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Multifunctiond Materials for Energy Harvesting and Sensing

Prashant Kumar

ABSTRACT

This dissertationinvestigateghe fundamental behavior ahultifunctional materials for
energy conversianMultifunctional materialsexhibit two or morefunctional properties,
such & electrical, thermia magnetic etc. In thidissertation the emphasis is on
understandinghe principles forenergy conversiorfrom one domain to another (e.qg.
thermal to electrical; or mechanical to electricély utilizing nanomaterials and
nanostructted materialssuch as carbon nanotubes, shape memory alloy (SMAJ,
flexible piezoelectric matialks.

Carbon nanotulse (CNTs) are known for their unique electrical and thermal
propertiesDevelopment of soligstate suspendedNT sheets having extresty low heat
capacity per unit area opens an opportunity dtlizing thermoacoustic phenomenon
(electrical to thermal to acoustic energy conversibaj results in sound generatiover
a wide range of frequencie®etailed theogtical modelingand expements were
conducted for understandiribe acoustics generation fromulti-wall carbon nanotubes
(MWNTSs) sheets. The sound pressure level (SPL)CGNT-based thermoacoustic
projector (TAPS) is proportional to the frequency and hence the performancesr@uuce
low frequency (LF) region which could be used for naisecellation SONAR and
oceanography applicationsExtensive analytical modelingin conjunction with
experimentsvere conductednvolving structurefluid-acoustic interactiorto determine
the opeationalphysical behavior of TAPs. Numerical model combines all the controlling
steps from power input to acoustic wave generation to the propagation in outer fluid
media. Power input to the computational domain is used to determine the frequency
dependenthermal diffusive length which governs the generation of TA waMM/NT
yarns/fibers/threadsvere also designed to harvesteanwave energy(mechanical to
electrical energy conversion)rheseyarnbasedharvesters electrochemically convert

tensile or tosional mechanical energy into electrical energy without requiring an external



bias voltageHarvesters were developed by spinning sheets of fdrastn MWNTSs into

high-strength yarns.

SMA wires exhibittwo unique properties: thermally induced marienso austenite
phase transformation and swmdasticity (stressnduced martensitic transformation).
These propertiesvere implementedfor developing the lowgrade thermal energy
harvesters(thermal to electrical energy conversioriylore than half of te energy
generated worldwide is lost as unused thermal energy because of the lack of efficient
methodology for harnessing tl@v-grade heatA systematic studis presented here that
takes into account all the key steps thermal to electrical conversisuch as material
optimization, thermal analysis and electricabnditioning to deliver the efficient

harvester

Next wsing thin sheets of piezoelectric materjalstrain energy harvestingrom
automobile tiregs studied (strain to electrical conversi Flexible organic piezoelectric
materialwas utilized for transduction in the harvester continuous power generation
andsimultaneousensing of the variable strain experienced by tire under different driving
conditions. Using sensors mounted onal tiee of a mobile test rig, measurements were
conducted on different terrains with varying normal loads and speeds to quantify the

sensitivity and sefpowered sensing operation.
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GENERAL AUDIENCE ABSTRACT

This dissertatiorstudiesthe potentialof carbon nanotubegarns and sheetpiezoelectric
sheetsand shape memory alloyires for energy conversioapplications.Multiwalled
carbon nanotube (MWNTSs) are known for ther unique electrical and thermal
properties. Large surface area, solid state seispended carbon nanotube sheets having
extremely low heat capacity per unit area were utilizeddiesignof thermoacoustic
projectors operating ovex wide range of frequeres. Detailednumericalmodelingand
experimentswere conductedor understandinghe acoustics generation from MWNT
sheets. Another potential application foMWNT vyarns is in ocean wave energy
harvesting wherethese yarrnbasedharvestersconvert tensilemechanical energy into
electrical energyHarvesters were developed by spinning sheetg\@INTs into high

strength yarns.

SMA exhibitsunique phase chandgpehavioron mechanical and thermal loadjnvghich
were utilized for converting lowgrade thermaknergy into electrical energyt low
temperaturegradients,where there is lack of methodologies for converting thermal
energy into electrical energ$sMA wire-basedenergy harvesterare shown t@rovide
ultra-high power densityExtensive experimentatn in conjunction with multphysics
modeling is conducted to provide understanding of energy losses occurring during the

thermal to electrical conversion.

Lastly, this dissertationinvestigates the mechanical to electrical conversion using
organicpiezoelectric material Self-powered strain sensing mechanism for autonomous
vehicle will provide new capabilities in monitoring the dynamics and allow developing

additional automated controls to assist the driver performance.



Dedicated

To my parents



Acknowledgement

| would like to thank Dr. Shashank Priya (doctoral advisor) for supporting my research

and giving me the freedom of exploring novel ideas. My discussions with him led to the
development of several new concepts in energy Bangeand sensing. | am thankful to

him for always finding time for discussions, advising on research and much more. |
couldnot have found a better doctor al advi s
support. | would not be where | am today withowt éiiforts in supporting me.

| wish to thank my committee, Dr. Hajj, Dr. Qiao, and Dr. Vick for providing their

suggestions and valuable time to improve this research.

| wish to express mygratitudeto the CEHMS and BMDL laboratories for their valued
support, insight, and collaboration on various research efforts. It has been a great
experience workingvith a group of very dedicated and intelligent colleagues.

| would also like to thank all my friends who have helped me throughout my academic

career.

It is beyond my words to thank my dear parents Mr. Dinesh Kumar and Mrs. Manju Devi

for the everything they have provided me and for the love and unconditional support
bestowed on me. | would like to express my profound gratitude to my wife Anamika Raj

forher patience, encour agement and unconditio
the support provided by my elder brotir. Nishant Kumaiin pursuing this journeyl.

would like to thank my idaws and family memberdvir. Anil Sharma, Mrs Seema

Sharma Mrs. Sangeetaylr. Akash Bhusharand Navikafor their constant suppognd

love. Last but not the least, | would like theersmy lovey daughter Praanjali, whose

presencand smilesalways motivated me texcel inthis journey.

vi



Table of Content

Y S 1 o it
GENERAL AUDIENCE ABSTRACT ...t ee e v
[ =To |03 11 0] o PSP RP v
ACKNOWIEAGEMENL. ... eeeeeene Vi
LISt OF fIQUIES. ...ttt e e e e en b eeeeeeeeennnnnn s IX
(O 0= T (] S PP PRSP 1
Background and ODJECHIVE ........coiiiii e 1
CRAPTET 2. 16
Understanding the Low Frequency Carbon Nanotube Th&ooustic Sonar Projector
Dy NUMErCAMOAEIING. ... .. s 16
Y 01 1 = V! P 16
1o o 11 o o o 1P 17
General description, problem staiemh and numerical approach...............cc........ 18
Theoretical description for computational analysis.............ccceevevieeiiieviiineeens 21
(0= 4 1= = | 23
Numerical results and diSCUSSION. ............oiiiiiiiiiiiei e 23
CONCIUSION. ...ttt e e e et e e e e eenes 39
RETEIENCES ...t e 40
(O T o] = S P 43
Understanding the Low Frequency Carbon Nanotube Th&ooustic Sonar Projector
by Experimental ANAlYSIS...........oveiiiiiiiiiiieeeeee e A3
Y 01 1 = oX F USRS 43
INEFOTUCTION. ...ttt e e e e e e e rb e e e e e e eenees 44
(011 8 41T = | 45
Results and diSCUSSION.........civeiiiiiiiiiiieiieeeciiiis e eeereeii e e eeneen e A9
(@0 o [od (1] (o o RO UPPPUTSPPRPPN 59
RETEIENCES ... e e aaas 60
(O g T o] (= S PP 61
Carbon Nanotube Yarn Based Ocean Wave Energy Harvester.......................... 61
ADSEIACL ... e aee 61
a1 oo (8 Tox £ 0] o I PP PR 62



Experimental Method....... ..o 63

ReSUItS @nd dISCUSSION.......ciiiiii e e et e e e eeenns 69
(@] 3T 11 153 o o R 86
] (=] €= o =P 87
CAPTET B Q0
High Efficiency Lowtemperature Gradient Thermal to Electrical Conversion....... 90
a1 o o 11 To 1o o 1P 91
S U1 94
[@0] 3T 11 13 o ] o 124
Methods and EXPEerimENtS .........ooi it e e e eeeees 125
] (] €= o = 128
(O3 0= 011 G TSP 132
Energy Haresting and Strain Sensing in Smart Tire for Next Generation Autonomous
RV 0] 132
Y 01 1 = Vo 132
INETOTUCTION. ...ttt e e e et e e e e 133
(0= .41 = | P 137
RESUIES ANd dISCUSSION.......uuiiiiiiiiiee ettt 138
CONCIUSIONS. ...ttt e e e e eeeeeeanes 156
RETEIENCES ...t e 157
Conclusion and FULUIE WOIK...........oiiiiiiiiiii e e e e 162

viii



List of figures

Chapter 1

Figure 1: Schematic showing the potential of MFMs for achieving the goals of sensing,
actuation and energy harvesting. Three main multifunctional materials: SMA,
piezoelectric materials and CNTs are chosen to achieve the above mentionedl goals.

Figure 2: Energy conversion methods by using different MEMS................cccooueeies 7

Figure 3: (a) Different parameters important for designing the better thermoacoustic
projectors (b) various steps of thermoacoustic projector (open sheet TA generation,
vibration and VIDreaCOUSTIC)-.........uuuiiiiiiiii e 9

Figure 4: (a) bfferent phase changes of SMA material on applying mechanical lpadin
and then thermal loading, (b) the two pulley design with SMA wire, (c) &(d) steps
of converting thermal energy into electriCity...........cccuuuuiiiiiiieeeiiiiiin e, 12

Chapter 2

Figure 1: (a) Schematic of the complete encapstildéxice showing the electrical input
to the vibreacoustic (b) Multilayer modeling layout for TAP and corresponding
schematics for each layer..........cooveeii i 20

Figure 2: (a) Mesh sensitivity test results, Mdeling domain for thermoacoustic (TA)
evaluation, (c) thermal diffusive length generation at different frequencies..24

Figure 3: (a) Sound pressure level (SPL) in air with increase of frequieisey.images
show the experimental setup. CNT sheet used for experiment and modeling has
dimension: 1.65x2 cfAll the results are shown for power: 1W and at distance: 3
cm, (b) SPL in air with increase of frequency for the large MWNT sample. Inset
imagesshow the experimental setup. CNT sheet used for experiment and modeling
has dimension: 18x3.2 émll the results are shown for power: 1W and at distance:
3 cm and 30 cm, (c) Sound pressure level (SPL) comparison of modeling with
literature values [1], (dBPL in air with increase of power............c.....coouunee.ee. 26

Figure 4: (a) Numerical and theoretical SPL in air, argon and xenon with increase of
frequency for 5x5 cisheet, (b) comparison of SPL in air and argonfgad5x15

cm2, (c) Numerical and theoretical SPL for 15x15 cm2 in air at different distance of

iX



3 cm,20 cm and 40 cm. Inset image shows the spatial pressure variation, (d)
Numerical and theoretical SPL in air, argon and xenon with increase of power for
5x5 cn? sheet, () numerical and theoretical SPL for 15x15inmair and argon at
different distance of 3 cm and 20 cm, (f) SPL with increase of distance at different
frequencies. Raleigh distance (R.D.) is shown by a green vertical dashed.li28.

Figure 5: (a) TAP used for layer 2 and 3 results and other parametric analysis, (b)
Simulated frequency response of the vibrating plate "thl@&er modeling, (c)
Simulated velocity profile across the diagdof the TAP shown in Figure 2(a).29

Figure 6: Schematic showing vibexoustic layer of modeling...............oooovvvviinnnnnn. 33

Figure 7(a) comparisorof expeimental and modeling frequency response of the glass
projector, (b) Experimental and modeling resatisnparisoron increasing the
d e v i stifmess (c) Pressure vs distance calculation for three different frequencies,
(d) pressure/ power vs power pldts experimental and modeling results........ 34

Figure 8(a) Frequency response of TAP having different internal fluid loading in air
medium, (b) comparison of aiilled and water filled device in wat medium, (c)
frequency response of TAP with different internal pressure in air surrounding,

(d) frequency response of TAP with different internal pressure in water surrounding.

Figure 9: (afrequency response of several devices made of Aluminum, glass, and carbon
fiber (CF) plates under two category of plates separation: 1 mm and 2.5 mm. The
effects of air and water loading are calculated through numerical analysis, (b)

Acoustic pressure desase in air and water with the increase of separation

(frequency also decrease with the increase of separation).................ccceee.. 37
Chapter 3
Figure 1 :(a) and (b) schematics of two different encapsulated device................ 46

Figure 2: (a) Schematic of vibrational characterization experimental setup, (b) Anechoic
chamber experimental setups for sound pressure measurement.n.ai......... 47

Figure 3: Underwater vibration and acoustic measurement setups..................... 48

Figure 4: (a) Frequency response of device 1, (b) mode shapes in air, (c) Input at half of

the outt frequency, (d) displacement profile across x afaig....................... 50



Figure 6: (a)Pressure vs distance for device 1, (b) Pressure across the diagonal points of
device 1 at different POWET.........uuui i 53

Figure 7: Directivity of device 1 at two different power iNnput.............cccceeiveeiieeennns 54

Figure 8: (a) Vibrational frequency response for device 1 in water, (b) mode shapes in
water medium, (c) Velocity comparison of radiating plate in air and water, (d)
measured sound pressure in water MediUM..........covvveuieeiiiiierrereineeeeaieeeens 56

Figure 9: (a) Device 2, (b) Vibrational frequency response, (¢) Mode shapes of device 2.

Figure 10: (a) Pressure vs power for device aiirmedium, (b) Pressure vs distance for

AEVICE 2 1N AN MEBAIUM L ..t 57

Chapter 4

Figure 1: Yarn fabrication:(a) Cone spinning yarn fabrication, (b)Auetimedean yarn
L2211 0 (0= 4 (o o S 64

Figure 2: (a) Schematics showing the thwesy electrode system for the experimental
measurements. Yarn is designated as working electrodes, platinum mesh with
buckypaper as counter electrodes and Ag/AgChaeference electrode. OCV was
measured between working electrode and Ag/AgCl in all the experiments, (b)
detailed schematics of experimental setup used for wave generation. Stable standing
waves are generated for different amplitudes to characteriZR\#dT harvester.

