‘e o* inghiall )l

4 DARALMANDUMAH

Aipadl Shag Loa Ll o cig B sy 10

Sensing and Control of Rotating Blade Vibrations Due to Thermal Loads
Using Piezoelectric Materials

Omar, Ahmad Shaban

1Ulgusll

fosoasd | eJaoll

Sunar, Mehmet(Advisor) UNTCY VTS

2016 1.S>Maodl du, U

ul,pbll 18390

1-81 1olxaall

774892 :MD 3,

dGzol> Plw, i Sgizall £ 95

English :aelll

uiow>lo alw, ragolell as)all

Usleolly Jg i) 258 lloll aeol> raseol=l

W)l wlwlyadl ésloc ra sl

&592ull radgall

Dissertations 10logleoll aclgd

ulnes oSl adolensVl el pSl (@S uSaedl dwaip)l cawaspll :Raolgo
https://search.mandumah.com/Record/774892 Ll

: ‘  Labgaze Sgaxl geox .aoghaioll > 2020 ©
s3ladl 04n aclb of Juoxi S .abgamo ridl Bgis> g ol lole piuill Bgi> wlxol go gdgall SVl sle sl aslio 3kl 0id
ol o o zuras Ugs (cugySIV Ayl ol iVl g8lgo Jio) @l S| e puiidl ol Jugmeil of gl giogy «asd sasail plasiwil

oghiall ,ls of il Bgi>

ol Lalu Zyl_ﬂbl

www.manharaa.com



https://search.mandumah.com/Record/774892

TABLE OF CONTENTS

ACKNOWLEDGMENTS \'%
TABLE OF CONTENTS VIl
LIST OF TABLES... IX
LIST OF FIGURES X
ABSTRACT XI1
Al i adla XIII
CHAPTER L......corierrrennrrmsssesssmsssstsssssssssnsmsassssssssssssssssassasessesmssas sesna seseasssassssasms snsssasassassmansasss smnss 1
INTRODUCTION 1
1.1  LITERATURE REVIEW ....occocireierreirrrneesnesrsssssssssssssssissasssosantassssanosssnassssassasessssnssrsssnsssssesssnssssassssnasas 2
1.2 OBJECTIVES ...ueevviraerrceceseeesssssssnssssssonssansessssssesssssossasssssnsssssrssstsossssstssssnossssonsassorsssssasssssssnsesserssnessnss 5
1.3 LAYOUT OF THESIS ..occoiiririciennceeeinsssssssisascsssasnessesansnne reneetnssessaeees 6
CHAPTER 2.....coerececemscsmcsssssissssisisissssssisssmsssssasssssstssasss sesessasssnsnsassssmss s s s seasanss sassssnmams s asassesnanes 7
THERMALLY-INDUCED VIBRATION ANALYSIS FOR STATIONARY BLADES.......... 7
2.1  Analytical Method .......coiiiiniiiinininnneninsiinstiesiniesinisssssnssasesssnisnsasssseesssssnsosssnsssssssssssnssss sassnsnses 7
2.1.1  Temperature DiStribULION ..c.c.coveveienciii e e 7
2.1.2  Thermally-Induced Vibrations of Beams Subjected to External Heat Source .........ccecovveerennne 10
2.13 DaAMPING RAIO cicvieireriierrrrrerte it te e s e she e b e sre b e eb e e e be s e e be s anensarenes 14
2.2 Thermally-induced Vibration Analysis for Stationary Blades Modeling ........ccccceevrvvrvenrrvceniennnnn, 16
2.2.1 Case 1: SImply-SUpported BEamM.......ccc et e ae s e 16
2.2.2 Case 2: CantileVer BRAM ....c.o ettt sttt et s e s s be bR e 19
2.3 RESUIS aNd DISCUSSION ceeieieeeereeciccreerenicisisesniscsntssiossasntsssserssensssssanssssssssssssssssssssenssssssnssnmssssssessssnes 21
2.3.1 Case 1: Simply-supported BEam .......ccooeiiiiiiiiiener e s s et s s et 21
2.3.2 Case 2: CantilEVEr BEAM ..ccviivee et sree st sttt e bt st sas b b e ss s s be e s e s e re et 23



CHAPTER 3 25

SENSING AND CONTROL OF STATIONARY BLAEDES BY PIEZOECTRIC

MATERIALS 25
3.1 PIRZOEIECIICIEY . cccueneemrrenresnererecrsnsssisssrsnessemsssesssssrssnssntastassnssnssssanastsssassssonssnsassisstssssssessnasnesanassusss 25

