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Abstract

This thesis presents a computational method for the mid-to-high frequency vibro-
acoustic system modeling. The Vibro-acoustic analysis in the mid-to-high frequency
range is technically challenging due to the complex wavelength composition and the
large numbers of the degrees of freedom involved. Conventional low-frequency
methods like Finite Element Method (FEM) require enormous computational time and
calculation capability while high-frequency methods like Statistical Energy Analysis
(SEA) are not always suitable, because of the difficulty in meeting the basic
assumptions in some long wavelength sub-systems, or the little information provided.
Therefore, this thesis is aiming at establishing a simulation methodology that can
balance the efficiency and the richness of the information obtained. The structure of
the thesis is as follows.

Preliminary investigations are first conducted on the modeling of a typical plate-
cavity system, which is widely used as a simplified benchmark model for the sound
insulation problems in building/structural acoustics. Through the exploration of the
modal method and the wave method, the well-recognized existing convergence
difficulties of the former at the vicinity of the vibro-acoustic interface are investigated.
A criterion to accelerate the convergence speed of the modal method close to the
cavity-plate interface is proposed. By improving the reliability of the modal method,
this part paves the way forward by providing a reference solution to the mid-to-high
frequency modeling analysis.

Then, a so-called Condensed Transfer Function (CTF) method is proposed, in
which the uncoupled sub-systems are modeled individually by decomposing the force
and velocity over the interface into a set of functions, namely the Condensation

Functions (CFs). Then the subsets obtained from each sub-system are assembled
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following the velocity continuity and force equilibrium conditions. The focus is fixed
on how to increase the calculation efficiency of the CTF method by properly selecting
the Condensation Functions (CFs). Owing to the spatial wavy features, the complex
exponential functions are expected to better match the structural wavelength variations
in a given frequency band. It is shown that the complex exponential functions
outperform the previously developed Patch Transfer Function (PTF) methods using
gate functions. Numerical analyses reveal a piecewise convergence behavior of the
calculation in different frequency bands. This property is further exploited in a plate-
cavity system for establishing a criterion for further truncation of the CFs, referred to
as the piecewise scheme.

The piecewise scheme is then extended to systems with an increasing coupling
strength. To this end, a coupling strength factor (CSP) is defined to quantify the
coupling strength between two sub-systems. Parameters that determine the coupling
strength between the sub-systems are then discussed. Using the defined CSP, the
previously established piecewise scheme is re-examined and validated using an
acoustic system comprising two mutually connected sub-cavities. The effect of the
coupling strength on the computational error of the piecewise scheme is systematically
quantified. The piecewise scheme, alongside the CTF approach itself, is then
experimentally validated.

Finally, the piecewise scheme is applied to a simplified Double Skin Facade system
(DSF). It is shown that the proposed modeling methodology allows a fine and detailed
description of this complex vibro-acoustic system with a relatively complex and large

dimension in the entire frequency range including the mid-to-high one.

III



Publications

Journal Papers:

1. Z. Y. Hu, L. Maxit, and L. Cheng, “Convergence criteria on the acoustic velocity
continuity in a panel-cavity system”. The Journal of the Acoustical Society of America.
2017 Mar 27; 141(3):2137-42.

2. Z. Y. Hu, C. Yang, and L. Cheng, “Acoustic resonator tuning strategies for the
narrowband noise control in an enclosure”. Applied Acoustics. 2018 May 1; 134:88-
96

3. Z. Y. Hu, L. Maxit, and L. Cheng, “Piecewise convergence behavior of the
condensed transfer function approach for mid-to-high frequency modeling of a panel-

cavity system”. Journal of Sound and Vibration. 2018 Nov 24; 435:119-34.

Conference Papers:

1. Z. Y. Hu, L. Maxit, and L. Cheng, “On the Choice of condensation functions for
mid-to-high frequency vibroacoustic modeling”. ICSV 2017.

2. Z. Y. Hu, L. Maxit, and L. Cheng, “A Criterion for Piece-wise Mid-Frequency
Vibro-acoustic Modeling Using the Condensed Transfer Function Approach”.
Internoise 2017.

3.7Z.Y. Hu, L. Maxit, and L. Cheng, “A Piece-wise Calculation Scheme for the Mid-
to-high Frequency Vibro-acoustic Simulations”. NOVEM 2018

4.7Z.Y. Hu, L. Maxit, and L. Cheng, “A Piecewise Calculation Scheme for the Mid-

to-high Frequency Strong Coupling Modeling”. ICSV 2019.

v



Acknowledgements

First of all, I would like to express my deepest thanks of gratitude to my supervisor,
Professor Li CHENG. For the last five years, he is not only an academic advisor but
also a life mentor in many aspects, in terms of how to be an eligible researcher and be

a man of integrity.

I also wish to say Merci to Dr. Laurent MAXIT, INSA de Lyon, for his patient
guiding since the very fundamental part of this subject. I have learned lots of things,

academical or cultural, during my three months in Lyon.

Special thanks to my parents, girlfriend Wen ZHONG, and other family members,
for their unconditional support, understanding, and love for me. They are the ultimate

driving of my progress.

I would like to thank all the colleges in my group and department technicians. Many
works will be impossible without their help. Special thanks are given to Dr. Cheng

YANG, who leads me into the acoustic area at the very beginning stage of the study.

At last, thanks to my friends who have been together since the Master period,
classmates in Harbin Institute of Technology, and those of more than ten years, for

your encouragement at difficult times.



Table of Contents

ADSEEACT ... II
Publications..............ccooiiiiiiiiiiii s 1A%
ACKNOWICAZEIMENIES........ccooiiiiiiiiiiiee it e et e e et e e e e raeeeeeas \%
Table of CONEENTS ...........cccooiiiiiiiiiiiiic s VI
LISt of FIGUIES ......cc.ooiiiiiiiiiiiiiiiie et X
List of Tables .......c..ooooiiiiiiii e XVI
List of Abbreviations.............c..ccccociiiiiiiiiniii e XVII
CHAPTER 1 Introduction ..............c.cooiiiiiiiiiiiiccecceeeee e 1
1.1 Research Background and MoOtIVatioNS ..........coceeveerienienieniienieeiieienie e 1
1.2 LIterature REVIEW ......c.oouiiiiiiiiiiiiieieieitie ettt 3
1.2.1 Mid-to-high Frequency MethOdS ...................ccccuieeiiiuuieeieiiiiieesciieeeeeeiiee e e siveeeeeniiaaa e 3
1.2.1.1 Enhanced Deterministic MethOds ..................ccocccevciemiiiniiiiiiiniiiniiiiieiienec e, 4

1.2.1.2 Enhanced StatiStical MEtROAS....................c.cccccoeueueieeieieieeieieieieeeeeeeeeeee e 7

1.2.1.3 Hybrid Deterministic-Statistical Methods..................ccccoocouiiiiiiniiiaiiiiiiieeeeee s 9

1.2.2 Methods for Classical Plate-Cavity SYSIEMS. ..............cceveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeennn 10

1.2.3 Modeling Methods in Building ACOUSHCS ................c.cccoeeueeeeeerieeieeeeeieeeieeeee e 12
1.2.3.1 Prediction Methods in Building ACOUSTICS ..............c.cccccoveeeeeeereeeeeeeeeeeeeeeeean 12

1.2.3.2 NOTS@ ADSOTDEION. ... 13

1.3 Research Scope and Thesis OULINE .........c..ccveeviiiiiiieiieeeceeeeeeeteeee e 17
CHAPTER 2 Benchmark Solutions ...............ccccooiiiiiiniiininiieeceeeeceee 21



2.1 Analytical Solutions for a Single System.........c.ccoiiiiiiiiiiiiiiiie e 22

211 VIDFQUNG PLALES ... 22
2.1.2 ACOUSEIC CAVILY.......oeoeeeeeeeeeeeeeeeeeeeeee et 24
2.2 Analytical Solutions for the Plate-cavity SYStem .........ccceecvveriieriiiinieenieesieeciee e 27
2.2.1 The Wave Based MeEthod.....................ccc.ccoeerieieueiieieeeeeeeeieieeee e 28
2.2.1.1 TREOTELICAL ANALYSES...........cocoveeveeeieieieieee e 28
2.2.1.2 Incident ngle diSCUSSIONS ..............cococvoveeeeieieiiiseieieeeee et 32

2.2.2 The Modal MEtROd.....................ccccviiieiiiiiiecie e 34
2.3 Convergence Criteria for the Velocity Continuity of a Plate-cavity System .............. 36
2,31 PreSSUEE ARGIYSES ..o 37
2.3.2 VelOCity ANALYSES ........cocuiiiiiiiiiiiiiiii ittt 40

B B0 11100 F: 1 SRS 48

CHAPTER 3 Condensed Transfer Function (CTF) Approach and its

Validations ... 50
3.1 CTF APPIOACH .ttt ettt et s e aeensesnens 51
3011 BASIC TREOFY.c...ceiiiee ettt ettt ettt 51

3.1.2 Choice of the condensation functions and convergence rules ....................cccccoeeveeeunn. 55

3.2 Numerical Validations of the CTF Approach in a Plate-Cavity System..................... 59
3.2.1 Configurations and Preliminary ANGLYSes..............cccooceuiiviiiiniiiniiniiiiiencse et 59

3.2.2 Theoretical Valid@iONS..............c...cccomiiiiiiiiiiiiist ettt 63

3.3 CONCIUSIONS. ...ttt ettt ettt en s 69

CHAPTER 4 Selection of the Condensation Functions and the Piecewise

Computational Scheme.................ccooiiiiiiiiiiieee e 70

4.1 The Influence Of the CFS TYPES ....cccviiviieiiieiie et eie ettt eeae e s 71



4.1.1 Condensed MODility .................cccccoceeoueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 71

4.1.2 Condensed IMPEdANCe ....................cccueviuiiiiiniiiniiiiiiiit sttt 74
4.1.3 Condensed VelOCity ..............cocoeeeueceeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e, 77
4.2 The Piecewise Computational SCheme ...........ccccevoueriiniinienienienieneeeeeeeeeeee 79
4.2.1 Preliminary ARGIYSES................ccovverieieueeeeeseeeieeeeeeeeieieis et 79
4.2.2 The Piecewise Computational SCREmME ................ccccccoviiiniiiiiiiniiiniiiniieiienese e, 85
4.2.3 Numerical Validations for the Piecewise SCheme..................ccccccovveriiiiiiiniiniiniianienan, 87
4.3 CONCIUSIONS. ...ttt ettt ettt 94

SYSEEINS ...ttt ettt e et e sttt e st e e st ee e s b eeeabeeessbeesnsseesnsseesnneeenanes 95
5.1 Coupling Strength QUantifiCation ..............cceevevieriiiieieiecieee et eaens 96
5.1.1 Definition of the Coupling Strength FACIOT ..............cc.ccoeveeiiiiieiiieeiiiesieeeeiee e 97
5.1.2 Numerical Analyses on the Coupling Strength Factor...............cc.cccccouveiieeniiieinieaniaan, 98
5.1.2.1 Analyses in a Cavity-Cavity SYSEEML............ccceeveiieiiiieiiieeiie e e 98
5.1.2.2 Analyses in a Plate-cavity SYStemi...............cccooovvemiiieiiiiiiiieeiieeie e 102

5.2 Numerical Validations of the Piecewise Scheme in Strong Coupling System ......... 104
5.2.3 Validations on the INterface VelOCity ............cccoovveeiiieeiiiieiiiieiiie e 104
5.2.2 Validations on the ACOUSHIC PFESSUFE .............cccoueeiciioiiiiiiaie ettt 105
5.3 The Influence of Coupling Strength on the Piecewise Scheme..............c.cceevveunennee. 109
5.3.1 VOIUME RALIO ...ttt 110
5.3.2 Interface Modal MAICRING ................cc..cccoviiiiuiiiiiiieiiieeiee et 112
5.3.3 COUPIING SFENGLN..........ccoviieiiiiiiieeeieeeeie ettt 114
5.4 Experimental Validations...........ccoceviiiiiiiiiieiieieeetece ettt 115
5.5 SUIMIMATY ....ouvieviiieeie ettt eete et et etteeteeeteeeteeete e ae e beesbeesseesseesseesseetsesasesesestsesseenseenns 118



CHAPTER 6 Applications in Building Acoustics .............ccccceceiiiiniiininnnenen. 120

6.1 Theoretical MOEL........cceeuieiiiiiiieiieie ettt ne e 121
6.1.1 Modeling on the Micro-Perforated Panel........................cc.ccccocoeeeeiveeeeeeerieeeeeeenenn, 121

6.1.2 MOAeling 0n DSF SYSIEMS.............c.ccoeiseieeeerieseteeeeeee et 122

6.2 NUMETICAl ANALYSES ....e.viieeieiieiiieieieii ettt sttt 125
6.2.1 ReSPONSE PrediCtions .................c.c.coeueeeeieeeeeeeeeeeeeeeeeeeeeeee e 126

6.2.2 SOUNA INSULALION ...t 130

06.2.3 Analyses on the Micro-Perforated Panel......................cccccocccviiiioiiiniiiniiiniiiiiiienicnnean, 134
0.2.3.1 Performance DISCUSSIONS .............cccerciiiiimiiiniiiii ettt ettt 136

6.2.3.2 Arrangement OPMIZALIONS................ccccooiiuiiiiiieiiii it 141

6.2.4 Sound Transmissions between different flOOFS...............ccccocccmviiriiiiniiiniiiiiiiiiiincne, 147

0.2.5 Efficiency COMPATISONS ............cccveeieieeiiiaiiieeeiie et eee et eiaee e e esaee e 151

6.3 SUIMIMATY .....oovvivietieeeite ettt ettt et et e teese e s e seeteesseseeaeeseessessesseeseensesseessessensesens 152
CHAPTER 7 Conclusions and Future Works..................ccccoocooiiinnnnnnn. 154
7.1 SUIMIMATY .....oivvivieiieeiete ettt ettt ettt et eeteete e s esesaeeseessesseeseeseessesseessessensesens 154
7.2 Main CONCIUSIONS ....cuvuiiiiieiiieieeet ettt 158
7.3 Recommendations and Future Works .........cccocceviiniiiiiinccccccee 160
PN 1 1) 1 11 L. GO TRRSRRPR 162
RETEIENCES ...ttt 164

IX



List of Figures

Figure 1.1 A typical DSF SYStEIM. ..cccueiuiiriiiiiiieiieieeiiesieeeeeee e 2
Figure 1.2 T-shaped acOUStIC r€SONALOTS. ......eeveruieriieieriieierie ettt 15

Figure 1.3 (a) Sample of a micro-perforated panel; (b) Sample of a micro-perforated

PANECL ADSOTDET. ...eiiviiiiiieiiecie ettt et e et eebeesaaeebeeesseenneas 16
Figure 2.1 Configuration of the vibrating plate. ..........cocceveriinieniniineneeeeeee, 22
Figure 2.2 Configuration of the acoustic Cavity. ......ccccovvieririeriienieriinienieeieeeeeeene 24
Figure 2.3 Configuration of the plate-cavity SyStem..........ccocueeevvieerieeeciieeieeeiiene 27
Figure 2.4 The incident angle configuration in the given coordinate. ..........c...c....... 33

Figure 2.5 (a) SPL predictions at point (0.04, 0.17, 0.01) m; (b) SPL averaged within
ThE CAVILY. ceeiiieiiie ettt e et e et e et e e et e e e bt e e enaae e enraeeenneeas 40
Figure 2.6 Particle velocity predictions by wave method and modal based method:
Different z-direction terms are used in the modal method. .............c.ccooiiniiininin, 41
Figure 2.7 Velocity prediction error at point (0.04, 0.17, 0.01) m with respect to the
number of modes in the z-direCtion...........cccoiiiiiiiiiiiiiiieeeen 42
Figure 2.8 Velocity prediction error with respect to the number of modes in the z-
QITE@CTION. 1.ttt ettt et e s et e bt e s et e beesabeebeesateebeesaneens 44
Figure 2.9 Velocity prediction error with respect to the generalized mode number G:
(a) Uncoupled non-resonance frequency at 210 Hz; (b) Uncoupled resonance
frequENCY at 128 HZ. ..oooeeiieiieeeeeeee et e et 46
Figure 2.10 Particle velocity predictions: (a) z=0.00625m; (b) z=0.025m. ........... 48

Figure 3.1 2D illustration of a system composed of two sub-systems that are coupled

through an INEETTACE. ... ..coiiiieciiecee et e 51
Figure 3.2 The working principle of gate functions...........cccceeveeviiniieniiniienieeee 56
Figure 3.3 Plot of 1-D complex exponential function on the x-axis. .......cc.ccceveernnene 57

X



Figure 3.4 Plot of the Chebyshev Polynomials: The first four orders. ...................... 59
Figure 3.5 (a) Wavelength variation of the subsystems with respect to frequency and
the system critical frequency; (b) The function number of the truncated series with
respect to the maximum freqQUENCY .......ccueeruiiiiiiiriieiieie e 61
Figure 3.6 Mode number of the two sub-systems with respect to frequency. ........... 62
Figure 3.7 SPL predictions at a point (0.5, 1.3, 2)m: (a) Gate functions; (b) Complex
exponential functions; (¢) Chebyshev polynomials. ...........cccoooiiriiiniiiiiiniiiiiee 65
Figure 3.8 Volume averaged SPL predictions: (a) Gate functions; (b) Complex
exponential functions; (¢) Chebyshev polynomials. ...........cccooeieeiiieniiiiiiiniiiiiiee, 66
Figure 3.9 SPL field map: (a) Gate function; (b) Complex exponential function; (c)
Chebyshev polynomial; (d) Modal method............ccoevieriieniiniiiieieceeeee 68
Figure 4.1 Condensed mobility obtained from the gate functions at: (a) 500 Hz; (b)
800 HZ. (UNIt: 3N * ) eeiiiieiiieiteiie ettt ettt ettt st bee e 72
Figure 4.2 Condensed mobility obtained from the complex exponential functions at:
(a) 500 Hz; (b) 800 Hz. (UNit: 713N * ) ceeevieieriieieeieeieeieeteeiee et 74
Figure 4.3 Condensed impedance obtained from the gate functions at: (a) 500 Hz; (b)
800 HZ. (UNit: N * ST3) .ottt ettt sttt 75
Figure 4.4 Condensed impedance obtained from the complex exponential functions at:
(a) 500Hz; (b) 800HzZ. (UNit: N = STM3) c.eeieeiiieciiieeiee e e e 77
Figure 4.5 Condensed velocity contribution within the frequency band [1, 1000]Hz:
(a) Gate functions; (b) Complex exponential functions. ...........cceeeveeerveenrieescnveennne. 78
Figure 4.6 Condensed velocity contribution within the frequency band [1, 1000]Hz,
the serial of the complex exponential functions on the y-axis are sorted by the function
wavelength: (a) log scale plot; (b) For each frequency, normalized with respect to the

maximum value 1N NOTMAL SCALE. .......eeeeeeeeeeeeee e &0

XI



Figure 4.7 Normalized velocity contribution from each complex exponential function,
arranged as a function of Aca and Acs: (a) 250Hz; (b) 650Hz (critical frequency) (c¢)
BOOHZ. ...ttt 84
Figure 4.8 Condensed velocity contribution from each CF. The real line and the dotted
line are corresponding to Acs = 1 and Aca = 1, respectively.......cccvvevernvnienenne. 84
Figure 4.9 CTF calculation error for different § values within one-third octave bands
centered at: 630Hz, 800Hz, and 1000HZ. ...........oooeviiiiiiiiiiiiiiiiieeieeeeee e 87
Figure 4.10 Calculated SPL using the proposed selection criterion for the one-third
octave frequency band (center frequency: 630HZ). .......ccceeeevvieiiiiicieeeieeeieeeeee 88
Figure 4.11 Sound pressure level using the proposed criterion targeting two selected
one-third octave bands with the center frequency: (a) 630Hz; (b) 800Hz. ................ 90
Figure 4.12 Sound pressure level using the proposed criterion targeting one-third
octave bands within the 630Hz band (clamped plate). .......cccceeveeiiiiiiininiieiis 92
Figure 4.13 Sound pressure level using the proposed criterion targeting [1000,
1600]Hz (clamped plate and cavity with impedance boundary)..........c.ccccceerernnne 93
Figure 5.1 Configurations of the coupled acoustic system, excited by an internal sound
source in the Main SUD-CAVILY. .......cecuiiiiiiiieiieeieeee e 96
Figure 5.2 Interface pressure response differences D and the coupling strength factor
Q) as functions of the volume ratio, averaged in frequency bands of 200Hz wide
centered at: (a) 1100HZ; (b) 1500HZ.........coooiiieiiiieiieeeeeee e 101
Figure 5.3 Relationship between the interface pressure response differences D and the
coupling strength factor QQ, averaged in frequency bands of 200Hz wide centered at:
(2) TT00HZ; (D) 1500HZ. ...eoneieiiiiiieiieieeeteteeeee ettt 102

Figure 5.4 Influence of the cavity depth on the coupling strength of a plate-cavity



Figure 5.5 Velocity distribution over the coupling interface at 1000Hz, obtained from:
(a) Analytical solution; (b) Piecewise calculation. ...........ccccceeveeriiinieniienienieeen. 105
Figure 5.6 SPL at: (a) (1.7, 1.3, 1.2) m in the main cavity; (b) (2.1, 0.6, 0.9) m in the
ALtACKEA CAVILY. ..eeiiiiieiiieiiee et ettt ettt st e eab e aees 107
Figure 5.7 SPL distribution over the coupling interface: (a) Piecewise scheme; (b)
ANalytical SOIULION. .....eiiiieiiieiieie et et 108
Figure 5.8 Volume-averaged SPL within frequency bands of 200Hz wide: analytical
solution and PIECEWISE SChEME. .........cccvieriiiiiieiieeiiece e 109
Figure 5.9 Surface velocity error of the piecewise scheme with respect to different

volume ratios in frequency bands of 200Hz wide centered at: (a) 1100Hz; (b) 1500Hz.