Figure 3: (a) Schematic showing the ydmmy configuration in ocean wave, (b)
schematic showing the CNT yarn harvester in NaCl electrolyte, (c) equivalent
electrical circuit dagram for CNT yarn energy harvester, (d) schematic showing the
correlation of yarn stretching under wave and the capacitance change, (e) SEM and
AFM images showing the surface morphology of yarn, (f) the height profiles across
and along the thread of t@NT yarn (xaxis and yaxis shown in Fig. 1(e))....... 67

Figure 4. SEM images of 2 layer anddyer yarn: (a) and (c)-Ryer yarn, (b) and (d)-5
oY= 7= 1 TP 68

Figure 5: SEM and AFM image ofl&yer CNT yarn...........cccooevviiiiiiiiiiiieieeee e, 70

Xi



Figure 6: 5 layered MWNT yarn harvester characterization by stretching: (a) Cyclic
voltammetry curve for the ustretchedyarn, (b) pealpeak OCV for different
frequencies at fixed stretching of 10% strain, (c) frequency dependent SCC at fixed
stretching of 35% strain, (d) OCV at different strain at fixed frequency of 0.5 Hz.
Inset image shows the strain vs OCV generatecerfept linear trend observed7?2

Figure 7: Modeling results :(a) Schematic showing forces acting during wave motion, (b)
Experimental and modeling of float and evaluation of broader damping aeetffi
(c=5), (c) Electrolyte wave and yarn dynamics compariSO......................... 73

Figure 8 : Linear relation for calculating spring constant of 10 layer yarn............76

Figure 9: OCV generation in standing wave environment: (a) Wave modeling and
empirical OCV comparison with experimental results at different wave input
amplitude. In all the experiments frequency remain constant = 2 Hz. A dashed
vertical lineshown in the graph beyond which experimental OCV starts saturating.
Inset images show the front/top views of the harvester and SEM image of yarn used,
(b) SEM image taken after the yarn is utilized for harvesting. Dashed boxes shows
the presence of NaCl giles at the junctions of coils. Another SEM image is the
zoomed section, showing the wear and tear of the yarn after long use in wave
ENVIFONMENE (~ 6 NOUIS).....ccuiiiiiii e e e e e e e eaa e e eees 77

Figure 10: Voltage generatioty DualArchimedean yarn in wave environment......79

Figure 11: 5 layered MWNT yarn harvester characterization by water column oscillation:
(a) Small scale setup for generating the heave motion of, fl@ frequency
dependent SCC at fixed amplitude (1.54 cm), (c) voltage and current at variable
resistances at 0.5 Hz frequency, (d) power generated from the harvester at different
resistances and different frequencies, (e) specific energy (power na&unalith

frequency) across the variable resistance, (f) specific power at different resistances

and wave amplitudes (S1= 1.54 cm, S2= 0.7 cm and S3= 1.23.cm)............ 80
Figure 12: Voltage generation in afhsetup on different amplitude of water oscillation.
.................................................................................................................. 82

Figure 13: 2layer yarn characterization in ocean water and 0.1M HCI solution: (a) OCV
of yarn in ocean water at different frequencie3, @€V of yarn in 0.1M HCI at

different frequencies, (c) SCC of yarn in ocean water, (d) SCC of yarn in 0.1M HCI,

Xii



(e) specific power and energy in ocean water, (f) specific power and energy in 0.1M

Figure 14: Potential application: Infrasound generation and mechanical amplification of
frequency: (a) PZT transducer velocity and sound pressure level (SPL) at different
input voltage at 2Hz frequency, (b) low frequency input from shaker (mingdkie
water wave motion) to the frequency amplifier, (c) design showing the gear box
which amplifies the wave frequency to produce electricity. Black thick line
represents the yarn attached to the system, (d) high frequency OCV output on low
frequency meltaniCal INPUL...........cooiiiiiii e 84

Chapter 5

Figure 1: Thermal energy available at various locations (industry, home, and geothermal
sites) for potential deployment of SMA based heat engine. (a) A bar chart
representing the potential of thermal energy harvesting in various categories
(subdivided on the basis of temperature range).[24] The graph is redrawn on the
basis of data given in reference 36, (c) Various home and industrial hot pipe
locations for effectiveutilization of SMA engine, (d) An array of SMA engines
deployed on pipe (along with single device) for the prospective utilization of hot
thermal zone for maximizing the power and reducing the carbon foot print..92

Figure 2: (a) Schematic of shape memory alloy engine, (b) Schematic representation of
displacement vs. temperature profile of shape memory alloy. With increase in
temperature, displacement decreases and generates the differentialdersssrihe
PUILBY . et e e e e aar e 93

Figure 3: DSC results for five different wires from various companies, (a) Wire 1 (0.25
mm, Muscle wires), (b) Wire 2 (0.38 mm, DYNALLOY, Inc), (c) Wire 3 (0.2 mm,
Johnson Mtthey), (d) Wire 4 (0.38 mm, DYNALLQY,Inc), and (e) Wire 5 (Sci

Figure 4: DSC results for annealed SMA wire (selected for SMA engine) at different

temperature scanning rate; 5,10 aBd@min. Annealing was done at 680 for 30

minutes, (a) complete cycle of heating and cooling of sample, (b) and (c) enlarged

Xiii



graphs of heating and cooling profile, and the comparison at different temperature
FAIMPING FAL... . eeiieeti ettt ettt e e e et e e e e e e et e et r e e e e e e tb e e e eeneeenes 97

Figure 5: DMA results for wannealed selected NiTi wire, (a), (b),(c),(d),(e) and (f)
shows the comparison of tan delta results of wire for different temperature scan rates
AN FTEOUEBNCIES ...ttt et e e s 98

Figure 6: DMA results for wiannealed selected NiTi wire, (a),(b),(c),(d),(e)and (f) shows
the comparison of storage modulus results for different temperature scan rates and
TTEQUEINCIES. ...ttt e eeeeeen s 99

Figure 7: DMA results for annealed selected NiTi wire, (a),(b),(c),(d),(e)and (f) shows
the comparison of storage modulus results for different temperature scan rates and
L0 [T (011U UPPPPTTPPPIN, 100

Figure 8: Conceptual diagram for modeling of moving wire. For simplicity of modeling,
wrapped wire is converted into linear Moving Wite............c.uuevveeiieeeneinnnnnn. 103

Figure 9: (a) Horizontal vibration prodlof wire during system operations, (b) The time
domain vibration profile is converted into frequency domain to observe the
dOMINANE frTEQUENCIES. ... .ceiii e e e e e e e e e e eeees 103

Figure 10: (a) Schematic showing the setuptli@rmal analysis of thin dynamic shape
memory wire (graphite coated) wrapped around pulleys, (b) Differential scanning
calorimetry (DSC) results for SMA wire, with and without graphite coating. The
differences are small, therefore, any significant effest wire behavior during
thermal analysis has been neglected..............ccooov i, 104

Figure 11: Dynamic thermal investigation of thin SMA wire (active material in the
engine) by IR thermography. (a) Basic design lid SMA engine. The active
material is divided into many sections for accurate thermal profiling of thin and
vibrating wires, (b) Experimentally obtained temperature profile of moving wire (in
steady state) fors1section of active material at particulaynéhmic condition and its
comparison with modeled temperature profile at different predicted heat transfer
coefficients (h). Temperature profile obtained at h=250 \WKis matching with
experiments, (c) Temperature profile for the all the sections wheeeisvicooled
continuously after emerging from hot source. Section just before hot source acts as

transition zone for heating of cooled wire, (d) Complete thermal cycle of engine

XV



from heatingcooling-heating, and comparison of cooling profile with predicted
value and theoretical relationship developed by S.Kase et al.[28].............. 106

Figure 12: Reversibility test of heat engine. Hysteresis is observed for dynamic system in
forward and reverse COOlNG...........uuuiiii i 107

Figure 13: Performance characterization of optimized SMA engine for energy harvesting
purposes. (a) SMA engine performance under load for increasing and decreasing the
temperature continuously, )(performance optimization of SMA engine at different
dip angle (length of wire exposed to hot bath), (c) engine performance (in terms of
lower pulley rotation) with different form of necontact heat sources such as hot air
and hot plates, (d) SMA engirmeerformance (in terms of upper pulley rotation) at
different temperature of hot bath................oooiii 110

Figure 14: Mechanical power calculation for SMA engine. (a) Angular velocity of upper
pulley along with & order polynomial curve fit when hot water is maintained at
69°C, (b) Angular velocity, derived torque and mechanical power (considering the
upper pulley) in time domain, (c) Angular velocity, derived torque and mechanical

power (considering the lower pey) in time domain, (d) final evaluated mechanical

Figure 15: Schematic showing the experimental setup for quantifying the convefsi
thermal energy into electrical energy.........ccccoeeevviiii e 112

Figure 16: SMA engine performance. (a) Mechanical power for two different thermal
input conditions. Maximum mechanical power obtained is 52W/kg Y¥pbrfor
operating range considered in this study, (b) Generator (motor operated in reverse)
shaft rotation per minute (rpm) at different load with different thermal input
temperature from hot water bath, (c) Output current and output voltage as a function
of external load resistance for particular thermal input condition, (d) Power obtained
as a function of external applied resistance at different thermal input. Maximum
electrical power obtained is 36W/kg (18mW) within the operating temperature range
at 69% of generator efficiency. The matching external resistance for maximum

pOower OUt . Pt inS . ZiQuY e 113

XV



Figure 17: (a) Schematic of multiple shape memory alloy engine in a constant
temperature reservoir, (Igummation of maximum dc power obtained from three
different SMA based heat engines...........coovviiiiiiiieii 114

Figure 18: (a) DSC analysis of SMA wire with temperature ramping rate of 10°C/min.
(b)-(c) Thermodynamic cye for shape memory alloys............cccoeevvviieveennn. 115

Figure 19: Efficiency of low temperature smsadlale SMA engine. Comparison of
different type of efficiencies for the SMA engine. Carnot efficiency is calculated
from heat source and sink temperatures.
efficiency and evaluated as electrical power output/ thermal energy input. Material
thermodynamic efficiency is deduced from the phase transition curve of SMA wire
by using fundamatals of thermodynamics. This gives the maximum material
capacity for power scavenging. Relative efficiency is defined as absolute
efficiency/Carnot efficiency. SMA engine performs maximum efficiency when hot
water bath is at 70°%C........oiiii e e 116

Figure 20: Comparison of efficiencies between experimental results (Hao et al.[1]) and
simulation results of the thermoelectric device for higher temperature (>100°C).
Extrapolated simulated efficiency results of rtheelectric device for lower

temperatures (<100°C) are compared with experimentally obtained-&igife.

Figure 21. Comparison of SMA engine with existing state of the art thermal energy
harvesting technology such as TEG, and experimental setup for powering acoustic
projector. (a) Simulation results on TEG under different boundary conditions and
comparison with the efficiency of basic version of SMA engine, (b) Various power
density indices sutas power per unit volume and power per unit mass of active
materials along with efficiency are compared for TEG and SMA engine, (c)
Experimental setup for demonstration of practical thermal energy harvesting for
reattime under water acoustic measuremdd) Time domain acoustic pressure
waveform generated in water from a small SMA engine. The pressure was recorded
at 2 cm above the device by hydrophone...........ccooooviiiiieeiici e 119

Figure 22: Experimental setup of SMiat engine for redime water health monitoring.

XVi



Figure 23: DMA tests for evaluating stress and strain of SMA wire for 3.days...122
Figure 24: Long hour of operation of SMA heat engine...........cccccceeiiieieeeeeennnnnn. 124

Chapter 6

Figure 1 (a) Schematic of an autonomous vehicle on the road. (b) Oil spill due to a flat
tire-related accident causing sars environmental threat. (c) The distribution (%)
of tire-related crash vehicles including their types. (Source: U.S. Department of
Transportation, National Highway Traffic Safety Administration)................ 135

Figure 2 (a) Schematic of the tire deformation with different types of strain. (b)
Schematic waveform generated due to the tire deformation. (c) Experimental
waveform due to the tire deformation. (d) Voltage -coefficient of various
piezoelectric matera | s . (e) Youngds modul us.138f vario

Figure 3: (a) Retention percentage of PDVF property, used in the study, at different
temperatures. The material shows the goodntiete of 1 even at a higher
temperature for a long duration (100 days) (replotted from datasheet
http:/lwww.piezofilms.com/products.html ), (b) Patch voltage output versus a
number of days under mechanical excitation of 16.Hz.........................cc..... 140

Figure 4 (a) Photograph of the laser scanning path for measuring displacement. (b)
Surface displacement measured using laser vibrometer. (c) Displacement at the
center point of tire section. (d) Simulated maximum strabntour for the
displacement input shown in Figure 4(c). (e) Performance of organic piezoelectric
patch at different temperatures. Inset image shows an infrared camera photograph
indicating temperature distributiQn..............ccooooviiiiieeei e 141

Figure 5: Output voltage at different displacements for (a)7 Hz, (b) 9 Hz, (c) 11Hz, (d) 13
Hz, (e) 16 Hz. (f) Output voltage versus frequency at different displacements. The
displacements were measured at the center point Getitéon......................... 143

Figure 6 (a) Power output versus resistance at different frequencies at controlled
displacements (measured at center point). (b) Power output at the increased level of
shaker ampliide (50V input) from the piezoelectric sensor. (c) Voltage output at

different frequencies for an increased level of shaker amplitude selected in (b). (d)



Figure 7: Force versus voltadgata for the force sensar............cccociiiieeeeeeeiinnnnn. 145

Figure 8 (a) 78 LED were powered using the piezoelectric patch under consideration. (b)
Wireless data transfer demonstration using power stored from the piezoglatith
mounted on the tire section. (c) Temperature and humidity data transferred
wirelessly by utilizing stored energy. (d) Power management analysis for various
current technologies. The dotted lines show the power (~225 pW) requirement for
data transdr (~60 data per MINUEE)..........cooieiiuiiiie e ieereeii e 146

Figure 9: The electric circuit for powering wireless data transfer system........... 147

Figure 10: (a) Radial disptement of the tire as a function of angular position at three
different speeds of 5 mph, 10 mph, and 20 mph. It can be noticed that the
displacement remained same for all the speeds with respect to the angular position.
(b) The tangential displacement a$unction of angular position for three speeds. It
can be observed that the amplitude of the displacement remains the same. However,
the rate at which the displacement changes with time, increases with speed. (c) The
voltage response as a function of dagyosition for three speeds. (d) The voltage
developed by the piezoelectric patch at different speeds is shown as a function of
time. Although the displacement of the tire was not increasing with speed, the
generated voltage and the power was founddeease with speed................. 150

Figure 11: Effect of piezoelectrgatch (integrated with tires under 3000N load and 28
pSi tire pressure) IeNgih..... ... 153

Figure 12 (a) Test setup for the field experiments.-(#)) Waveform generated due to
tire deformation at the speed of 10 mph on different terrain and loads at 28 psi tire
pressure. (e) Comparative waveform change at different speeds of 10 mph and 20
mph. () Zoomed image of one cycle of waveform having different wheel. ldEs#

Figure 13: Waveform generated under variable tire speed, normal load, and tire pressure.

Xviii



Chapter 1

Background and Objective

Background

Multifunctional materials (MFM) combine two or mordunctional properties such as
electrical, thermal, magnetic etc. MBMan be found in nature artificially tailoredto
meet the needs of@articular requirement. Dependingpon the system requirementa
structurally robusMFM canbe developed by utilizing the advances made inkdbgom

up approachege.g. nanotubes to macroscale shedthgring the nanoscale properties of
a structurally robst material couldorovide additional capabilities in sound generation,
sensing, thermagnergy conversion, mechanical energy converaienergy storage.
The application of sucMFMs canbe in many industries such as oil and gas, chemical,

energy, medicie, electronics et¢l, 2]

Naturedemonstratesariety of exampledor the multifunctionabehavior,for example,
bone, human skin etc. Bones are composites made of different chemicals such as collagen
and calcium phosphat¢hat contributegowardsvarious body functions such as muscle
activity, body structureand support. Similar tobone our skin also contagnmany
components such as receptors, hair follicles, and blood vessels prbigtiescapability
for many functions [3]. These natural MFM#$ave evolved through gradual and slow
biological processs However, marmade MFMs could be engineered fadierexhibit

desiredcombination of properties that meet the specific platform requirements

In smartworld, in order to obtairenhancedystem levekfficiency while adding new
features MFMs are becoming the choice for product desigre capability ofa materal
to respod according to theehanges occurring in theearby surrounding in eelevant
manner will havealirectimpact on the system performanséany systems based on these
MFMs are being developed toprovide dynamic capability in response to changes in

external stimuli This provides advantagesreducing size, weighdand complexity while



improving the efficiency andafety B]. The otheradvantages of MFMare that thegan

be programmedto exhibit specific properties in response to changes occurrinthe
environment, thereby, providingertainlevel of predictability in the dynamic conditians
Inspired by the advances made in understanding and implementing MFMs, this
dissertationinvestigates three class of materials that provide unique properties fo

developing new applications

Ferreira et al[l] have discused the overall cost analysis of the multifunctional
material systems (MFMS) comping of all the categoriesuch as MM, multifunctional
composites (MFC) and multifunctional structures (MFS). The cost anadysivided
into five categoriesraw materials, fabrication, assembly, maintenance aneracunring.

In terms of raw materiaghssembly and maintenan®FMS haveadvantagevith respect
to their counterpart, since thmaterial components can be combinedaircalculated
mannerto achieveparticular set of propertiesthat resultsin reductionof the overall
number of parts and thereby improve assembly and mainteriaigcebvious thatesser
number of parts in the system will simplify assembly and reduce maintefigncehe
major challengen deployingMFMS is costdue to thecomplexmanufacturingprocess
and combinationof multiple intellectual resources. Till date manufacturing and material
fabrication techniques used to desiiFrMS are exensive and have limited scope in
achieving the scalabilityRecent advancements &D printing techniquecould provide
pathway towards manufacturing these complex system-MS involves the core
competencies frondiverse scientific field and thereforeequires collaborationsand
expertisefrom various industry1]. 3D printing enableshat collaboratiomaturally by

providingavenugo combine the materials into programmable morphologies.