3.1.1  Effect of Temperature on Piezoelectric Properties. ... 33
3.2 Piezoelectric Sensing of Stationary Blades ..........ccceeuucuneene terereeessersansatasssssransasesssssnsssanninen 34
3.3 Piezoelectric Control of Stationary Blades.........cccevvvvimimrrinnereemieiiinrcceenee st sssaesesssessssaeesnes 40
CHAPTER 4 47

THERMALLY-INDUCED VIBERATION SENSING AND CONTROL FOR ROTATING

BLADES 47
4.1 Piezoelectric Sensing of Rotating BIades .........cccccomerniiicnnninnnieiicniissnisssesissinsisiermisnseenn, 47
4.2 Piezoelectric Control of Rotating Blades .........c.cccvviriieinieersnsssersanssnnsssnrsnmssssesssessnessssssssiossnssassnne 53
CHAPTER S5 63
CONCLUSIONS AND FUTURE WORK 63
5.1 CONCIUSIONS veveeeeirieerreessmessseseeseesnermesescessasassosssansmsesssssestsanssasssssassassistenesossosssesssasasonsssasasnasssnssassssssssan 63
5.2 FURUTE WOTK c.coeeveiiieiircereventeserenereerirerssosiosssssssssssassssinesssssssssssssssansissssssesssssssesansnssnsassssssnanesssans sassssse 65
APPENDIX ....oooremimnmsmnssssnssmsmssmsmssisssssssssssmmssssssssssnmssassmsmassssssssssasassnsassassssassssnsassanans w66
1. PROGRAMING FLOW CHART ......cccceeereemnnrereencecnrenneccnans esasssamssenasesesessnrnen 66
l. PROGRAM EXAMPLE...............cccerrrrrrannnneee Leeresreseserennrstatnnnsisronesessssasaretsnnnbrsastnntsetzranereses 67
LIST OF ABBREVIATIONS.. 73
NOMENCLATURE .....cccoconnrisrinrasssinnns 74
REFERENCES eeeiimirreresasieteRaEs RS R R SRR R R R e w7
VITAE .o occessiesssnsmssisesessesssassssmssesmsstssssssasassssasansssss s sesss sessssssnsssssssasssnsosst mnsnsmsnsansnnse 81

Viii


http://www.tcpdf.org

‘e o* inghiall )l

4 DARALMANDUMAH

Aipadl Shag Loa Ll o cig B sy 10

Sensing and Control of Rotating Blade Vibrations Due to Thermal Loads
Using Piezoelectric Materials

Omar, Ahmad Shaban

1Ulgusll

fosoasd | eJaoll

Sunar, Mehmet(Advisor) UNTCY VTS

2016 1.S>Maodl du, U

ul,pbll 18390

1-81 1olxaall

774892 :MD 3,

dGzol> Plw, i Sgizall £ 95

English :aelll

uiow>lo alw, ragolell as)all

Usleolly Jg i) 258 lloll aeol> raseol=l

W)l wlwlyadl ésloc ra sl

&592ull radgall

Dissertations 10logleoll aclgd

ulnes oSl adolensVl el pSl (@S uSaedl dwaip)l cawaspll :Raolgo
https://search.mandumah.com/Record/774892 Ll

: ‘  Labgaze Sgaxl geox .aoghaioll > 2020 ©
s3ladl 04n aclb of Juoxi S .abgamo ridl Bgis> g ol lole piuill Bgi> wlxol go gdgall SVl sle sl aslio 3kl 0id
ol o o zuras Ugs (cugySIV Ayl ol iVl g8lgo Jio) @l S| e puiidl ol Jugmeil of gl giogy «asd sasail plasiwil

oghiall ,ls of il Bgi>

ol Lalu Zyl_ﬂbl

www.manharaa.com



https://search.mandumah.com/Record/774892

SUiig AT A A A A A A AE e b b e e R N i@@fd@

% SENSING AND CONTROL OF ROTATING BLADE

——d

EZ VIBRATIONS DUE TO THERMAL LOADS USING

% PIEZOELECTRIC MATERIALS

_:%é

_TV%C

_*%‘é

& BY

Mo AHMAD SHABAN OMAR

%

% A Thesis Presented to the

:% DEANSHIP OF GRADUATE STUDIES

g; KING FAHD UNIVERSITY OF PETROLEUM & MINERALS

% DHAHRAN, SAUDI ARABIA

’%

% P>

=~ In Partial Fulfillment of the C&

{}}5 Requirements for the Degree of gﬁ*
\ @

e MASTER OF SCIENCE X
9 .

i MECHANICAL ENGINEERING %,

Mo 5

§ MAY 2016 %

i B

LS 8};
\@

S A A A P P B P P P A A A A A A P A AN PSRN AR




KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN- 31261, SAUDI ARABIA
DEANSHIP OF GRADUATE STUDIES

This thesis, written by AHMAD SHABAN OMAR under the direction of his thesis
advisor and approved by his thesis committee, has been presented to and accepted by the

Deanship of Graduate Studies, in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE IN MECHANICAL ENGINEERING.