Figure 5.10 Surface velocity error of the piecewise scheme with respect to different
modal matching in frequency bands of 200Hz wide centered at: (a) 1100Hz; (b)
LSOO0HZ. ..ottt sttt ettt et et 113
Figure 5.11 Computational error £ as a function of the coupling strength varied with
volume ratio or modal matching matrix, averaged within [1000, 1200]Hz and [ 1400,
LOOOTHZ. .ottt sttt sttt et sae et 115
Figure 5.12 The cavity where the experiments conducted: (a) Cavity configuration; (b)
Photo OF the CAVILY. ..oooiiiiiieiiieiiiie et eee 117
Figure 5.13 Predicted transfer function between two points, compared to the
experimental result: (a) Full CTF calculation; (b) Piecewise scheme. .................... 118
Figure 6.1 Configuration of a single layer DSF system..........cccccceevvviveiieencieennnnn. 123
Figure 6.2 Acoustic response within the room structure: (a) SPL at a randomly selected

receiving point (0.6, 1.7, 2.4) m, compared with the FEM results within the low-

XIII



frequency range. (b) Equivalent sound pressure level inside the room within one-third
octave bands. (c) SPL field map at a randomly cut surface x = 0.6 m, 400Hz. ....... 128
Figure 6.3 CTF predictions on the vibration response of two glass panels: (a) Squared
velocity integrated over the glass surface with respect to frequency; (b) Total energy
level (J) of the glass integrated within one-third octave frequency bands. .............. 130
Figure 6.4 SRI prediction results for the simplified DSF system. ............cccccec...... 131
Figure 6.5 Transmitted power into the room from: (a) Inner glass; (b) Ventilation
opening; (c) Inner glass plus ventilation Opening. ..........ccceecveeveeecieenieccieeniieeieennen. 133
Figure 6.6 The influence of the opening size on the SRI at: (a) S00Hz; (b) 630Hz. 134
Figure 6.7 Absorption coefficient of the two MPP arrangements. ............ccccccueeeee. 135
Figure 6.8 Performance of different MPP arrangements within the DSF system: (a) At
a single point (0.6, 1.7, 2.4) m; (b) Total acoustic pressure within the room. ......... 137
Figure 6.9 Mapping at the cut surface x = 0.6m, 530Hz: (a) SPL without MPPA; (b)
SPL with locally reactance MPP over the ceiling; (¢) Sound intensity within the room
when locally reactance MPP is mounted. ..........ccccoevureriieniienieicieeieeceee e 139
Figure 6.10 Mapping at the cut surface x = 0.6m, 329Hz: (a) SPL with locally
reactance MPP; (b) SPL with locally reactance MPP and fully coupled MPP........ 140
Figure 6.11 SPL within the room, integrated within one-third octave bands. ......... 141
Figure 6.12 Equivalent absorption ratio of the fully coupled MPP screen. ............. 143
Figure 6.13 Absorption power efficiency of the locally reacting MPP along the depth
AITECtiON (Z-ITECTION)...eeutiieeiieeiiieeciee ettt e et ee e e e et e e et e e eraeesaneeenneeas 144
Figure 6.14 Parameters and the absorption coefficient of the selected MPP........... 145
Figure 6.15 Absorption power efficiency of the locally reactance MPP along the depth

direction (z-direction): (a) MPP 1; (b) MPP 2. ..o, 146

X1V



Figure 6.16 Normalized absorption power efficiency of the locally reacting MPP along

the depth direction (Z-dir€Ction). .........cevueeiiieriiiiieiieee e 147

Figure 6.17 Sound transmission through the DSF cavity: double floor configuration.

Figure 6.18 SPL predictions in double floor configuration: (a) At point (0.3, 1,7, 2)m
of the upper room; (b) Volume integrated within the upper room.......................... 149
Figure 6.19 SPL field and contours at 400Hz: (a) Room only; (b) With locally reacting

and fully coupled MPP..........cooiiiiiee e 151

Figure A.1 Illustration on the acoustic mode and the complex exponential function.

XV



List of Tables

Table 2.1 The relationship between the mode number parity and the modal coupling:

(0: odd number; €: eVen NUMDET) .......cccueeiiiiriieiieiie et e 30
Table 2.2 Uncoupled resonance frequency of the system...........cccceevevieriercieenneennen. 39
Table 3.1 The expressions of the Chebyshev polynomials............ccccceevieeiieniennnn. 58

Table 3.2 Number of modes and modal overlap factor of the plate and the cavity in

different one-third octave frequency bands..........ccocvevveiciierieeiiienieciieeeeeee s 62
Table 4.1 System critical frequency and the wavelength selection .............c............. 85
Table 4.2 Performance of the proposed selection Criterion...........cceecveeevuveeerveeennennne 89

Table 4.3 Performance of the proposed criterion f =1.5 for different sub-system
damping COMDINALIONS ......cc.eeriuieiieeiieiie ettt et ettt et s teebeesbeeseesnaeens 91

Table 4.4 Performance of the proposed criterion f =1.5 (clamped panel boundary)

Table 6.1 Parameters of the micro-perforated panel...........ccceeevvveviiieecieeecieeeneen. 135

Table 6.2 Calculation efficiency comparisons between the piecewise scheme and the

TULL CALCULALION. .o e e e e e e e e e e aaeeeeeeeeeeaaas 152

XVI



List of Abbreviations

FEM Finite Element Method
SEA Statistical Energy Analysis
WBM Wave Based Method
PTF Patch Transfer Function
CTF Condensed Transfer function
CF Condensation Function
MPP Micro-Perforated Panel
MPPA Micro-Perforated Absorber
DSF Double Skin Facade
CSF Coupling Strength Factor
MOP Modal Overlap Factor
DoF Degrees of Freedom
SRI Sound Reduction Index

XVII



CHAPTER 1 Introduction

1.1 Research Background and Motivations

The modeling of vibro-acoustic systems has always been an important topic,
attracting persistent attention in the acoustic community. The issue impacts on various
applications involving structures and systems such as buildings and vehicles, etc.
Among existing problems, mid-to-high frequency vibro-acoustic system modeling is
particularly challenging due to the complex deformation wavelength composition
among different sub-systems and the large number of degrees of freedom (DoF)
involved, which make the modeling computational costly. Main challenges root in
filling the gap left over by the low-frequency methods like modal-based methods [1]
or the finite element method (FEM) [2-4] and the high-frequency statistical energy
analyses (SEA) [5-7]. Assumptions and approximations adopted in these methods are
well established, which define and limit their respective application ranges at the same
time. In the mid-to-high frequency range, the presence of the short-wavelength
components challenges the conventional deterministic modeling methods by the
exorbitant computational cost incurred. The long wavelength ones, however, fail to
meet the SEA assumptions, due to the insufficient modal overlap and the
unavailability of the rigorous coupling loss factors [8]. The purpose of this thesis is
therefore to develop a simulation tool that can balance the calculation efficiency and
the quantity of information obtained for the mid-to-high frequency system modeling.

A typical example is a Double Skin Fagade (DSF) system, widely adopted in

modern buildings as shown in Figure 1.1. DSF is a system of building serving for



reducing the overall energy consumption. It consists of two skins arranged in such a

way that the air can flow within the intermediate cavity or corridor.

Figure 1.1 A typical DSF system.

However, one of the main problems of the DSF system is that it may introduce
more outside noise into the building. Most existing evaluations on the acoustic
performances of facades and windows are based on simple empirical formulas. These
formulas, however, are too rough when compared with the actual experimental data
and can hardly address the need for allowing parameter variations and system
optimization at the design stage. On the other hand, the noise insulation performance
of the DSF is highly dependent on the design parameters (materials of the skins,
dimensions of the cavities, size of the apertures, possible uses of acoustic control
devices, etc.). Due to the large size of the system and the need to go higher in
frequencies, a proper numerical tool is needed to assess the acoustic performance of
the DSF system. Accuracy, flexibility, and computational efficiency are just a few
important attributes of such a tool in order to fully address the need for design and
optimization. Thus, the presented modeling method will be applied to DSF modeling

as an example.



1.2 Literature Review

The literature review mainly contains three parts. The first part focuses on the mid-
to-high frequency method itself. The second one concerns the modeling of a plate-
cavity system, which is a classical benchmark problem in vibro-acoustic analyses. The

last part addresses the modeling methods in building acoustics.

1.2.1 Mid-to-high Frequency Methods

Mid-to-high frequency vibro-acoustic modeling methods have been extensively
investigated during the last few decades. To define the boundary lines of the so-called
mid-frequency range, it is widely accepted that it starts when the wavelength
difference between sub-systems is large [9, 10]. Based on that, various methods were
developed. Although these methods vary in terms of application backgrounds and
detailed modeling theory, they can be divided into three different categories based on
the basic idea adopted. The first one is to extend the effective working frequency range
of the traditional low-frequency methods to mid-frequency range, noted as “enhanced
deterministic methods”. The second one is to revamp the SEA method by introducing
new assumptions and improvements so as to warrant its applicability in a relatively
lower frequency range, noted as “enhanced statistical methods”. The last one was
developed based on the sub-structure theory. These methods partition the whole
system into several sub-systems and use proper methods for each sub-system based
on their dynamic properties, noted as “hybrid methods”. The three kinds of methods

will be separately reviewed in what follows.



1.2.1.1 Enhanced Deterministic Methods

One type of the enhanced deterministic methods aims at improving the efficiency
of the FEM. As an example, the Component Modal Synthesis (CMS) models [11-15]
were developed to speed up finite element computations and to increase the frequency
range of applicability of this method. Each component is separately treated in terms
of its uncoupled modes. All components are then assembled using basis functions
defined on the interface. There is a large amount of literature devoted to CMS models.
Only a few representative works are reviewed here. For example, Craig [16] compares
the efficiency of using different component modes and concludes that the models
based on the interface constraint modes together with fixed-interface normal modes
are the most effective. In the early form of the CMS method, the number of the
constraint modes is equal to the number of degrees of freedom at the sub-system
interface. For sub-systems coupled continuously along a line or a surface, the number
of interface modes becomes prohibitive. To reduce the degrees of freedom along the
interface, a large amount of works is done [17-23]. For instance, Balmes introduces
continuous polynomials that satisfy the continuity conditions at selected “nodes” on
the interface, leading to an overall reduction of the interface DoFs [18]. However, the
incompatible models problem in FEM [24, 25] cannot be avoided so that the
approximation from the selected polynomials might be poor. Based on Balmes’s
method, a modal-based approach [26] was proposed to describe the mid-frequency
vibration transmission from a long-wavelength source and a short-wavelength receiver
using the uncoupled free-interface modes, which allows further simplification of the
short-wavelength sub-systems. Uncertainty considerations are also taken into account

in some low-frequency methods. Mace and Shorter [27] proposed a local modal-



perturbational method that takes the uncertain properties of the system into account
for the mid-to-high frequency analyses. Uncertainty is introduced at the subsystem level.
A perturbation technique relates small changes in the local modal properties to those in
the global modal properties. A Monte Carlo simulation is then used to estimate the
variability of the frequency response function statistics. This approach was applied to
coupled rods. Other efforts on improving the efficiency of the FEM are also made such as
Efficient Solver Method [28], Adaptive Mesh Techniques [29].

Another direction is element free methods developed based on the Trefftz methods,
such as the Wave-Based Method (WBM) [30, 31] and the Variational Theory of
Complex Rays (VTCR) [32, 33]. In these methods, approximate solutions of the global
response are developed by using the exact solutions of sub-system motion as the shape
functions and by respecting all the boundary conditions through a weak formulation.
In general, the size of the resultant model is much smaller than that of the equivalent
FE model, to reach the mid-frequency range. Various versions of such methods exist
depending on the choice of the shape functions and the way the boundary conditions
and the coupling between subsystems are handled.

In this thesis, main attentions are paid to one of the sub-structure methods, the Patch
Transfer Function (PTF) method [34], which was developed for partitioning acoustic
[22] or vibro-acoustic [23, 24] problems for enlarging the frequency range of the
vibro-acoustic simulation. The PTF method divides the interface into patches using a
wavelength-based criterion. For each subsystem, the uncoupled transfer functions
between each pair of patches need to be calculated, a priori, before being assembled
in the final stage. PTF can be seen as an extension of the well-known approach which
is commonly used in dynamic analyses for assembling point-coupled mechanical
structures. The PTFs can be calculated by different means. For instance, for

subsystems of finite sizes, they can be calculated from the subsystem modes for simple
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geometry or from the finite element method for complex geometry. For infinitely large
acoustic subsystems, they can be estimated from boundary element method or the
Rayleigh integral as in [22, 25], or be measured as in [35] for characterizing pore-
elastic materials used in automotive.

Though intuitive, question still remains on whether discretization by patches is the
best way in terms of calculation efficiency. In fact, for the modeling of large systems,
such as the noise transmission through a building of practical size, the number of
patches (i.e. the degree of freedom in the discretized system) may be very large when
reaching the mid-to-high frequency range. This makes the direct application of the
PTF method difficult, if not impossible. To tackle this issue, attempts were made to
extend the PTF approach to further explore other types of discretization schemes,
aiming at reducing the number of degree of freedoms and increasing the computation
efficiency. As a typical example, the CTF approach generalizes the patches, i.e. the
basis functions, of the PTF approach to any function sets over the coupling junction
such as the complex exponential functions and the Chebyshev polynomials. The sub-
system motions, which will be referred to as condensed velocities, are decomposed in
terms of the CFs and assembled together along the interface based on continuity
conditions. Up to now, the CTF approach has only been applied to the modeling of the
interaction between two line-coupled vibrating mechanical systems, exemplified by
the coupling between two panels [36] and a naval application involving a cylindrical
shell coupled with non-axisymmetric internal frames [37]. Its application to the
surface coupled vibro-acoustic system, with the inherently more complex wavelength

mixing, has not been dealt with yet.



1.2.1.2 Enhanced Statistical Methods

Compared to the low-frequency methods such as FEM, SEA involves much fewer
DoFs of the system so that the computational time can be significantly reduced. Owing
to the frequency average and spatial average properties, SEA is more feasible when
dealing with uncertainties. However, due to the essential assumptions such as high
modal density, etc. SEA is difficult, or even impossible to be applied in long-
wavelength sub-systems. One of the attempts is to reexamine the effectiveness of the
assumptions behind the SEA to reduce its frequency limit. Some works pay attention
to the effect of the coupling strength between sub-systems on the reliability of SEA,
including internal damping, Modal Overlap Factor (MOF), modal density within the
frequency band of interest, etc. These works aim at quantitatively clarifying the
validity of the SEA in terms coupling strengths [38-45] or defining the lower bound
of the effective frequency range [8, 46], with no obvious improvement on the
effectiveness of the SEA itself.

Another parallel effort is adding more information about modal energy distribution
to improve the reliability of the SEA in the low-frequency range, exemplified by the
Statistical modal Energy distribution Analysis (SmEdA) [47]. The method consists in
relaxing the modal energy equipartition assumption used in the traditional SEA.
Instead of using the power balance between subsystems used in the SEA, the power
balance equations between the resonant modes of different subsystems are established.
Circumventing modal energy equipartition allows the handling of subsystems with a
relatively low modal overlap, as well as the evaluation of the spatial distribution of the
energy density within subsystems [48]. Similar attempts include energy finite element

analysis (EFEA) [49], which improves the SEA by allowing the damping and the



excitation to be spatially distributed over a system. However, similar to other methods
based on SEA, the EFEA is limited by the requirement of high modal density, thus
hampering its use in the mid-frequency range. Different ideas also focus on the power
flow between sub-systems by Mace [50-52]. It is found that the modal coupling
between sub-systems can be analytically determined when the coupling strength is
weak. The dynamic interactions between modes can be quantitatively described as
equivalent modal damping effect, which facilitates the application of the SEA in the
mid-frequency range. However, the power flow theory cannot cover all the mid-
frequency range and avoid the limitations of the SEA method.

One of the main problems in using the SEA is the weak coupling assumption. It is
well accepted that the energy flow between a weakly coupled system is substantially
less than the energy dissipated within each subsystem [19, 20], so that some
assumptions and simplifications made under the weak coupling conditions might
become invalid in the strong coupling cases. For example, the plate-cavity system is
considered as a typical weak coupling case [12]. The so-called weak coupling
assumption applies to either a structural-acoustic system or a pure acoustic system
composed of multiple sub-cavities. For the former, the fluid-loading effect on a
mechanically excited structure is considered to be weak and negligible; for the latter,
the acoustic response of an acoustically excited sub-cavity remains essentially the
same no matter whether the connecting interface with its adjacent acoustic neighbor
1s open or closed as a rigid wall. Therefore, examining the applicability of the proposed
method in this thesis in a context of increasing coupling strength is required. This,
however, brings up two challenging issues that the present work attempts to address
and to contribute to the existing knowledge. The first one, which is of general

relevance, is to establish a metric to quantify the coupling strength level in a coupled



system. Along the same line of thinking, a very useful coupling strength quantification
method was proposed [12], which applies to two coupled single DoF sub-systems.
Therefore, a more general assessment method is needed, especially in the mid-to-high
frequency context. The second one, more specific to the method itself, concerns the
assessment of its applicability and the accuracy in dealing with cases when the

coupling becomes stronger.