We can categorize the MFMs into various groups depenadjog their response to
external input (orstimuli) and functions. For example, piezoelectric materdaiverts
electricalsignalinto mechanicabutput or vce-versa. Shape memory alloy/polymer have
unique properties of stress generatinrresponse tahermal inputsMaterials such as
thermoeleatc (thermal to electricityconversionand vce a versg, dielectric elastomer

(electricity to strain), magnetostrictive (magnetic field to mechawclietdrmatior), smart



gels (thermalpH responsiveand photochemical (light responsive) etc. are othesselm

of MFMs or MFMS. Emergingmaterials such as carbon nanotubes, graphadether
carboraceous nanomaterials are also considered as MFMs because of their high
mechanical strength and electrical/ thermal conductivity. These matar@alalready
exhibiting promising results ienergy harvesting and sensggplications

Another interesting development in the community has beeintegrationof MFMs
into a composite MFM that provides additional capabilitiEsese materialare being
developed foectuation, sensingnergy harvestingndstorage. For example, researchers
have combined the power producing featuséshe fiber compositef3, 4]. Each fiber
was converted into individual battery by coating the catl@dkanode layers along with
electrolyte This conceptof making the fiber a multifunctional material and utilizing its
surface areas comparetb that of foil of a thin film battery helped in generating greater
energy outputPiezoelectricmateria] mentoned earlier, isutilized for all the purposes
such as actuatiofb], sensing[6] and energy harvesting]. The inversepiezoelectric
effect (conveling electricity intomechanicatesponse) is the primary basis of using it as
actuationdevice. Convetional PZT ceramics (used axtuatoy are often bulky and
heavy and cause thHagh stressggeneraibn on integrating with théIFMS. Therefore,
efforts have been made wards fabricaing the nanofiber,and nanorod/wire based
piezoelectric material8]. By using the direct piezoelectric effect, piezoelectric materials
are heavily used fosensing purposes such as structural health monitoringrotice
interaction sensing, fluid flow sensing etc. In addititimeir use inscavenging stray
energy from nearby surroundirfgr changing one form of energy into other)gaining
momentum. The delopment of the Internet of Things hascelerated the design and
development of lowpower sensor systems. Sgibwered sensors that caollect and
transmit datawithout ary need for external power supply are highly desirable.
Piezoelectric MFMs are wide used to harvest mechanical energy. Several piezoelectric
materials, such as PVDF, Zn@nd otheleadfree piezoelectric matermhave been used
to develop the nanogenerators for energy harvesting. Apart from piezoelectric materials,
various bioinspird MFMs or MFCs arebeing developed for theabove mentioned

sensing, actuatioandenergy harvesting applicatians



Shape memory alloy (SMA) and polymers #ne anothetype of functional materials
that havewide range of application for actuatidf], sensing10] and energy harvesting
[11]. SMA generatesstressdue to phase transition ompplying the thermalgradient
Design of SMA-basedMFMs has evolved significantly over the past few decades
Severalndustries such as medical, aerospace, and robotics ete 8MiA-basedVIFMs
for various electrical, thermal ostress activate@ctuation Carbon nanomaterials are
another importantategory oMFMs thataregaining importance across the globdis is
because otheir extraordinary mechanical, thermal and electrical properties. Carbon
nanotubes (CNTs), graphene, carbon nanofibers are diffemeng of carbormaterials
with significantly different properties CNT-based twisted yarns are utdd for
converting mechanical energy into electrical enef@®] through electrochemical
process. Similarly, graphene sheets are also used for many purposes such as sensing and
energy harvestinflL3]. In addition,these nanomateriaége utilizeddopantgo theexiting
material in order to add new capabilityfFor example, imaircrafts we needa higher
electrical conductity polymer artgo transfer the electricity from thunder. Researchers
havestudied the polymer matrix nanocompeditled with carbon basedhaterials for a

possible replacement of existing polymer maftix14].

Various other MFMS are also very important in terms of delivetimg different
functions for addressingthe important needs. For example, thermoelectric,
magnetosctrictive dielectric elastmers materials are also used for different purposes
such as thermal energy harvestja§], magnet energy harvestinfl6] and mechaical
actuationsrespectively[17]. This brief outline to the MFMs/MFMS only scratch the
surface of the various ideas, concepts, demonstradmasscientific understanding
developed so far. This is indeed a very growfilegd and hasmpactin almost all the

field of research where materials play the primary role in systems functionality.

In the light ofimportanceof MFMs, thisdissertatiordenonstrates the utilization of few
key multifunctional materials such asmnotube materialsshape memory alloyand
piezoelectric materiab understand the physics of various type of energy conversion and

achieve some of the important applications such reeygy harvesting, sensingnd



actuation in various domains. Figure 1, shows the schematic diagram which describes the
broader fields such as sensing, actuatiad energy harvesting. As we have seen from
abovediscussion that to give the solutions for meméd fields, we require a lot of efforts

(or may benot possible in many cases)uiifunctional materials are utilized. Therefore,

in this work, the study based on different MFMgere developedcaind addressed the
sensing, energy harvestjirgndactuationproblems. Along developing the study, various
analysis and discussions are included to demonsirgiertanceof this work and its

standing with respect tourrentstate of thearttechnologies.

Carbon nantubes based sheets and yarns wesedfor aduation (acoustic generation
by actuating plates) and energy harvestirggpectively CNT thin selfsuspended dry
sheets (a type dfIFM) were utilized to convert electrical energy to thermal to acoustic
pressure wave (thermoacousti€hese pressure wavdgen used to actuate the isotropic
plates surrounding it, and produce the vibration. The vibrating plate then produced the
vibro-acousticsound. Further, CNT sheets are twisted to produce yarns and used to

convert the ocean wave mechanical energy dirédibyelectrical energy.

Energy
Harvesting

Solution?
_..._..._

Multifunctional materials (MFM)

Shape
memory terial

Piezoelectric Carbon nanotubes
(CNT) Sheets/yarn



Figure 1: Schematic showing the potential of MFMs for achieving the goals of sensing,
actuation and energy harvesting. Three main multifunctional materials: SMA,
piezoelectric materials and CNTs are chosen teegeltheabove mentionedoals.

SMA materials, as described above, are very effectiveonverting mechanical
response on thermal loading. SMA based wires are utilized to dessdtgmaticstudy
for efficient thermal to electrical energy conversién. ultrahigh electrical power density
has been demonstrated which is enough to power various sensors. Moving forward,
another MFM, PVDF material has been utilized to develop thepselered sensing
solution for the tires. This is an attempt to make treeititelligent and prepare it for the
next generation autonomous vehicle. This is the study wdechonstratehe real field

application of used MFMs.

This work, hence, uniquely position the different MFMs to solve the existing
challenges of acoustgeneration (by actuation), ocean energy harvesting (mechamical
electrical energy conversiol), thermal energy harvestin@hermal to electrical energy

conversion) and sensing of vehicle parameters.

Dissertation Objectives

The primary objective ofthis dissertations to understand the basic physics of energy
conversion mechanisms for a selected group MiFMs with fiber or sheet like
morphology (carbon nanotube yarns and sheets, shape memory alloy wires, and
piezoelectric polymer thick films). Basedpon this understanding, the secondary
objective is todemonstrate thapplication of these selected MFMssound generation,

energy harvesting and sensing.

MFMs based devices and systems have emerged as a prominent research field and
growing at rapd pace. A diverse range of applications (as describedaokground
section) utilize these materials as energy harvester and sensors for structural health
monitoring in automotive industries, medical field etc. This rapid progress in the

establishment andeployment of MFMs requiremvestigationsacross a wide spectrum



of topical areasThere isneedto developfundamentalunderstandingand new ideas
which could help intranslationof these materialsin addition to material uniqueness,
MFM based systenmalsorequirevarious strategies such as system modeling, design
fabrication for the final product to be used for different energy conversibis
dissertationaddresses these needs and provatesics of energy conversions utilizing
the selectedMIFMs with specialform factor Keyaspects of thidissertatiorare:

U Investigatethe fundamentals and challengg®m materiat to experimental

prototypefor energy conversion.

U Demonstratefunctional devices andletermine their performance parameters

under ealistic boundary conditions

U Conduct thoroughmaterial investigatios) mathematical or numerical modeling,
and design newexperimental techniques tguantify the behavior ofMFMs for

energy harvesting and sensing purposes
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Figure 2: Enagy conversion methods by using different MFMs



This dissertationaddressewariety of energy transformation techniques using CNT,
SMA and piezoelectric materials. Figure 2 shows the schematics of energy conversion.
Carbon nanotubes based solid thinethewere used to convert electrical energy to
thermal wave and then acoustics (mechanical energy). CNT based yarns and piezoelectric
materials were investigated to convert mechanical energy (from ocean wave or vehicle
road interactions) to electrical engrg¢Memory materials were discussed to develop the
low gradethermal waste recovery device to produce electrical energy.

In the following sectionsscopeand impact of different chapters basedwifMs will be
discussed briefly.



Chapter 2 and Chapter 3

Carbon nanotube (CNT) sheets provide the opportunity to deu#hatight, miniature,
and flexible sound sources operating over wide frequency domain th&ngoacoutic
(TA) phenomenon. Based on shetts TA transducersere developedFigure 3shows
the important parameters and operational steps which could be optimized for better

efficiency.

(a)
29
4 @)

(b)

Figure 3 (a) Different parameters important for designing the better thermoacoustic
projectors (b) various steps ofhermoacoustigprojector (wen sheet TA generation,

vibrationandvibro-acoustig.

A unique feature of TA transducers is the synchronization of various physical effects
(vibration dynamics, thermal transport, and molecular dynamics) for achieving high
acoustic pressure. The ssuidal heating of the adjacent gas by the CNT sheet generates
the thermoacoustic pressure wave which drives the end plates resulting in sound pressure
wave generation in the surrounding fluid domain. Since the input electrical power is
converted into acotis pressure through multiple intermediate steps, a multilayer model
was developedh order to include all physical effects, namely: (i) an electrical AC input
drives the CNT sheet resulting in a pressure pulse within the closed system, (ii) this

internalpressure acts as the driving force for the vibrating plate of the encapsulated TA
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projector, and (iii) the vibrating plate generates an acoustic pressure wave in the outer
fluid medium. This comprehensivehermovibro-acoustic model provides the
fundamenthfoundation needed for a parametric study of the TA performance. After
modeling, devices are fabricated and tested systematically tested for vibration and

acoustics in air and water medium.

Chapter 4

In renewable resources domain, water wave orro¢elaie energy) is a big source of
kinetic energy which is getting attention sirfeev decades. Our globe has two third of its
surface covered with ocean and other water bodies. These oceans have a large potential
of energy in the form of tidal energy, @ewaves, ocean currents and ocean thermal and
salinity gradient§18, 19] A researclpredicts the theoretical energy of around 7.4 % 10
J available per year fronmé ocean in different forms, which should be enough to fulfill
presentand future needs of the eneidy]. Water wave availableniDeep Ocean igery
attractive aspect for energgavengingsince it is available all day and night, predictable
and mostly independent of weather conditiomike solar or wind. Thus, ocean wave

harvesting indeed is a good opportunity to meet the glodedof energy.

To provide the solution for ocean energy harvestingtlter MFM CNT yarnwas
utilized. This chapteprovides the first systematic study of wave energy harvesting based
on multiwall nanotubes (MWNT) twisted and coiled yarns. This teldgy of converting
mechanical energy directly to electrical energy is discovered recently by our[@&up
Since it generates energy from twisthus wa s call ed ATwi strono.
electrochemical method which because of change in its capacitamcecoceert
mechanical to electrical energy. In tisisidydifferent yarns were fabricated and a wave
generator was designed to run the experiments similar to the ocean wave environment. In
all the experiments real ocean water (or 0.6 M NaCl for tank tesis) used to
demonstrate the feasibility of the device in real ocean condition. A theoretical framework
was developed anémpirical relationship was deduced to predict the voltage and

compared with the experimental outcomes.
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Chapter 5

Lawrence LivermordNational Laborator§ s r e ¢ €2015)shewsuhdtgbout59.1
quadrillion BTU of energy isrejectedto the surroundingsn the form of waste heat
energy[20]. Most of the rejectedhermal energy is classified as lgywade waste heat
(hot-side temperature less than 28D SMA based thermal engine provides
transformativepathway to harness the abund&oow gradeheat currently dicarded in
ambient as waste, thereby not only providing -@f&ctive electricity generation but also
reducing environmental impad®ractically, SMA engine can be deployed at any location
where only moderately high temperature (%B0fluid is available(e.g., exhaust and

water pipes).

SMAs, explained as unique MFMs, exhibit thermally induced martensite to austenite
phase transformation and swmdasticity (stressnduced martensitic transformation).
Employing these two characteristics, a thermalmngemonstrated for harnessing waste
energy through all modes of heat transfer: convectionduwaion, and radiation. Figure
4(a) shows the different phase changes of SMA material on applying mechanical loading
and then thermal loading. Initial SMA phaseartensite, goes into d@&inned martensite
and on giving the heat energy above the forward transition temperature, it converts into
austenite. The initial phase regained my cooling this MFM below the retrarsstion
temperature. Figure(d), (c) and(d) show the two pulley design and steps of converting
thermal energy into electricity. Due fuhasetransition of SMA wire on thermal input,
strain develops inside the wire (contracts), and produces the torques in pulley (due to
contact friction between we and pulley). This torque then turns the pulley and attached
generator and produces the electricity. A detailed anatys®&VIA wireswereconducted

beforeutilizing in the two pulley system.
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and then thermal loading, (b) the two pulley design with SMA wire, (c) &(d) steps of

converting thermal energy into electricity

Chapter 6

For the safe and reliable driving these days, vehicles requirgeadamber of sensors
andhigh rate of wireless data transfer to update the information about the surrounding to
the driver. These sensors and data transfer requirements are increasing the power
requirements rapidly. There is a tremendous amount of studygtgplace in both
academia and industry to provide devices, systems, and techniques that lead to energy
efficient selfgoverning automobile environment. For any vehidiee is the most
important part and it connects the inner vehicle environment toutside environment
(such as road etc.). In order to devetb@ autonomousehicle, it is very important to tap

the tirebébs potential and attempts shoul d

12
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In present work, attempts have been made to provide aftedtive solution tcabove
mentioned issues and demonstrate a gmlivered sensor based upon an organic
piezoelectric material (an MFM). A low value of elastic modulus endime$ighstrain
developmentin this piezoelectric patch, which is one of the artant parameters for
strain sensors. The higiower densityand high temperature (up to °@) stability of
organic piezoelectric based harvesisrrealized for this purpose. Furtheenergy
produced under normal tire conditiareused to demonstrate power various LEDs and
wireless systems. This provides an estimate for the power needed to develop efficient
wireless data transfer and power management. In order to understand the dynamics of the
tire during rotation under load, a mathematical model veaeldped and used to evaluate
various key parameters such as radial and tangential displacementicd,ttied voltage
from a flexible piezoelectric sensor. After mathematical analysiszo patch was
integratedin a tire mounted in a mobile test righd tests were performed on different
types of roads (under variable wheel loading) to demonsthatesensingcapabilities.
These experimental results were also validated qualitatively (voltage trend with

velocities) through analytical modelirg].
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Chapter 2

Understanding theLow Frequency Carbon Nanotube ThermaAcoustic
Sonar Projector by Numerical Modeling

Abstract

Carbon nanotube (CNT) sheets exhibiting extremely low heat capacity have provided the
opportunity for development dhermoacosdtic projectors (TAPs) for a wide range of
frequencies (4 10° Hz). The sond pressure level (SPL) of CNJased TAPs is
proportional to the frequency and hence the performance reduces lowtfrequency
region. Comprehensive validated model is presented involving strititigrecoustic
interaction that shed light on the phyali behavior of CNIbased TAPsThe rumerical

model incorporates all the controlling steps from input electrical poweibto-acoustic

wave generation in outer fluid media. Further, using motha,impact of different

parameters onAP performance haselen studied.