Dr. Mehmet Sunar
(Advisor)

@EB:’UQM A bty

Dr. Zuhair Gasem
Department Chairman

Dr. Husain M Al-Qahtani
(Member)

Dr. Khaled Al-Athel
(Member)

>

Dr. Salam A. Zummo
Dean of Graduate Studi

24 ‘4\ *

Date



© Ahmad Shaban Omar

May 2016

it



To my Beloved

(Parents, Brother, and Sisters

v



ACKNOWLEDGMENTS

“In the name of Allah, the Most Beneficent and Most Merciful

First of all, I would like to thank almighty Allah for this achievement. He
provided me with his blessings throughout all my life and gave me the health, patience
and strength to reach this level of knowledge and accomplish this work. I pray to
almighty Allah to make this thesis beneficial knowledge "on the day when neither wealth
nor sons shall benefit anyone, except for him who comes before Allah with a pure heart”.

I would like to thank my parents and my distinguished instructors who helped me
understand that Allah taught man what he did not know, that a scientist meets his end
while still lacking knowledge, and that modesty only adds to a scientist’ sublimity.

Special thanks go to my beloved father and mother who have always had faith in
me, and for their patience and love. They have always helped and provided me all the
unconditional support that I needed over the years in school and college. Thanks also go
to the rest of my family, especially my brother and sisters, who encouraged me and gave
me their love and affection.

I would like to express my sincere gratitude to my thesis advisor Dr. Mehmet
Sunar for his continuous guidance and efforts throughout my Master's graduate program.
He helped me a lot in my Master's thesis, and taught me many things in the area of Finite
Element Method and System Dynamics & Control. In addition, I learned a lot from him

in both morals and science.



Special thanks and deep appreciation is extended to Dr. Husain Al-Qahtani and
Dr. Khaled Al-Athel, for their generous help, encouragement, and being part of my
evaluation committee in my graduate program.

I would like also to thank all my friends and colleagues who supported or helped
me whether in my life or academic career.

May Allah raise degrees of my parents and my distinguished teachers, and grant

them all health, wellness and long lives.

To them all, I dedicate this work.

vi



TABLE OF CONTENTS

ACKNOWLEDGMENTS \'%
TABLE OF CONTENTS VIl
LIST OF TABLES... IX
LIST OF FIGURES X
ABSTRACT XI1
Al i adla XIII
CHAPTER L......corierrrennrrmsssesssmsssstsssssssssnsmsassssssssssssssssassasessesmssas sesna seseasssassssasms snsssasassassmansasss smnss 1
INTRODUCTION 1
1.1  LITERATURE REVIEW ....occocireierreirrrneesnesrsssssssssssssssissasssosantassssanosssnassssassasessssnssrsssnsssssesssnssssassssnasas 2
1.2 OBJECTIVES ...ueevviraerrceceseeesssssssnssssssonssansessssssesssssossasssssnsssssrssstsossssstssssnossssonsassorsssssasssssssnsesserssnessnss 5
1.3 LAYOUT OF THESIS ..occoiiririciennceeeinsssssssisascsssasnessesansnne reneetnssessaeees 6
CHAPTER 2.....coerececemscsmcsssssissssisisissssssisssmsssssasssssstssasss sesessasssnsnsassssmss s s s seasanss sassssnmams s asassesnanes 7
THERMALLY-INDUCED VIBRATION ANALYSIS FOR STATIONARY BLADES.......... 7
2.1  Analytical Method .......coiiiiniiiinininnneninsiinstiesiniesinisssssnssasesssnisnsasssseesssssnsosssnsssssssssssnssss sassnsnses 7
2.1.1  Temperature DiStribULION ..c.c.coveveienciii e e 7
2.1.2  Thermally-Induced Vibrations of Beams Subjected to External Heat Source .........ccecovveerennne 10
2.13 DaAMPING RAIO cicvieireriierrrrrerte it te e s e she e b e sre b e eb e e e be s e e be s anensarenes 14
2.2 Thermally-induced Vibration Analysis for Stationary Blades Modeling ........ccccceevrvvrvenrrvceniennnnn, 16
2.2.1 Case 1: SImply-SUpported BEamM.......ccc et e ae s e 16
2.2.2 Case 2: CantileVer BRAM ....c.o ettt sttt et s e s s be bR e 19
2.3 RESUIS aNd DISCUSSION ceeieieeeereeciccreerenicisisesniscsntssiossasntsssserssensssssanssssssssssssssssssssenssssssnssnmssssssessssnes 21
2.3.1 Case 1: Simply-supported BEam .......ccooeiiiiiiiiiener e s s et s s et 21
2.3.2 Case 2: CantilEVEr BEAM ..ccviivee et sree st sttt e bt st sas b b e ss s s be e s e s e re et 23