1.2.1.3 Hybrid Deterministic-Statistical Methods

The hybrid deterministic-statistical approaches, which combine the low-frequency
methods and the SEA by capitalizing on their respective advantages, originate from
the structural fuzzy theory [10]. The target complex system is divided into a master
structure and several fuzzy attachments, which can be modeled by different methods.
These hybrid methods allow adding more details to the classical SEA model whilst
avoiding the handling of the entire system by the low-frequency methods like FEM.
Typical procedures to implement a hybrid analysis is:

1)  Divide the whole system into long-wavelength deterministic sub-systems and

short-wavelength statistical sub-systems.

2)  Model the long-wavelength sub-system with the low-frequency methods and

model the short-wavelength sub-system with the SEA method.

3)  Determine the boundary conditions at interfaces between sub-systems.

4)  Assemble the hybrid model.

Basically, all hybrid methods follow the above procedures and can be divided into
two main types, depending on the low-frequency methods used. One possibility is to

use the FEM to model the long-wavelength sub-systems [9, 53-61]. Other options



require analytical solutions such as WBM rather than FEM as the low-frequency
method [62-64]. Nevertheless, they have similar performance in terms of the final
outcomes: detailed predictions for the long-wavelength sub-systems and statistical
predictions on the averaged energy response for the short wavelength sub-systems.
With the assistance of the SEA, the uncertainties within the short-wavelength sub-
systems can be better considered [65-67]. The difference is the FEM is more feasible
but less efficient while the WBM is more efficient but has difficulties at the model
building stage. However, no matter which low-frequency method is used, detailed

predictions for the short wavelength sub-systems are unavailable.

1.2.2 Methods for Classical Plate-Cavity Systems

The panel-cavity system, comprising a parallelepiped acoustic cavity with a
rectangular flexible panel subjected to external excitations, has been used as a
benchmark problem for studying the fundamental problems in a vibro-acoustic system
for more than half a century. The issue of the pressure and velocity continuity at the
structure-cavity interface using modal-based method has been arousing persistent
interest and long-lasting debate among researchers. This thesis intends to clarify this
issue of fundamental importance.

The vibration response of a cavity-backed rectangular panel was first investigated
by Dowell and Voss [68]. Since then, there has been a continuous effort in improving
the modeling of such system as well as its physical understanding, exemplified by the
work of Pretlove [69-71] and Guy [72-76], mainly focusing on quantities like the panel
vibration, acoustic pressure, acoustic velocity and the reverberant time inside the

cavity etc. Without any doubt, the most convenient and presumably the most
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commonly used method is the modal-based approach using acoustic pressure (or
potential) decomposition over acoustic modes of the rigid-walled cavity. Its general
framework, also referred to as the acoustoelasticity theory, was elegantly summarized
by Dowell [1] and Fahy [77]. This approach, however, suffers from the seemingly
“flaw” in that the velocity continuity over the panel cannot be mathematically satisfied
due to the use of the rigid-walled acoustic modes, expressed in Cosine functions in the
case of parallelepiped cavity [78]. This problem arouses continuous interest and
endless debate in the vibro-acoustic community, even up to now. The advocators of
the method argue that the method allows accurate acoustic pressure and reasonable
acoustic velocity prediction if a sufficient number of acoustic modes are used.
Nevertheless, there are no ruling conclusions due to the lack of quantified assessment
and criteria. Various techniques were also developed in an attempt to increase the
calculation accuracy such as the use of extended mode shape functions for a single
cavity or the coupling between two overlapped adjacent sub-cavities [79]. Meanwhile,
the skepticism on the modal-based method has always been persistent as evidenced by
some recent papers. For example, the deficiencies of the method based on rigid-walled
modes were reiterated by Ginsberg [80], who employed an extension of Ritz series
method to the problem, and the modified formulation is found to be accurate above
the fundamental rigid-cavity resonance frequency for light fluid loading. More
recently, various series expressions with added terms were also proposed to

accommodate the velocity continuity [81, 82].
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1.2.3 Modeling Methods in Building Acoustics

The history of building acoustics begins with the famous reverberation formula
proposed by Sabine in 1990. Since then, many works were conducted based on
Sabine’s formula [83-85]. However, as the development of analyzing tools and
computational resources, people becomes unsatisfied with the few information
provided by a single formula. Although the formula is proved to be very effective as
a reference, more details of the building system are required to design and optimize
the acoustic performance. Therefore, many branches of building acoustics arise such
as room acoustics [86-96], structure-borne noise [97-108], air-borne noise [109-125],
noise reduction techniques [126-141], etc. This thesis mainly focuses on air-borne

prediction and noise absorption problem.

1.2.3.1 Prediction Methods in Building Acoustics

The airborne noise is generated acoustically and transferred either structurally or
acoustically to rooms or between floors through different paths such as walls, glasses,
floors, or other connections. The sound energy reduced when transmitted via these
paths is often noted as sound insulation, which can be approximated predicted based
on the mass law. Many optimized tools are developed based on the mass law [109-
111], to take more system parameters into account. However, to achieve better design
and optimization, researchers also opt for traditional calculation methods in building
acoustics. Discretization methods and sub-structuring methods have been widely
applied to predict the insulation performance of building elements [123-125]. Most of

them are focused on the prediction of sound transmission through double-partition

12



structures. Based on the virtual work principle, Wang et al. proposed a fully coupled
model for a double-leaf partition structure, which is connected together through
periodically mounted studs [125]. However, to obtain the analytical solution, many
assumptions are made such as the infinite size of the partition. Arjunan et al. [113]
develop a 2D FEM to predict the Sound Reduction Index (SRI) of a stud based double-
leaf wall of finite size. However, it is difficult to extend the method for 3D analyses
due to a large number of meshes. It is shown that at least 8 elements per wavelength
are needed to obtain a reliable result [114]. The Finite Layer Method (FLM) [123]
makes an improvement upon the computational efficiency. The FLM uses the modal
decomposition technique to model the two in-plane directions of the partition and the
FEM to model the perpendicular direction. The FLM significantly improves the
calculation efficiency. However, it fails in dealing with the opening ventilation in a
DSF system because the opening usually appears in the same plane with a partition.
To take the ventilation structure into account, Urban et al. established a simple model
that could predict the naturally ventilated DSF structure with openings [124]. The
predictions are roughly based on the sub-system resonance frequencies, dimensions,

and material properties. The model is experimentally validated.

1.2.3.2 Noise Absorption

In building acoustics, the room itself is of importance to the sound absorption, of
which the loss mechanisms include energy reduction when sound waves are reflected
from walls and propagate in the air [142]. Early studies show that the propagation
losses of sound can be described by the decrease of the sound intensity, as I(x) =

Iyexp(—rx), where r depends on the temperature, relative humidity, frequency, etc.
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Wall absorption is also unavoidable in practice. It can be very small but still not zero
even if the walls are designed to be acoustically rigid. The two effects are usually
evaluated altogether by measuring the reverberation time. They can be neglected in
the design stage if real absorption devices are added.

Porous materials are popular as a means to provide sound absorption. The major
concern in terms of the applications of porous materials is how to predict the acoustic
impedance. Various tools are developed, based on the accuracy required and
experimental facilities available. The simplest and probably the most famous one
should be the empirical formula of the acoustic impedance prediction presented by
Delany and Bazley [143], resulting from a large number of experiments conducted to
measure the impedance and specific flow resistivity of porous materials. Following
their work, sustained improvements are achieved in terms of the measurement and
prediction techniques to obtain a more accurate sound absorption coefficient [144-
146]. Recently, researchers focus more on the acoustic performance of the porous
materials with embedded spring-mass structures [133-137]. Many prediction methods
are proposed.

While porous materials are applied to high frequencies and wide bandwidths,
Helmholtz Resonators (HRs) are used to tackle the low-frequency tonal noise. As an
efficient noise control device, HR has been extensively used in various systems such
as double panels [147-149], small enclosures [150-154] and cylindrical shells [155].
In such applications, HRs are mainly used to suppress the lower-order system
resonances which are difficult to deal with using classical sound absorption materials.
The control performance of the HR, when deployed in an acoustic system, depends
not only on the characteristics of the HR itself but also on its coupling with the acoustic

modes of the system. Basically, the backing volume of a resonator is large at low-
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frequency range. Li and Vipperman proposed a T-shaped resonator to reduce the
occupied volume, which allows the embedding of resonators within the wall. An

example is shown in Figure 1.2

Figure 1.2 T-shaped acoustic resonators.

In this thesis, the main attention will be paid to the Micro-Perforated Panel (MPP)
as first introduced by Maa [156]. Later on, Maa proposed the use of cavity backed

MPP as absorbers (MPPA). Examples are shown in Figure 1.3.

(a)
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(b)
Figure 1.3 (a) Sample of a micro-perforated panel; (b) Sample of a micro-perforated

panel absorber.

Since then, a large number of applications of MPP can be found in various applications
such as ducts, mufflers, and buildings, etc. It is also found that the MPP may be used
without a backing cavity [157]. The sound absorption process occurs as long as the
acoustic pressure difference exists on the two sides of the hole. This conclusion
implies that the MPP cannot be only considered as a locally reacting element in a
complex acoustic environment. A similar conclusion is also drawn by removing the
internal partition of the backing cavity of the MPP which allows the interaction
between different holes [158]. Recent progress shows that the interaction between
holes can be utilized to improve the performance of a traditional MPPA, by optimizing

the acoustic field within the backing cavity to match the acoustic field outside [159].
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1.3 Research Scope and Thesis Qutline

This thesis aims at providing a simulation tool that can balance the calculation
efficiency and the quantity of information obtained in the mid-to-high frequency range.
Development is made under the sub-structuring framework, based on the previously
mentioned PTF method.

The targeted objectives of the thesis are listed as follows:

1) To find a benchmark solution for the validations of the mid-to-high
frequency modeling method.

2) To extend the CTF method from line-coupled systems to surface-coupled
systems.

3) To establish a mid-to-high frequency method based on the CTF approach,
which can balance its performance and computational efficiency.

4) To define a coupling strength quantification method, which should well
reflect the interaction between two coupled sub-systems.

5) To validate the proposed mid-to-high frequency method in systems of
various coupling strength.

6) To apply the proposed method to a typical building acoustic problem to

assess its capability through parametric study and system analyses.

The outline of the thesis is as follows.

In Chapter 2, some preparation works are conducted. Solutions for a vibrating plate
coupled to an acoustic cavity, which is usually used as the benchmark representing a

simplified system in vibro-acoustic problems, are presented. Through the exploration
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of the two popular methods, e.g. the modal method and the wave method, the well-
recognized existing convergence difficulties of the latter at the vicinity of the vibro-
acoustic interface are investigated. A criterion to accelerate the convergence speed of
the modal method close to the cavity-plate interface is proposed. Through numerical
analyses and comparisons with the wave method, an oscillating convergence pattern
is revealed. Normalization of the results leads to a unified series truncation criterion,
which ensures a minimal error in the prediction of the acoustic particle velocity. While
improving the reliability of the classical modal method, this part of the work paves the
way forward by providing a reference solution for the mid-to-high frequency modeling
analysis.

Then, a so-called Condensed Transfer Function (CTF) method is proposed in
Chapter 3, which can be classified into the broad category of sub-system methods. In
the proposed method, the uncoupled sub-systems are modeled individually by
decomposing the force and velocity over the coupling interface into a set of orthogonal
functions, namely the Condensation Functions (CFs). Then the subsets obtained from
each sub-system are assembled following the velocity continuity and force
equilibrium conditions over the interface.

In Chapter 4, focuses are put on how to increase the calculation efficiency of the
CTF method by properly selecting the Condensation Functions and exploiting their
physical characteristics. In particular, owing to the spatial wavy features, the complex
exponential functions are expected to better match the structural wavelength variations
in a given frequency band, so as the velocity on the interface can be described by a
much-reduced subset of the condensation function as compared with spatially discrete
functions or other continuous functions. It is shown that the complex exponential

functions outperform the previously developed Patch Transfer Function methods

18



using gate functions. Meanwhile, it can avoid the boundary convergence difficulties
encountered when using only trigonometrical functions. Numerical analyses reveal a
piecewise convergence behavior of the calculation in different frequency bands. This
property is further exploited in a plate-cavity system for establishing a criterion for the
truncation of the CFs, referred to as the piecewise scheme. The proposed criterion
allows the determination of a subset of the CFs for any prescribed frequency band for
the calculation of the system response in a progressive and piecewise manner,
resulting in a great increase in the computational efficiency. The proposed method is
assessed from different angles using a plate-cavity system, which is conventionally
acknowledged as a weak coupling system.

As stated in the literature review, the capability of the modeling of strongly coupled
systems should be one of the main requirements for the piecewise scheme. Therefore,
in Chapter 5, piecewise scheme is validated under strong coupling cases. To this end,
the quantification of the coupling strength between any two sub-systems is first
investigated, leading to the establishment of a coupling strength factor (CSP).
Parameters that determine the coupling strength between the sub-systems are then
discussed. Using the defined CSP, the previously established piecewise scheme is re-
examined and validated using an acoustic system comprising two mutually connected
sub-cavities. The coupling strength is tuned through tactically changing system
parameters. The effect of the coupling strength on the computational error of the
piecewise scheme is systematically quantified. The piecewise scheme, alongside the
CTF approach itself, is then experimentally validated.

Finally, the piecewise scheme is applied to a simplified DSF system, consisted of
two glass panes, two full/partial cavities and integrated sound absorbing devices using

micro-perforated panels. The system is thoroughly studied using the proposed
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simulation method in terms of frequency responses, sound insulation performance,
energy transmission path, as well as the physical mechanism of the sound absorption
devices. It is shown that the proposed modeling methodology allows a fine and
detailed description of this complex vibro-acoustic system with a relatively complex

and large dimension in the entire frequency range including the mid-to-high one.
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CHAPTER 2 Benchmark Solutions

A benchmark solution is necessary for the validation of the proposed mid-to-high
frequency method in this thesis. As mentioned in the last chapter, the plate-cavity
system is a typical benchmark problem, widely used in the vibro-acoustic community.
After giving the analytical model for a vibrating plate and an acoustic cavity, this
chapter presents the commonly used reference solutions to a plate-cavity coupled
system. Meanwhile, the study will clarify the existing controversies over the two
methods, the wave method and the modal method, in terms of velocity convergence,
which represents a scientific contribution by itself. Usually, the wave method is
considered to be more reliable than the modal method, because the basis function in
the wave method can better match the boundary condition over the coupling interface
while the acoustic modal functions fail to do so in the modal method. Aiming at
clarifying this problem, the two methods are systematically compared. A fast
convergence criterion is proposed by utilizing the mode characteristics used in the
modal method. Finally, reliable results can be obtained from both the wave method

and the modal method.
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2.1 Analytical Solutions for a Single System

Since this part of the work is tidily related to the bending plate and acoustic cavity,
analytical solutions of a rectangular plate and a rectangular acoustic cavity are first

presented.

2.1.1 Vibrating Plates

The bending vibrations of a flexible thin plate as shown in Figure 2.1 are governed
by

d’w
DV4W+pShF= 0, 2.1

where w is the transverse displacement, p; is the plate density, /4 is the plate thickness,

and D =

207 is the bending stiffness of the plate in which £ and v are the Young’s

modulus and the Poisson’s ratio of the plate, respectively. When w is two-dimensional,
2.1 can be further written, by neglecting the shear deformation and the rotary inertia,

as:

2.2

>x

Figure 2.1 Configuration of the vibrating plate.
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Consider a harmonic plane wave w(x,y,t) = el (@t=kxX=ky¥) and substitute into

Eq. 2.2, yields:
[D(k# + 2k2k2 + k) — pshw?]W = 0. 2.3
Substitute kj = ki + k3 into Eq. 2.3, one obtains:

Dkj — pshw? = 0. 2.4

Equation 2.4 is the bending wave equation for a wave which travels in a direction at
angle 6 = arctank, /k, to the x axis and possesses a wavenumber kj, = (w?psh/
D)4,

Assuming the plate is subject to a harmonic pressure excitation P,(x,y), the
displacement w can be solved as modal superposition with mode shape ¢,,(x, y)

where m=1, 2, ..., as:

O $m(6)Pey
w(x,y) = ) 2.5
W) z M, (w3, — w?)
m=1
where 7,,, is considered constant in this thesis as E* = E(1 + jns), P, and M,,, are

the modal force and the modal mass which are written as:

Ly rLy
Pem= | | Peti,y) dmixy)dxay,
0 0
2.6

Ly (Lyx

Mo = pitlaly [ [0y dxay,
0

0

respectively, and w,, is the mth natural frequency depending on the boundary
conditions of the four edges of the plate. The natural frequencies for a rectangular
plate with any boundary condition combinations among simply supported, clamped,

and free can be found in [160]. The present work mainly focuses are on the simply
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supported plates and clamped plates. For the former, the natural frequency and the

mode shape can be expressed as:

D m,T 2 m,T z
_ X Yy
wm_\’psh[( Ly ) +< Ly ) )
C(mym\ | myn>
= sin sin
P < Ly ) ( Ly

For the later, analytical solution is unavailable. Numerical solutions can be found in

2.7

various references or obtained from numerical methods. In this thesis, the natural
frequencies and the mode shapes of the clamped plate are obtained from COMSOL

software.