Keywords: Thermoacoustic; SONAR; Thermal diffusive length; Carbon nanotubes.
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Introduction

Carbon nanotube (CNT) sheets provide the opportunity to devafopltralight,
miniature, and flexible sound sources operating over wide frequeomaid using
thermoacodic (TA) phenomenon. There are inherent advantages in u3iAg
phenomenon as compared to electrical loudspeakers and piezo trangdu&jrdn
CNT-based TA projectors, applied AC current creates a thewanad in the surrounding

fluid due to the low or negligible thermal mass of the CNTs. This thermal wave causes
the expansion and contraction of the surrounding gas and resthisganeratiorof an
acoustic wave. Arnold et 4] provided an early model describing the TA phweenon

and underlying physics by using a very thin strip of platinum. Recent discovery and
development of CNT sheets exhibiting extremely low capa&typrovide practical
thermoacoustic material. Xiao et d6] demonstrated a CNT speaker in an air
ervironment and quantified the sound spectra emitted by walted carbon nanotube
(MWNT) sheets at different frequencies. Aliev et [@] extended the analysis tbe

water medium and revealed underlying physics governing the frequency dependent
behavior. Aside from CNT sheets, other nanostructures such as grapttbae tin

oxide (ITO), aluminum film and suspended metal wire have also been demonstrated as
acoustic sourcel8-16]. Aliev et al. have presented several alternative materials (MWNT
sponge, graphene sponge, gold/ poly(acrylonitrile) (PAN) sheet and ITO/PAN sheet) that
can be synthesized using environmentéilgndly proces and exhibit reasonable energy
conversion efficiency[16]. Building on these prior research, here we present
comprehensivenumerical modeling along with experimental validations of MWNT
sheets based low frequency (LF) TA projectors. This analysis prowideetegministic

role of material and structural parameters on efficiency and acoustic power generation

and guides towards the development of efficient transducer.

The transducer structure used in our model and experiment is based on a prior study
[7]. In this designa MWNT sheet is suspended between two flexural plates and sealed
from the edges by a silicone rubber gasket, as shown ureFlga). The compartment
formed betweenhie two plates is filled witla gassuch as Xe, Ar, air etc. This transducer

design resolved two major problems: énhanced the output of the CNb&sed device at
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lower frequencies by using a resonant condition, ahgrovided protection for the CNT
sheet under the high power operation in underwater conditions (avoid collapsing of the
CNT sheet)[1, 17] Our detailed validated model results presented here extend to
encapsulated devices incorporating more realistic conditions, suchicdothding (or
added massklasticedges boundary conditions, revealing the effects on the acoustic and
vibration performance of the device which has not been covered in prior 8424 ].

A unique featue of TA transducers is the synchronization of various physical effects
(vibration dynamics, thermal transport, and molecular dynamics) for achieving high
acoustic pressure. The sinusoidal heating of the adjacent gas by the CNT sheet generates
the thermoaawstic pressure wave which drives the end plates resulting in sound pressure
wave generation in the surrounding fluid domain. Since the input electrical power is
converted into acoustic pressure through multiple intermediate steps, we developed a
multilayer model in order to include all physical effects, namely: (i) an electrical AC
input drives the CNT sheet resulting in a pressure pulse within the closed system, (ii) this
internal pressure acts as the driving force for the vibrating plate of the encegsiAat
projector, and (iii) the vibrating plate generates an acoustic pressure wave in the outer
fluid medium. This comprehensivehermovibro-acoustic model provides the
fundamental foundation needed for a parametric study of the TA performance. Through

this model, we computed the realistic behavior of a device in both air and water loading.

General description, problem statement and numerical approach

Figure1(a) shows the schematic thie working principal of encapsulated TA projector
based on MWNTAN €electrical signal is given to the MWNT through electrodes, which
produce TA modulated pressure in the chamber between the isotopic plates (marked with
red arrows in Figre 1(a)). This conversion is facilitated due ttee extremelylow or
negligible themal mass of the CNT. Further, TA pressurev@iablefrequeng) is used
as a forcing function for plate vibration, and this vibration then produces the sound
pressure wave, having maximum pressure at the resonance of the system. As we could

see from theprocess of electrical t@ibro-acousticconversion, each physical step is
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extremely sensitive and a small variation in any of the steps could result in a significant
change in the final output. This generates a rieethvestigation of each physics and it
impact onthe final outcome. To solve thabovementionedmultiphysics problem we

proposed a numerical modeling concept which divides the problem into three layers:

Layoutof complete modeling of TA device through different layers of physics

Figure 1(b) providesa schematiof the multilayer model that incorporates the physics
of the device as follows:

C 1sLayer

A This is the first physics of TA projector, which involves TA
generation from electricity. We investigated this phenomenon
separately as aopen system (no plates are introduced), as shown
in schematics of layer 1 iRigure 1(b). The goal is to make sure
that TA generation through this physics is accurate since this is one
of the most important inputs for further physical phenomenon.

A The pimary purpose is to quantify energy dissipation from the
MWNT sheet and evaluate its impact tme generationof the
pressurevave.

A Develop an understanding of TA wave generation in different
gaseous media and verify and validate with theoretical and
expermental results.

A Analyze the spatialdistribution of pressure and input for th&' 2
and 3 layers

C 2"Layer:

A Verified and validated TA pressure the abovestep is now used
as force function for the plate vibrationtime encapsulatedevice
(closed systm), as shown in schematics of layer Figure 1(b)

A Develop an understanding of vibrational characteristics of a device
in the air for more realistic boundary condition i.e. elastic

foundation at the edges.
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C 39Layer:

A Based on the inputs tiie abovelayers, we investigated thabro-
acousticgeneration in theurrounding environment (air and water)
of the encapsulatedevice (schematic of layer Bigure 1(h. This
layer shows the integrated device model which includes the
physics fronthe abovemodel

Theoretical description for computational analysis

Layer1: Thermoacoustic modeling (open system)
The goal of this layer is to investigate the TA wave generation and heat transfer
analysis from CNT sheets in an open system. This step is foundatiotia faxt layers
of modeling for an encapsulated deviéecording to literaturg22, 23] and considering
the fact that MWNTSs retain negligible heat, all the input sinusoidal curremta given

CNT resistanceRr at a frequencyw/2 (heating twice each periodic cycle) (Eq.1) is
(IsinZwt) R=P,— Pye™ 1)
converted into theral power outputRy) by Joule heatingf the nearby surrounding.

This periodic electric power will result in heating of the surrounding gas on a temporal
basis and thereby generate a pressure variation in the form of TA waves. Cogdiaeri
near field TA pressure as a planar wave, the general fortimefdependenequations
[22, 23]showing thermeacoustic coupling are given by Eq. 2 and 3 as:

é°p PB,d°P P &°T
at?  p,dx? T, 4t? (2)

0T &°T y—1T,0P 3)

Y —
dt dx* y P ot

wheref,= gas densitya =thermal diffusivity, g=C_ / C,(heat capacity ratio of gas],

and P, are ambient temperature apcessure. The overall heat balance including the heat

production and heat loss through the thin film of CNT can be written as:
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i dT dT
P,- P& = VG— 2Sk— 4
H H ath dX ()

wherer,= gas densityy =volume of CNT film, C,= heat capacity (in this case=0)r

flat area of CNT film, andk = thermal conductivity othe surroundingfluid. In a prior
study [24] it was shown that the contribution of convective heat transfer and radiative
heat transfer is comparatively less than the heat conduction themfilm to the
surrounding fluid. Therefore, only condive heat loss is considered in our analysis.
Layer 2: Structural vibration

This layer includes the basic equation of structure which was sohaecboimputational
framework. The equation of the structure separating the inner domain and outer domain is
written ag[25, 26}

-r Wy, - Bs, F ()
Where ris density, w is vibrating fequency,u,is structural displacement,s . . is

stress tensawithin the structure andr, is body force. The above equation derived from

Ne wt o™ éaw of 2Znotion. Strain(e) and stress at respective boundaries can be

represented as below

() =2 (U, 4, ©
slm(u)nm: Fs _pEJ§nI (7)
Sw(Wn, = F, ®

Where P is internal pressure (TA)F surface force,n is a normal vectorand p, is
pressure ithe externaldomain (outside the structure).

Layer 3: Acoustics in outer medium

Sound pressure in the external medium can be solved thidegimannproblem using

Helmholtz equation below:

P?*p, #*p, S and kzzg (9)

W p,u.n (10)
HN
Wherec is the sound velocity aris the external sound source.
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Experimental

Samples fabrication for validating the open system modeling (layer 1)

MWNT forest was synthesized by chemical vapor deposition (CVD). Highly oriented,
nondensified MWNT sheets having thicknesses of abouA&m were pulled from
these forests ugndry-state technology27]. The optical transpancy of one sheet is
around 8589%. For the open system experiments, we fabricated two single sheet
samples: a small sample with dimensions of 1.65x2&md r esi st ance aroun
and a larger sample with dimensions 18x3.Zemd r esi st awweethef 3600
first dimension is the CNT orientation direction and the indicated resistance is for this
direction for all described results, unless otherwise indicated. Copper electrodes were
used for suspending the sheets and plingielectrical voltage ingu

Experimental setups for model validation
For the open sheet acoustic measurement, weausgctophongB&K 4138) having a

sensitivityof 52.4 mV/Pa.

Numerical results and discussion

A comprehensive finite element method (FEM) model (usimg @above governing
equations) and results for our TAP which describes the phenomenon proposed in all the
modeling layers is presented. Starting with thermal power input (equation 1), a detailed
study was conducted using COMSOL v5.3 for the thermoacoustidbto-acoustic

generation.

Layer 1. Thermoacoustic in open system

In this section, results dhermoacaogic generation by CNT sheet is discussed. Since
the heat capacitance of the porous CNT sheet is negligible, it is modeled as a very thin
layer of surrounding fluid (such as Air, AandXe), approximately 18 um thick, witthe
different area that serves as the volumetric heat source for thermal wave generation.

Mesh sensitivity is shown in Figure 2(a). The crssstion of the fluid domain lengfar
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this first layer of modeling is shown in Figure 2(b). A spherical fluid domain surrounding
the MWNT sheets is truncated with a 0.1m perfectly matched layer (PML) for acoustic
propagation. Figure 2(c) shows a qualitative depiction of the thewanatlength during

TA generation. It is evident from the images that an increase in frequency results in a

decrease in the thermal diffusion length=(y@/ & ,a- thermal diffusivity, and -

frequeng). The thermal diffusion length represents the heat distribution from the heat
source ata particular frequency in nearby space and determines the propagation
characteristic of the TA wav@laterial properties are shown in Table 1.

(a) (b) (©)

~
o

(2]
(3]
)

Sound pressure level (dB,SPL)
(8,] (2]
(.lh o

50 T T T
4.0x10° 8.0x10° 1.2x10° 1.6x10° 2.0x10°

Mesh #

Figure 2: (a) Mesh smsitivity test results, (b) Modeling domain for thermoacoustic (TA)

evaluation, (c) thermal diffusive length generation at different frequencies

Material properties [1]: Table 1

Air Argon Xenon

Molar masg M (g/mol) 28.9 39.95 131.3

Heat capacityCp (J/kg/K) 1006.3 521.5 158.3

Density- J (kg/nt) 1.184 1.634 5.369
Sound speedv (m/s) 343 320 169
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Using the numerical model, a series of parametric studies (different surrounding gases,
CNT sheet lengtrandwidth) were conducted to evaluate tipealitative and quantitative
characteristics of the TA wave. We started the numerical analysisawitfallersample
of 1.65 x 2 crhand conducted frequency sweeps (100000 Hz) at a fixed input power
of 1 W in air domain to obtain the fjaency respomsas shown in Figurg&a). Withthe
increaseof frequency, we obtained a linear trend of sound pressure level (SPL). For
verification of the numerical model, results are compared thitanalyticalmodel[1]
and found to be iaclosematch. Further, the results from our model are compared with
the experimental results for similar sample and condition and a close agreement is
obtained. The maximum error was less than 5%. The deviatierpefimental results at
a few frequencies can be explained by the fact thatealsituation there is nenniform
heating between MWNT and electrodes, while in our model the heat capacity of the CNT
sheet was taken to be zero. The sample size consitleredhas a Rayleigh Distance
(RD) of ~1 cm (surface area/wavelength) at the maximum frequency used in the analysis.
Therefore, measurement, numerical evaluatamd analytical values aa distanceof 3
cm may be considered in the acoustic far field, wheessure waves start spreading as
sphericalwave. Our modeling results capture the trend where on increasing frequency,

SPL also increases when the input power is fixed (as we observed in measured values).

After analysisof smallersample, we invatigated the acoustic behavior of large surface
area sample (18 cm x 3.2 cm). Figure 3(b) shows the comparative results. We measured
the pressure vs frequency trend for two distances (3 cm and 30 cm) to understand the
structural contribution (surface area) MWNT sheet towards sound generation. With
reference to RD, we can safely consider 3 cm as near field and 30fardfiakl zones
across the frequency range considered heneedmfield, we observed that the numerical
and experimental values are ifoge agreement above 200 Hz. Below this frequency
range, our model is over predicting sound pressure level. Since at low frequency the
wavelength of the system is large, there is more contribution of dimensions in near field
zone. It can also be observédwht our modeling results and experimental results are below
the theoretical line, this is becaug®oryis valid for the domain wheracousticwave

from the source starts spreading aasphericalwave. This theoretical result matched

25



gualitatively and quatitatively in above mentionedase becaussampledimension was

small and it behaved like a point source as the distance increased. After evaluation of

sound pressure inearfield, we conducted the comparative study at 30 cm (potentially a

far field) andfound that theoretical, experimental and numerical results are in close

agreement. This shows that at long distance the contribution of sound source dimension is

less and source starts actingaasphericalacoustic source. Inset image of Figure 3(b)

shows the long MWNT sheet and experimental setup.
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Figure 3 (a) Sound pressure level (SPL)am with increaseof frequency. Inset images

show the experimental setup. CNT sheet used for experiment and modeling has

dimension: 1.65x2 cfAll the results arshown for power: 1W and at distance: 3 cm, (b)
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SPL inair with increaseof frequency for the large MWNT sample. Inset images show the
experimental setup. CNT sheet used for experiment and modeling has dimension: 18x3.2
cn?. All the results are shown for wer: 1W andat distance: 3 cm and 30 cm, (c) Sound
pressure level (SPL) comparison of modeling with literature vdliesd) SPL inair

with increaseof power.

Next, we compared theressure generated by power sweep in open systerfixaid
frequency boundary condition. As a first step, SPL was calculated at 1540 Hz for
different input power and compared with experimental results published by Aliev et al.
[1] (Figure 3(c)) As can be seen from FiguBc), experimental results are in close
agreement with modeling trend for a fixed powerthe different fluid environment.
Figure 3¢) shows the detailed comparison mimerical, experimental and theoretical
results ofsmall samplefor power sweep. The figure confirms the validity of our model
and illustrates the perfect linear trend with 6 dB/octave increase. All the numerically
solved pressure value were recorded @n3above the MWNT sheet for validation.

Once the T layer model was validated using experimental and theoretical results, a
detailed thermoacoustic analysis fopen system was conducted as function of
frequency with different parameters such asiotm MWNT surface area, variable
distance, and different surrounding mediums. Figure 4(a) shows the comparison of SPL
in different gas medium such as air, Ar and Xe for 5 cm x 5cm MWNT. We obtained
trends similar to the experimental results shown elsesfi¢r These results reinforced
that Xenon is the better medium for TA wave propagation. Figure 4(b) shows the
frequency response resultsvarriabledistance and different surrounding ainem for the
MWNT of dimension 15 cm x 15 cm. The detailed spatial pressure distribution is shown
in Figure 4(c). Also, it can be seen from the inset image (Figure 4(c)) that the PML is
completely absorbing the incoming acoustic wave and there is notimfldo the

acoustic domain.
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Figure 4 (a) Numerical and theoretical SPL in air, argon and xenon with increase of
frequency for 5x5 cfsheet, (b) comparison of SPL in air and argon gas for 15x15 cmz2,
(c) Numerical and theoretical SPL for 15x15 cm2 madidifferent distance of 3 cm,20

cm and 40 cm. Inset image shows the spatial pressure variation, (d) Numerical and

theoretical SPL in air, argon and xenon with increase of power for 5%Slheet, (e)
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numerical and theoretical SPL for 15x15%im air ard argon at different distance of 3

cm and 20 cm, (f) SPL with increase of distance at different frequencies. Raleigh distance
(R.D.) is shown by greenvertical dashed line.
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Figure 5: (a) TAP used for layer 2 and 3 results and other parametric anébysis
Simulated frequency response of the vibrating platéitager modeling, (c) Simulated

velocity profile across the diagonal of the TAP shown in Figure 2(a)
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Material properties of elastic materials: Table 2

Al Glass Cf?tr)gtr)n

Density- | (kg/n?) 2700 2230 1650
Young modulus (Pa) 70e9 64e9 90e9
Poissonds 1 0.33 0.2 0.3

Figure 4(d) shows the numerical calculated SPL vs theoretical line in different gas
surroundings for 5cm x 5cm sheet. Figure 4(e) shows modeling resultgdor and air
medium fora sheetof dimension 15cm x 15cm. In Figure 4(f) we show the SPL variation
of MWNT sheet (15 cm x 15 cm) for different distance and frequencies. It is being
observed that for relatively higher frequency (1000 Hz) the RD is showitge
representation of transition of near to far field since results are following the 6 dB decay
in SPL on doubling the distance after that point. Similar trends were not observed for
lower frequencies because structural effects (source dimensionshpiagortantrole in
the soundgeneration innearfield. This could be explained by the similar example of
rigdci rcul ar piston having radius Oaodka radiat
<1), the far field distance along the axis is highly dejeen on the radius of radiating
pistonand start 8beyond 62ab.

