
energy harvesting devices. At smaller length scale a localized charge can
improve the functionalities of nanostructured materials, providing further

We have different types of emitted
particles:

1) Secondary electrons (SE)

2) Backscattered electrons (BSE)

3) X-ray

transduction schemes for MEMS and NEMS devices. However to guarantee | |
the stability of the polarization in micro systems is challenging. Moreover, o=—5 p=-2% oc=0+n
the fabrication process can induce significant changes in the structural and | B | B
mechanical properties. In this work, we study the behavior of SiO, nano =
and microparticles when charged by injecting electrons by field emission Fig.1 Interactions between the aQ
scanning microscope (SEM) at energy ranging between 2 and 8 keV. electron beam and the sample — = (1— G) | 3
\ / o(E,) ;R(nm) at
- ~ 12l 10« There are three charging regions
3 Characterization of the charge by SEM 10 o depending on the emission properties

of the sample (0<1 oro>1)

| * at the crossover energy E, , the

1 sample is uncharged

o *Control on penetration depth R oc E,167

087 1750

Shift of Duane-Hunt limit: The charge storage gives rise to a negative
surface potential that has the effect to reduce the landing energy of the
beam electrons.

E, =E,—e[V,| = e|V,|=E,—E,

0,6

0,4

0,2}

0E, £,
’! 2 3 4 5 Energy (keV) . )
The energy Shlft Can be monltored evs=(0.15zﬂ.ﬂ4)kev -E:;iT:Tgi;;bstrate(Cu) . . IncreaSIng the prlmary eIeCtron
measuring the continuum x-ray 103'\ - | Flg"i o|Delloetn den(;e(;f or(wt)aI yfld o energy, we expect to inject the charge
3 » emitted electrons ue line) an .
radiation: The energy cut-off of the g1 RO penetration depth R (black line) on deeper and deeper into the bulk: of
spectra emitted from the charged © T beam energy the material, leading the system to
region is compared with the energy ; greater negative potential.

eV =(0.211 0.05) keV

cut-off of the spectra from a

E,=6.53 +0.02) keV/

conductor at ZEero potential 2 ~ Fig. 3 Fabrication of the electrets by SEM. The
(expected to be E,) [3] 3 10°F R bright region over the particle (due to
© enhanced SE emission) indicates the charge
build up
10 1 2 é 4 5
E keV Jownm; EHT = 450 : Mag=17023KX  Signal A=SE2
| o - /
Electronic spectroscopy: The SEs energy distribution is shifted by the - ~
negative surface potential while its shape remains unchanged. [4] 4 Results
-eVs _ Vs:Charging Voltage PO S S N R T The measured surface potential is plotted as a function of the incident
Positively energy, both for 0.5 and 1.0 micron sized particles. We can see that in
£ ¢ both cases the potential increases almost linearly at the beginning, until
4 w ;? it reaches a maximum value and then become stationary, as there is a
§ saturation due to the leakage and transmitted currents that prevent the
§ charged N — e ionte | 6 | — et dielectric breakdown. The maximum is reached when the penetration
on 5 erivative from data S derivative from data . . .
= g4 g, depth of the primary electrons is approximately equal to half the
2 : diameter of the particles. The measured surface potentials are
_ £ : consistent with those expected considering the dielectric strength of SiO,
Changing the collector o35 TR w -
voltage V, of the ET et ’ o fompnicer | | @ e
detector we can select 2 H : [ [
. -
the energy of collected 2 : I 1 P2
SEs : : . . : S 0.15 | 9/ 10155
' SEs with higher kinetic energy (supplied by V) < | / + L I <
are detected at higher collector voltage V, = 0 = T T [
\ J 0.05 i f i l 10.05
- ~ : o | b
. ! | termien) i i
5 Time decay of the charge —t—— )
. ] . Energy (keV) Energy (keV)
The charging state can be monitored by using S J
L SEM images collected at a much lower beam i . )
inergy no% to alter the pre-existing charge state 6 Conclusion
' In this work we have analyzed the behavior of micro and nanoparticles of
g, ke SiO, exposed to an energetic electron beam, in order to fabricate electrets
) ~£E=sev) | Two decay time with reduced dimensionality. The values of the surface potential, acquired
2% | | constants: with two independent techniques, have shown that the particles have been
/ S 08 . . . .
Charged S 4l | charged till to the saturation level. The quite slow time decay allows
. 5ol | | -fast exploiting them for new technological applications. It is also proved that
particles — . .. . . .
: o T | | eSlOW SEM allows injecting efficiently the charge, and its high resolution allows
are b”ghter 0 20 40 60 80 100 120 : : : :
S days y controlling the penetration and the charging state of nano and micro
- N _ structured samples. )
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Introduction

In the last decade, zinc oxide (ZnO) has drawn attention for its characteristics as a smart material. One of its most studied properties is the ability to
generate power when subjected to mechanical vibration. We synthesized ZnO microstructures on InterDigitated Electrodes (IDE) in order to obtain
proof about their piezoelectricity and to develop microstruttured and well oriented microrods energy harvesters.