2.1.2 Acoustic Cavity

Consider an acoustic cavity as shown in Figure 2.2. The acoustic pressure

p(x,y, z,t) within the cavity is governed by:

10%p
2, 2 F _ 2.8
vep c2 0t2 0,
Ax
I
Ly |
| Lz
! z
- — — — —— >
0
Lx /
/
/
/
y

Figure 2.2 Configuration of the acoustic cavity.
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Assuming all surfaces of the cavity are acoustically rigid, the normal component of

the acoustical particle velocity becomes zero at all boundaries:

o _,0%° _,
0x x=0 - ,ax X=L, B
| _ 0 _, 29
ay y=0 ay y=Ly
ad 0
| % _,
aZ z=0 aZ z=L,
Write p(x, y, z, t) in the following form:
p(x,v,z,t) = X(kxx)Y(kyy)Z(kZZ)ej‘”t. 2.10

Substitution of Eq. 2.10 into Eq. 2.8 and separation of variables result in the following

set of equations

2.11
I 2 [

where the angular frequency is given by:

2
G)=m=@+@+@, 2.12

On the other hand, the boundary conditions in Eq. 2.9 imply that the cosine functions

are the required modal solutions. Equation 2.10 becomes the summation of:
Pn = Dn COS ky_ X cos knyy cos ky z eJ@nt 2.13

wheren=20, 1, 2... and
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nx
kn, = = 0,12,
X
k. = 20, =0,1,2
ny_L_lny_ ) Ay &y nun 2.14
y
nZ
knz: L ’nzzoil’z’
Z

Thus, the natural frequencies and the mode shapes of the cavity can be obtained by

substituting Eq. 2.14 into Egs. 2.12 and 2.13 as:

n,m
L,

N, X Ny n,mz
dn(x,y,2) = cos | — cos [ = 4 cos [ =—).
Ly L, L,

Assuming a harmonic sound source with volume velocity strength Q is located at

)%,

wn=c j(ng”)z + (24 (
x y

2.15

the point g = (x4, ¥s, Zs), the acoustic field within the cavity can be described by the
acoustic velocity potential 1, which has the same modal shapes as the acoustic

pressure p:

p = —poi. 2.16

Then, the acoustic velocity potential within the cavity is governed by:

1 0%Y(r,t)

V2Y(r,t) — 2 g Q;(t)6(r —ry). 2.17

Applying the orthogonal properties of the eigenfunctions and substituting Eq. 2.16

into Eq. 2.17, one obtains the pressure field distribution within the cavity:

(x,y,2)Pn (x5, Y5, Z5)
An(wT’Zl - wZ) ’

. ¢
p(x,y,7) = —iwQp,c? E = 2.18
n

26



where 7,, is modal damping factor, expressed as ¢* = c(1 + jn,) and A,, is nth

acoustic modal mass written as:

L, Ly Ly
A, = J J ¢Z(x,y,z) dxdydz. 2.19
o Jo Jo

2.2 Analytical Solutions for the Plate-cavity System

In this section, two representative analytical solutions of the plate-cavity system
are presented, which are the wave method and the modal method. The wave method
begins from establishing an exact wave basis that satisfies all system boundary
conditions. However, in the modal method, as implied by its name, solves the coupled
system with uncoupled modes of each sub-system. In the following parts, the
implementations of the two methods, as well as their advantages and disadvantages,

will be systematically discussed based on the configuration shown in Figure 2.3.

y

Figure 2.3 Configuration of the plate-cavity system.
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2.2.1 The Wave Based Method

2.2.1.1 Theoretical analyses

Consider the system configuration as shown in Figure 2.3. Apparently owing to the
existence of the vibrating plate, the mode shapes of the acoustic pressure within the
cavity, as well as those of the velocity potential, are different from those in Eq. 2.15
in the z-direction. The boundary conditions at z=0 have to be changed to:

op
0z

Y

—, o, 2.20
72=0 0z

Z=L,

To find a solution that satisfies the boundary conditions in Eq. 2.20, we write the wave
pattern in the z-direction in the following form:

¢,(2) = Acosh(kz) + Bsinh(kz). 2.21

Equation 2.21 could describe any propagating wave along the z-axis. Taking x and y
directions into account, the new mode shapes of the cavity, as well as their modal

amplitudes, can be written as:

N, TTX n,my ]
¢n(x,y,2z) = cos( L )cos( L )[Acosh (knxnyz) + Bsinh (knxnyz)]. 222
where
T, T n,m w?
k — 2 -2 _ 2.23

Substitution of the boundary conditions in Eq. 2.20 into Eq. 2.21, one obtains:

cosh[k(L, — z)]

ksinh(kL,) 224

¢,(z) = —v
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Because v is the velocity of the vibrating plate, it is not a single number but a function

v(x, ). Decomposing v(x, y) into the cavity modal basis as:

- Le Ly N, X n,my
Unyn, = v(x,y) cos i cos I dxdy, 2.25
o Jo x y

Equation 2.22 can be rewritten as:

nx)cos(nyny 17nxnyCOSh[k.nxny(Lz - Z)]
L, knxnysmh(kLZ)

n
Pn(x,y,2) = —cos(— 2.26

Ly

The next target is to find the plate velocity v(x, y) when the plate is backed by the
acoustic cavity, which can be solved by adding force equilibrium terms on the right-

hand side of Eq. 2.1:
02w

DV4w + pShF

= Pe -, 2.27

where P, and p are the external excitation pressure and the acoustic pressure within
the cavity induced by the plate vibration, respectively. p can be obtained from the

Euler’s equation together with the acoustic velocity potential as:

d¢
_ 2.28
p pO at'

Substituting Eq. 2.26 into Eq. 2.28, we obtain p in Eq. 2.27 as

JwpoUn,n N, TX n, Ty
p(x,y) = Z —ycos< zx )cos( JL )coth (knxnyLZ) 2.29

k
Nymy NxMy y

When the velocity is set to unity, we can write the cavity impedance Z nyny at the plate

surface for mode (ny, ny) as:

an,ny = ‘ coth (knxnyLz)- 2.30
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To achieve the summation calculation between P, and P,, P, is also decomposed into

the cavity modal coordinate as

~ b by n,mx n,my
penxny = fo JO P.(x,y) COS( 32 )COS( Jl], )dxdy 2.31

x y

Then, summation calculation can be conducted between each pair of P, and P, with
the same (ny,n,). On the other hand, because the plate is assumed to be simply
supported at all four boundaries, v(x, y) can be written as:

_ (m,m\  [(m,m
v(x,y) = Z Vm,m, Sln< Lxx )sm(%). 2.32

My,my, y

Obviously, Eq. 2.32 is not in the same function basis as the excitations in Eq. 2.29 and
2.31. To solve Eq. 2.27 with the modal decomposition approach, the function basis of
the plate and the excitations must be generalized along x and y directions. Thus, define

the modal transformation coefficient as

e by m, T my,T N, TTX n,m
Bm,n=J j sin( = )sin( 2 )cos( = )cos( 2 y>dxdy. 2.33
0 0 Lx Ly Lx Ly

By calculating the integral in 2.33, B, ,, can be written as:

|(LxLy mym,, [(=1D)"+Mx — 1][(=1)™* ™y — 1]

Bm,n — 4 m? (nxz - me)(nyZ - myz) ] 2.34
|
k 0, ny = my orn, =m,

By nquantifies the coupling strength between plate mode (m,, m,) and cavity mode
(ny, ny, n,). Obviously, the coupling is determined by the parity of the modes in x and

y directions and independent of n, for a given vibrating surface. The coupling
relationship is summarized in Table 2.1. As shown in the literature, the coupling
between the modes of the plate and the cavity occurs in a very selective manner.

Table 2.1 The relationship between the mode number parity and the modal coupling:

(0: odd number; e: even number)
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Plate modes Cavity modes (1, 1y, n,)

(M, my) (0,0, -) (0, €, -) (e, €, -) (e, 0, -)
(0, 0) 0 0 Non-zero 0
(o, €) 0 0 0 Non-zero
(e, e) Non-zero 0 0 0
(e, 0) 0 Non-zero 0 0

Then, the plate velocity can be obtained from Eq. 2.5, by substitution of Egs. 2.29,

2.31, and 2.33 and taking the derivative with respect to time, as:

> O (%, 9) (Be,, = Bm)

v(x,y) =jw 3 2.35
ey M (wi — w?)
From Eq. 2.35, we can extract the plate mobility and expanding the index m as:
jw
Y, = 2.36

ety me,my (wrznx,my - C‘)Z).

In the above deduction, we write the pressure under the cavity modal basis. Therefore,
firstly we write the relationship between p,, and p,, for a given “n”, by substituting

2.30, 2.35,and 2.36 into Eq. 2.29, as:

Z Bm,nﬁenZnYm = z Bm,nﬁn(l + Zn V). 237
m m

Because Y., By nPe ,, 18 equivalent to P, , we can rearrange Eq. 2.37 into a function

of (Pe,, — Prn) and obtain m linear functions as:

D Boun ey, = )1+ ZaYin) = Py 238
m

Then, p;,,, = Pe,, — Pm can be resolved into matrix form as:
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[ Prun )
I |_
|
| Ptam,m, |

2.39

TNy

Bu(l+Zooti) o B a1 (1+Znn Y1) -

|
I
I
I
170

|
—_———

Bui(1+ ZOOYm my) o Bmemy (14 Zn g Yo,

NNy,

Substitution of Eq. 2.39 into Eq. 2.35, the coupled plate velocity can be obtained. The

acoustic pressure within the cavity can be solved by substituting Eq. 2.35 into Eq. 2.29.

2.2.1.2 Incident angle discussions

Before closing the discussions on the wave method, the incident angle of P, will be
discussed as shown in Figure 2.4. Theoretically, three parts constitute the total
pressure field at the external side of the plate, which are the incident pressure, reflected
pressure, and radiated pressure. Basically, the radiated pressure field is insignificant
compared to the other two parts and therefore it is assumed to be neglectable in this
thesis. In the normal incident case, the amplitude of the total pressure can be
considered to be doubled that of the incident pressure (incident plus reflected), referred
to as the blocked pressure. While in the grazing incident cases the total pressure equals
to the incident pressure along (no reflected). In other cases, the total pressure
amplitude is between the two extreme cases. Detailed discussions are beyond the

scope of this thesis. In this thesis, P, is assumed to represent the total pressure field.
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Figure 2.4 The incident angle configuration in the given coordinate.

In the following discussions, the incident angle will be categorized into three scenarios:
1) Normal Incident

The incident pressure is perpendicular to the vibrating plate when both 8, and 8,
are zero. Therefore, P,(x,y) in Eq. 2.31 is a constant P, and we can obtain the result
of the integral for a given (my, m,) as

PL.L.,, n,=n, =0
P _ye o 2.40
me’my - .
0, else

Remind the coupling relationship shown in Table 2.1, only “double-odd” plates modes
can be excited, which means only one-quarter modes of the system are involved.
2) Grazing Incident

The glazing incident happens when the wavefront of P, is parallel to the plate and
the amplitude of P, is constant in either x or y direction. Here we take an example to

show the value of P,

emgmy when 6,;=90° (0, is null accordingly). P, is constant in the

y direction and cos(kx) in the x direction. Substitution of P, = P,cos(kx) into Eq.

2.31, we obtain:
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(- 1)"ka sm(ka)

en'n_e
o ( )

2.41

3) Oblique Incident
For other incident angles, the incident pressure field can be written as P, =
P,cos(kyx)cos(k,y)cos(k,z) in which

k, = ksin(8,),
k, = k cos(6,) sin(6,), 2.42
and k, = k cos(6,) cos(8,).

Substitution of Eq. 2.42 into Eq. 2.31, we can obtain the modal pressure with the
incident angle (84, 6,) as:

( 1)"Xk sin(k,L,) (— 1)"yk sm(k yLy)

= 243
enx,‘ny e ( )2 (_)2
If k,, = n,m/L,, the term with respect to x direction becomes
b (=1)"™L, 2.44
n, =R

Equation 2.44 can be applied to y-direction as well. One may notice that in most cases
the oblique incident pressure (0° < 64, 6, < 90°) activates more system modes than
the other two. Therefore, to better understand and analyze the interaction between the
two systems, an oblique incident is assumed on the plate in this thesis except where

otherwise provided.

2.2.2 The Modal Method
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The modal method solves the cavity with its rigid acoustic modes, which is
governed by Eq. 2.8. The rigid acoustic modes are shown in Eq. 2.15 and satisfy the

Helmbholtz Equation as:

w.
V2¢n + (Tn)qun = 0. 2.45

The vibrating plate is considered as a Neumann boundary condition as in Eq. 2.20.
Then the acoustic field within the cavity can be obtained by substituting Egs. 2.8, 2.16,

and 2.45 into Green’s function
f PV by — $pV?p)dV = f PV, — ¢, Vp)dS, 2.46
v S

where S is the surface of the plate. Then, we obtain the function for acoustic mode n

as:

PoC’
An

Pn + C‘)rzlpn = Un, 2.47

where v, is obtained from Eq. 2.25. Notice the sound velocity ¢ is complex to describe
the damping effect.
The plate is modeled from Eq. 2.27 as:

Wi + W2 Wi = P, = By 2.48

In the modal method, we simultaneously solve Eqgs. 2.47 and 2.48. Because the
boundary velocity in Eq. 2.47 and the cavity acoustic pressure in Eq. 2.48 are
decomposed in plate modes and cavity modes respectively, the two sets of equations

are coupled through the modal coupling coefficient B, . Therefore, the final

equations are written as:

PoC”
Dn + (‘)rzlpn A Z BpnVm =0, 2.49
n
m
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Win + Wp Wiy, — z BrnPn = De,y,-
n

The acoustic modal pressure amplitude p,, and the structural modal displacement w,,
can be solved accordingly.

Apart from the decomposition of the acoustic field within the cavity, the two
methods seem to be mathematically equivalent. However, the philosophy behind the
two methods is different. In the wave method, the cavity is considered as an attachment
of the plate while in the modal method the plate and the cavity have the same weight
and position in the solving procedures. Although the modal method was proved to be
inaccurate in various aspects compared to the so-called exact solutions such as wave
method, it significantly affects the mid-and-high frequency modeling method
afterward. As accepted by most researchers in this area, one of the major
disadvantages of the wave method is the difficulty in finding the “wave solution” of a
structure, owing to its boundary condition changes and geometry complexity.
Therefore, allowing the prediction of a coupled system from the uncoupled modes of

each sub-system considerably increase the modeling efficiency.

2.3 Convergence Criteria for the Velocity Continuity of a Plate-cavity

System

As shown in the last section, modal-based acoustoelastic formulation allows
elegant and clear physical representation and, to the eye of many, is the cornerstone
of the vibro-acoustics in dealing with structure-cavity coupling problems. However,
the issue of the pressure and velocity continuity at the structure-cavity interface using

the modal-based method has been arousing persistent interest and long-lasting debate
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among researchers. The controversy and the skepticism surrounding the velocity
continuity call for a systematic investigation and clarification, which constitutes the
main motivation of the present section. This issue is addressed by investigating both
acoustic pressure and particle velocity predictions through comparisons between the
modal-based approach and the exact solutions using a system of simple rectangular
geometry. For the particle velocity prediction in the vicinity of the plate, an oscillating
convergence pattern is observed when the number of acoustic modes increases.
Normalization of the results leads to a unified criterion allowing minimization of the
prediction error, which is then verified in three-dimensional cases.

In the following numerical investigations, the dimension of the cavity in Figure
2.3 is set to be 0.2mx0.2mx0.5m. A simply supported brass plate is 1.5 mm thick,
located at z = 0. The air density is 1.29 kg/m?; the sound speed is 340 m/s; the Young’s
modulus of the plate is 110x10° Pa; the plate’s Poisson’s ratio is 0.357; the plate
density is 8.9x10° kg/m®; n, and 1, are set to 0.001 and 0.01, respectively. A
harmonic acoustic excitation is uniformly impinging on the flexible plate along z
direction as in Eq. 2.40. The purpose of using normal incident excitation is to simplify
the modal response within the plate-cavity system while retaining its internal physical

characteristics.

2.3.1 Pressure Analyses

The sound pressure level (SPL) at a receiving point inside the cavity is calculated

as,

2
P = 10logy, (zxrﬁ) dB, 2.50
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with the external excitation pressure p; fixed to 1 Pa. To ensure a fair comparison
between the modal approach and the wave approach, the number of modes used in the
transverse directions x and y are kept identical. The frequency band of interest is [0,
1000] Hz. It is well accepted that in order to ensure the correct sound pressure
calculation, the truncated modal series should contain all these modes, for both the
cavity and the plate, with their natural frequencies below afy.ax, where > 1 is a margin
coefficient (typically, a=1.5 or a=2) where fn. 1s the highest frequency under
investigation (1000 Hz in the present case). This rule, in which a is equal to two, is
referred to as the pressure criterion in this paper. It should be pointed out that this
pressure convergence criterion (even by including all lower-order modes) is not a
universally accepted robust one. In some cases, especially at frequencies where the
system is not very dynamic, like the anti-resonance regions between two well-
separated modes, more terms may be needed. In the modal-based and wave methods
used in the analyses here, the mode indices are chosen up to n, = n, =n, = 8 and m,
=m,, = 8, which satisfy the pressure criterion. The first few lower order modes of the
uncoupled cavity and the plate are tabulated in Table 2.2. A receiving point is
randomly chosen at (0.04, 0.17, 0.01)m. The SPL results are given in Figure 2.5a, in
which the exact solution (named wave method in this paper) and the one from the
modal method are compared. It can be seen that, upon using the pressure criterion, the
pressure predictions by the two methods agree well, although slight differences are
observable at some anti-resonance frequencies. Should the SPL be averaged within

the entire cavity as

(5) = 1010g1 f p2dv, 251
Vv
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these differences should disappear (shown in Figure 2.5b). Similar observations were
observed at other points inside the cavity, including those close to the vibrating plate
(not shown here). Therefore, it is verified that the modal method can provide sufficient
accuracy for acoustic pressure predictions everywhere throughout the cavity by using

the well-established pressure criterion.

Table 2.2 Uncoupled resonance frequency of the system

Plate in-vacuo Resonance Cavity Resonance

my my fm(Hz) ne Ny n;  fo(Hz)

1 1 128 -

1 2 319.9 0 0 1 340

2 2 512 0O 0 2 680

1 3 640 1 0 0 850

2 3 832 2 0 0 915.5

140 | ; ; : : | :

120

100

80

SPL (dB)

60

Wave Method
= = Modal Method

40 -
20 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)
(a)
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(b)
Figure 2.5 (a) SPL predictions at point (0.04, 0.17, 0.01) m; (b) SPL averaged within

the cavity.

2.3.2 Velocity Analyses

As the main focus of this part of the analysis, the prediction accuracy of the particle
velocity using modal method is investigated. The receiving point and all other physical
parameters are kept the same as in the previous pressure calculation. Since more
expansion terms would be needed in the velocity calculation [161], the number of
modes used in the modal method is varied. Note that the mode variation only applies
to the cavity depth direction, z, whilst the mode terms used in x and y directions are

kept the same. Three modal-based calculations use n, up to 10, 20 and 40, respectively.
Acoustic velocity v in the normal direction is obtained from —jwp v = Z—Z and the

results are shown in Figure 2.6, in comparison with the reference result obtained from
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the wave method. Compared with the reference result, it can be seen that the accuracy
of the velocity prediction of the modal-based method improves as the number of
modes in z direction increases. It is not surprising that at cavity resonance frequencies,
340 Hz and 680 Hz, the convergence is quickly achieved due to the dominating role
of the corresponding rigid cavity mode at these frequencies. For the other frequencies,
however, the convergence speed is slower than the case of pressure prediction (see
Figure 2.5 where only 8 z-direction terms were used). Nevertheless, upon increasing

the decomposition terms, sufficient accuracy can still be achieved.

80 T T T T T T T T T

Wave Method

= = =40 z direction modes
---------- 20 z direction modes
10 z direction modes

Particle Velocity (dB)

_40 L 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Figure 2.6 Particle velocity predictions by wave method and modal based method:

Different z-direction terms are used in the modal method.

To further quantify this observation, a term describing the velocity prediction error
is defined as AV = V0001 — Vivave 11 dB, calculated and shown in Figure 2.7, in terms
of different truncated series in the z direction at an arbitrarily chosen frequency of 210

Hz. It can be observed that the modal-based method quickly approaches the exact
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result with a relatively small but increasing number of terms, overshoots and then
converges to the exact solution. The convergence, however, is not monotonous with

the number of terms used, but in an oscillating manner.

Particle Velocity Error (dB)

_16 1 1 1
0 50 100 150 200

Number of Modes in z Direction

Figure 2.7 Velocity prediction error at point (0.04, 0.17, 0.01) m with respect to the

number of modes in the z-direction

A close examination of the modal expansion expression of the particle velocity
allows to better understand this and eventually to establish a convergence criterion.
Derived from Eq. 2.28 and the acoustic pressure solution obtained from Eq. 2.49, the

acoustic particle velocity component perpendicular to the plate can be expressed as:

2.52

T annx,ny(x: Y) . (nznz)

v(x, ,Z)= sin
P Ly L My(@2 — 02) "\ L,

Since only z-direction is our focus, upon fixing n, and n,, the above expression can

then be simplified to a 1-D case as:

v(2) = Tn, Y, (@) sin (), 253

Ly
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with

1 Unx,ny(x;.')’) n,m
Po Mn(wrzl_wz) Ly’

2.54

Yn, (w) =

For a given frequency of interest, w is a constant. In order to ensure a reasonable
calculation accuracy, it is well accepted that the modes which need to be included in
the calculation should be such that w, > w. Therefore, y,,_ can be approximated by

1 Unx,ny (xy) n,m

Vn, (w) ~ —

> .
ny—opPo  Mpwp Ly

2.55

Moreover, when n, is large (i.e. n, » max [ny,, n,]) as in this paper, the modal
frequency can be approximated by: w,~cg % Under these conditions, one has:

U ( ’, )LZ
Yo () ~ — T2l 2.56

ng—owpPo  Mpc?m  ng

Since My, is independent of n, for n, > 0, y,,_(w) is a decreasing function of n, and

satisfies lim y, = 0. Therefore, according to Abel’s theorem, the series v(z) should

nz—0

converge. Meanwhile, an oscillation behavior is expected due to the term sin (ninz).
z

Therefore, the modal method should guaranty the required calculation accuracy of the
particle velocity prediction, at the expense of increasing the decomposition terms up
to a sufficient level, in an oscillating but converging manner.