The above investigation, which involves the evaluation of TA pressure near the large
surface area MWNT, was extremely important. As disaigs®ur Figire 1(a), in next
layers of modeling, the open sheet will be encapsulated by isotropic plates which will be
separated by a small distance (in the near field) from the MWNT sheet. Therefore, we
need the correct near field pressure as the drifange at the surface of encapsulating
plates for further accurate modeling outcomes. Numerical analysis has a clear advantage
over basic analytical solutions in evaluating the near field TA pressure for different

MWNT sheets.

Layer 2: Isotropic platesreapsulation and vibration analysis
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In the first layer of the model, we characterized the thermoacoustic wave motion in
open fluid domain. However, dynamics will change if the TA wave generating heat
source becomes confined inside a resonating struethere the gas volume of the
chamber also changes with vibrating plates. In tHda¥er of modeling, we evaluated
the vibration characteristics of the plates (driven by TA wave) of an encapsulated glass
device showrin Figure %a). The experimental acdicsperformances of the device are
already demonstrated in previous woi®4]. Since we already explained that the
encapsulated device contains the silicone rubber gasket as the boundary sealing, we have
also introduced the similar elastic edges (insteddclampedclamped or simply
supported) boundary condition having spring effect to mimic the real experimental
conditions. V& kept the other simulation inputs similar to the experimental analysis as
described in the literatuf@4]. Figure ¥ b) shows t he frequency r es|
plate velocity at a powenputof 1W. We observed only one peak (at around 748 Hz) in
the frequency range considered hefghe normalized velocity profilesawe also been
shown at different frequencies Figure Rb) to illustrate the dynamic behavior of the
plate. We can observe a significant changesiumface velocity profile across the
frequencyspectrum. Figure (8) shows the quantitative velocity compansof the points
along the diagonal of the device (inset image) at three frequencies. At resonance
frequency, we observed the maximum velocity amplitude ~ 3.7 nifigare %c) also
illustrates the visible effect of the elastic edges boundary conditiohwarobserve the
velocity of ~1 mm/s at the resonance frequency. This is worthwhile to mention that, the
soft edges (silicone rubber) are important for our device design, since, it helps in better
vibration of the plates (compare to simply supported camjitat lower frequencies.

Table 2 shows some of the material properties (sedill be used latefor simulations.

Layer 3: Isotropic plates encapsulation and vibration analysis

Before starting the discussion for layer 3, it is important to metiiatlayer 2 and 3 of
the model are fully coupled, and through our FEM model we computed the coupled
behavior of the TA, vibrating structure and outer fluid acoustic wave and considered the
impact of each physics on each other for final results evaludmnclarity, we have

described the results separately.
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In this layer we discuss the sound pressure wave generatexhdgpsulatedievice
discussed in layer 2. The structural dynamics and the TA interact with each other to
produce acoustic waseutside the encapsulated device, i.@imo-acoustiovave driven
by TA wave. Figure 6 shows the schematiwibfo-acousticmodeling which represents
the normal incident of TA wave on plate and spherical sound wave generation in the
outer medium. We assumenb acoustic transmission through the isotropic plate at its
resonance, since there is a large impedance mismatch between chamber filled gas and the
plate[29].

The results from this layer othe model were validated through systematic
experimental results published by Aliev et{z4]. Figure 7(a) shows the frequency
swee of the device for sound pressure calculatiopaterinputof 1W. Similar to the
vibration results we observed one peak (at around 748 Hz) in the frequewgy ra
considered here. We ran simulations for different damping ratios and found that
for e = 0 .thé 8imulation results match closely with the experimental results. The inset
image shows the frequency responsepuadjector for differentdamping. Figure 7(b)
shows the comparison of results when the device was made more rigid
by constraininghe soft edgéoundaryconditions through clips (shown in Figure 5(a)).
Due to this constraint, the spring constant ofdbeiceincreased and hence frequency
was increast We simulated this condition by increasing $peing stiffnes®f
thesiliconeedges. Results shosloseagreement of experimental and modelingiftssat
c6=0.03. l nset i mage of Figure 7(b) shows
we calculatedhe pressure vs distance relationship for three different frequencies from
our model. Figure 7(c) shows thhepressure decreases linearly (in log scalér
the Raleighdistance (i.e. ~5 cm), and hence confirmsltmalecay offar-field pressure
with respect to distance away from the device. Figure 7(d) shows the experimental results
that validated the model prediction of normalized pressure. In thig dae
normalizationis doneby dividing the pressure witinput power. Due to the limitation of
our FEM model we could not get the weilatched results for the higher power input to
the device. At higher power input, due to excessive heat accumulatibn ting

encapsulated chamber, the device no longer beliaeady. Adding more physics to our
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FEM model could make it more complex and we considered it beyond the scope of this
work. However, we demonstrated good agreement of results up to 40W of pputer in

Spherical
wave for far-

Plane wave (TA wave)

o
— 0Ny
—_—> |
- l l _ - B
- ! - Pt
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- * / /' 1st 2nd
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< »
Thin Plate
‘dP’ at Far-field
Pi — Incident TA pressure wave (sfmall element
of continuous
Pr — Reflected pressure wave body acting as
monopole)

Pt — Transmitted wave (Assumed nil in our
case)

TL—Transmission loss (Nil)

Figure 6: Schematic showingpro-acoustidayer of modeling.
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Figure 7(a) comparisorof experimental and modeling frequency response of the glass
projector, (b) Experimental and modeling resatisnparisoron increasing the
d e v i stiflme®s () Pressure vs distance calculation for three different frequencies,

(d) pressure/ power vs power plots for experimental and modeling results
Analysis of parameter space fromegratedmodel

In this section, using our validated model, we investidahe important parameters
such as chamber fluid loading, external water loading, internal static pressures, chamber
volume variation, different plate materials etc. which could be importahdoefficient
device design.We created the numerical expeents on the same glass device and filled

the encapsulating chamber with different gases or fluid such as Xand\water. Figure
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8(a) illustrates the effect of different gas on device performance. We can observe that Xe
filled device operates at a higr resonance frequency, around lGgherthan argon and
air-filled device. In all the cases the outer fluid medium is air. Also, through results, we
can observe a marginal increase of frequency in the argon filled device comparaito the
filling. The reason for this effect could be attributed to the change in density of the filling
gases, which eventually cause the additional aerodynamic spring effect (or add more
stiffness) to the system during vibration. Higher density gases could produce higher
additonal spring effect, which increases the overall frequency. Similar trends of
increasing frequency with cavity density were also observed by Dowell et al. in their
work [30]. Interestingly, with an increase in the density of filled gases, fluid loading (or
added mss) effect also increases. However, Xe, Ar, and air will be considered as weak
fluid loading, though the effect cannot be neglected completely. Figure 8(a) shows the
frequency response of the device filled with water as well. Here we could see the
significant decrease in resonance frequency in comparison a#f#led device. This

can be explained by the fact that, since the density of water is extremely high than the
other gases, the impact of fluid loading will be more pronounced than the additional
stiffness provides by the camber fluid. We also compared the pressure response of
different filled devices qualitatively. It can be observed further, although there is
negligible difference in the pressure output for gasfilled device at their respecev
resonance frequency (similar to Aliev et[H)l), a significant decrease in pressure of
water filled device is observed (around 4 times). The actual sound generation of liquid
filled devices could be worse because MWNT sheets get collapsed in the liquid
surrounding. This is the limitation of our FEM model, that wle notinclude structural

damage othe CNT sheet

Further, to investigate more about the filled desjcee simulated th airfilled device
and the liquid filled deviceinderthe waterloading. In this case, the outer medium of air
is replaced with water (with added mass effects). As expected, Figure 8(b) shows the
lower resonance frequency of liquid filled dewwceomparirg to air-filled device.
However, this is interesting to note that the difference in pressure output between the two

devices has decreased compared to the case when the outer medium was air. The
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reduction of sound pressure is ~ 2 times. This could happeauge of a better

impedance match of water filled devsaa thewater surrounding than air. For simplicity,

we kept the glass device dimensiasnefor current and future analysis until mentioned

separately. However, the conclusion of the analysis woendain the same for other

device dimensions gontaining isotropic plates.
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Next, we investigated the impact of the different internal static pressure-fufealr
glass device (same device used in lay&) & sound generation and structural behavior
in air/water surroundirg Due to the limitation obur FEM model, which could not
capture molecular physics, we confined our study to the pressure range belongs to the
fluidic regime. Aliev et al[1] discuss the impact of static pressumcrease in a rigidly
closed chamber and found no major change in TA pressure. However, in our simulation
results for the vibratingevice in Figure 8(c) and Figuréd}, we observed the significant
change in device resonance frequency and pressuregeageation in both air and water
medium. With the increase in internal pressure @mto 11 atm), our resonant system
becomes stiffer which causéhe shift in resonance frequency of the device. Moreover,
an increase in internal pressure increasesrtpdane tension within the vibrating plate
which could reduce the vibrating amplitude of the plates and hence a reduction in
pressure output is observed. At high internal pressure (6 or 11 atm)simulations
results (Figure &)) show the negligible sod pressure generation in air surrounding.
However, undethe water loading (Figre §d)), we observe a significant sound pressure

in water medium even at higher internal pressure such as 6 atm.

Now we utilized the model to predict the behavior of eti#int dimension TA
projectors. We developed the numerical model for various devices based on aluminum
(Al), carbon fiber (C.F.), and glass plates. In all the devices, we kept the plates dimension
as 15 cm x15 cm x 0.08 cm, and used the Ar gas in the ematgasvolume. Irhe first
set of devices, the separation between Al, GRd glass was kept at 1 mm, whiletlre
2" category the separation was extended to 2.5 mm. The separation between the plates
was povided by silicone rubber. Figurde shows tie calculated results for different
devices. It can be observed from the results that the devices having less separation (1
mm) between the plates have higher resonance frequencies. The lower thickness of
silicone strip used here made the system relatinglg (highly stiff) and increased the
resonance frequency in comparison to 2.5 mm separation. Further, results illustrate that
Al-plate based device haslower frequency compared to other considered materials.
Numerical experiments providetthe quantitaive effect of separation othedevi ce 6 s

resonance frequency. It was also found that Al is a good choice for device fabrication (for
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low frequency). Irthe case of water, we observed the frequency shift compared to that of
air because of added mass dme plate structure. In water, peak frequencies
corresponding to 151Hz and 230 Hz were calculated for 2.5 mm and 1 mm separation Al
devices respectively. All the pressure values are shown in arbitrary units tegce
damping coefficient is not used in anytbé simulations. Further, with one such device
(Al-plate and argon filled), we investigated the effect of plate separation on sound
pressure generation and frequency stiigure gb), illustrates the decrease in sound
pressure and frequency in air andtevaon increasing the separation of encapsulating
plates. By increasing the separation, we introduce the more flexible boundary condition
of silicone rubber because of which the frequency decreased in both air and water
medium. Also, due ttheincreasen separation between MWNT sheet and plate, the TA
pressure will exert relatively less force on the plates which resutisa decrease in

vibro-acousticoutput.

In summary, we developed the first comprehensive model for the MYASEIT A
projector thatakes electrical power as inputand provides thacousticpressure output
in outer fluid media. This model providesdeeper understanding of the various layer of

physics involved irthe operation of lowfrequency thermoacoustic SONAR projector.

Conclusion

This study provides a first comprehensive numerical model of MWNT sheet based
acoustic transducer, targeting ldwequency response in water. An integrated multilayer
model was developed to predict the performance of the TA transducer ufidezndi
fluidic environments. All modeling results were verified and validated through analytical
solutiors, results reported ithe literature and systematic experiments. The studyafor
open system, having differesheet dimensionand surrounding medins, was used to
calculate the TA SPL distribution. Further, the effects of different sample dimensions on
SPL (inthe near and far field) were studied through modeling along with experimental
validations. Following the open system modeling, we develoedvibro-acoustic
model, and investigated the key parameters such as chamber filling, internal pressure,

chamber volume etc. and their effects on LF TA projector device functioning.
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Chapter 3

Understanding theLow Frequency Carbon Nanotube ThermaAcoustic
Sonar Projector by Experimental Analysis

Abstract

The ability of continuous sound generation actbsswide range of frequency spectrum

by an acoustic source, which is ultight and flexible andhas no vibrating parts,
provokes a lot of interest of the acoustic community. In this method of acoustic
generation, electrical input is converted into the@rmave through micron thick carbon
nanotubes (CNT) and produce thermoacoustic. Howevahedower frequency, open
sheet CNTs have very low sound pressure tesall acoustic efficiency. In addition,
operating at high electrical power input, the nantestaick CNTs are very sensitive to

the environment and need some protective covering in an inert environment. In this work,
two thermoacoustic highower lowfrequency (LF) devices (<180 Hz) are demonstrated
that providea systematic understanding of eféncy and power variation in both air and

water medium at lower frequency regime.

Keywords: Nanotubes, LowrequencyAcoustics
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Introduction

Thermoacoustic (TA) sound generation shows the potential of addressingwthe
frequencydoman for ultrathin, light weightand flexible speakers and sonar devidgs

Recent studies on TA sound generation using carbon nanotubes (CNTs) sheets and
alternative nanostructures have shown that the sound pressure is proportional to the
applied frequecy [2]. The extremely small heat capacity per unit area of a thin sheet
CNT gives a wide frequency response and produce a higher sound pressure at high
frequencyHowever, in thdow-frequencyregion, where the utility of SONAR projectors

is more,soundpressure level is extremely logghown inthe previouschapter) For the

open CNT sheet operation, the other drawbacks such as mechanical strength and
environmental sensitivity at higher temperatures ptevail Keeping these limitations in

mind, in this sudy we demonstrate the encapsulated devicdofwrfrequencysound

generation.

Decarpigny et al[3] have disassed the need for lefkequency acoustic devices (00
3000 Hz) in the field of SONAR and oceanography while explaining the challenges with
piezoelectric and magnetostrictive ldmequency devices. Dubus et @] have discussed
the limits of hydroacoustic, variable reluctance and piezoelectric projectors illustrating
how the lowering of frequencies increases the dimensions/volume or weighe of th
device. Aliev et al[5] provideda breakthrough in demonstratihgw-frequencyMWNT
sheet based projectors that exceeded the weight/dimension limits of alternative materials
In their designa MWNT sheet was suspended between two flexural plates and sealed
from the edges by a silicone gasket. The compartment formed between thlateveas
filled with different gases such as Xe, Ar, air etc. This transducer design wasaytre
effective and solved two major problems: if enhanced the output of the CNbased
device at lower frequencies by using a resonant condition,iiaquqvided protection for
the CNT sheet for the high input power operation in underwater harshtiooadto
avoid collapsing the CNT shed#, 7]. We build on these studies, and utilize them to
improve the robustness of the lightweight, high power and low frequency (LF) sound

projector (<180 Hz underwater).
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In this work two low frequency encapsulated devices were fabricated based on CNT
sheets. Then, we performed extensive experimental analysis for closed systems in
different thermodynamic regimes. A series of measurement techniques were developed
for laboratoryscale chracteriation of the acoustic performance of LF TA devices aver
wide range of frequency under varying power and loading conditions in both air and
water medium. Vibrational characterization of TA device in both air and water media was
conducted and a relationphbetween the generated acoustic pressure and vibration
modes was established. A unique feature of TA transducers is the synchronization of
various physical effects (vibration dynamics, thermal transport, and molecular dynamics)
for achieving high acoustipressure. The sinusoidal heating of the adjacent gas by the
CNT sheet generates the thermoacoustic pressure wave which drives the end plates

resulting in sound pressure wave generatiahésurrounding fluid domain.

Experimental

Fabrication
Two resonant encapsulated devices basedrea standinghighly aligned MWNT
sheets were fabricated to demonstratdahefrequencyapplications.