CHAPTER 3 25

SENSING AND CONTROL OF STATIONARY BLAEDES BY PIEZOECTRIC

MATERIALS 25
3.1 PIRZOEIECIICIEY . cccueneemrrenresnererecrsnsssisssrsnessemsssesssssrssnssntastassnssnssssanastsssassssonssnsassisstssssssessnasnesanassusss 25

3.1.1  Effect of Temperature on Piezoelectric Properties. ... 33
3.2 Piezoelectric Sensing of Stationary Blades ..........ccceeuucuneene terereeessersansatasssssransasesssssnsssanninen 34
3.3 Piezoelectric Control of Stationary Blades.........cccevvvvimimrrinnereemieiiinrcceenee st sssaesesssessssaeesnes 40
CHAPTER 4 47

THERMALLY-INDUCED VIBERATION SENSING AND CONTROL FOR ROTATING

BLADES 47
4.1 Piezoelectric Sensing of Rotating BIades .........cccccomerniiicnnninnnieiicniissnisssesissinsisiermisnseenn, 47
4.2 Piezoelectric Control of Rotating Blades .........c.cccvviriieinieersnsssersanssnnsssnrsnmssssesssessnessssssssiossnssassnne 53
CHAPTER S5 63
CONCLUSIONS AND FUTURE WORK 63
5.1 CONCIUSIONS veveeeeirieerreessmessseseeseesnermesescessasassosssansmsesssssestsanssasssssassassistenesossosssesssasasonsssasasnasssnssassssssssan 63
5.2 FURUTE WOTK c.coeeveiiieiircereventeserenereerirerssosiosssssssssssassssinesssssssssssssssansissssssesssssssesansnssnsassssssnanesssans sassssse 65
APPENDIX ....oooremimnmsmnssssnssmsmssmsmssisssssssssssmmssssssssssnmssassmsmassssssssssasassnsassassssassssnsassanans w66
1. PROGRAMING FLOW CHART ......cccceeereemnnrereencecnrenneccnans esasssamssenasesesessnrnen 66
l. PROGRAM EXAMPLE...............cccerrrrrrannnneee Leeresreseserennrstatnnnsisronesessssasaretsnnnbrsastnntsetzranereses 67
LIST OF ABBREVIATIONS.. 73
NOMENCLATURE .....cccoconnrisrinrasssinnns 74
REFERENCES eeeiimirreresasieteRaEs RS R R SRR R R R e w7
VITAE .o occessiesssnsmssisesessesssassssmssesmsstssssssasassssasansssss s sesss sessssssnsssssssasssnsosst mnsnsmsnsansnnse 81

Viii



LIST OF TABLES

Table 2.1: Material properties for aluminum beam. ..o 18
Table 2.2: Material properties for steel beam. ... 20
Table 3.1: Material properties Of PZT-5A. ..o 26
Table 3.2: Thermal expansion coefficient a of PZT-5A in 1/K.....coooemviiiinniiens 33
Table 3.3: Dielectric permittivity €5 OF PZT-5A A0 (F/M). cerveroeoereeerveeeereeee s ieenienias 33
Table 3.4: Damping ratio (¢), maximum sensor and actuator voltages (Vomax and Vamax)

of stationary blade............o.oooiiiiii e 46
Table 4.1: Natural frequencies of the blade before and after control actions. .................. 61
Table 4.2: Damping ratio (¢), maximum sensor and actuator voltages (Vomax and Vamax)

At N=1,200 RPM ... .t 62
Table 4.3: Damping ratio (¢), maximum sensor and actuator voltages (Vnax and Vamar)

At N=2,400 RPM ..ottt 62
Table 4.4: Damping ratio (¢), maximum sensor and actuator voltages (Vomax and Vamax)