From the above analyses, it can be surmised that a larger number of modes may
improve the accuracy for particle velocity, but not necessarily in a monotonous
manner. Owing to the oscillating feature of the convergence curve shown above, it is
desirable then to find the suitable number of modes to be used, with which the
prediction error can be locally minimal. On the other hand, it goes without saying that
the so-called criterion shall also depend on the distance of the observation point from
the vibrating plate. To further investigate this, AV is calculated for different z
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coordinates, with results shown in Fig. 2.8. One can observe that, for all z values, all
AV curves exhibit similar variation trend with respect to z, as described above.
However, the convergence becomes increasingly slower as the observation point gets
closer to the vibrating plate (when z gets smaller), along with a larger oscillation period.
For the smallest z analyzed (z = 0.00625 m), for example, it requires 80 z-direction

modes for AV to approach zero.

2

Particle Velocity Error (dB)

-12 z=0.025m b
: z=0.0125 m
-14 ’L:-: === 7=0.01m a
l.s ........... 7= 0.00625 m
-16 IR 1 I
0 20 40 50 80 100 150 200

Number of Modes in z Direction

Figure 2.8 Velocity prediction error with respect to the number of modes in the z-

direction

The oscillating nature of the convergence curves suggest that, for a given distance
from the plate z, it should be possible to employ a small number of n, terms to get the
local minimum AV. The so-called truncation criterion, if exists, should depend on the
relationship between the number of modes in the z-direction n, and the coordinate z.

To establish this relationship, a generalized mode number G is defined to connect the

wavelength of the mode n,, 4, = %, and the coordinate z of the observing point, as:
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z n,z

G = =
L1, 2.57

Using this definition, different curves shown in Fig. 2.8 are normalized with respect
to G and the results are shown in Fig. 2.9a. It is clear that the normalized curves show
a highly consistent trend for all z values considered. One can observe that AV
approaches local maximum values at every integer of G (1, 2, 3...). The first
oscillation point starts at G = 1. Deriving from Eq. 10, this corresponds to z =1/2 A,,
which is the half acoustic wavelength. The local minima of AV are obtained roughly
at the middle of two extreme values, starting from G = 1.5, followed by 2.5, 3.5, etc.
Taken the first minima as an example, G = 1.5 corresponds to z = 3/4 1,. Note that p
is the highest mode index that is included in the calculation. Therefore, to minimize
the accurate acoustic velocity prediction error, a rule of thumb would be to increase
the number of acoustic modes in the z direction, until reaching the one with its 3/4
wavelength falling into z. In another word, for a given the distance from the vibrating
plate, all the lower-order modes in the cavity depth direction whose 3/4 wavelength is
larger than that distance should be used in the series decomposition to ensure a good
prediction accuracy for the particle velocity.

Mindful of the possible dependence of the aforementioned on the frequency, the
above proposed truncation criterion is checked for one of the plate resonances
frequencies at 128 Hz, with results shown in Fig. 2.9b. Once again, the normalized AV
curves show an identical variation trend as the previous non-resonance cases, which
lead to exactly the same conclusions in terms of velocity convergence criterion.
Nevertheless, it is found that the oscillation amplitude of the AV curves at the

resonance frequency is somehow smaller than that of the non-resonance one. On all
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accounts, the proposed criterion on oscillating convergence seems to apply to all

frequencies.

Particle Velocity Error (dB)

8 e z=0.025m
: z=0.0125m

= = =7=0.01m

0.5 1 1.5 2 2.5 3 3.5 4
Generalized Mode Number

0.8

Particle Velocity Error (dB)
=}
T

(a)
T T T T T T T
® 7=0.025m
2=0.0125m |7
RN = ==2z=0.01m
J N R z2=0.00625m |-
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------
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Figure 2.9 Velocity prediction error with respect to the generalized mode number G:

(a) Uncoupled non-resonance frequency at 210 Hz; (b) Uncoupled resonance

frequency at 128 Hz.
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As a final check, Figure 2.10 compares the velocity prediction results using the

proposed truncation criterion with G = 1.5 and the wave method in the 3-D

configuration. According to Eq. 2.57, G = 1.5 results in 120 z-direction modes for z =

0.00625m in Figure 2.10a and 30 z-direction modes for z = 0.025m in Figure 2.10b.

While according to the pressure criterion, the number of z-direction modes is 8 for

both cases. The result obtained with the pressure criterion is also added for reference.

It is worth recalling that, the use of only pressure criterion would not be enough to

guaranty the velocity calculation, although the use of a larger number of modes is

definitely helpful. The proposed velocity convergence criterion, however, results in

significant improvement to the particle velocity prediction. Additionally, comparisons

between Figure 2.10a and b also show that the proposed criterion holds well for

different calculation point positions with different z coordinates.
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Figure 2.10 Particle velocity predictions: (a) z = 0.00625m; (b) z = 0.025m.

2.3 Summary

This Chapter firstly presents the theoretical models for a vibrating plate and an
acoustic cavity with rigid walls. These two basic models will be used throughout the
whole thesis as a benchmark. Then, two popular methods, the wave method, and the
modal method, in plate-cavity system modeling are revisited. Differences between the
two models are discussed. The wave method solves the problem by introducing new
functions which can simultaneously describe the modal properties of the cavity and
satisfy the boundary conditions over the plate-cavity interface, while the modal
method solves the problem by using the uncoupled modal functions of each sub-

system. Obviously, the wave method has a better performance but difficult to establish
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the model while the modal method is easier to implement but encounters difficulties
in dealing with the boundary convergence problems. Additionally, the selective modal
matching pattern between the plate and the cavity is also analyzed and reviewed.

The existing controversy on the accuracy of the modal method has been clarified.
It is found that the acoustic pressure prediction using modal method can be sufficiently
accurate, throughout the cavity including vibrating interface as long as a sufficient
number of cavity modes (approximately satisfied the double frequency principle) are
used, in agreement with the common understanding reported in the literature. The
pressure criterion, however, cannot guaranty the velocity prediction accuracy at the
vicinity of the plate-cavity interface, due to the inherent weakness of the modal shape
functions. Nevertheless, numerical studies reveal an oscillating convergence pattern
of the particle velocity when the decomposition terms in the cavity depth direction
increase. More specifically, for a given calculation point, the calculated particle
velocity using modal approach first monotonously approaches to the exact value with
a relatively small but increasing number of terms, overshoots and then converges to
the exact solution in an oscillating manner, starting roughly from the generalized mode
number G = 1. For a given distance from the vibrating plate, the modal series in the
cavity depth direction should be truncated up to G = 1.5, 2.5, 3.5... etc. Explained
using the series decomposition theories and verified in both 1D and 3D configurations,
this so-called velocity truncation criterion suggests using all these lower-order modes
in the cavity depth direction, whose 3/4 wavelengths are larger than the distance
between the calculation point and the vibrating plate, to ensure a good prediction
accuracy for the particle velocity. Therefore, when both the pressure criterion and the
proposed velocity convergence rule are satisfied, a fast convergence of the particle

velocity can be achieved.
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CHAPTER 3 Condensed Transfer Function (CTF)

Approach and Validations

In this chapter, the main CTF theory is presented. It shows how this method
generalizes the previously proposed PTF approach into a more general framework.
Examples are given to show that CTF allows obtaining the same results as PTF
approach without dividing the coupling interface into patches or grids. The theory
presented is then applied to a plate-cavity system, followed by validations using the
reference solutions established in Chapter 2. The system configuration is chosen to be
larger than that in the previous analyses due to the need of studying the convergence
speed and modeling performance of different condensation functions at mid-to-high
frequency range. This provides a fundamental basis to propose a mid-to-high
frequency modeling method. By the same token, the larger configuration will also

serve as a preparation for the DSF model to be studied in the later chapters.
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3.1 CTF Approach

This section presents the basic theory of the CTF approach. After that, an
application example based on the plate-cavity system is given to show how to build
and assemble the matrices in the method. Then, three examples are presented that can

be used as the condensation functions in the method.

3.1.1 Basic Theory

Consider a system composed of two sub-systems, of which the left one is either
structural or acoustical, being excited and noted as the main sub-system (sub-system
1), and the right one is acoustical, noted as the attached sub-system (sub-system 2),
coupled over an interface /as shown in Figure 3.1. In this Section, only the structural-
acoustic interaction is focused. As for the coupling between two pure acoustic systems,

it will be discussed in the next Chapter.

Figure 3.1 2D illustration of a system composed of two sub-systems that are coupled

through an interface.

To simplify the analyses process, the whole system is assumed to be coordinate

separable so that the physical quantities, such as velocities or forces, on /” can be
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described as f(x, y). Therefore, the configuration shown in Figure 2.3 is modeled here

to illustrate the CTF method. A set of N, X N, orthonormal functions

{Orsheren, 12s< n,» referred to as Condensation Functions (CF), is employed to
approximate the velocities and the forces on the coupling interface /7 Then the normal
velocity and the normal force distribution on /7~ for each subsystem can be decomposed
as:

(Ve@y) = ) utsor (90 )

7S 3 1
| PE0oy) = ) P (00s()
rs

\

where =1 or o = 2 represents the sub-system number. Also, the external excitation

P¢ can be decomposed in the same way, as

P = P (0)9s() 32
r,s

For the structural sub-system, the condensed mobility Y, ;; between CFs ¢, and
@ 18 defined and calculated as:

< Ups, 1 >

= —< T, 0y >, 3.3
rs,kl < P, Drs > rs) Pkl

in which <f, g> is a scalar product defined as |, of (1, ¥)g" (x,y)dS with g* being the

complex conjugate of g, and U, is the uncoupled normal velocity on 7~ when the
structural subsystem is subject to an external excitation P = ¢,.c. Additionally, the
uncoupled condensed free velocity s of the structural subsystem is defined by

s =< UL, @5 >, 3.4
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where U is the uncoupled velocity of the structural subsystem over Q when only an
external excitation exists. For the acoustic sub-system, the acoustic impedance is
usually more preferred because the response is acoustic pressure rather than velocity.
Thus, the condensed impedance is defined by imposing a prescribed velocity U = @,

over [, as

< Py, > _
STl Z B e >, 3.5

Z
klrs < U, Ol >

where Py; is the acoustic pressure response on /~ when the acoustical sub-system
subjects to an excitation ¢y;. Notice the order of the subscript changes from (rs, k/) to
(kl, rs) in Eq. 3.5.

On the other hand, the velocity continuity and force equilibrium over / between the

two sub-systems gives

Ul =-u?
: 3.6
P! = p?
Substitution of Eq. 3.1 into Eq. 3.6 gives
(D uhor 0:0) = = ) ke ()00
r,Ss 3 7

I\ z Prs@r(X) s (¥) = Z P2, ()05 ()

rs

Multiplying ¢, to both sides of Eq. 3.7 and integrating over 7, all non-rs terms turn
out to be zero thanks to the orthogonal property of the selected function series. Then,

the following relationship can be obtained:

1 _ 2
Urs = —Ups
3.8
1 _ .2
Prs = Prs
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Then, the coupling equations between the two sub-systems can be written as:
ut=0'"+vp?
. 39
UZ — Z—1P2

Substituting of Eq. 3.6 into Eq. 3.9 and considering the superposition relationship

u%s = ﬁ;s + Z Yrs,klﬁrlw 3.10
k1l

the equations can be written into matrix form, the condensed velocity U¢ = Ut =
—U? can be solved as

U¢ =[Y1+1z]7'pPe, 3.11

in which U¢ is the condensed velocity vector, Y is the condensed mobility matrix of
the vibrating plate, Z is the condensed impedance matrix of the acoustic cavity, and
P¢ is the external excitation vector written in the CF coordinate. It should be reiterated
that the orthogonality property of the CFs is not necessary from a theoretical point of
view. However, using the property leads to Eq. 3.8 and then to an equation system
which can be written in a very succinct form. Moreover, it is not a restriction to
consider this property as it is easy to orthogonalize a set of non-orthogonal functions
with the well-known Gram-Schmidt procedure.

In the current plate-cavity configuration, Y and Z can be obtained using the modal
expansion method and the analytical expression of the mode shapes of the plate (when
simply-supported) and the cavity, respectively. Since these two quantities are both
frequency independent, a database can be established beforehand for each sub-system.
For more complex cases when the analytical mode shapes are unavailable, numerical
tools like FEM can be employed. For the considered case, the condensed mobility of

the plate is given by substitution of Eq. 3.3 into Eq. 2.5, as:
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Ys —iw Crs,mCI:l,m
rs,kl Mm(wrzn _ wz)' 3.12

m

where Cprgm = | @rs@ndS is the modal matching coefficient between the CF ¢, and
the mth plate mode shape. For the condensed impedance, it can be obtained by

substituting Eq. 3.5 into Eq. 2.18 as

. Ckl,nC;s,n
Ziyrs = —lwpoc? E A (0F — w2) 313

n

where Cprsm = [ @rs,dS is the modal matching coefficient between the CF ¢, and

the nth cavity mode shape.

3.1.2 Choice of the condensation functions and convergence rules

This section presents three examples of the choice of condensation functions and
their convergence rules. Obviously, the higher the frequency band to model, the more
the functions needed. Basically, we truncate the function series in terms of the
wavelength composition over the coupling interface. At least two functions are needed
for the shortest wavelength.

1) Gate functions

The gate functions are defined as:

1
(r—1VLyy <x<71Lyy,(s—1)L,, <y <sL
[LgxLgy g g gy gy
Ors(x,y) = , 3.14
0 elsewhere

where Lgy and Lgy, are the lengths of the gate function and r and s are the gate

indices in x and y directions, respectively. As illustrated in Figure 3.2, each
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condensed mobility term Y,

»q,rs Physically corresponds to the velocity response U,

when a unit excitation P, is applied. When the gate functions are employed, the
CTF method retreats to the PTF method as a special case. Owing to the intuitive
and explicit physical meaning of the gate functions, the corresponding condensed
mobility and impedance can be obtained using various calculation schemes, or even

from experimental measurements.

Figure 3.2 The working principle of gate functions

The convergence criterion for the PTF is well established [34], stipulating that at
least two gate functions are needed to describe a wavelength, analogous to the
spatial Shannon criterion used in signal processing. Therefore, for a given structural

or acoustical wavelength A, the length of the gate functions Lg and Lg, should

satisfy:
Lox <35, Lgy <3, 3.15
2) The complex exponential functions
The complex exponential functions are given by
Drs(0,y) = = exp( S )exn( ). 3.16

in whichr €[0, £1, +2, ..., +1}4,] and s €[0, 1, £2, ..., iI,J,/lax] are the function
indices in x and y directions, respectively. The plot of a 1-D complex exponential
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function is shown in Figure 3.3. Different from the case of the gate functions in which
the coupling interface is divided into more intuitive ‘patches’, the use of the
exponential functions spatially decomposes the velocity and the force over the entire
coupling interface. Similarly, we can write the convergence rule for the complex

exponential functions as for gate functions, as

Bzl > 3.17

N | =

1
max—T_EJ max = )

Figure 3.3 Plot of 1-D complex exponential function on the x-axis.

In the following chapters, people will find that the complex exponential functions
play a very important role in this thesis. The wavy feature of the complex
exponential functions could considerably increase the modeling efficiency within

the mid-to-high frequency range.

3) The Chebyshev polynomials
As an intermediate choice between the discrete gate functions and the continuous
complex exponential functions which well match the sine and cosine modal shapes,

an orthogonal set of polynomials can satisfy the requirement of the condensation
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functions as well. As has been used in literature, the Chebyshev polynomial is a

representative one as tabulated in Table 3.1.

Table 3.1 The expressions of the Chebyshev polynomials

Terms Expression
Chy(s) 1
Chy(s) S

Chnsa(s) 25Chy1(s) = Chn(s)

The plot of the first four orders is shown in Figure 3.4 for reference. Meyer [36]
proposed that adding a weight function could reduce the numerical errors at the

boundary and promise the orthonormal property as:

L[ . 1 3.18
<f,9>=; f($)g*(s) ———=ds. :

0 VJS(L —5)
Equation 3.18 is an equation for one direction. The equation for the two-dimensional
interface can be obtained by assembling the two sets of functions. Similarly, the

convergence rule for the Chebyshev polynomials are

2Ly

2L
nsz—l,I,ﬁax_T— . 3.19
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Figure 3.4 Plot of the Chebyshev Polynomials: The first four orders.

3.2 Numerical Validations of the CTF Approach in a Plate-Cavity System

3.2.1 Configurations and Preliminary Analyses

In the following numerical analyses, the dimension of the cavity is set to be
2.5mX2mX3m (xXyXz) to represent a small room. The plate is assumed to be simply-
supported to facilitate model validation. The plate thickness is 18mm. The plate is
made of glass and it has a Young’s modulus 7.2x10'°Pa with a Poisson’s ratio 0.2 and
mass density 2.53x10°kg/m>. An oblique acoustic excitation with an amplitude of
20Pa impinges on the plate, with both the dihedral angle and the intersection angle
with the x-axis being 45° (i.e. 8; = 6, = 45° in Figure 2.4). The use of the oblique
incident excitation ensures the excitation of more plate modes to get the complexity
needed for the analyses. The frequency band of interest is [1, 1000] Hz. Additionally,

the number of condensation functions should be determined by the shorter wavelength
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among the subsystems. Because the number used for the two subsystems needs to be
equal to be assembled together in Eq. 3.11, the number of functions to be used is then
selected according to the subsystem whose wavelength at 1000Hz is shorter. In the
present case, the shorter wavelength comes from the acoustic system with the smallest
wavelength of 0.17m. This results in a minimum of 174 condensation functions. In the
present case, 180 gate functions will be used (15 for x direction and 12 for y direction)
in the calculation. For the complex exponential functions, the convergence rules
impose 154, = I q, =6, giving a total of 169 terms in the calculation. The maximum
order used for the Chebyshev polynomials is 13 so that the total function number is

also 169.
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Figure 3.5 (a) Wavelength variation of the subsystems with respect to frequency and
the system critical frequency; (b) The function number of the truncated series with

respect to the maximum frequency

To better quantify the frequency range, we define the start of the so-called mid-
frequency range when the modal overlap factor of either subsystem is close to one. To
obtain the modal overlap factor, firstly we need to calculate the modal density of the
subsystem. For a rectangular plate, the modal density n,(w)of the bending wave is a

constant, which is

. 3.0
P 4g D

As for the rectangular cavity, the acoustic modal density n.(w) can be written as

v o, A L

723 T g2z T Tone

n.(w) = 3.21

where V is the volume of the cavity, 4 is the surface area of the cavity, and L is the

summation of the edge length of the cavity. Apparently, the acoustic modal density is
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highly dependent on frequency. At high frequencies, we can use the quadratic

frequency term to approximate the acoustic modal density in most cavities. The total

mode numbers can be obtained by integrating n(w) within the given frequency bands,

which is calculated for the present configuration and shown in Figure 3.6 for reference.
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Figure 3.6 Mode number of the two sub-systems with respect to frequency.

Table 3.2 tabulates the number of modes and modal overlap factor in the one-third

octave frequency bands. In the present case, the so-called mid-frequency domain

begins at the one-third octave band with a center frequency of 500 Hz.