Device #1consists of three layers of MWNT sheets attached to the interdigitated
electrodes and suspended betwago equally thick (.81mm) square aluminum plates
having di mensions 60x60. Wiseealedrbg dofb 3mm e bet w
wide silicone strips witha thicknessof 1.38 mm. This helped in providing an effective
free boundary condition for platebrations. The measured overall impedance for this
device was 6(Y .Schematic ishown in Figure 1(a)

Device #2is composed of three layers of MWNT sheet (attached to the
interdigitated electrodes) suspended between two square aluminum plates having
dimens ons of 60x60. The t op;platethidknessesweg 1. | at e a
mm and 3.4 mm respectively. A soft seal was used between the two pleemnclosure
between two platewas sealed by soft 3 mm wide silicone strips witticknessof 2.8
mmThe input iimpedance of the overall system
a fin structure was introduced which helped in heat removal from inside at higher power

of operationgshown inFigure 1(b).
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g
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Figure 1 (a) and(b) schematics of two different encapsulatiedice.
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Vibration
Characterization

(b)

Figure 2: (a) Schematic of vibrational characterization experimental setup, (b) Anechoic

chamber experimental setups for sound pressure measurement in air.
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Experimental characterization

For the encapsulated device, Figure 2 shows the schematic diagram and actual images
of the experimental setup used for vibration and acoustics characterization in the air
medium. A PSV500 2D lasescanning vibrometer was used for measuring the vibration
characteristics of the encapsulated device (Figure 2(a)). An inbuilt function generator and
acquisition system was used for sending the input and receiving the signals respectively.
We used the higbpeed bipolar amplifier (HSA 4052) for amplifying the input signals to

the device.

For the acoustic measurement in tiewe placed our device in full anechoic chamber.
The purpose of the chamber was to avoid any reflection from the walls even at high
power input to the device. Figure 2(b) shows the experimental setup for the TA projector.
The chamber used here has cut off frequency of 100 Hz. The device was installed on a
rotary platform which was allowed to rotate at evetyisough a controlling uti The

sound pressure was recorded through the microphone at 1 m of the distance.

For the underwater measurements, an experimental setup was developed in a tank
(di mensions: 720 I 360 162060), to understand
impact of water loading on vibration. Scanning head and single point vibrometers
(Polytec PDV100) were simultaneously used to measure the plate velocity. A
hydrophone (Briel & Kjeer 8103) was placed above the device surface to capture the
underwater acousticrgssure. A Kistler type 5010 signal conditioner was used to

condition the signal coming out of the hydrophone. Figure 3 shows the water tank setup.

Results and discussion

In the previous chapter, through the model, it has been indicated that Xdmetters
gas than Argon and air for achieving better transduction of TA waae @pen system.
For the closed system (encapsulated devices), sound pressure is independent of gas
properties other thag. Argon is a more costeffective choice and thus utiéd in
developing practical devices. The efficiencytbé encapsulated device is given by Eq.

(1) [4] which indicates thathe efficiency is inversely proportional t6 The efficiency 6
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the device when driven near resonance can be enhanced by improving the resonance

guality factor of encapsulating plates.
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where gis the heat capacity ratiQ,is the quality factor of vibrating plagev, is the

speed ofsound ,v is the encapsulated volume,; is densityof air, B, is power input,

andf is operating frequency

We fabricated two devices having different edge boundary conditions. A complete
experimental study of vibration and acoustic experimevds performed on both the
devices.To avoid any confusion, firstly, we discussed all the vibration and acoustics
resultsof device #1 then we analyzélte device#2. In our previous chapterayer of
model helped in deciding the plate separation distance on the basis of the thermal
diffusion length calculation. The second and third layer of model gave us the
understandig of plate separation impact on peak frequency change in different
surrounding medium. The separation is based on three prominent fe&jutes:plate
should be far away from thermal diffusion length, (i) the peak vibration amplitude
should not be layre enough to touch the suspended CNT sheet (at resonance frequency),
and (iii) the separation should be close enough such that the acoustic pressure effectively

drives the encapsulating plates.

Vibration tests were performed under the boundary camditibottom plate fixed. This
boundary condition was investigated to demonstrate the sound radiation when only one
plate is vibrating. Experiments were run on the device mounted on a heavy plate. The
reasons for mounting the device were to suppress tienbgiatevibration,and to allow
the upper plate to radiate the sound wave in outer fluid m@daused a burst chirp
signal(10V and 20V)with 70% length. The upper plate was discretized into 49 scanning
points and each point was scanned by a 2D labeometer to examine the vibrational

response.

Figure 4a) shows the velocity results of the top plate, wthiebottom plate is fixed,
with frequency sweep (up to 6000 Hz by burst chirp). Two dominant peaks at 580Hz and
51



972Hz were identifiedFigure 4(b) shows the mode shapes obtained by activating the
device with sinusoidal input at half of the peak frequency. Due to the double heating
frequency with each cycle of simeput (Figure 4(c), half of the frequency was used to
obtain the desired respongagure 4(d) shows the saxis and yaxis top plate vibration
displacement amplitude. The maximum displacement of aroundiét@metes has been
obtained on providing the 3W of power input. On visualizing the mode shapes, it can be
observed that the assge velocity/displacement in th&92node shape is more than that

in the  mode. In the ? mode, the whole plate is vibrating in the same phase, while in
the B mode the central part and the edges are relatively out of phase. This explains that

in air medium the maximum output of the device is dtp2ak frequency.
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Figure 5: Pressure vs power for device aimmedium.
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Figure 7: Directivity of device 1 at two different power input.

Next, acoustic measurements were conducted at"thmeak frequency for a range of
parametersFigure 5shows the acoustic pressuat 3 cm standoff from the device at
different average power input. The device shows a linear trend with increasing input
power. However, to the higher power, a Amearity is observed because of excessive
heat generation ithe small encapsulated chéer. To avoid excessive heating of the
device we used a large aluminum plate as the bottom plate (for heat dissipation), but still
this was effectiveup to lower power onlyFigure 6( shows the acoustic pressure with
variable distancePressuren the nar field (approximately up to Raleigh Distance (RD)
surface area/wavelength tife sound wave, 6.6 cm) was random, but on increasing the
distance it followed a trend of approximatety dB per doubling in distance. It is also
observed fronthe experimentthat while scanning different points across thagonal
(Figure 6(B), the pressure first increased and then decreased. This shows the symmetry
with respect to the central line which is similar to the mode shape obtained. All
experiments in air successfuldemonstrate the loMfrequency operation (580 and 972

Hz) of the fabricated device. Clearly, here we show the acoustic generation by resonant
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behavior at low frequency. A large gain in acoustic pressure due to a mechanical quality
factor (Q), shows thenerits of an encapsulation resonance over an open devitenvfor
frequencyapplications. Further, we measured the directivity of device#l. At ~486 Hz
(half of the 29 peak frequency) we gave the sinusoidal voltage to déxce and
measured the sound press (which was at 972 Hz) by rotating 360n thisexperiment

the bottom plate was fixed, and only the top @las allowed to radiate the sound
Figure 7shows the directivity of the device. It can be observed that mostly the device
showed the undirectional sound patterf.his figure could also be used to calculate the
efficiency of the device.

After characterizing the device in air, experiments weraupdor underwater testing.
Figure8(a) shows the results for water tank when hydrophone piased at 3 cm above
the device. As observed from the presdueguency response, the peak frequency for the
setup was ~16Hz. Similar behavior of frequency response observed for lowering the
device inside the water for deferent depth (0,1 and 2 fed®. Significant drop in
resonance frequency in comparison to air can be best explained as the impact of water
loading. Figure 8(b)shows the resonance mode shapes at 167 and 330 Hz. In contrast to
the air medium, the first mode shape in water has a higleeaged velocity than the
second modeFigure 8(c)shows a comparison of the velocities along tfaxis for the 1
mode and ? mode of the device operating in air and in water. It is observed that in the
first mode the velocity in water is slightly mottgan that irthe air, but the opposite trend
is observed in thsecond mode. This velocity behavior could be explained by the
damping effect of the entrained gas in the device and the elastomertsaipih@ edges
of the deviceln the next set of expements, the relationship between input power and
output pressure was developed under the water tank acoustic boundary conditions.
Similar to the previous experiments, power input at half of the peak frequency was
increased and pressure data was capturethdyydrophone.Figure 8(d)shows the
results for output pressure as a function of input power. Under this acoustic boundary
condition, generated pressure followed the linear path with lower input power and
became nottinear at higher power. The saturatibmit occurs because dhcreasein

background temperature in the encapsulated chamber of the device at higher power input.
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After characterizing the first device, here we provide some of the important results for
the 2" device which demonstrates the lower frequency of operation as well.

The experimental boundary conditions amaikir to the conditions used for device#1
characterizationFigure 9(a)shows the device. As mentioned earlier, this device has fin
structures. Below the fjra heavy plate is used to suppress the vibration th@bottom
plate. Figure 9(b)shows the fregency response of the device on giving the burst chirp
input up to frequency 6000 Hz. From the frequency response of devige#@bserved
that the ¥ peak frequency has higher response ithe air than the % peak frequency.

This was reverse in device#The main reason for this reversal could be attributed to the
use of heavy top plate for this device. First peak frequency is around 500 Hz. Although,
other peak frequencies were also observed, however they were not very important for us
in terms of acostic generationkigure 9(c)shows the first three mode shapes correspond

to three peak frequencies. From these normalized mode shapes, we can clearly observe
that ' mode is pushing more volume of air with respect to other mode shapes, which

help intheacoustic generation.

After the vibration analysis, acoustics experiments for this device under anechoic
environment were performeéligure 10(ahows the power sweep and acoustic pressure
(at 500 Hz). Interestingly, opposite to the previous devieedid not observe any nen
linearity in device performance. This is becauséhefintroduction of the fin structure at
the bottom plate of the device.nFstructures helped in heat dissipation which kept the
background temperature loweithin the encapsaked chamber. We ran the experiments
up to ~ 65 Watts average power, and sound pressure measured at 3 cm. Although, this
device behaves linearly at higher power and performmslatively lower frequency, the
acoustic pressure output is less than thathef device #1. Inset image shows the
experimental setup&igure 10(b)shows the pressure variation of the device with respect
to distance (up to 1m). Inset image shows the pressure vs distance in log scales. As this
device operates a lower frequency tk near field for this system shrink to 3.3 cm
(matching with Raleigh distance). After 3.3 cm, 1/r pressure decay has been observed.

Since this device though demonstrate the lower frequency of operation (due to heavy
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plates and thicker silicone boundaryakeg), the acoustic performance was less
compare to the device#1.

Conclusion

This study provides a comprehensive experimental characteristic of MWNT sheet
based acoustic transducer targetiog-frequencyresponse (< 1 kHz iair and < 180
Hz).. The key findings and demonstration of the experimental outcomes are listed below:
1 Two LF transducers were fabricated and complete vibrational and acoustical
characterizations were conducted to identify the operating frequency range. An
operating frequencyange of less than 180 Hz was obtained tfansducerof
di mension 60 x 6 é90am.dTaileviegi tgehplate thiékbess and
sealingcould lower the working frequency to around 125 Hz in water.
1 Our device shows a maximum output at its second resoffi@teency (972 Hz)
in air and at first resonance frequency in water (~170 Hzgirnthe maximum
performance oflevicewas 0.23 Pa/W and iwater the performance was 28.7
Pa/W. It has been demonstrated that, with respect to open system transducer,
encapslation can provide a 102-fold acoustic pressure at resonance.
9 Out transducer was found to exhibit stable operation over a long interval while

operating at high power (~60W).
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Chapter 4

Carbon Nanotube Yarn Based Ocean Wave Energy &tvester

Abstract

Oceanwaves are one of the most abundant renewable energy sources. In a recent
discovery, carbon nanotube yarn (CNTY) harvesters have shown to be a promising
pathway for converting kinetic energy directly into electrical energy. CNTY harvesters
can electrochemadly convert tensile energy to electricity. Here the implementation of
CNTY harvesters in the ocean environment and quantify the performance under different
wave characteristics such as amplitude and frequbasybeen demonstrated all the
experimentseither ocean water directly or a similar concentration of 0.6M N&®E

been usedUsing only 0.5 mg of active material (42 times lighter than the average weight
of house fly), the CNTY harvester produces power8& W/kg specific power when
oscillated ly water columnat 0.5 Hz. The presented harvester is ditghtweight, non
corrosive, and a neresonant system that can perform over a broad range of frequencies.
The long stroke length and flexibility of the CNTY harvester allows integration with a
meclanical frequency amplifier to translate tloev frequencymechanical wave energy

into high frequencyelectrical energy.

Keywords: Ocean waves, Carbon nanotube yarn, Energy harvesting
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Introduction

In order to reduce dependence on fossil fuatsthe carbon footprint in the environment,
renewable energy sources such as solar, winchgdb powerare being developed -

4]. However, thereéemainssome limitations in scaling the deployment of renewables in
terms of geography, cost and lifetime. For example, solar energy is available only during
limited hours in a day and is dependent upon seasonal variations and altitudes. Similarly,
there are operational constraints on wind energyhsatlo powerplants aghey require
considerable infrastructural developmdbt8]. On the other hand, ocean wave (blue
energy) has emerged as a promising source of renewable ¢dergimost two third of
eart hos coveved fwihacean or ether bodies of water, where, enesggvailable

in the form of tides, waves, currents, thermal and salinity gradigids 11}
Approximately 7.4 x 18 J of energy is available each year from the odeathese
different forms[10]. The low frequencywater waves available in the deep ocean are
attractive for energy scavenging, base of their continuous availability. However, there
are challenges in convertifgw frequencymechanical energy to electrical energy due to
technological limitations in the deep ocdadg]. Here, we provide a novel approach for

wave energy harvesting using multiwall canbnanotubes (MWNT) based yarns.

Ocean wave energy harvesting was envisioned long time[Eg]o but not much
progress has been made in its practical deployment. Ocean harvesters are generally
divided into two broad categories: the more mature electromagnetic generator (EMG)
based converters and emergingctional materials based techmgies. A large number
of attempts have been made in developing electromagnetic based wave energy converters
(WEC) at small (generally prototype) and large s¢ake25]. Though electromagnetic
WEC technology is wdely used, it has many limitations. Wave oscillation in the ocean is
random in nature and exists at low frequencies (<60.1Hz ) , where EMG does
efficiently [12, 26] Also, a large scale deployment of these technologies requires a
supportive infrastructure development and huge maintenance[tBs®0] Alternatives
to EMG based WECs are functionahterial based technologies. Dielectric elastomers
harness electricity by converting a change in capacitance into electrical ¢2&:3/@].

Triboelectric nanogenerators (TENG) convert mechanical energy diredtyeiectrical
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energy [31]. Several architectures based on TENG have been proposed to provide
suitable solutions to blue energy harvestihg, 26, 3237]. Recently, carbon nanotube
yarn (CNTY) havester was successfully used to demonstrate direct conversion of kinetic
energy into electrical enerd®8]. Inspired bythis study, here we provide a systematic
investigation on wave energy harvesting using MWNT based twisted and coiled yarns.
This electrochemical conversion method relies on a change in capadibacoavert
mechanical to electrical energy without any external biasing.

We fabricated several different types of MWNT yarns to understand the wave energy
harvesting performance. An experimental setup was designed for harvester evaluation in
either oean water or 0.6 M sodium chloride (NaCl) solution. From the experiments
conducted in this study, we demonstrate ~ 0.88 W/kg of specific power at the wave
oscillations of 0.5 Hz. A novel mechanism is utilized for producing high frequency (20 to
40 Hz) eletricity generation from relatively low frequency input wave oscillations.
Interestingly, yarns were found to exhibit higher efficiency betwkEeto 40 Hz input
excitation [38]. The advantages of nanotube yarn are flexibility, simpler fabrication

process, agosion resistance, long stroke length, and wide bandwidth.