At N=3,600 RPM.... ..ottt 62

X



LIST OF FIGURES

Figure 2.1: Decaying 0SCIlation. .........coueveieirineireinniii s 14
Figure 2.2: Simply-supported rectangular beam subjected to uniform step heat input. ... 16
Figure 2.3: Finite element model for simply supported beam (not to scale). ................... 17
Figure 2.4: Finite element model for simply supported beam in ANSYS..........ccccceeeee. 18
Figure 2.5: Cantilever beam subjected to uniform step heat input. ........ccooocvvvcriiinnnn. 19
Figure 2.6: Finite element model for cantilever shell (not to scale). .....c..cocoevncvirniiicnnn. 19
Figure 2.7: Finite element model for the cantilever shell in ANSYS. ..., 20
Figure 2.8: Analytical and FEM results for temperature distribution on top surface of
THE DAL, ... vttt ittt e e 22
Figure 2.9: Lateral displacement of the uniformly heated simply-supported beam
FOT B0 oot e 22
Figure 2.10: Lateral displacement of the uniformly heated simply-supported beam
5 10) o > o) ST PP PRSPPI 23
Figure 2.11: Comparison of theory and FEM for temperature distribution of cantilever
beam 0n toP SUITACE. .....ccvrieieuieiieere it 24
Figure 2.12: Tip thermally-induced displacement results from ANSYS for the cantilever
{377 116 RO U OO OO OO OO 24
Figure 3.1: Cantilever plate with piezoelectric (PZT) layers (not to scale)..................... 34
Figure 3.2: Finite element mesh of the system with thermal load (not to scale). ............. 35
Figure 3.3: Finite element model in ANSYS. ... 36
Figure 3.4: Nodal temperature of the plate. ..o 37
Figure 3.5: Nodal temperature of the upper PZT layer at the top-right corner................ 37
Figure 3.6: Tip deflection of the cantilever plate...........cooveneeiniiiciccis 38
Figure 3.7: Voltage output at the corner of the PZT layer. ......cccvevniiiiiinnn, 39
Figure 3.8: Power Spectral Density (PSD) of the plate’s deflection (left) and PZT’s
VOItage (RIZIL). ..eoveverceericiiiiccicce e e 39
Figure 3.9: Piezoelectric control system for the stationary smart blade. ...............c......... 40
Figure 3.10: Temperature increase on top surface of the cantilever blade. ................c.... 42
Figure 3.11: Tip deflection of the cantilever blade. ..o 42
Figure 3.12: PZT sensor voltage of the cantilever blade. ..o 43
Figure 3.13: PZT actuator voltage of the cantilever blade...........cccooniinninnn 43
Figure 3.14: Power Spectral Density (PSD) of the plate’s deflection (left) and PZT’s
VOltage (RIGHL). c.oveeiieeiciiciic e 44

Figure 3.15: Tip deflection of the cantilever blade with different feedback gains of g,. . 44
Figure 3.16: PZT sensor voltages of the cantilever blade with different feedback gains of

OF ettt 45
Figure 3.17: PZT actuator voltages of the cantilever blade with different feedback gains

OF Gy ettt b 45
Figure 4.1: Tip deflection of the plate at N=1,200 RPM. ..........ccoomiinnniie 48

X



Figure 4.2: Voltage at the tip of the piezoelectric layer at N=1,200 RPM. ...................... 49
Figure 4.3: FFT of plate’s displacement (left) and PZT’s voltage (right)
At N=1,200 RPM. ..ottt et sasasns s 49
Figure 4.4: Tip deflection of the plate at N=2,400 RPM. ........c.ccovrirrirniiiniiicene 50
Figure 4.5: Voltage at the tip of the piezoelectric layer at N=2,400 RPM. ...................... 50
Figure 4.6: FFT of plate’s displacement (left) and PZT’s voltage (right)
At N=2,400 RPM. ...oooiiiiieinieieteicteesicei et s 51
Figure 4.7: Tip deflection of the plate at N=3,600 RPM. ..........cccovriirins 51
Figure 4.8: Voltage at the tip of the piezoelectric layer at N=3,600 RPM. ...................... 52
Figure 4.9: FFT of plate’s displacement (left) and PZT’s voltage (right)
At N=3,600 RPM. ..ottt e 52
Figure 4.10: Temperature increase of the upper PZT layer (sensor)
at the toP-TIZNt COMET........ccoviiiieircer ettt 55
Figure 4.11: Tip deflection of the cantilever blade at N=1,200 RPM. ..........cccerviernennn 55
Figure 4.12: PZT sensor voltage of the cantilever blade at N=1,200 RPM....................... 56
Figure 4.13: PZT actuator voltage of the cantilever blade at N=1,200 RPM. .................. 56
Figure 4.14: FFT of plate’s displacement (left) and PZT’s voltage (right)
At N=1,200 RPM. .ot 57
Figure 4.15: Tip deflection of the cantilever blade at N=2,400 RPM. ............coccceennee 57
Figure 4.16: PZT sensor voltage of the cantilever blade at N=2,400 RPM..................... 58
Figure 4.17: PZT actuator voltage of the cantilever blade at N=2,400 RPM. ................. 58
Figure 4.18: FFT of plate’s displacement (left) and PZT’s voltage (right)
At N=2,400 RPM. ..ottt 59
Figure 4.19: Tip deflection of the cantilever blade at N=3,600 RPM. ..........ccccevenrnnnne. 59
Figure 4.20: PZT sensor voltage of the cantilever blade at N=3,600 RPM....................... 60
Figure 4.21: PZT actuator voltage of the cantilever blade at N=3,600 RPM. .................. 60

Figure 4.22: FFT of plate’s displacement (left) and PZT’s voltage (right)

at N=3,600 RPM. ...t eer s 61

Xi



CHAPTER 1

INTRODUCTION

Thermal analysis for temperatures, stresses, and/or displacements has always been
a focus of interest in scientific communities due to involvement of thermal field in vastly
different areas [1]. In particular to thermally-induced vibrations, some examples include

applications of high temperatures and heat in turbo machinery to produce power.