Modellization and Synthesis

Piezoelectricity is a natural property of certain materials to generate electric potential when they are subjected to mechanical stress. Resonance

If a straight vertical rod Iis deflected, a strain field is created as the outer surface is stretched and the inner surface is compressed, frequency:

resulting in an electric field along the z direction of the structure analysis. It's possible to estimate mechanical resonance frequency

and piezoelectric potential by modeling, with finite element method (FEM), a ZnO microrod as a hexagonal structure and by B =

applying a uniform horizontal force on its top surface (Fig. 1). V. = ) : Iy
T

With hydrothermal route we obtained microrods on Si substrate and afterwards on IDE (Fig. 2). Solutions containing zinc acetate
and HMTA (hexamine) yield rods with diameters of 3 £+ 5 um and lengths that range from 12 to 17 pum. The zinc acetate and HMTA
concentrations should be 0.1M and 0.4M and the temperature of laboratory oven must be 85 °C, for 5h.

Volume: Electric potential (V) Eigenfrequency=1.1e7

Surface: Total displacement (um)

'y
b) A 00393

A 0.2091

F 4 0.025

F 4 0.02

F 1 0.015

0.01

Z
| " o ¢ 0.005
P ( "‘\t/' 2 |

v -0.1411 0
vO

2 um*

EHT = 15.00 kV WD = 8.1 mm EHT = 15.00 kV WD = 6.9 mm

2 m

Mag= 3.20KX Signal A = SE2 Mag= 1235 KX Signal A = SE2

Fig 1: a) Electric Potential in a hexagonal rod generated by bending. b) First
bending resonance frequency.

Fig 2: a) Microrods on IDE substrate. b) ZnO single crystal on Si substrate

Characterization Results

A scanning electron microscopy (SEM) with a field-emission-scanning
electron microscope was used to observe the morphologies of ZnO
microrods. Light scattering experimental techniques (micro-Raman and
micro-Brillouin measurements on single crystal) were performed in order
to estimate elastic and piezoelectric properties of microcrystals. X-Ray
Diffraction (Cu Ka, A= 1.5418 A) gave us information about orientation of
microrods on the substrate. SEM Iinnovative method for piezoelectric
characterization has been introduced: two conductive probes on a single
crystal could give its mechanical frequency resonance driven by thermal
noise.

a)

2 *
cHn EHT = 15.00 kV WD = 24.5 mm

Mag= 390K X Signal A = SE2

Fig 3: a) Light scattering (A=532 nm) single horizontal
and vertical crystal (substrate IDE). b) SEM conductive
probes (100 nm tip) on single ZnO rod

Conclusion

ZnO microrods obtained by hydrothermal route could be studied to
Investigate their piezoelectric and elastic properties. Several
technigues were used in this work, and a new one has been
Introduced, by using SEM conductive probes on a single crystal. In the
near future we will continue to synthesize this micro materials on IDE
with the aim to develop a device for energy harvesting from vibrational
noise.
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Light Scattering: Micro-Brillouin (Stiffness matrix elements Tab.1),
Micro-Raman (Phonon modes of ZnO Tab.2)

*X-Ray Diffraction (Structure of microrods and their orientations)

SEM probes on single crystal (Resonance frequency driven by
piezoelectric effect and thermal noise)
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Fig 4: a) Resonance frequency (SEM probes on rod). b) X-Ray Diffraction on IDE
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Fig 5: VV spectrum a) Micro-Brillouin on vertical crystal b) Micro-Raman on
vertical crystal

Tab.1
Ref. Bhat et al. 209 210 42 44
Results 209 198 42 43
Tab.2
Ref. Damen et al. 101 208 332 380 437
Results 101 205 332 379 438
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OZET