Experimental Method
1. Twisted and coiled yarn preparation and characterization

We fabricated twisted and coiled yarn from MWNT sheets drawn from CNT forests
and layered on each other. The fésesere grown through a chemical vapor deposition
(CVD) method and the nanotube yarn was prepared using a cone spinning method. For
evaluating various energy harvesting parameters, several yarns with different lengths and
varying MWNT sheets were prepardd.the cone spinning method, layers of 5 cm wide
MWNT sheets were placed on each other. To make the layered sheets stable, we used
double sided carbon tape on the top and bottom for attaching both ends of the MWNT
sheets. The total length of the stack wa® cm. After making the stack, we curved both
ends of carbon tape simultaneously to achieve a cylindrical shape, which was then

twisted to produce the yarn. Figure 1 shows the process of the yarn fabrication. Figure 1
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(a) shows the cone spinning and syatncal twisting across the central line during yarn
fabrication. For this procedure, we used a tensile load of 30 g to generate sufficient spring
stiffness in the coiled yarn. A total number of 655 turns were made to complete the
coiling. Samples with 2aler, 5 layer and 10 layers were fabricated for different
experimental setups. We also prepared one sample of aAbzraimedean coil (Figure 1

(b)), in which the flat ends are twisted instead of a cylinder, to generate the yarn. The
yarn morphology was @erved using fielemission scanning electron microscopy (LEO

1550) and atomic force microscopy (Bruker nanoscope V).

(a)

Figure 1: Yarn fabricatiafa) Cone spinning yarn fabrication, (b) ddéathimedean yarn

fabrication.
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Figure 2:(a) Schematics shong the threavay electrode system for the experimental
measurements. Yarn is designated as working electrodes, platinum mesh with buckypaper
as counter electrodes and Ag/AgCl as a reference electrode. OCV was measured between
working electrode and Ag/AgCin all the experiments, (b) detailed schematics of

experimental setup used for wave generation. Stable standing waves are generated for
different amplitudes to characterize the MWNT harvester.

65



2. Experimental setups

Several different experimentadtsips were designed to characterize the performance of
yarns in the ocealke environmental conditions within the laboratory.

Tank and wave generatorsetup A°. t ank of di mension 480 x 18
generate standing waves for the systenamiaysis. Figure 2 (b) shows the schematics of
the experimental apparatus. For creating an artificial ocean environment, we prepared
~150 liters ofelectrolyteof 0.6M NaCl. The volume was optimized to obtain effective
wave oscillations at low frequencieA flat acrylic paddle was rigidly attached with
shakerto push the water for developing the waves. A series of tests were performed to
determine the amplitude and frequency of the shaker that generated wave without
turbulence. A function generator (AFGRIC) was coupled witlshaker(APS Electre
Seis) through an APS dual mode power amplifier (Model#114) for generating sinusoidal
output. A PCB Piezotronics accelerometer (SN#30480) was mounted on the paddle to
capture the dynamics. A PCB Piezotronics sigaaditioner (Model#482A16) was used
for conditioning the output signal from the accelerometer, and a digital oscilloscope
(KEYSIGHT DS0O1014A) was used to record the output voltage from the yarns. For this
experiment, we used 10 layered thick yarn to wathd the wave force. The harvesting
device was composed of a spherical float, the yarn and a rigid fixture attached to the
bottom of the tank.

Small scale setupA small scale box setup consisting of an 11cm column filled with
electrolyte was designed tharacterize the systematic response of MWNT yarns under
heave motion. In this setup, we pushed a heavy plunger block down to oscillate the water
vertically at different frequencie®\ rectangularbox shapedloat attached to the yarn
allowed free movenm@ under the heave motiohe other end of the yarn was attached
to a magnetic slider, which was controlled by a permanent magnet mounted outside of the
apparatuskFor the electrolyte, 0.6M of NaCl, TOPFIN Seawater and OHGBL solution

were evaluated.
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Figure 3: (a) Schematic showing the yabmoy configuration in ocean wave, (b)
schematic showing the CNT yarn harvester in NaCl electrolyte, (c) equivalent electrical
circuit diagram for CNT yarn energy harvester, (d) schematic showing the correlfation o
yarn stretching under wave and the capacitance change, (e) SEM and AFM images
showing the surface morphology of yarn, (f) the height profiles across and along the

thread of the CNT vyarn ({axis and yaxis shown in Fig. 1(e)).
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layer yarn.
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Acoustic measurement¥o demonstrate the potential for a direcergy sourcethe
load of a small 3300 Hz PZT transducer was used. A-B&)/scanning vibrometer was
then usd for characterizing the vibration dynamics of the acoustic source.

Results and discussion

Figure 3(a) shows the schematic of CNTY based energy harvester with three long
coiled yarns attached withuoy. Figure 3(b) represents the electrochemical @spef our
energy harvester, where a yarn (working electrode) is dipped in NaCl aqueous solution
having Nd and Cl ions along with meshed platinum containibgckypaper(counter
electrode). Under varying mechanical input, the changing length of the ryatimei
electrolyte results in the potential difference. For simplicity, the yarn and counter
electrodeare represented as a capacitor in the circuit diagram (Figure 3(c)). These two
electrochemical double layer electrodes were connected through interisbnes
(provided by electrolyte) and external resistance. Figure 3(d) briefly shows different
stages of yarndés pulling and releasing dur.
coiled yarn resulted in mini mumskphcitance.
and capacitanceC) can be illustrated by eq (1) and eq (2) as:

L=L, +LCBin( t) Q)

C=C, - Csin( t) (2
where L, gives initial yarn lengtiH)Lis changein yarn length,W is the stretching
frequency,C, is initial yarn capacitance andC is changein capacitanceA mechanical

input to the yarn in the form of sinusoidal pulling and releasing results the sinusoidal
capacitance changes in yarn. This change in capacitance causes the voltage oscillation
between two electrodes and generatesrent through an externatesistance. It is
worthwhile to mention that energy output may significantly dependquality and
morphology of the yarn. Therefore, in order to investigate the quality of our fabricated
yarn we conducted thescanning electron microscopySEM) and atomicforce
microscopy (AFM) experiments. Figure 3(e) shows the SEM and AFM images of one of
the cone spun-fayer yarn. The SEM micrographs (Figure 3(e) and Figure 4) clearly
show nice coiling of the yarn without any visible defect. Surface morphology of the CN

yarn was further analyzed by AFM with tapping mode scan. The scanning was performed

69



in 1 um x 1 ym area, and the height profiles were collected across and along the thread of
the CNT yarn.

In AFM topography, we can observe the individual thin fingrghe CNT yarn, which
was also elucidated in SEM image in Figure 5. Figure 3(f) shows the height variation
across two directions {>axis and yaxis) as indicated in SEM image of Fig. 1(e). From
the height variation and AFM topographic image we obsethatthe height variation

along the xaxis is more than that along theyis.

Figure 5: SEM and AFM image oflayer CNT yarn.

Low frequency oscillatory motion available in the ocean environment can be efficiently
harvested using MWNT vyarns to igrate electricity. Before starting the wave motion
test, we characterized al@yer yarn in the small scale setup, under controlled movement.
In this study, we pulled the yarn with a certain stroke length input to provide a predefined
strain. Previously,we have demonstrated that the voltage output could be highly
dependent on the developed stif@8]. The controlled experiments performed in present
work, helped us to evaluate the maximum output performance from the yarn based
harvester. We further used controlled yarn stretching to evaluate the open circuit voltage

(OCV) under wave oscillation induced strain.

Figure 6(a) shows results of a cyclic voltammetry test at 0% strain, between 0.3 to 0.6V
for a 5layer yarn working electrode and Ag/AgCl reference electrode. This test was used

to understand the electrodmpacitance. We started the electrical characterization by
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measuring the OCV voltage with respect to the Ag/AgCI of a 2.14 cm long yarn under
10% of strain. We further applied the same strain at various frequencies in the range of
0.10 - 1.0 Hz. Here, wefocused our study only on the low frequency regime to
demonstrate the feasibility of the ocean wave energy harvesting. At 10% strain, the CNT
yarn was found to result 14 mV of OCV, as shown in Figure 6(b). It can be observed
from these results that the tade output remains constant with increasing frequency in
the range of 0.1G 1.0 Hz, indicating its frequency independent behavior. Next, we
stretched the yarn with different strain values over the range-86%g and measured a
systematic linear increasup to a maximum OCV of 48 mV, as shown in Figure 6(d).
Based on these experimental results, an empirical expression was developed to
demonstrate yarné6és strain vs OCV, as shown

V =(1.33145 (%) +0.¢ (3)

The strain value was limited to 35% in order to avoid any damage to the yarn. We also
measured the short circuit current (SCC) generated using the yarn, which was found to
increase with increasinfrequency at a fixed strain input, as shown in Figure 6(c). The
specific peak to peak SCC was found to increase from ~208 A/kg to 675 A/kg with
increasing frequency over the range of-0.Hz at 35% strain. The weight of the yarn

used in this experimemtas 0.5 mg.

Building upon the empirical relatianshinp
systematicmodeling and experiments were performed to reveal the theoretical and
experimental correlation between the amplitude of the wave (generatddbin
environment) and OCV from the yarn in 0.6M NaCl electrolyte solution. Firstly, we
provide the dynamic modeling of buoy under the influence of incident standing wave
[15]. Figure 7(a) shows the schematic@drvestingsystem and the associated forcing
functions. Due to small wave amplitude to wavelengttio the disturbance/radiation
from the buoy was neglead. Modeling was performed in two steps. In the first step,
fluid forces on the surface of the buoy were investigated to understand the dynamic
behavior of spherical buoy, and in the second dbegeexcitation induced vibration

approach was used. Thendition of the unattached (to the twisted yarn) buoy was
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initially studied to understand the effect of damping, added mass and other hydrodynamic

forces. Figure 7(b) shows the dynamic motion of the buoy without yarn attached to it.

This graph is used to ldate the experimental data obtained separately for spherical

buoy movement undewave and to investigate the broader damping effects (including

hydrodynamianon linearity added masand skin friction effe etc.of the sphere in the

oscillation mode). T hi s

step

can

r

educe one

var i

abl

equations. Thus, the yarn will have spring constant as only variable under stretching.

Mathematical modeling for ocean harvesting is showmeixt section.
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Modeling and empirical development

Wave potential fostandingwave is given as:

_gY coshk (d+ za

f
' w" coshkd

coskxcos w 4)

Vertical force by this incident wave is represented as:

F= -rﬁ%érds (5)
I QYR ?

Hcoshk d -t R Rco ing co 6
coshkd)r( shk ( g )sing cos ¢ (6)

0
On evaluating Eqn6) in MATHEMATICA , we can find the incident wave force acting
on the buoy.

Using the value of force in the vibration equatimiow results in Eqn.7{:

+ +
s+ < x J(M rAg)X (—F rAgY)coswt +CY 'Sin e (7
m m m m

Yarn stretching equatiomgoy movement):

F+rAgY
m

X = (( )/ T)cos@t -q) G%WIT)sin( w ) 6

In the final form of theequaton it has been considered that wher0 then k1=0 for

snarlingcondition. Parameters A and B are defined as:

A:(w)/-r And B:CY_W/T (9)
m m
Some other constants used in evaluatimgl form of equationare defined as:
{k
keq = (M) . X= c and w, = ] (10)
m 2 /mlgq m
T= J(W2,- )2 +(2 x W) (12)

where d is the depth of the tank, z is the distance of the points from the surface, R is the
radius ofthe sphere buoy, t is the depth of buoy submerged in fluid, Y is the input wave
amplitude, g is the acceleration due to grawitys the driving frequency in radians is

the natural frequency, F is the incident force by wave potentialthe densit of fluid,
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A is the crosssection areas submerged in fluid, m is mass of baadg,damping and

other hydrodynamic coefficienandqy is the phase angle.
Mechanical to electrical conversion

After completing the force analysis flwid environment, aimple time variable steady
state equation is proposed for the float movement or yarn stretching. Equajishdtvs
the superposition of two linear waves:

X, =Acosit -q) Bsin( w | (12

Coefficients A and Bare described above in the analysis, is wave frequency
driving the CNT yarn harvestey, is the respective phase lag quamed to the incident

water standing wave. Maximum strain can be calculated from the above expression for

anywas:

2+ 2
S = Y22 3100 (13)

S is strain developed anldis the original length of CNT yarn. The final goal of all the
force and vibration analysis is to es#te the desired theoretical OCV values on giving
strain as input. In order to understand the mechanical to electrical conversion,
experimental data was analyzed and the empirical relationship between OCV as a

function of strain afixed frequency is devebed by curve fitting as shown below:
V =(1.33145 (%) +0.¢ (14)

where V is theOpen Circuit Voltage,S(%)is the percentagstrain andf is the

frequency of excitatiorStanding waves produced the strain in the yarn which resulted in

changeof its capacitance in electrolyte solution thereby providing the voltage output.

This illustrates thathe wave input of different amplitude produced strains in CNT yarn
(during stretching) which in turn producegerall peak to peak output voltages in 0.6M

NaCl solution. The assumptions in the modeling included: no effect of diffraction and
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Figure 9: OCV generation in standing wave environment. (a) Wave modeling and
empirical OCV comparison with experimental results at different wave input amplitude.
In all the experiments frequency remain constant = 2 Hz. A dashed vertical line sho

the graph beyond which experimental OCV starts saturating. Inset images show the
front/top views of the harvester and SEM image of yarn used, (b) SEM image taken after
the yarn is utilized for harvesting. Dashed boxes shows the presence of Naskgatti

the junctions of coils. Another SEM image is the zoomed section, showing the wear and

tear of the yarn after long use in wave environment (~ 6 hours).
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Wave experiments

Solving the equations in MATLAB environment, Figure 7(c) shows the resiMsve
input to the harvesting system, and yarn stretching with stiffidgs<(35 N/m. Figure 8
shows the measured results for evaluating the stiffness constant for wave energy
harvesting. The snarling effect of CNT yarn was teikeo consideration by assuming the
stiffness zero (no force), whilbuoywas going down from mean electrolyte level. It can
be observed from the results (Figure 7(c)) that there is a phase lag, and sinusoidal
distortion between the input (standing wawa)d output (float or yarn movement),
resulting in possible phase lag between wave input and Open Circuit Voltage (OCV).
Therefore, in our modeling approach, we used the wave amplitudes as an irfiped(at
frequency of 2 Hg and evaluated the strain adoped in the yarn (for the given buoy).
This strain was further used in the empirical formula to evaluate the final OCV voltage.
Experiments were also performed under the same set of conditions, as used in modeling.
The yarn length for the experiments wapt at ~7.5 cm. To withstand the fluid forces

due to the wave oscillations, 10 layers of MWNT were used in yarn preparation.

Figure 9(a) shows a comparison of experimental measurements and the empirical
expression for OCVinsetshows the front/topiews of the buoy attached with tiyarn,
and the SEM image of the yarn. We experimentally measured 52 mV OCV at a wave
amplitude of 4.3 cm, and 22.5 mV at 1.7 cm. As can be seentfrerRigure9(a), the
calculated OCV values overestimate the measursadlise However, the results were in
close agreement #&wer amplitude of wave input. The model presented here considers
only heave motion of the buoy, which wdsminantfactor even in experimental values
at low wave heights. At higher wave amplitudestaoted by pushing more water
through paddle, turbulence was found to occur. The turbulence and enhanced
hydrodynamic forces increased the rolling and pitching of the spherical buoy, thereby
deviating from the expected linear trend in heave motion, constguthe electrical
output started to saturate. The other factors, which could cause deviation from the
theoretical analysis, could be walifects, bending and torsional effects in the yarn, and

electrolyte concentration (used in large volume here). thddilly, we performed an
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experi mentAremi ameldle@aalo yarn for the ~2.5 c¢cm
in OCV of 17.5 mV (Figure 10). With the same condition, cone spun yarn resulted in

al most double out put-Ai ohic ogagnesst B.Sscomofwave t he A
input, the cone spun yarn yielded ~32 mV of OCV. The excellent performance of the

cone spun yarn can be attributed to the uniform stress distrig@@&nDuring all the
experiments, we tethered the top point of spherical buoy two @any untwisting of the

yarn under wave influence. Figure 9(b) shows the SEM micrographs indicating the subtle
changes in the local morphology of the yarn after ~6 hours of operation under strong

wave forces. The NaCl particles were found to be accuntulatehe junction of the

coils, as seen in the SEM micrographs (Figure 9(b)). These results clearly show the
robustness of our yarn based ocean energy harvester which is important for extended
period of operation. Because the high wave amplitude was garadlimg and pitching

motions, for next set of characterization, we used a smaller setup, where, only heave

motion of buoy was achieved.

Wave amplitude: 2.5 cm
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Figure 10: Voltage generation by Dualchimedean yarn iwaveenvironment.