Beams are basic, but important structural elements, because many systems can be
simply modeled as such. Hence, they have been the subject of many investigations in
various mechanical and structural studies; a robot arm, a turbine blade, and an airplane

wing can be modeled as a beam, to name a few [2].

Thermopiezoelectric or piezothermoelastic materials can be used in vibration
sensing and control because of the thermopiezoelectric phenomenon, which couples
thermal, mechanical, and electrical fields together. Hence, these materials have found
many applications in robotics, aerospace, turbomachinery, microelectromechanical

systems (MEMS), etc. [3].

The finite element method (FEM) is a robust numerical approach used in the
analysis of many modern systems. It divides a system into small parts, called finite

elements, and then assembles them to solve for temperatures, displacements. etc., on the



global system. The solution is then post-processed to obtain dependent variables such as

strains and stresses.

1.1 LITERATURE REVIEW

In 1880, two French physicist brothers, Jacques and Pierre Curie were the first
who discovered the piezoelectric effect [4], [5]. Piezoelectricity basically defines a
relationship between electric and mechanical stress/strain fields in certain materials [6].
Specially shaped crystals of natural minerals, quartz in particular, were originally used.
Nowadays, there are several piezoelectric materials used in various applications
including: Lead Zirconate Titanate (PZT), Aluminum Nitride (AIN), Zinc Oxide (ZnO),
Quartz (Si02), Poly-Vinylidene Fluoride (PVDF) and others [7]. The manufactured
ceramics are the most commonly used piezoelectric materials such as Ceramic B, PZT-2,
PZT-4, PZT-5A, PZT-5H, etc., due to their special characteristics, and the piezoelectric

materials. The piezoceramics are used as either sensors or actuators [8].

Adaptive structures using piezoelectric materials are usually called smart
structures. The piezoelectric materials have been utilized extensively in precision control
of dynamical systems. Using piczoelectric materials in active control applications has
proved that they are very good in sensing and controlling to reduce vibration and

counteract any undesired disturbance.

Thermally induced vibrations of internally heated beams were analyzed by
Murozono [9]. Theoretical and experimental results were obtained and compared.
Composite beams with interlayer slip operating under thermal loads were examined by

Adam et al [10]. The resulting boundary value problem was solved using a mixed closed

2



form and truncated modal series procedure for the quasi-static and complementary
dynamic portions. Structural vibrations due to thermal loads were controlled via
piezoelectric pulses by Tauchert and Ashida [11]. Al-Bedoor et al [12] developed a

technique for blade vibration measurements in turbo-machinery and jet engines.

Active vibration control of a cantilever beam with a pair of piezoceramic patches
was considered by Vasques and Rodrigues [13] where they analyzed velocity response of
the beam to a harmonic excitation and an initial displacement field. Sunar and Al-Bedoor
[2] investigated the usability of a piezoceramic (PZT) sensor placed in the root of a
stationary cantilever beam for measuring structural vibrations during both the transient

and steady-state phases.

In another study, free and forced vibration of a laminated variable thickness FGM
Timoshenko beam under heat effects was investigated by Xiang and Yang [14]. The
beam was imposed upon one dimensional steady heat in its thickness direction and
Lagrange interpolation polynomials were utilized as a numerical tool to solve the
resulting thermo elastic and dynamic equations. Dynamical response of a cylindrical rod
subjected to a non-uniform heat was analyzed by Bertarelli et al [15] through analytical
and experimental means. The applied heat causes fast temperature increase in the rod
producing longitudinal and flexural vibrations in return. A lightweight piezocomposite
actuator was used by Suhariyono et al [16] to attenuate vibrations of a cantilever
aluminum beam. A digital PID control process was implemented in the active vibration

suppression system.



The study of a cantilever beam with a piezoceramic actuator and sensor through a
pole placement control of multimodal vibration suppression was presented by Sethi and
Song [17]. The spectral element model for the axially moving plates subjected to thermal
loadings was developed by Lee and Kwon [18]. Numerical results revealed that dynamic
response of the spectral element model for an axially moving uniform plate neglecting its
length and considering the plate as one finite element component was very accurate.
Vibration and stability studies of a composite beam under thermal and magnetic fields
were undertaken by Wu [19] where various results including those displaying phenomena

of beats and resonance were shown.