Table 3.2 Number of modes and modal overlap factor of the plate and the cavity in

different one-third octave frequency bands

Center frequency of the ~ Number of modes ~ Modal overlap factor

1/3 octave band (Hz) Plate Cavity Plate Cavity
250 3 26 0.21 0.07
315 5 49 0.26 0.21
400 8 94 0.33 0.43
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500 10 167 0.41 0.84

630 11 334 0.52 1.69
800 17 634 0.74 3.38
1000 19 1247 0.83 6.77

3.2.2 Theoretical Validations

Generally, the model validation can be made by considering a sound insulation
problem shown in Figure 3.7 and comparing the SPL prediction results with the
analytical solutions. Therefore, the sound pressure is calculated at an arbitrarily
selected point within the enclosure (0.5, 1.3, 2)m. The calculated SPL is shown in
Figure 3.7, where the results by three different CFs are compared with that by the
wave method. It can be seen that the pressure predictions by all the three types of CFs
agree well with the reference result in the low-frequency range. However, the
performance in the higher frequency range varies in Figure 3.7, especially at the
valleys of the curves where the system becomes less dynamic. The convergence value
at the high-frequency peaks is also different for the three CFs. The complex
exponential functions have the best performance out of the three. Anyway, it is not a
big problem in terms of mid-to-high frequency modeling. Generally, the convergence
rules in Egs. 3.17, 3.18, and 3.19 ensure acceptable calculation accuracy for all the

three types of CFs.
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Figure 3.7 SPL predictions at a point (0.5, 1.3, 2)m: (a) Gate functions; (b) Complex

exponential functions; (c) Chebyshev polynomials.

Figure 3.8 shows the volume averaged SPL results obtained from the three types
of CFs. The same conclusions can be drawn as those for point prediction results. We
can conclude that the general performance of the three types of CFs is ranked as

complex exponential functions, Chebyshev polynomials, and gate functions.
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Figure 3.8 Volume averaged SPL predictions: (a) Gate functions; (b) Complex

exponential functions; (¢) Chebyshev polynomials.

One of the main advantages of the CTF method, which is also that of most
deterministic methods, is the more detailed descriptions over the short-wavelength
the present system, it is the vibrating plate below the critical

frequency and the acoustic cavity above the critical frequency. Since more DoFs are
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usually involved above the critical frequency, validations for detailed response
prediction are made for the acoustic cavity above the critical frequency. The acoustic
pressure field mappings at 800 Hz with the gate functions, complex exponential
functions, and Chebyshev polynomials are shown in Figure 3.9a, b, and c, respectively.
It can be observed that all the three function types can well predict the acoustic
response of the cavity even if the target frequency is high. This validates the capability

of the CTF method in terms of detailed response predictions.

(a)

(b)
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(c)

(d)
Figure 3.9 SPL field map: (a) Gate function; (b) Complex exponential function; (c)

Chebyshev polynomial; (d) Modal method.
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3.3 Conclusions

The basic theory of the CTF method is established in this chapter. The originally
established line-coupled CTF method is extended and applied to the modeling of a
surface-coupled benchmark vibro-acoustic system, comprising a panel and a cavity.
Also, to serve as a tool in building acoustics, the model is also established when the
cavity is partially covered by the vibrating plate. A full set of example is presented
including how to assemble the coupling matrices and truncate the CF series in a
surface coupling problem. Full validations are made on the CTF method by comparing
with the reference solutions, when the gate functions, complex exponential functions,
or Chebyshev polynomials are used. Calculation results are found to be similar, albeit

small differences, between the three types of the CFs.
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CHAPTER 4 Selection of the Condensation Functions and

the Piecewise Computational Scheme

Based on the theoretical framework presented in the last Chapter, further
simplification has to be made to increase the calculation efficiency of the method and
to cope with the need of reaching a higher frequency range. This chapter aims at
revealing the relationship between the function shapes of the CFs and the convergence
speed in a given problem. It is found that the convergence speed can be significantly
increased by matching the wavy feature of the CFs and that at the coupling interface.
In light of this observation, a piecewise computational scheme is proposed to improve
the calculation efficiency at a given frequency band. Numerical validations are made

to verify the piecewise scheme.
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4.1 The Influence of the CFs Types

In this section, we will analyze the three main variables, namely the condensed
mobility, the condensed impedance, and the condensed velocity of the system, so as
to reveal the underlying mechanisms and find a rule to simplify the mid-and-high
frequency modeling. We concluded in the last section that the performance of the three
types of CFs is ranked as complex exponential functions, Chebyshev polynomials.
Meanwhile, the performance differences between the Chebyshev polynomials. and the
gate functions are not significant. Therefore, only the complex exponential functions
and the gate functions will be focused on in this section. In the following analyses, we
will use the CF serial number rs on one or two axes in the figure. The rs are sorted as :
[©11, P125 ---P1g> P215 P225---Prs], iInWhich r, s =[1, 2,...] for the gate functions and

r,s=[0,-1, 1, -2, 2...] for the exponential functions.

4.1.1 Condensed Mobility

Figure 4.1a shows the condensed mobility matrix obtained from the gate functions
at 500 Hz. Because the gate functions are directly defined based on a small area on the
interface, the values in Figure 4.1a can be considered as an approximation of the point
mobility between each pair of “patches”. The diagonal terms are the drive point
mobility and the off-diagonal terms are the cross point mobility. Therefore, the pattern
in Figure 4.1a is closely related to the modal properties at 500 Hz. It has little space
for model simplification because we know that the modal properties are too complex
to deal with at mid-to-high frequencies. One can verify in Figure 4.1b that more terms

are involved at 800 Hz.
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Figure 4.1 Condensed mobility obtained from the gate functions at: (a) 500 Hz; (b)
800 Hz. (Unit: ™/ . )
Figure 4.2a shows the condensed mobility matrix obtained from the complex
exponential functions at 500 Hz. It can be observed in that the condensed mobility

terms of the exponential functions are much larger on the diagonal area than that on
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the off-diagonal area. This phenomenon indicates that the condensed impedance terms
of exponential functions are strongly coupled only with themselves and their conjugate
functions. Other combinations (in the non-diagonal area) generate small values so that
they can be removed in the calculations, which leave rooms for reducing the
computation cost and getting approximations. One can verify this point by comparing
the maximum value in Figure 4.2 to that in Figure 4.1. Notice that the results are
obtained under the same configuration and frequencies. Figure 4.2b shows a similar
diagonal dominated phenomenon for the condensed mobility matrix at 800 Hz.
Additionally, we can find that more terms are involved at a higher frequency. Another
point worth noticing is the color of the figure. If we observe the color of those bright
“dots” in Figure 4.2, we can find (¢@4,+5, @+r+5) always have the same color. This
implies that the dominated effect is closely related to the coefficient rs. Further

analyses towards this point will be presented in later sections.
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Figure 4.2 Condensed mobility obtained from the complex exponential functions at:

(a) 500 Hz; (b) 800 Hz. (Unit: ™/, . )

4.1.2 Condensed Impedance

Similarly, the condensed impedance for the acoustic cavity is analyzed for both
the gate functions and the complex exponential functions. Figure 4.3 shows the
condensed impedance matrix obtained from the complex exponential functions at 500
Hz and 800 Hz. The same conclusion can be drawn as those for Figure 4.1, the
condensed mobility matrix obtained from the gate functions. One different point is, if
we compare the influence of frequency on gate functions, it can be found the
condensed cavity impedance varies more as the frequency increases. The spatial
distribution in Figure 4.3b is hardly distinguishable while it is still clear in Figure 4.2b.
This can be explained by the number of modes involved increases much faster for the

cavity than that for the plate, as shown in Figure 3.6.

74



400
i
P
. 350
-
5 Lo 1300
g
2 | .1'? 4250
= 4
o ¥ i
£ R 200
@ j
= e
@) ; 150
‘ 100
50
20 40 60 80 100 120 140 160 180
CF Serial Number
(a)
180 g
160 ;- 400
140 . 350
2120 § 1300
)
Zz 100 & 1250
=
5 80 4200
@R
=
o 60

20 40 60 80 100 120 140 160 180
CF Serial Number

150

100

50

(b)
Figure 4.3 Condensed impedance obtained from the gate functions at: (a) 500 Hz; (b)
800 Hz. (Unit: N "5/ )
For the condensed impedance matrix obtained from the complex exponential

functions, we observe the same phenomena as in the condensed mobility matrix. Only

a few dominated terms are existed closed to the diagonal region. It can be observed in

75



Figure 4.4a that most values in the matrix are less than 200 while the largest value is
nearly 4000. However, for the gate function impedance matrix, these two values are
100 and 450. Another interesting point is the result in Figure 4.4b is not that obscure

as in Figure 4.3b for the large number of acoustic modes involved.
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Figure 4.4 Condensed impedance obtained from the complex exponential functions at:

(a) S00Hz; (b) 800Hz. (Unit: N S/ )

4.1.3 Condensed Velocity

The coupled velocity U(x,y) = X Urs@rs(x, ¥) on the interface is analyzed in
this section. u,; represents the contribution from the particular CF term ¢, to the
coupled interface velocity and they are shown in Figure 4.5 for the complex
exponential functions and the gate functions, respectively. u,; is plotted in log scale
as logqoluy .

It can be seen from Figure 4.5a that, for the complex exponential functions and
for each frequency, there always exist some dominant terms holding a higher weight
than the others, which are consistent with the behavior of the condensed impedance
and the condensed mobility. It can then be surmised that the coupling velocity, which
is the key parameter connecting the coupled subsystems, might be estimated by using
a small number of CF terms if one knows how to choose them. Additionally, these
dominant terms change as the frequency varies. As to the gate functions in Figure 4.5b,
at any given frequency, the contributions from different terms are rather uniform,
showing no particular dominant pattern. This can be explained by the mathematical
properties of the gate functions. Indeed, as opposed to the continuous and wavy feature
of the complex exponential functions, gate functions show discontinuities in their
spatial distribution. As a result, it is naturally more difficult to map the waveform of
the velocity over the interface, unless an increasing number of terms are used. For the

complex exponential functions, however, the calculation efficiency could be greatly
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increased if only dominating terms can be extracted within a frequency band. This will

be further exploited hereafter.

(a)

(b)
Figure 4.5 Condensed velocity contribution within the frequency band [1, 1000]Hz:

(a) Gate functions; (b) Complex exponential functions.
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4.2 The Piecewise Computational Scheme

This section presents the piecewise computational scheme. Based on the previous
analyses, it 1s found that the complex exponential functions have more dominated
terms in mid-to-high frequencies while the gate functions are more distributed. This
section aims at extracting those dominated terms in the complex exponential function

series so as to achieve similar performance with only a few terms.

4.2.1 Preliminary Analyses

To find the distribution rules of those dominated terms with respect to the complex

exponential functions, firstly we define its function wavelength as:

2T

G+ ()

Ac,rs =

Based on Eq. 4.1, we can rearrange the y-axis in Figure 4.5a with respect to the
wavelength of each function, from short to long, as shown in Figure 4.6a. It can be

found in Figure 4.6a that the dominated terms become more concentrated.
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(a)

(b)
Figure 4.6 Condensed velocity contribution within the frequency band [1, 1000]Hz,
the serial of the complex exponential functions on the y-axis are sorted by the function
wavelength: (a) log scale plot; (b) For each frequency, normalized with respect to the

maximum value in normal scale.
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Two generalized wavelengths A, and A are defined to connect the condensation

functions with the acoustic cavity and vibrating structural, respectively, as:

A

/1(: C,T‘S,
A

ACS ;‘:S’

where 1, and A, are the acoustic wavelength and structural wavelength, respectively,

which are frequency dependent. They can be solved as a function of frequency f as:

4.3
For convenience, those acoustic modes with A., smaller than one are referred to as the
inertia dominated modes, otherwise, they are called stiffness dominated modes [9].
The same rule also applies to structural modes characterized by A.s. Using the
definition, A., and A.; at 250Hz, 650Hz, and 800Hz are calculated for the complex
exponential functions used in the last section and shown in Figure 4.7a, b, and c,
respectively. Note that 650Hz is the critical frequency of the panel. In these figures,
the y-axis is the |u,¢| from each condensation function normalized with respect to the
largest value of |u,.¢|. Figure 4.7b and ¢ have two x-axes, with A, on the bottom and

Acq on the top, both being arranged in an increasing order. The sequence of the
condensation functions remains the same for the two x-axes, because A, is
frequency independent and both 4, and A, are fixed numbers for any given frequency.
Figure 4.7b has only one x-axis since 1., = A, at the critical frequency.

In Figure 4.7a, two reference dash lines are plotted at A.,=1 and A.,=1 for the
ease of analyses. It can be seen that most of the dominating terms are located around

the two reference lines and more on their right side than the left side, which means a
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more predominant contribution from the inertia modes than the stiffness modes.
Comparing the three sub-figures in Figure 4.7, it can be seen that this phenomenon
occurs at all the three frequencies being analyzed. In Figure 4.7c, more inertia terms
are involved when the frequency increases, while the stiffness terms still have little
contribution. Particularly in Figure 4.7b, the coupling is strongly dominated by the
four terms close to Acq = A5 =1, ie. p4343(x,y) with a function wavelength of
0.521m, as compared with the critical wavelength of the system of 0.523m. This shows
that the two subsystems strongly interact at the critical frequency and this strong
coupling can be characterized by a very small number of condensation functions with
close wavelengths.

Another noteworthy phenomenon is the location of the term which has the largest
contribution. It is closer to A.,=1 at the lower frequency (Figure 4.7a) but much closer
to A.s=1 at the higher frequency (Figure 4.7¢). This is because 250Hz (Figure 4.7a) is
before the critical frequency in which the acoustic wavelength is larger than that of
the panel. Therefore, the acoustic cavity is a large wavelength subsystem, contrary to
the supersonic case of 800Hz (Figure 4.7c¢).

Generally speaking, it can be concluded that, at any prescribed frequency and
within a band, those CF terms which feature a better spatial wavelength match with
the system would dominate the system responses. This explains why complex
exponential functions outperform the gate functions in terms of both accuracy and
efficiency. It can be surmised that there could be other function sets which are more
efficient to model a system if the function wave of which match the structure wave
characteristics. For example in an acoustic-black-hole structure, one may use wavelet
to achieve a better modeling efficiency [162]. However, it is beyond the scope of this

paper and will be explored in future works.
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Figure 4.7 Normalized velocity contribution from each complex exponential function,
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800Hz.

Figure 4.8 Condensed velocity contribution from each CF. The real line and the dotted

line are corresponding to A.; = 1 and 4., = 1, respectively.
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4.2.2 The Piecewise Computational Scheme

Before moving forward to the detailed selection criterion, an error quantification
can be introduced to evaluate the ability of the CFs to map the velocity field on the
coupling surface. An error index is defined for the frequency band [wq, w,] as

201logqg E,s where

2
dxdydw, 4.4

be=rraa) | [uc(x,y, 0= D ona)

in which u, is the plate velocity obtained from the reference method, i.e. wave
approach [163]. Generally, larger » and s could lead to a smaller error but a reduced
calculation efficiency.

For a frequency band [f;, f], the corresponding wavelength range of the coupled
system is denoted by [A;, 4;]. Three representative scenarios, corresponding to before

critical, critical and after critical bands, are listed in Table 4.1 and analyzed.

Table 4.1 System critical frequency and the wavelength selection

Frequency band property Frequency band Wavelength selection
below critical fi <f.Hz, fn < f.Hz A=A Ay = A
critical fi<f.Hz, fn > f. Hz A=A, A =1,
above critical fi>f-Hz, fn > f. Hz A=A, =1,

Firstly, the selection criterion should include all dominating terms close to
Ac.q =1 and A, =1 for all frequencies within the band. That is to say, the wavelengths

of the selected exponential functions should cover all the existing wavelengths of the
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coupled system within the frequency band. Furthermore, as indicated in the previous
sub-section, the inertia modes impose a larger weight on the response than the short-
wavelength terms do. Therefore, more long-wavelength terms should be preserved in
the calculation.

Assuming all the condensation functions that should be kept in the calculation
have a function wavelength A, ,.; to satisty a4, < A, < B4, then the coefficient a
and f is delimited by 0< a <1 and 8 >1, respectively. Apparently, a smaller & or a
larger f increases the size of the series sub-set, thus providing a better calculation
accuracy but a reduced efficiency. In particular, when a=1 and f — oo, the criterion
coincides with the traditional convergence rule. Therefore, the dominating terms
should be extracted by properly selecting . Figure 7 shows the calculation errors,
which are obtained from Eq. 4.4, for three different one-third octave frequency bands
with the center frequencies of 630Hz, 800Hz, and 1000Hz, respectively. It can be
found that the error drops as the value of f increases and the drop speed slows down
from  =1.5 onwards. Particularly, the error for the 630Hz band is small even for the
low value of B. The reason is that the 630Hz band contains the critical frequency and
its wavelength variation is relatively not significant so that the response expression is
dominated by on a few terms, which is consistence with the result shown in Fig. 6b.
Generally speaking, § =1.5 seems to be a good compromise between the accuracy

and the calculation efficiency.
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Figure 4.9 CTF calculation error for different  values within one-third octave bands

centered at: 630Hz, 800Hz, and 1000Hz.

4.2.3 Numerical Validations for the Piecewise Scheme

The proposed selection criterion is applied to calculate the overall pressure
response of the cavity within the one-third octave band with a center frequency of
630Hz, with the results shown in Figure 4.10 using =1.5. It can be observed that the
system responses at the resonance frequencies are well predicted by using only 60 CF
terms while the old convergence rule would require 80 terms. Slight discrepancies
exist at some non-resonant frequencies especially in the higher frequency part of the
band. The corresponding one-third octave band SPL error is calculated, giving 0.13dB
within the frequency band contained in Figure 4.10. The errors in Eq. 4.4 and the CF
terms used by the proposed criterion and the traditional criterion for other one-third
octave bands are listed in Table 3. It can be seen that f=1.5 leads to a slightly larger

but still acceptable accuracy compared to the case of =2 for all the bands in mid-
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frequency range (starting from the band of 500Hz according to the previous definition).
It is expected that the accuracy in the low-frequency range may deteriorate because of
the insufficient modal density, exemplified by the band below 315Hz. As to the model
size, the proposed selection criterion obviously reduces the number of the CF terms
used, i.e. the matrix size in Eq. 3.11, leading to an expected increase in the calculation
efficiency. It is understandable that the proposed criterion intends to guaranty the
calculation accuracy only within the targeted frequency band, instead of trying to
cover the entire frequency range, as shown in Figure 4.11a, in which the lower
frequencies are deliberately abandoned. Nevertheless, as shown in Figure 4.11b, the
proposed criterion can be applied to any arbitrarily selected bands, one at a time so
that the entire frequency range can be covered by moving the bands in a sequential
way. This sequential calculation scheme is what the piecewise computational means.
This way, the calculation efficiency can be maximized in each frequency band of

interest.
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Figure 4.10 Calculated SPL using the proposed selection criterion for the one-third

octave frequency band (center frequency: 630Hz).

88



Table 4.2 Performance of the proposed selection criterion

Center frequency of the Error Piecewise terms CTF terms
one-third octavebands g =15 p=2 pB=15 p=2 (previousrule)
250Hz 1.16dB 0.21dB 20 22 31
315Hz 1.14dB  0.47dB 26 28 40
400Hz 0.75dB  0.52dB 34 36 51
500Hz 0.58dB  0.49dB 40 42 64
630Hz 0.13dB  0.02dB 50 60 80
800Hz 0.37dB  0.06dB 80 96 137
1000Hz 0.04dB 0.02dB 122 146 218
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Figure 4.11 Sound pressure level using the proposed criterion targeting two selected

one-third octave bands with the center frequency: (a) 630Hz; (b) 800Hz.