Figure 11(a) shows the side andnfroviews of the small scale setup indicating the
position of the clamp attaching the yarn and the float. This analysis was performed on the
same yarn, which was used in the previous controlled stretching experiments. The 11 cm
column of electrolyte was o#lated at different frequencies and amplitudes. Figure 11(b)
shows the specific current at each frequency of water column oscillation displays a
monotonically increasing value with frequency. At 0.1 Hz, the current was measured to
be ~129 A/kg, which themcreased to ~498 A/kg at 1 Hz. In this set of experiments, the
electrolyte surface wave amplitude was maintained at ~ 1.54 cm for all the considered

frequencies.
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SCC at fixed amplitude (1.54 cm), (c) voltage and current at variable resistances at 0.5
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Figure 11(c) shows the resistanceesw tests @ 0 0 Y) at 0.5 Hz. The
found to increase continuously wup to satur at
the voltage was found to be ~12 mV. One expects a maximum power output at the

optimum resistance value, which matches impedance of the harvester.

We evaluated the power from the resistance sweep. Figure 11(d) shows the detailed
results of power produced at frequencies of 0.1 Hz, 0.3 Hz and 0.5 Hz. The output power
was found to increase with increasing frequerteypm the power vs resistance results,
we observed a change in optimal resistance. The optimal value of the resistance
decreased to 100 Y from 300 Y with an incresa
maximum measured power at 0.5 Hz was found to h&8-0v/kg. Power values at
frequencies 0.1 Hz and 0.3 Hz were found to be ~0.36 W/kg and ~0.82 Wi/kg,
respectively. The specific energy per cycle, or power normalized with frequency, is
shown in Figure 11(e). As expected, the maximum value of specific epergycle was
observed at the lowest frequency of 0.1 Hz. Values of measured specific energy of ~ 3.56
J/kg, 2.73 J/kg and 1.75 J/kg were recorded at frequencies 0.1 Hz, 0.3 Hz and 0.5 Hz,

respectively.

In next experimental study, we recorded thenjit@ive change in the peak power
values at different amplitudes of the oscillating electrolyte column at fixed frequency of
0.5 Hz. Figure 11(f) shows the power results for different strains. We obtained maximum
specific power (by resistance sweep) B880W/kg, 0.6061 W/kg and 0.1418 W/kg at
amplitudes of 1.54 cm, 1.23 cm and 0.7 cm, respectively. The OCV generated with

respect to different wave amplitude is shown in Figure 12.

In addition to the aforementioned experiments oclaygr yarn devices, & also
characterized the 2 layer yarns of length 1.67 cm and weight 0.168 mg in our small scale
setup under electrolyte oscillation. Figure 13(a), (c) and (e) show the resulting OCV,
SCC, specific power (at 0.5 Hz), and specific energy per cycle perfoemAharound
15% strain, power obtained was O0.48 W kg at

harvesters, for a given frequency, the matching impedance decreased significantly with
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the increase imumberof layers. The 2ayer yarn experiments were also performathw

0.1M HCI as the electrolyte. In wave motion producingl88% strain in the yarn, the

obtained OCV and SCC at 1 Hz were 54 mV and 2213 A/kg and power was 3.1 W/kg at

0.5 Hz, as shown in Figure 13(b), (d) and (f). These results clearly demonstrate the
advantage of HCI electrolyte over ocean water. However, invibik we stress on the

ocean wave harvesting for practiegplicationsand providefundamentalinderstanding

of the harvesterod6és behavior under varying wa

21
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Figurel2: Voltage generation in small setupdifierentamplitude of water oscillation.
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voltage at 2Hz frequency, (b) low frequency input from shaker (mimicking the water
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Wave energy harvestedemonstration

We demonstrated the response ld harvester under load by applying a small PZT
piezoelectric transducer. A PSV-500 scanning vibrometer was then used for
characterizing the vibration dynamics of the transdudére equivalent voltage required
to drive the transducer was generated frama yarn harvesters connected in series and
driven by wave motion at 2Hz. The lasglorometer measureithe surface velocity of the
transducer and the sound pressure level walsulated fromthe specific acaustic
i mpedance of ai rstic(ispedantel= velacigy)s Fgure (B} shovesthe u
measured and predicted infrasound pressure generation at different voltage input. At this
small scale, we generated 19 dB of sound pressure in air with 50 th¥ wdltage input.

To make our yarn harvester more efficient, we demonstrate a mechanical frequency
amplification mechanism to step the low frequency energy from the wave oscillation
(Figure14(c)). In this setupthe rack to input gear is 1 rotati per 2 cm linear motion of
the rack, and the input gear is compounded to a 60:12 (5:1) rotational ratio. Thus, the
total ratio is 2.5 rotations per cm of travel. For example, a 4cm travel from a 2cm center
to-peak amplitude wave at 1 Hz would give 4cth3 seconds x 2.5 rotations/cm = 20 Hz
rotation. At 2cm amplitude for the wave, the output is 10 Hz rotation from a 0.5 Hz wave
input and 40 Hz at a 2 Hz wave inpWe can conclude from the above discussion that if
this mechanism is used for large scatean wave, where, wave amplitude is as high as 2
m at 0.5 Hz, then our harvester can easily produce electricity at higher frequencies
(~1000 Hz)Figure 14(b)-(d) shows procedure at small scale to provide high frequency
electrical outputFigure 14(b) is the shaker input to our mechanical amplifier similar to
the ocean wave. We pushed and pulled the rack by ~2.2 cm at 2 Hz frequency. On
receiving the linear input to the rack the yarn stretched and released periqgiatilypf
yarn showed in Figure 1d)) at high frequencyFigure 14d) shows the peak to peak
OCV of around 22 mV at frequency of 20 Hz. This amplification can easily be tailored

by different input to the mechanical frequency amplifier.

The unique properties such as flexibility, and lotrglse length of our yarn harvesters

could facilitate us to demonstrate the high frequency electrical output. High frequency
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operation not only make our yarn more efficient, but it also could help in efficient energy
conversion and its transmission to gsigstems in more real scenarios of ocean energy
harvestind12].

Conclusion

We presented the first systematic study of ocean wave energy harvestinghesing
twisted and coiledMWNT yarn based electrochemical transduction that converts
mechanical to electrical energy through a change in capacitance. These yarns are highly
flexible, nonresonant and necorrosive. They exhibit a long strokength, and high
power density. Some of the key aspects of this study are below:

1 Wave modeling was developed for the harvester to evaluate the strain in the yarn
which was used iempiricalformula to get the OCV.

1 An experimentaket up mimicking the real ocean wave condition, was designed
to demonstrate the robustness of the nanotube yarns and its feasibility under fluid
loading.

1 0.5 mg of yarn produced 0.88 W/kg at 0.5 Hz under the watdalatist
amplitude of 1.54 cm. The output power was found to increase with frequency
(but non resonant

1 We proposed a mechanical frequency amplification mechanism to obtdiigthe
frequencyelectrical output. This mechanism could make the underwabersidc
communication possible from yarn harvesters. We realized atughdrequency

voltage output of 22 mV at 20 Hz on providing wave input conditiontdt 2
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Chapter 5

High Efficiency Low-temperature Gradient Thermal to Electrical
Conversion

Prashant KumaiRavi Anant Kishore, Deepam Maury@plin J Stewart, Reza
Mirzaeifar, Eckhard Quandt, and Shashank Priya

(Under review inournal: Applied Energy)

Abstract

More than half of the energy generated worldwide is lost as unused thermal energy
because of theatk of efficient methodology for harnessing the igrade heatHere we
demonstrate that shapeemory alloy (SMA)can be an effective mechanism for
recovering lowgrade heat. SMAs exhibit thermally induced martensite to austenite phase
transformation and uperelasticity (stressnduced martensitic transformation).
Employing these two characteristics, we demonstrate a thermal engine for harnessing
waste energy through all modes of heat transfer: conved@mmuction,and radiation.

An optimized SMA engingenerated 36 W from 1 kg or 234 kW of electricity from3 m

of active material. A continuousthreeday operationof several SMA engines could
generate 7.2 kWh of electricity when installed a500 m long hot pipe networKhis
generated poweranreducethe carborfootprint by 11.8 pounds of CQllustrating the

promise of this technology for addressing climate change.

Keywords: Shape Memory Alloy (SMA); Martensite; Austenite; Psewthsticity; Heat

engine; Energy harvesting.
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Introduction

Among thevarious forms of environmental energy available around us, thermal energy is
the most abundant and ubiquitous. Thus, there has been considerable efforts towards
developing techniques for conversion of thermal energy into electrical energy, using
mechanisa such as thermoelectr{d-5], pyroelectric[6-8], thermomagnetid9-12],
thermoacousticd13], thermaelectrochemicall4, 15} and tensile muscld46]. Out of

these choices, thermoelectric generators (TEGs) have dominated the scientific interest in
capturing locally available thermal energy. A major part of this thermal energy is in the
form of low grade (<10C) waste heat (Figure 1(a)). Howeydrere issignificantdrop

in the performance (efficiency -3%) of TEGs, wheinot-sidetemperature is below 100

°C [17]. Other technigues mentioned above, in current form, provide small output power
density and thus, still remain easdyage laboratory research. On the otiand,
thermodynamic cycles based engines such as Rankine cycle engines, are extremely bulky
and not efficient (~2:86.5%) in thesdow temperaturaegimes (hot side temperature
<10C°C) [18, 19] In trying to address thidecades oldyrand challenge, we made a
breakthrough irdemonstratiorof smallscale heat engine based on shape memory alloy
(SMA). SMA based engine was designed to operate at terapesdess than 8Q with

the ambient acting as heat sink. The engine relies on two fundamental properties of SMA:
(i) superelasticity, and (i) thermally induced martensite to austenite phase

transformation.

There have been several attempts to devele SMA system for converting heat

energy into output mechanical w§2k, 21][22]. Recently, Sato et §3] have presented

the large scale working device based on SMA that demonstrated 1.155 W output power
for 40.25 cm of active material volume (5 belt, weight of aetimaterial ~ 0.262 kg,
device dimension: 18.50 cm x 5.50 cm x 5 cm). However, most of these previous designs
have remained laboratory experiments and their reliability and durability for edomg
domestic or commercial applicatioremain challenging. Bpecially for the devices
requiring rotation, challenges arise from the fact that heat needs to be captured from the
source (hoside temperature less than’@) at a very fast rate (several hundred rotations

per minute) through an extremely thin interfa(@MA wire diameter less than few
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hundredmicrors). Also, the residual heat in the wire has to be completely discarded to
the ambient aéin equallyfast rate to achieve continuous operation. As the siZVA
engine is reduced, the hside and the coldide come closer to each other, which results

in continuous accumulation of heat after each cyElentually the accumulated heat
stops the functioning of the device due to insufficient cooling. This has been the
challenge towards realizing small scale A&hgine forpastfour decades (since 1975).

(a)

| N W aste heat (Reference: 25°C)
[ W aste heat (Reference: 150°C)
I W ork potential (Reference: 25°C)

ure range (°C)

Figure 1: Thermal energy available at various locations (industry, home, and geothermal
sites) for potential deployment of SMA based heat engine. (a) A bar chart representing
the potential of thenal energy harvesting in various categories (subdivided on the basis
of temperature rangé24] The graph is redrawn on the basis of data given in reference
36, (c) Various home and industrial hot pipe locations for effedtitzation of SMA
engine, (d) An array of SMA engines deployed on pipe (along with single device) for the
prospetive utilization of hot thermal zone for maximizing the power and reducing the

carbonfoot print
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Here, weanalyzed asmall scale SMA engines operating at-Bole temperatures less
than 100 °C and overcoming all of tabove mentionedhallenges. Té potential of our
SMA engine can be recognized from the data presented in Figure 1(a). This data shows
the amount of waste heat available corresponding to different thermal gradiefsvand
grade heat (230 °C) is the major component of total waste hElaére are many
geothermal locations (wells and sprif@$) can be obserd across the United States,
which could provide the opportunity for deployment of SMA engine arrays demonstrated
in this study. Figure b} shows various locations of hot pipés the industrial and
residential settingswith low thermal gradient wastesht.

(b)

|

Displacement

b
Temperature

Figure 2: (a) Schematic of shape memory alloy engine, (b) Schematic representation of
displacement vs. temperature profile of shape memory alloy. Withease in

temperature, displacement decreases and generates the differential tension across the

pulley.

For harvesting this abundant amounta¥ gradethermal energy, the SMA wire needs
to possess a low transition temperature, smaller hysteresis, low heat capacity, high
thermal conductivity, anda high thermoelastic efficiency. Therefore, extsne
investigations were conducted on phase transition behavior, thermodynamic properties,

and thermal hysteresis of SMA wires. Using the measured SMA material characteristics,
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we designe@nginecomprising of two pulleys with different diameters, a thM/Abelt
around two pulleys, and a small DC electric generator (Figure 2). Figayestigws
schematics ofrray of SMA engines deployed on hot pipes (Figure)1(Our SMA
engine was found to generate sufficient power needed for powering water health
monitoring sensors and acoustic devices with-dide temperature ranging between 60
80°C. It is worthwhile to mention that the engine design presented here can be used at
much lower hotside temperatures (10 °C above the ambient) if the transition temperature
of SMA can be reduced by modifying its composit[@6]. The longterm operational

test (continuous three day operatiom the SMA wire indicated no significenhange in

the thermemechanical propertiesThe analysis presentddter, projects that our SMA
engine can generate 7.2 kWh overeeday period in an industrial setuppmprising of

500 m long hot pipe networR his generated powetanreduce the carbofootprint by

11.8 pounds of C®)

Results

In the first stage, we performed material investigations to identify the most suitable
SMA alloy composition for engine desigiRocusin this stage was on understanding the
fundamental material behavior undeyclic temperature and stress variations. In the
second stage, we performdtermaltransport analysis to ensure rapid heat transfer rate
across the SMA wire. Lastly, in the third step, we performed systematic experiments on

heat engine to fully quantifghe device performance.
SMA investigations for designof heat engine

A comprehensive differential scanning calorimetry (DSC) analysis was performed on
different SMA wires available commercially in order to understand the thermal
deformation cycle anddentify the composition which has maximum thermodynamic
efficiency at low temperatures under stress free condition. Five samples of NiTi were
used in aseceived form for the DSC test: Wire 1 (0.25 mm, Muscle wires), Wire 2 (0.38
mm, DYNALLOY, Inc), Wire 3 (0.2 mm, Johnson Matthey), Wire 4 (0.38 mm,
DYNALLOQY, Inc), and Wire 5 (0.44 mm, Saupply)). Figure 3(aje) show the

hysteresis across phase change and the transition temperature for each sample. Using this
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experimental heat flow diagram, the critid@imperatures Ms (martensite start), M
(martensite finish), A(austenite start), andsfaustenite finish} for forward and reverse
transformation were quantified. It can be seen from Figure 3 that wire 5 has the lowest
forward transition temperaturd 48°C, which is most suitable for our heat engine. The
difference between thermal energy geingand comingout of the wires was found to be

very small, which should be the case since the DSC tests were run under no stress
condition (no work). Residualdat accumulation may cause thermechanical fatigue

in the system. Figure 4 (a), (b) and (c) show detailed results on phase transition of
annealed sample. Thermal annealing results in shift of transition temperature from 48 °C
to 54 °C. SMA wire was alsoharacterized using dynamic mechanical analyzer (DMA)

in order to determine the force dynamics and viscoelasticity properties. Detailed
comparative study of damping and storage modulus values-fecesed and annealed

SMA samples are shown in Figure7Z5We observed that with increase of frequency the
damping coefficient decreases, and with increase of temperature scan rate the transition

temperature of the wire increases.
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Figure 3: DSC results for five different wires from various companies, (a) IMige25
mm, Muscle wires), (b) Wire 2 (0.38 mm, DYNALLQY, Inc), (c) Wire 3 (0.2 mm,
Johnson Matthey), (d) Wire 4 (0.38 mm, DYNALLOQY,Inc), and (e) Wire 5-6sipiply)
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Figure 4: DSC results for annealed SMA wire (selected for SMA engine) at different
tempeature scanning rate; 5,10 and 20°C/min. Annealing was done atGs@@r 30
minutes, (a) complete cycle of heating and cooling of sample, (b) and (c) enlarged graphs

of heating and cooling profile, and the comparison at different temperature ramping rate.
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Figure 5: DMA results for wannealed selected NiTi wire, (a), (b),(c),(d),(e) and (f)
shows the comparison of tan delta results of wire for different temperature scan rates and

frequencies
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