Bu proje kapsaminda titresim frekanslari, 10 Hz - 30 Hz araliginda olan mekanik titresimlerden elektrik Uretmek icin yeni bir elektromanyetik Uretec tasarlanip Uretilmistir. Baglangi¢ olarak; Anysy
Maxwell elektromanyetik benzetim paketi ile sistemin elektromanyetik modeli gelistirilmis; yuksek yogunlukta manyetik aki olusturmak icin nuve uglarina Halbach metodolojisi ile es kutuplu Neodiyum
miknatislar yerlestiriimistir. Sistem genel olarak; dogrusal laminasyonlu bir nave yapisinin etrafina sarilmis bir bobinden enerji Gretimini konu almistir. NGvenin iki ucuna tutturulmus iki yay yardimiyla
geri ¢agirici kuvvet, basit harmonik hareket olusturarak elektrik enerjisini agiga ¢ikarmaktadir. Sistemin saglikli ¢calisip calismadiginin tespiti icin matematiksel formulasyonlar gerceklestiriimis, yenilikgi
cihazin hem modeli ve elektromanyetik benzetimleri, hem de deneysel testleri tamamlanmistir. Yapilan testlere gore yeni tasarlanan elektromanyetik enerji ureteci U = 0.75 V tepe gerilimi uretebilir
sekilde maksimum P = 14 mW'lik elektrik gucu olusturabilir bicimde tasarlanmigtir. Tasarlanan sistemin kablosuz aglar, dusuk gug ureten alarm sistemleri gibi alanlarda hareketin bulundugu ortamda
sUrekli gug¢ olusturabilme yeteneg@i bulunmaktadir. Bu tir cihazlarda maksimum gi¢ yogunlugunu énemli bir parametre olup, P,,=0.3684 mW/cm?3 degeri Glkemizde Uretilen diger Ureteglere gbre ¢ok iyi
bir degerdir. Literaturdeki diger calismalarla cihnazimizin durumu karsilastiriimig, patent basvuru sureci devam etmektedir. Uluslararasi konferanslarda da bazi bulgulari sunulmus olan bu projeden
yurtdisi yayin olarak da SCI indekli bir dergiye makale gonderimi yapilmis olup eser hakem incelemesindedir.

CIHAZIN ANALITIK ve ELEKTROMANYETIK MODELLENMESI

Sekil 1(a)de cihazin Maxwell 3D benzetim programiyla modellemesi yapiimis ve
Sekill(b)'de gosterildigi sekilde sonlu elemanlar yontemiyle elde edilen manyetostatik \g &

)

bulgulardan manyetik aki yogunlugu (B) tespit edilmistir. NUve ve bobin geometrisi ve elde Fﬂ.ﬁb = 4-,5 E

edilen aki bu tasarimla kararlastiriilmistir. Nuve ucglarinda hareket boyunca 0.75 T aki

A
Lo c '
yogunluguna ulasiimistir. N | | |
Analitik modelleme (Sekil 2(a)) ile - ®
BLtes1al . . . vibration \demgs lg2
[ cihazin cebirsel formulasyonlari
&
I3 K

e

I

sty

cikartilmis, Maxwell benzetimi ile ‘

9. G6G6e-B@1

benzer sonuglar aki yogunlugu

_Efiié‘ZZiSSi icin elde edilmistir. Sekil 2(b)’'de
5. 4nae-an1 cihazin  titresirken iki genel

4. B286e-8@1

I S durumu ele alinmis olup azami ve (b)

spring

A=\

Y—Y"F

IR IING IS IGOIDS

1.6114%e-8681

5. 0572002 asgari manyetik aki (@) durumlari Sekil 2. (a) Analitik model ve (b) @ manyetik akinin asgari ve azami kosullardaki

B, B88E e +B3E

(@) (b) tespit edilmigtir.
Sekil 1. (a) Sonlu elemanlar metuduyla tasarim ve (b) manyetik akim yogunlugu

hesap metodu.

Analitik modellemede, cihazin titresim halindeki hiz ve kuvvet denklemleri ile manyetik aki ve Faraday denklemleri onem arzetmektedir:
= d&
| 2) _ 2F 2F £ =—Nv—
v = i—f (1) a — R@ ~ Tgitlgetlgs Tga-lga (8) o
i tot oA I HolrA ﬂ@: —I(l—ﬂr)"-“'#u#rﬂ
(M + m)— +yv+wex = A CUS(ﬂf) (2) (2) _ 4F po pr A (9) (2_urig.l+{gz,{irﬂgz)(zﬁrim+£g2['1+_ur]—x[l—pt,-])
R{l}  2lg,+1gs [ Lt E#HEgl+fgz(1+1i:-}—fg4("1—.ur] E:_ —(1—py )4 g A