To further test the performance and the robustness of the proposed criterion,
calculations are made by varying the system damping and the boundary condition of
the panel, respectively. As far as the panel boundary is concerned, it is set to be
clamped on all edges whilst all other parameters remaining the same. The condensed
mobility in Eq. 3.12 is no longer obtained from analytical solution but from a
numerical calculation using FEM software, implemented in COMSOL. Only results
with f =1.5 are shown. The error with respect to various damping combinations and
the error within different frequency bands of the clamped panel case are listed in Table
4.3 and Table 4.4, respectively. One can find in Table 4.3 that generally larger
damping leads to a larger error of the calculation; the effect, however, is not significant

at low damping levels. As to the effect of panel boundary conditions, one notices that
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the errors in Table 4.4 are larger than those observed in Table 4.2. This is attributed to
the inherent error existing in the finite element simulation used as the reference result.
Limited by the calculation capacity, the mesh size could not be further refined. The
SPL response at a randomly chosen point (0.3, 0.6, 0.7)m is shown in Figure 4.12. The
proposed frequency piecewise computational scheme predicts well the system
response at and close to resonances. Although one observes discrepancies at regions
close to the anti-resonance frequencies where the system dynamics are weak. These
regions, however, are not the major concern in terms of mid-and-high frequency

calculations.

Table 4.3 Performance of the proposed criterion f =1.5 for different sub-system

damping combinations

Damping 1n°=0.01 1n°=0.02 n°=0.02

Frequency n%=0.002 n?=0.001 n?=0.002
500Hz 0.80dB 0.64dB 0.76dB
630Hz 0.23dB 0.20dB 0.40dB
800Hz 0.45dB 0.35dB 0.52dB
1000Hz 0.20dB 0.19dB 0.34dB

Table 4.4 Performance of the proposed criterion § =1.5 (clamped panel boundary)

Center frequency 400Hz 500Hz 630Hz 800Hz 1000HZz
Error 1.02dB 0.61dB 0.56dB 0.47dB 0.40dB
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Figure 4.12 Sound pressure level using the proposed criterion targeting one-third

octave bands within the 630Hz band (clamped plate).

Another case of a cavity with boundary impedance, coupled to a clamped panel, is
considered. The impedance wall is located at y=0 within the YOZ plane as shown in
Figure 2.3, with a normalized acoustic impedance of 33.5 with respect to the
characteristic impedance of air pycy [164]. Notice that the sound velocity
co =340*(1+0.0017) is complex. Therefore, the impedance used here is a complex
quantity, including both resistance and reactance parts. The changes in the boundary
conditions of the cavity serve the purpose of breaking down the symmetrical modal
shape of the cavity as well as its spatial matching with the plate over the coupling
surface. The impedance boundary can either be treated as a subsystem to be substituted
into Eq. 3.11, or modeled as part of the entire cavity [164]. The former option is
adopted in the present case. The calculated frequency band is increased to [1000,
1600]Hz. The volume averaged SPL calculated with § =1.5 is compared with the
FEM result in Figure 4.13. It can be seen that the proposed piecewise computational

scheme predicts well the system response in the entire frequency band of interest.
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However, one observes discrepancies in regions where the system dynamics are weak.
Three factors might result in these errors: higher frequencies, clamped plate boundary
and the impedance wall. In Table 4.4, it can be observed that higher frequencies have
little effect on the calculation error. Therefore, the change in the system boundary
could be the main contributing factor. The inherent calculation error of the finite
element simulation may also be part of the reasons behind these discrepancies. In the
present case, the calculation time is also observed to be reduced. To give an indicative
idea, the calculation time is rough 1/5 and 1/2 that of the FEM and conventional CTF,
respectively. It should be noted that the exact calculation time may vary depending on

the computer capability and the case under investigation.
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Figure 4.13 Sound pressure level using the proposed criterion targeting [1000,

1600]Hz (clamped plate and cavity with impedance boundary).

As a final remark, the calculation accuracy using the proposed piece-wise criterion
and the time required for dealing with a larger cavity, (5 x 3 x 3)m for instance, is also

tested. Under the same calculation condition as Fig. 8, the same calculation accuracy
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is achieved, with however a much longer computation time (roughly 20 times). This

is obviously due to the significant increase of the modal density in the frequency band.

4.3 Conclusions

Aiming at achieving effective modeling of a coupled panel-cavity system in the
mid-to-high frequency range, a piecewise convergence behavior of the complex
exponential function based CTF method is revealed, allowing a model reduction for
mid-frequency simulations. This unique feature of the complex exponential functions
is attributed to their wavy feature and spatial matching with the dynamics of the
physical system. Based on that, a series selection criterion for the complex exponential
CFs is proposed to further increase the calculation efficiency. Given a targeted
frequency band [f7, f], all complex exponential CFs ¢,.; with their wavelengths A, ;.
delimited by adp < A.pq < BA; are kept to form a subset, to be used in the

calculation. It has been shown that using =1 and f=1.5 can guarantee an acceptable
prediction accuracy in most of the analyzed cases. Calculation errors might be larger
in some frequency bands but still within the tolerance level typically required for mid-
to-high frequency modeling. The most significant advantage of the proposed criterion
is that it allows accurate modeling of the system in a piecewise manner in terms of

frequency bands at a much-reduced model and calculation cost.
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CHAPTER 5 Piecewise Computational Scheme for the

Strongly Coupled Systems

In the last Chapter, a piecewise computational scheme based on the CTF method
was developed to increase the modeling efficiency of mid-to-high frequency
vibroacoustic systems. The scheme provides a controllable balance between the
computational accuracy and efficiency, as illustrated using a plate-cavity system.
However, such structure acoustic interaction is believed to be weak as mentioned in
Section 2.2 of Chapter 1. Actually, one of the key challenges in the mid-to-high
frequency modeling is the inability of the SEA in dealing with the strongly coupled
system, which requires the use of deterministic approaches. This Chapter extends the
previously established piecewise computational scheme beyond the weak-coupling
assumption. Firstly, a coupling strength factor is proposed to quantify the coupling
strength between two coupled sub-systems. Using an acoustic system comprising two
mutually connected sub-cavities as a benchmark, one would see how different
parameters influence the coupling strength. The piecewise computational scheme is
revisited and validated in relation to the changes in the coupling strength level. Effects
of the coupling strength on the computational error of the piecewise computational
scheme are systematically studied. Finally, the applicability of the piecewise scheme

is experimentally validated.
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5.1 Coupling Strength Quantification

This section discusses the way to quantify the coupling strength between two
coupled sub-systems and how different parameters would influence the coupling
strength. According to the research of Kim and Brennan [165], the coupling between
a vibrating plate and an acoustic cavity is considered to be weak since the response of
either one sub-system, structural or acoustical, has little variation when the other one
is attached. Therefore, a plate-cavity system is not suitable for the coupling strength
investigations. To tackle the problem, a system of stronger coupling strength is
required. Thus, a connected sub-cavities configuration is used as shown in Figure 5.1.
This pure acoustic system will be used to introduce and validate the coupling strength

factor. Then, similar analyses are repeated in a plate-cavity system for reference.

|
|
I <
| ALy A
O

- Y) Sound Source

o C— -
) __________ 7/ xﬁ"

W 0,
./ Lzl ALy?/ Lz2

O

Figure 5.1 Configurations of the coupled acoustic system, excited by an internal sound

source in the main sub-cavity.
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5.1.1 Definition of the Coupling Strength Factor

In this thesis, the coupling strength is quantified by evaluating the response
differences over the coupling interface before and after the attached sub-system is
added. For the selected configuration in Figure 5.1, the coupling strength is quantified
by the acoustic pressure differences over the coupling interface with and without the
attached sub-cavity, |P; — P,| , where P is the coupled pressure response and P, is
the uncoupled blocked pressure. In light of Eq. 3.11, one has

P, = —Z&[Z{ + ZE] 1P, 5.1

When P = P, the coupling is considered to be weak.

To quantify the coupling strength, a coupling strength factor Q is defined, to be
further used to assist the validations of the piecewise computational scheme under
different coupling strength conditions. Define the coupling strength matrix S =
—Z&[ZE + 727! from Eq. 5.1. Because Z¢ and ZE are both invertible, S can be
rewritten as S = K~1AK where the columns of K are the eigenvectors of S and A is a
diagonal matrix containing the corresponding eigenvalues of S. For an uncoupled
acoustic system, all Ay are equal to one. Ay is positively correlated with the response
level py of the Nth condensation function and the response level is smaller when an

attached sub-system is added. Thus, we define
0=|1-2 5.2
N

where N is the dimension of S and 4y is the Nth eigenvalue of S. The summation of
the eigenvalues can be replaced by the trace for easier calculation. 2 should increase

as the coupling strength becomes stronger. For instance, € equals to zero when there
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is no coupling and equals to one when the attached sub-system is equivalent to a
pressure release boundary. Additionally, Q is independent of the type and number of

the selected condensation functions, so long as the convergence rules are satisfied.
5.1.2 Numerical Analyses on the Coupling Strength Factor

5.1.2.1 Analyses in a Cavity-cavity System

In this section, the relationship between the proposed Q and the acoustic response
differences over the coupling interface before and after coupling will be validated
using an acoustic cavity shown in Figure 5.1.

Following Eq. 3.11, the condensed impedance matrix Z¢ and Z2 are obtained and
the velocity over the interface between the two sub-cavities can be solved either in a
full or piecewise manner. Then, the coupling strength matrix S is rewritten as

S=[1+Z}Z3 7, 53

in which Z{(Z2)™! can be further expanded as:

2(z) " =

. Cri mzcrsm ‘ I T Cklnzcrsn
Am(wh-w2+2iwmw) An(wE-w2+2ifwnw)
It can be seen from Eq. 5.3 that three factors influence the coupling strength:
volume ratio of the two sub-cavities, frequency dependent terms, and the modal
matching terms. For the volume ratio, the weak coupling can be identified when
V,/V; «1. For a given main sub-cavity, the coupling strength increases with V,. One
should notice that the volume ratio is only valid for the current double-sub-cavity

configuration. The second factor is the modal matching term Cy; ,,, Cys pp. This factor
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is non-dimensional and is determined by the spatial matching level between the CFs
and the mode shapes of the two sub-systems. As for the frequency-dependent part, one
would intuitively guess the strong coupling happens at resonances. Particularly when
the two cavities share the same resonance frequency in the low-frequency range, the
coupling process can be referred to the working mechanism of an acoustic resonator
within an enclosure. However, in the mid-to-high frequency range, it is less relevant

to focus on a single frequency but more reasonable to average it within a frequency
1
band as Effﬂdf.

For the present cavity configuration, the coupling strength is quantified based on
the pressure differences over the interface with and without the attached sub-cavity,

defined as:

N |Pel

D=1fwds. 5.4
S

D can be averaged in a frequency band as Aif ) f Ddf. To eliminate the influence of the

sound source location, P, is not obtained by setting a particular sound source but

assumed to be unit on all basis functions as

P11

P, = 5.5

(pT‘S

With such definition, Q should reflect the variation trend of D when the
dimension/volume of the attached sub-cavity changes, as shown in Figure 5.2, as a
function of volume ratio by setting ALy=0 and varying Lz2. Both E and Q are
averaged in two selected frequency bands with a 200Hz bandwidth, centered at
1100Hz and 1500Hz, respectively. Q obtained from the truncated series using

piecewise scheme criterion is also shown for reference. It can be seen that € is only
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slightly affected by the truncated series so long as the solution converges. Therefore,
Q will be calculated using the truncated series in the piecewise scheme in the
following analyses. It can be observed in Figure 5.2 that D and Q have the same
variation trend as a function of V/, /V; and both, albeit not monotonously, exhibit an
overall increasing trend with V, /V;. Fluctuations can be attributed to the resonances
of the coupled system. Both D and Q reach a local maximum value of 0.5 at V, /V;=1.
It can be surmised that D and Q will not be larger than 0.5 until V, > V;, where I/,
can be approximately considered as infinitely large compared to V;. Since we only aim
at modeling the coupling process between two sub-systems with comparable sizes, the
case of V, < V; will be the main focus of analyses in this paper. To better show the
consistent variation trend between D and Q, D is plotted as a function of in Figure
5.3a and b, averaged in the same two frequency bands. It can be seen that Q is
approximately proportional to D, i.e. the proposed coupling strength factor could
effectively reflect the response differences over the interface as well as the coupling

strength in agreement with our intuitive understanding.
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Figure 5.2 Interface pressure response differences D and the coupling strength factor
Q as functions of the volume ratio, averaged in frequency bands of 200Hz wide

centered at: (a) 1100Hz; (b) 1500Hz.

0'5 C T T T T ]
0.4 [ . 4
o“'
3’.
03 x :
D .’
Q"’....
021 ‘e 1
0.1+ . ]
0 L] L I L I L
0 0.1 0.2 0.3 0.4 0.5
Q
(a)

101



0-5 C T T T T .l_
0.4 oo
&
0.3 B °
D . ‘*Af'
O
LY
0.2 - o
0.1} ’
0 hd 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
Q
(b)

Figure 5.3 Relationship between the interface pressure response differences D and the
coupling strength factor QQ, averaged in frequency bands of 200Hz wide centered at:

(a) 1100Hz; (b) 1500Hz.

5.1.2.2 Analyses in a Plate-cavity System

Analyses can also be conducted for a plate-cavity system in a similar way.
Referring to Figure 3.1, the main sub-system is set to be a plate while the attached
sub-system is still an acoustic cavity and only structural excitation exists. The velocity
over the interface can be expressed as

U, = —[(YD) ' + ZE]*P,. 5.6

The weak coupling strength can be identified by rearranging Eq. 5.6 into

Uc = —[(YO) "+ Z¢7"(YO) ""Uy ~ Uy, 5.7
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where Uy is the free velocity of the structure when it is excited. The coupling strength
can be quantified as in Eq. 5.3:

S=[1+YYZ® 17, 5.8

Then Q can be obtained from the matrix trace of S. The difference between Eq. 5.8
and Eq. 5.3 is that the volume ratio becomes the ratio between the acoustic bulkling
stiffness K, = pyc2S?/V and the plate mass. The same conculsion was also shown in
Ref. [165].

Figure 5.4 shows Q and D as functions of the depth of the cavity (in the z-direction,
also the out-of-plane direction of the plate). Notice D is obtained from the plate
velocity. The plate is simply supported and made of aluminum, with a dimension of
2.5 x 2 x 0.018 (m). It can be observed that the coupling strength undergoes fast
decrease as the cavity depth increases, which is consistent with many previous pieces
of research [1, 70, 77]. Nevertheless, the coupling strength is much weaker than that
of an acoustic-acoustic system (typically one order of magnitude lower) even if the

cavity is very shallow (except for the first few sub-system resonances).

Figure 5.4 Influence of the cavity depth on the coupling strength of a plate-cavity

system.
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5.2 Numerical Validations of the Piecewise Scheme in Strong Coupling

System

All numerical analyses are implemented based on the configuration shown in Fig.
5.1 unless otherwise specified. Before going into error analyses, some validations are
presented by comparing the piecewise computational results and the analytical
solutions obtained by setting ALy=0 and Lz2=Lz1. Notice that this configuration has
the strongest coupling strength (Q=0.5) for the considered cases. Then, the
computational error of the piecewise scheme will be examined under different

coupling strength levels.

5.2.3 Validations on the Interface Velocity

By setting ALy=0, the main sub-cavity and attached sub-cavity form a rigid
rectangular cavity so that the analytical solution can be obtained as the reference result.
The CTF-based piecewise computational scheme treats the cavity as two sub-systems.

Firstly, the result of the interface velocity prediction is examined. The coupled
velocity at 1000Hz is mapped in Figure 5.5. The results obtained from the piecewise
scheme and the analytical solution are shown in Figure 5.5a and b, respectively.
Generally, the piecewise scheme can well predict the acoustic particle velocity pattern
over the interface, particularly at where local maximums exist. However, it can be
found that the prediction result of the piecewise scheme is not as accurate as that in
the plate-cavity system shown in Chapter 4. This conclusion points at the need and the
significance in validating the performance of the piecewise scheme in strongly

coupled systems.
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(a)

(b)
Figure 5.5 Velocity distribution over the coupling interface at 1000Hz, obtained from:

(a) Analytical solution; (b) Piecewise calculation.

5.2.2 Validations on the Acoustic Pressure

After checking the prediction accuracy of the coupled velocity, we examine the

response of the two sub-cavities. Comparisons in terms of the sound pressure level
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(SPL) are made at two arbitrarily receiving points, located in the sub-cavities 1 and 2
respectively. The results are shown in Figure 5.6, in which only results in mid-to-high
frequency bands are presented. The dotted line, obtained from the piecewise scheme,
includes 4 individual piecewise calculations, with a 200Hz bandwidth each time. Note
a broader band will reduce the computational efficiency and dilute the advantage of
the method. Nevertheless, a broader computational band could increase the accuracy
of the method due to the inclusion of more CF terms. The results obtained from the
full CTF calculation are also shown as a reference. It can be observed that the
piecewise calculation can well capture the SPL, especially for those resonance peaks.
Although errors exist at some anti-resonance frequencies, they are not the major
concern of the mid-to-high frequency problem. Figure 5.7a shows the sound pressure
distribution, obtained from the piecewise scheme, over the coupling interface at
1100Hz. The result is consistent with that obtained from the analytical solution in
Figure 5.7b. Similar accuracy was also checked to exist at other receiving points and
cut surfaces (not shown here). Figure 5.8 shows the volume-averaged SPL within each
200Hz bandwidth. It can be observed that the errors are capped at around 2dB. Notice
these errors can be reduced by enlarging the computational bands. The errors are found
to be less than 1dB when the same calculations are conducted within the one-third

octave bands centered at 1250Hz and 1600Hz.
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Figure 5.6 SPL at: (a) (1.7, 1.3, 1.2) m in the main cavity; (b) (2.1, 0.6, 0.9) m in the

attached cavity.
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(a)

(b)
Figure 5.7 SPL distribution over the coupling interface: (a) Piecewise scheme; (b)

Analytical solution.
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Figure 5.8 Volume-averaged SPL within frequency bands of 200Hz wide: analytical

solution and piecewise scheme.

The above results numerically validate the piecewise scheme in a strongly coupled
system. The method well balances the efficiency and accuracy within mid-to-high
frequency ranges. Particularly, it can provide a detailed prediction of the acoustic field

in both sub-systems, which is the most appealing advantage over the SEA.

5.3 The Influence of Coupling Strength on the Piecewise Scheme

In this section, the influence of the coupling strength on the performance of the
piecewise computational scheme will be investigated. As discussed above, the
coupling strength is mainly determined by the volume ratio and the modal matching
matrix in the mid-to-high frequency range. Therefore, firstly these two factors are
separately investigated and then a general conclusion is drawn at the end of this section

to conclude the relationship between the coupling strength and the performance of the
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piecewise scheme. For analyses purposes, the error of the piecewise computational

scheme is defined within a given frequency band Af as:

1
E =— B,, — P.|dSdf,

where B, is the piecewise solution and F; the full CTF calculation or analytical

solution whenever available.

5.3.1 Volume Ratio

This subsection discusses the effect of the volume ratio on the performance of the
piecewise computational scheme, by using the same configurations as those used in
Figure 5.1. As areference, the coupling strength factors of the analyzed configurations
are shown in Figure 5.9a. As stated, only V, < V; is considered here. Figure 5.9b
shows the errors of the piecewise scheme for two frequency bands of 200Hz wide,
centered at 1100Hz and 1500Hz, respectively. It can be observed in Figure 5.9b that
E. becomes larger as the volume ratio V,/V; increases. Comparison between Figure
5.9a and b shows that E, increases as the coupling strength gets stronger. The
maximum value of E,. is between 1.6 to 1.8dB when V, = V;, which is still within the
general tolerance level for the mid-to-high frequency modeling. One may desire for
the detailed performance when E, is the largest at I/, = V;. These results can be
referred to what were summarized in Section 5.2.