Formulation for analyzing piezothermoelastic fibers compound shell design with
attested actuators and piezoelectric sensors was developed by Roy et al developed [20]. A
simply-supported beam subjected to step heat input, sudden heating and dynamic stresses
was studied by Marakala et al [21]. They used the finite element method for the solution
to thermally induced vibrations. They found out that the displacement increases while the
frequency of oscillation decreases. Displacement control of a compound cylinder
comprising of a thermoelastic inner layer in touch with the outer layer was considered by
Tauchert and Howard [22]. Voltage was applied to the outer surface of the cylinder in

order to repress the thermally-induced radial displacement.

An Euler-Bernoulli beam of large rotation was analyzed by Shen et al [23] for the
coupled effects of thermal and structural loads. Thermally induced vibration of a
cantilever beam was studied by Kidawa-Kukla [24] with an assumption of the surface of
the beam acting as a periodically time-varying heat source. Thermal stresses produced by
the changing of the beam temperature led to displacements in the beam.
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Thermal impact on dynamics of a damped cantilever Timoshenko beam of
temperature-dependent elastic modulus was analyzed theoretically by Gu et al [25].

Temperature gradient induced thermal force that helped to determine the thermal effect.

Malgaca et al studied the control behaviors of rotating blades vibrations through
piezoelectric materials at the root [26]. Smart materials were used by Kerboua et al [27]
to reduce and control the vibration of cantilever beams. Optimal design and location of
piezoelectric transducers were studied by applying the finite element method. Romaszko
et al [28] analyzed forced vibrations of a homogeneous cantilever beam subjected to

kinematic excitation with a moving holder via the application of a vision method.

1.2 OBJECTIVES

The main objective of this thesis is the sensing and control of thermally generated
responses of stationary and rotating beams by the use of piezoelectric materials. This
study is important for mechanical/structural elements subjected to heat loads that cannot
be ignored. These heat inputs alone may result in thermally induced vibrations or may
add up to already existing mechanical vibrations from other sources. Monitoring and
controlling vibrations due to thermal and other effects are very important for the safe

functioning of industrial systems operating under various disturbances.



1.3 LAYOUT OF THESIS

In the first part of this thesis in chapter 2, simply supported and cantilever
stationary blades (beams/plates) are subjected to the step load of uniform heat, resulting
in time varying temperature and displacement fields in the blade. Temperature and lateral
displacement fields are computed analytically then by finite element methods. Analytical
and finite element results are analyzed and compared with each other for verification.
Lateral displacements of the blade are then sensed and controlled by piezoelectric

materials bonded to the beam through a feedback control scheme.

In the second part of the thesis in chapters 3 and chapter 4, the cantilever blade
mounted with piezoelectric materials is given rotation and then the rotating system is
considered for thermally induced vibration sensing and control. The feedback controller
designed for the stationary blade is used for the rotating blade control with some

feedback gain modifications.



CHAPTER 2

THERMALLY-INDUCED VIBRATION ANALYSIS FOR
STATIONARY BLADES

In this chapter, analytical solution of Fourier heat conduction equation given
below is presented and solved for temperature distribution in a beam (blade) due to a
thermal load. The resulting temperature distribution is used to obtain lateral
displacements of the beam by employing the beam deflection equation provided in the
following section. The same beam is also modeled by ANSYS finite element program via
transient thermal analysis and solved for temperature, which is utilized through transient
structural analysis to obtain lateral displacements of the beam. The analytical and finite

clement results are then assessed and compared with each other.

2.1 Analytical Method

2.1.1 Temperature Distribution

The heat conduction is one of three modes by which the heat transfer occurs. For

an isotropic solid, the heat conduction or diffusion equation is given by [29]:

a(uT)
0x

aT
= 2.1)

MWD+Q=(m)t+@®
where:

k: thermal conductivity (W/mK),



V2. The gradient vector,

T: Solid temperature (K),

Q: Heat input rate per unit volume (W/m?),
. Material density (kg/m’),

¢: Specific heat (J/kg.K), and

t: time (sec).

Equation 2.1 is solved to determine the beam temperature 7 for various initial and
boundary conditions. The initial conditions specify the initial temperature distribution of
the beam, which is taken to be constant for most problems at time zero, i.e. 7(x,0) = T,
where, T, is the free air stream temperature caused by the beam. As for the boundary
conditions, there are several cases, one of which is the surface insulation. This case

requires that there is no heat flux, i.e. g4=0, across the insulated surface along a direction
. . d . .
of x. This is mathematically expressed as é = (. While in other cases, there is a presence

of convective heat transfer, i.e. ¢, = h(T- T,), where A, is the convective heat transfer

coefficient. This is shown through substituting in the heat conduction law:

oT

By using linear Lagrange interpolation function, the finite element equation for
temperature distribution upon the thickness of the plate when the beam is under effect of

sudden heating on one side and insulated on other surface is as follows [30]:

TR AT e



However, for the plate affected by sudden heating on one surface and naturally uniform

convection on the other sides of the beam is given by

e o B A A B {72}

Al
qz {1}”’ ATo {2}

(2.4)

where T; and T» are the nodal temperatures and 7., is the ambient temperature. The 2
vector on the right hand side and 2" matrix on the left hand side are contributed by

convection and will be taken into consideration for the last element only.