R(l} R = — 1) A2 4 F o iy A 4F o purA 2
tot air core oA o ld AD = Qj — Ho Ky Kol (10) dx (2,&{;-!51+£gg("l+,ur:l—x(1—,u;-))
dx

net = Tnet T (lyi+lg urtlgs | 2unlgstlgz(hir)-lgs(i-ir)
~Lga (1) 4P o pr A (11) — =V
dv yv r.uuzx

AD= —
(z.urfglng#r‘"Egz){z.{iriglng(l'*'.urj—-fgd(l—ﬂr)} [
dA —=—- S - cos(fLt
‘ HolrA E=—— (12) (M+m) (M+m) T (M+m) ( )
— 2 Hourd 2 A@‘“’ (13) _ ~(1-pr)4FpoprA
2Ug1+lg2 )ur+lg: - - . i 2
( glzzgg}i I fgd [P d@ dx = [EH;-fgl+igz("l+ﬂr)—X(1—ﬂ;-})
R(E} n R{Z} g1tlgatigs + (lg2—lga) £=—-N—— (14)
air core oA A dx dt do
0 Loy £ = —Npl—
dx
Displacement v.s._ time Welocity v.s_ time Voltage v.s. time

Displacement m)
WVeloctty (m/s)
Voltage/windings (Vftum)

1
2.5

1 1 1 1 1 1 1 1 1
time 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

time

(a) (b) (c)
Sekil 3. Yukaridaki analitik denklemlerin MatLab kodunda yazildiktan sonra Runge-Kutta sayisal analiz yéntemiyle zamana bagli ¢6zimd: (a) Nuvenin denge konumundan yer degisimi, (b) nilvenin denge konumuna gdére hizi ve (c) sarim sayisi
bagina uretilen gerilim.

Yukaridaki denklemler MatLab paket program kodu halinde yazilarak yukaridaki $Sekil 3(a-c) gibi ¢oztmler elde edilebilmektedir. Bu zamana bagli ¢ozUmler bize ayrica farkli parametre uzayini arastirma
imkanini vermektedir. Sekillerden goruldugu Uzere, hiz degisimlerinin yuksek oldugu ileri zaman ¢ozumlerinde Uretegten Uretilen gerilim artmaktadir. Bu da Faraday kanununu dogrular niteliktedir.

DENEYSEL CALISMALAR

Deneysel ¢alismalar, bolimimuzde onceki TUBITAK projeleri ile kurulan Alternatif Enerji Arastirmalari Laboratuvari ile Sine Enerji kurumunda gerceklestiriimistir. Sekil 4(a) butlin deneysel sistemi
gosterlrken imal ettlglmlz uretec Sekil 4(b)'de ayrintili fotograflanm|§t|r Bu sistem 1 Hz'den 50 Hz'e kadar yuksek frekans ¢ozunurliglinde sistemin titresim frekansma bagli davranislarini test etmemize

- | Imkan vermektedir. Sekil 5(a-c)’'de bu test sisteminden elde ettigimiz ornek u¢

gerilim dalga formu ve eslik eden nuve yer degistirmesi gosterilmektedir. Goruldugu

B = uzere gerilim formu tipki teorik calismadaki gibi yerdegisimine cok baghdir.

Electricalloads K | e s @ Deneyden ayrica, dalga formunun sintzoidal olmadigi goriunmektedir. Ayrintili

’ ' testler, sistemin dogal frekansi olan 16 Hz'de maksimum gulcun elde edildigini

gOstermektedir (Sekil 6(a)). Ayrica; Uretecin empedansina esit yuk ile gucun yuke
maksimum iletildigi goralmustar (Sekil 5(b)). Sekil 7’de Uretecten elde edilen

gerilimin titresim frekansina gore degisimini vermektedir.
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Underwater piezoelectric energy harvester
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Abstract— In this works we present an energy harvester for
underwater applications. It is based on a piezoelectric cantilever and
it can be used to harvest energy in water pipelines. We present a finite
elements analysis and the experimental results of the tests conducted
in a reduced size model of a real pipeline.

I. INTRODUCTION

In this paper we describe how we are powering a sensor to

monitor physical and chemical parameters in a water pipeline. In
order to provide self-powering capability to wireless sensor
devices, we decided to not use batteries but an energy harvester
[1, 2]. Generally, a turbine (e.g. Pelton, Darrieus) for capturing the
energy of the water flux is used, but we have chosen to exploit the
vibrations induced by the Von Karman Vortex [3] generated by
turbulence around a cylindrical or blunt body.

Fig. 1 shows a simulation of the vortex that a blunt body
generates in a water flux. Self-sustaining drag and transversal lift
force are generated by the vortex and after a transient the
excitation becomes periodic.

Time=4.07 Surface: Velocty magnitude (ms)
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Fig. 1. 2D numerical simulation of water flux around a blunt body in a turbulent
flow.

The work done by the vibrating lift force is converted into
electricity by using a piezoelectric element. This way to harvest
energy presents some advantages versus micro turbines:

. independent from flow direction;

. self-starting and reduced maintenance;

. small reduction of the flow pressure (1/100 bar);

. capacity to avoid solid bodies or particulate present in

waste or rain water;

. no need of flow constraint.

II. ENERGY HARVESTER DESIGN

The first version of the water flux energy harvester is based on
piezoelectric element, thus we named it Piezoelectric Vortex
Generator (PVGQG). The overall mechanical design of the generator
is shown in Fig. 2.

The transduction element is a bimorph piezoelectric beam that
is provided by Midé Volture company (www.mide.com, model

V21BL). Two piezoelectric layers are deposited on the side of
inner steel layer and have copper electrodes on both sides. Then
the beam is packaged with FR4 and presents a thickness of 0.8
mm. The mechanical water-air interface is disk-cap printed in
ABS. This element has the important function of feedthrough for
electrical connections.

Electrical r u,
contact \[Jf

Mechanical
interface N

Piezoelectric
beam
46 mm
Oscillating body
{cylinder)
40 mm
AU Y___.

Fig. 2. Design of the piezéei(ezctric linear energy harvester.

This energy harvester works in linear mode and its resonance
frequency, when in the water, is about 30 Hz. The excitation due
to the water flux is a sinusoidal force at the frequency f = Stv/d,
where St is the Strouhal number [4], v is the speed of the water and
d is the cylinder diameter. At the speed of 0.7 m/s, this corresponds
to a frequency of 6 Hz. Even if the two frequencies are different,
we obtained a good conversion confirming that our harvesting is
working on a wide band.

I1I. TEST SETUP

In our lab at NiPS we have built a reduced scale (1:10) water
circuit in order to test the energy harvester (Fig. 3). A pump pulls
and pushes the water from a reservoir through a 2 inches wide
pipeline where we placed the piezoelectric generator (PVG).
Smaller flexible tubes (1 inch in diameter, in yellow) connect the
test pipeline (in grey) to the pump and to the reservoir creating a
closed loop circuit.

The pump is a common one for water. It is made by Lowara,
model CEAM 80/5 A. It can provide a flux of 100 ltr/minute,
requiring a power of 0.75 kW at 230 Vac. We also provided a
power regulator to change the rpm of the pump and the flux of the
water.

Our target is to make this system work with a flux of about 100
Itr/s: we can expect much more power in a real scenario. Thus this
setup is useful to understand the capability of such kind of energy
harvesters.
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n Piezo generator

outlet

Fig. 3. Test setup for the PVG energy harvester. The yellow pipelines form a loop
where the water flows from a reservoir through the piezoelectric generator to the
reservoir again.

IV. PRELIMINARY RESULTS

We conducted several tests to evaluate our system. First, we
investigated if the water flux was enough to make our generator to
oscillate. After this we tried to optimize the depth of insertion of
the oscillator in the pipeline. We performed this operation
empirically trying to find the maximum output voltage with an
oscilloscope.

Finally we evaluated the amount of power that can be
converted in a typical working condition where the water flux was
travelling at the speed of 0.7 m/s. We loaded the piezoelectric with
a variable resistor and we have found that the optimal load value
is 300 kOhm. In these conditions the RMS value of the output
voltage is approximately 7 V and the corresponding power is
about 160 pW.

Fig. 4 depicts the output voltage when the piezoelectric is
loaded with a 300 kOhm resistor. As it can be seen, this signal is
not sinusoidal. This is due to the impacts of the cylinder on the
internal walls of the pipeline.

" Output voltage across load of 300 kQ
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Fig. 4. Output voltage from the piezoelectric energy harvester when connected to
a 300 kQ load resistor.

V. CONCLUSIONS

We have demonstrated an alternative technology to extract
energy from a water flux with minimal impact on the pressure in
the pipeline (0.01 bar drop).

We have also demonstrated that Von Karman Vortex can be
used to make extract energy from a flux by using a piezoelectric
and that this energy harvester has a wide frequency response.

The proposed system can be further optimized: e.g.
experimenting different shapes of the submersed oscillating body.

We are also working on self-tuning of the mechanical
resonance frequency of the energy harvester with excitation: water
speed can change and consequently the frequency of the
excitation.
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