The global finite element equation for time dependent temperature distribution has the

following form:
KgombT + KgapT = Fa 2.5

where K&, is the convection matrix, Kg,, is the element capacitance matrix, and F§ is

the force vector. Equation 2.5 must be solved for the variation of temperature in time
domains and space to obtain the temperature distribution which can be calculated and

solved using the method of finite central difference [31].



The closed form solution for the temperature distribution of the beam is given by [32]
hQ 1y 1)2 1
o0 =%11+30+2) 5
(2.6)

2 o (=Die Ty 1
_?Zl——jz——cown(z+§)
]=

where y is the vertical distance from the neutral axis of the beam, 4 is thickness of the

beam, and 7 is a non-dimensional time parameter defined by:

Kt
T= ﬁ (27)
The thermal diffusivity k is given by
k
K=— (2.8)
pc

2.1.2 Thermally-Induced Vibrations of Beams Subjected to External Heat

Source

Consider a differential element dx, of a thin beam under the action of external
forces and thermal loads. T, and T, correspond to the temperature on the top and bottom
surfaces respectively, while F is the shear force and p is the load intensity. The stationary
beam is assumed to be an isotropic solid with a uniform cross-section lying in the x
direction. According to [33] the curvature of a uniform beam under the simultaneous

actions of applied loads and Euler-Bernoulli’s heat input can be expressed as:
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9%v
M+ My = El{ == (2.9)

where M is the internal bending moment, Mr is the thermal moment which is due to
temperature gradient across the thickness of the beam, I is the moment of inertia of the

beam cross section, and v is the lateral displacement in the x direction.

The thermal moment acts as a forcing function for the beam exposed to heat flux

on one surface and insulated on the other sides is given as
MT=fE-a-AT-z-dA (2.10)
A

where AT is the change in the temperature.

The total thermal moment across the section is found by calculating and summing
up the thermal moment at uniform intervals from the top to bottom surfaces of the beam.
There is no temperature variation along the length of the beam, which means that the

temperature is independent of x, hence, Mr= Mr(1).

Differentiating of equation 2.9 twice with respect to x, the resulting expression is

dx2 dx? dx? 9x? (2.10)

9*°M  9*M; 62< 62v>
= EI

According to D’Alembert’s principle the applied loads will be equated to the negative of

the inertia force as follows:

M 0%v
axz = —pA F (212)
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where p is the density of the beam, and 4 is the cross sectional area.

Using equation 2.12 in equation 2.11 will yield in the governing equation for
lateral displacement (deflection) of a beam in the transverse direction in the presence of
thermal moment as

9°My £l 9*v 0%v

%2 o T PAGe @.13)

For vibrations due to the above thermal load, the stationary beam is assumed to be
an isotropic solid with a uniform cross-section lying in the x direction. Hence, the

governing equation for the lateral beam displacement v is expressed as [34]:

%y d%v  *M
i = 2.14
(ED P + (pA) 7z 37 (2.14)

where E is the beam's modulus of elasticity, I is second area-moment, 4 is cross-sectional
area, p is mass density, and M is moment caused by thermal effects generated within the

beam.

The solution of this equation again requires initial and boundary conditions for the
displacement field. The beam is considered to be initially at rest with simply supported
boundary condition for the previous analytical study. The non-dimensional thermal

moment is given by

m*kM
m(¢,7) = 1970E1a (2.15)

where a is thermal expansion coefficient, and the non-dimensional parameter ¢ is defined
as the ratio of variable x to length of the beam L

12



iy
I
o~ R

(2.16)

The non-dimensional lateral deflection ¥ is defined in terms of physical lateral deflection

vby

kv

V&9 = T550ar2

Another non-dimensional parameter Bis introduced as

1
p= i)

where h is the height or thickness of the rectangular beam.

The non-dimensional lateral deflection is then found as

n3n3 |8B2n?

o0

sinnmeg| ©* .,

V=V,— ———|——=—sinn“n“B*t
n=13,5

o] .
Z e~J*™*T 4 (j /nB)? sinn®*n?B%t — cos n®*n?B%1
j4 + n4B4

j=13,5

where ¥V, is the static non-dimensional deflection solution given by

Vae(60) = =L (2 = ©)
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