It is worth noticing that the relatively large E, only arises when the volume ratio
V,/V; is close to one, when the two cavities are identical. In this case, neither cavity
is more deterministic nor statistical than the other. This shows the capability of the

piecewise computational scheme in solving strongly coupled systems where
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deterministic-statistical methods are no longer applicable to provide detailed system

responses of the whole system.
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Figure 5.9 Surface velocity error of the piecewise scheme with respect to different

volume ratios in frequency bands of 200Hz wide centered at: (a) 1100Hz; (b) 1500Hz.
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5.3.2 Interface Modal Matching

The effect of the interface modal matching on the performance of the piecewise
scheme is investigated in this subsection. Different from the volume ratio, appearing
as an amplification coefficient in Eq. 5.3, the modal matching matrix is directly
determined by the piecewise scheme. The variation of the interface modal matching
is achieved by increasing ALy from 0 to 0.5m, as shown in Figure 5.1. When
ALy=0.5m, the interface area becomes half of its largest value. To keep the volume
ratio constant at one, the depth of the attached cavity Lz2 is automatically adjusted.
All analyzed quantities are frequency averaged within the two frequency bands which
are the same as in Figure 5.9.

Firstly, the coupling strength factors are plotted for different ALy in Figure 5.10a.
It can be observed that the coupling strength generally decreases as ALy gets larger,
corresponding to a smaller interface area, in line with one’s intuition. However, this is
not simply due to the smaller interface area because Cy; , Crs my 1 not only determined
by the area but also depends on the wave matching level over the interface, which is
very complex in the mid-to-high frequency range. For the present case, the variation
trend of Q indicates that the modal matching level becomes smaller as ALy decreases
since the influences of the volume ratio and frequency are excluded in the simulations.

The computational errors for different ALy are shown in Figure 5.10. Again, one
observes the similar variation trends as the coupling strengths have. As ALy increases,
the computational errors quickly drop at the beginning and converge to a small value
around 0.2dB. The same conclusion as in Section 5.3.1 can be drawn in that the

computational error is larger when the two cavities are similar. This verifies the
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capability of the piecewise scheme in strong coupled cases where the modal matching

levels are different.
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Figure 5.10 Surface velocity error of the piecewise scheme with respect to different

modal matching in frequency bands of 200Hz wide centered at: (a) 1100Hz; (b)

1500Hz.
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5.3.3 Coupling Strength

To summarize the above analyses results, the computational data used in Figure 5.2,
Figure 5.9, and Figure 5.10 are rearranged and regrouped to plot the computational
error E,. as a function of the coupling strength Q, obtained from different volume
ratios and modal matching matrix and averaged in [1000, 1200]Hz and [1400,
1600]Hz, respectively. This results in a total of four sets of results in Figure 5.11 with
a different type of markers. It can be observed that, irrespective of the way the coupling
strength is obtained, the errors at any given (2 are rather consistent in trend and close
in values. For relatively weak coupling strength, when Q is smaller than 0.2, the error
of the piecewise scheme is rather stable and dwells around 0.2dB. When Q becomes
larger than 0.2, the error undergoes fast increases before gradually stabilizes when QQ
is larger than 0.4. It should be noted that, between 0.2 and 0.4, that the increasing
speed of the error is not exactly the same because the piecewise scheme has different
sensitivities to volume ratio, modal matching level, and frequency bands. It is also
relevant to note that the higher frequency band exhibits a larger error. One of the
plausible reasons is the wave motion over the interface is more complex in a higher
frequency band so that a wider calculation bandwidth Af compared to its center
frequency would be needed to warrant a more accurate prediction. However, this can
be avoided by considering the one-third octave or octave bands as people usually do

in mid-to-high frequency modeling problems.
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Figure 5.11 Computational error E as a function of the coupling strength varied with
volume ratio or modal matching matrix, averaged within [1000, 1200]Hz and [1400,

1600]Hz.

5.4 Experimental Validations

Experimental validations were carryout out using a configuration shown in Figure
5.12. The cavity walls are made of acrylic of 30mm thickness which can be considered
as acoustically rigid. A loudspeaker was used to generate an acoustic excitation
through a hole drilled at (0.075, 0.05, 0) m over the sidewall. Microphones 1 and 2
were installed at (0.075, 0.05, 0.01) mm and (0.25, 0.15, 0.83) m, respectively, to
measure the transfer function between them and eliminate the sound source error at
the same time [166]. Limited by the experimental conditions, the cavity dimensions
are smaller than those used in the previous simulations. However, a higher frequency

band up to 3200Hz was selected instead. For reference, the volume ratio V,/V; is 0.94.
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The experiment was conducted within a wide frequency band of [40, 3200]Hz, with
results shown in Figs. 5.13a and b, respectively. It was shown in the previous work
that the piecewise scheme starts to be applicable when the modal overlap factor is
larger than one. In the present test structure, the unit modal overlap factor is at
approximately obtained at 1200Hz. Therefore, the full CTF calculation is used within
[40, 1200]Hz and the piecewise scheme is used within [1200, 3200]. To obtain more
accurate peak values at resonance frequencies, the damping ratio of the first four peaks
are obtained from the experimental result while the others are all set to 0.001. It can
be observed in Figure 5.13a that the full CTF calculation result agrees well with the
experimental one, in terms of both resonance and anti-resonance frequencies as well
as the overall trend. The piecewise calculation (Figure 5.13b) was conducted within
ten frequency bands of a 200Hz bandwidth and added up to [1200, 3200]Hz. It can be
seen that the piecewise scheme can accurately capture the variation trend and most of
the resonance peaks. The few missing peaks in the experimental curve can be
attributed to the machining tolerance of the cavity and some unavoidable uncertainties.
All in all, the validity of the piecewise computational scheme is considered to be

verified in such a highly dynamic and strongly coupled system.

(2)
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(b)
Figure 5.12 The cavity where the experiments conducted: (a) Cavity configuration; (b)

Photo of the cavity.
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Figure 5.13 Predicted transfer function between two points, compared to the

experimental result: (a) Full CTF calculation; (b) Piecewise scheme.

5.5 Summary

This Chapter extends the application range of a previously proposed piecewise
computational scheme to strong coupling cases. The coupling strength is defined by
examining the acoustic response differences over the coupling interface before and
after the attached sub-system is added. A coupling strength factor Q is defined to
quantify the coupling strength in the context of a multi-degree freedom system and
mid-to-high frequency range. With the assistance of €2, the computational errors of the

piecewise scheme are investigated through tactically varying the coupling strength

118



level, including the strongly coupled system. Generally, the proposed piecewise
computational scheme is shown to be applicable in strongly coupled cases, by showing
a good agreement with the analytical solutions and the experiment results. Main
conclusions are summarized as follows.

1. The proposed coupling strength factor Q can well reflect the variation trend of
the coupling strength between two coupled sub-systems, as reflected by the acoustic
response differences over the coupling interface. Three factors are found to affect the
coupling strength between two acoustic sub-cavities: volume ratio, interface modal
matching level and the frequency. By comparing the value of Q, the coupling strength
in an acoustically coupled system is shown to be generally much stronger than that of

the structure-cavity system.

2. The piecewise computational scheme is shown to be effective and accurate
enough in the modeling of a strongly coupled acoustic cavity. Without losing the
efficiency and compromising its accuracy, the proposed scheme allows a detailed

sound field description of each sub-system.

3. The computational error increases when the coupling strength becomes
stronger, which, nevertheless, is still within the normal tolerance level in terms of the
mid-to-high frequency modeling. For a given system and a prescribed frequency band,
the computational error of the piecewise computational scheme can be approximately

evaluated from Q.
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CHAPTER 6 Applications in Building Acoustics

In previous Chapters, the CTF method, as well as the piecewise computational
scheme, has been thoroughly and systematically validated. In this Chapter, the
proposed method will be applied to a simplified Double Skin Fagade (DSF) system.
The capability of the method will be shown and examined in this particular context.
The sound insulation properties of some selected DSF configurations will be
parametrically studied. Meanwhile, Micro-Perforated Panels (MPP) will be used as a
noise control device, to be integrated into the model. The established CTF framework
allows the MPP to be modeled not only as a locally reacting sound absorption device
but also as an individual sub-system that is coupled with its surrounding acoustic
environment. By revealing the working mechanisms of the MPP, parametric studies
are conducted for MPP as well to maximize its performance. As a more realistic
configuration, an internal sound transmission model between two floors is studied. It
1s demonstrated that significant calculation efficiency improvements can be achieved
by the proposed piecewise computational scheme, outperforming existing simulation

tools widely used in building acoustics.
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6.1 Theoretical Model

This section presents the theoretical models of the system to be used later for

investigation in this Chapter. The models are built under the general CTF framework

detailed in previous Chapters. Either the piecewise or the full calculation schemes can

be used according to practical needs, frequency ranges and efficiency requirements.

As mentioned above, MPPs will be taken into account in the models. Therefore, their

acoustic impedance will first be shown, so that it can be converted to condensed

impedance and embedded into the CTF formula.

6.1.1 Modeling on the Micro-Perforated Panel

One of the most popular models to predict the performance of an MPP is given by

Maa [167]. The acoustic impedance of the MPP, z,,pp, can be described by the hole

diameter d, perforation ratio ¢ and panel thickness ¢, as:

Zypp =T + jwm,

where
/2
32nt K212 V2 d
= k=14 k=
"= Gpgcdz T l+32 3277
wt k2] ? d
= —kpmkm=1+|1+—=| +085-
wm =5 m Km [ 2] t
and

_q [oee
k=d 4’

in which 7 is the air viscosity coefficient.
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Traditionally, the MPP governed by Eq. 6.1 works together with a backing cavity,
forming a so-called MPP absorber (MPPA). A separation structure within the backing
cavity, like a honeycomb, could avoid the interactions among different holes so that
the entire MPPA can be treated like a piece of locally reacting material. Basically, the
backing cavity contributes no additional acoustic resistance to the MPPA and
considering its relative acoustic reactance —cot(wD /c) where D is the depth of the

backing cavity, the acoustic impedance of the MPPA is given by

. wD
Zyppa =T + jlwm — cot (T)]' 6.5

Equation 6.5 can be directly embedded into the CTF formulation to obtain the
condensed velocity if the MPP is considered to be locally reacting.

However, recent researches [159, 168, 169] show that, without a partitioned
backing cavity, an MPP can no longer be treated as a locally reacting material but a
structural/acoustic element coupled with the acoustic environment surrounding it. In
that case, the velocity over the MPP surface is determined by the acoustic pressure

distribution on the two sides, as

P1— D2

Umpp = ———
PoCZmpp

6.6

Then, uypp can be decomposed to the CF coordinates so as to be substituted into the

CTF formula.

6.1.2 Modeling of DSF systems

A typical configuration consisting of the single-layer DSF system is considered.
Although 3D configuration is considered in the following analyses, a 2D projection is

shown in Figure 6.1. MPPs are used either as a screen or a sound absorption wall. In
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the latter case, when MPP is absent, corresponding surfaces become rigid walls. The
DSF cavity and the room are connected through a ventilation opening. Several
notations are annotated in Figure 6.1. The room is denoted as Cavity 3 (C3) and an
MPP screen divides the DSF cavity into two sub-cavities: C1 and C2. When the MPP
is absence, the DSF cavity is denoted as C1 only. The outer glass, inner glass, and
ventilation opening are represented as interfaces 1, 2, and 3, respectively. The MPP
screen and the locally reacting MPP wall are denoted as interfaces 4 and S5,

respectively.

Figure 6.1 Configuration of a single layer DSF system.

For the CTF modeling, the condensed impedance or mobility can be separately
obtained for the DSF cavity, room, and glasses, respectively. In what follows, Y; and
Y, are the condensed mobility of the outer glass and the inner glass, respectively. For
the condensed impedance, taking ZS$3 as an example, the superscript C3 represents the
DSF the room and the subscript 23 represents the prescribed velocity at interface 2

and the pressure response at interface 3. Detailed expressions are given in the
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Appendix. When the two MPP interfaces are absent, three force equilibrium equations
can be written for the outer glass, the inner glass, and the ventilation opening, as
(=Y +Zi)U; + 251U, + Z5{U3 = P,
Z53U, — (28 + 255 - Y;')U, — (2§; + Z§)Us = 0, 6.7
Zi3U; — (255 + Z53)U, — (255 + Z§)Us = 0

where P, is the external pressure excitation, U;, U,, and U; are the condensed
velocity vectors of the outer glass, inner glass, and ventilation opening, respectively.
Writing Eq. 6.7 into matrix form and inversing the impedance matrix, the condensed

velocity vector can be solved as,

— -1
[U1] l[—Y1 Y+Zi Z5 Zsi ] [P
[ ] | |
|leJ| =l 5 I -If-v;' -1 - 1§ iO Jl 6.8
Us Zi; -5 -1 L5 - Z§§J 0

With two MPPAs taken into account, the governing equations of the whole system are
given by,
(=Yi' +ZiD)U; + 251U, = P,
—(233 + 133 — Y; U, — (253 + 253)Us + 255U, + Z53U5 = 0
—(Z33 + 23Uz — (255 + 253)Us + 253U, + Z53Us = 0, 6.9
273Uy + 255U, + Z55Us + (Z55 + Z55 + Zypp)Uy = 0
233U, + Z52U;3 — (ZE2 + Zyppa)Us = 0

in which Zypp and Zypp4 are the condensed impedance matrix of the fully coupled
MPP and the locally reacting MPP, respectively. The condensed velocity of the system

with MPP can be solved as
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Ul_ Pe
U, 0
Us| = —Iypp| 0}, 6.10
U, 0
U5 -0 -
where Ij;5p is written as
—Y;1 4+ Z62 0 0 —Z81 0 -
0 L3 +15+ Y, 15 +15; ~Z5; -Zg;
0 R RN TR i 283
—Liz —Z3% —L5F L4+ L+ Lypp 0
0 —153 — 153 0 Z$3 + Zyppal

6.2 Numerical Analyses

In this section, numerical results are presented and analyzed in terms of system
response, sound insulation, energy transmission, and MPP effects. Then, similar
analyses will be conducted for a DSF system with two floors. The acoustic properties
of the system without MPP is studied first.

Dimensions of the system are shown in Figure 6.1. The length in the x-direction is
2.5m. The two glasses are assumed to be simply supported. The thickness of the outer
glass and the inner glass are 18mm and 12mm, respectively. All boundaries are
assumed to be acoustically rigid. The outer glass is subject to a diffused incident

acoustic wave excitation as

1 (27 (2
Pa =§ .[ ped91 d92 6.11
0 0
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6.2.1 System Response Predictions

The acoustic response in the system is first studied. Three sets of the result are
presented in Figure 6.2. The SPL prediction results from the CTF model at a randomly
selected point (0.6, 1.7, 2.4)m are shown in Figure 6.2a. The location is referred to as
the local coordinate of the room. Recall that the mid-frequency is considered
beginning at the modal overlap factor M=1, which is approximately 218Hz for the
present room sub-system. Thus, the low-frequency result is obtained from the full CTF
calculation. After entering the mid-frequency range, the piecewise scheme is used.
The piecewise computational scheme is implemented within six one-third octave
bands centered at 250Hz, 315Hz, 400Hz, 500Hz, 630Hz, and 800Hz, respectively.
Similar treatment will be followed throughout this Chapter. Due to the inherent
limitation of the FEM in terms of frequency outreach, only the low-frequency results
can be validated against the FEM results, as shown in Figure 6.2a. It can be seen that
all the resonance peaks are well predicted despite some inconsistencies at the anti-
resonance frequencies and the level of some resonance peaks. The sound pressure
level is integrated within one-third octave bands for reference, as shown in Figure 6.2b.
Figure 6.2¢c plots the SPL distribution over the surface x = 0.6m at 400Hz. It can be
seen that the acoustic field, as well as the contour lines, can be obtained, which allows
further analyses and sound field optimizations. It is worth noticing that the information

in Figure 6.2a and c can hardly be obtained when the room is modeled with the SEA.

126



SPL (dB)

SPL (dB)

----FEM _

i

|
1 -
I -
10 ’ - U ]
_10 1 i Il

20 100 220 900

Frequency (Hz)

(a)

100

90

80

70

60

50

40

30

20

10

0

T T T
Piecewise Scheme

0

25

31

40

50

63

80 100 125 160 200 250 315 400 500 630 800
Center Frequency (Hz)

(b)

127




(c)
Figure 6.2 Acoustic response within the room structure: (a) SPL at a randomly selected
receiving point (0.6, 1.7, 2.4) m, compared with the FEM results within the low-
frequency range. (b) Equivalent sound pressure level inside the room within one-third

octave bands. (c) SPL field map at a randomly cut surface x = 0.6 m, 400Hz.

The vibration responses of the two glasses are shown in Figure 6.3. Figure 6.3a
shows the averaged square velocity Us of the glasses. Thanks to the orthogonality of

the complex exponential functions used, this can be obtained as:

-~ 1 5
n
where S is the area of the glass and a corresponds to the interface index of the glass
shown in Figure 6.1.
It can be seen that the velocity difference between the two glasses is relatively small
in the very low-frequency range since in this range the acoustic wavelength is much
larger than the depth of the DSF cavity. In the mid-to-high frequency range, the

velocity amplitude of the outer glass becomes larger than that of the inner glass. The
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total energy of the two glasses, obtained from the summation of the potential energy
and the kinetic energy, are integrated within one-third octave bands and shown in
Figure 6.3b. It can be found the vibration energy of the outer glass is generally of a

few orders of magnitude higher than that of the inner glass.
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Figure 6.3 CTF predictions on the vibration response of two glass panels: (a) Squared
velocity integrated over the glass surface with respect to frequency; (b) Total energy

level (J) of the glass integrated within one-third octave frequency bands.

6.2.2 Sound Insulation

The SRI for the present configuration can be defined as:

S Petds
1

: 6.13
v/ p2dv

SRI = 1010g10

where S is the area of the outer glass and V' is the volume of the room. Then, the SRI
is calculated for two sets of glass damping ratio, 1%, and 10%, and shown in Figure
6.4a. It can be observed that generally an approximate 30dB sound reduction can be
achieved by the present DSF structure except for the first few resonance frequencies
of the outer glass, at which frequencies the SRIs are negative. A significant reduction
in the SRI can be observed in Figure 6.4a at approximate 650Hz, which is the critical
frequency of the outer glass. The critical frequency of the inner glass is beyond the
current calculation frequency range. Within the mid-to-high frequency range, the
panel with a 10% damping ratio introduces approximately 10dB general increase in

the SRI compared with the 1% damping ratio case.
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Figure 6.4 SRI prediction results for the simplified DSF system.

To further analyze the sound power transmitted into the room, the sound power
transmitted through two different paths, i.e. ventilation opening and the inner glass,
are compared. The transmitted sound power level L,, is obtained by integrating the

sound intensity over the ventilation opening and the inner glass, respectively,

I ALA

W. 6.14

LW == 1010g10

where [, is the z-direction component of the sound intensity and S is the area of either
the inner glass or the ventilation opening. Because the sound power level L,, is
generally positive, we use L,, to represent the power going into the room (positive I,)
and —L,, to represent the power out of the room (negative I,). Figure 6.5a shows the
power transmitted via the inner glass. Notice that the frequency in the x-axis is in log
scale. The upper half of the figure (y>0) shows the frequencies at which the power
flows into the room while the lower half (y<0) presents that out of the room. It can be

seen that at some frequencies the power flows out of the room into the inner glass,
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which can be attributed to the resonant effect of the glass. However, the power
generally flows into the room via the ventilation opening except for a few low-
frequency bands, as shown in Figure 6.5b. The total power transmitted into the room
can be obtained by setting S in Eq. 6.14 as the summation of the glass and the

ventilation opening, which is shown in Figure 6.5c.
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Figure 6.5 Transmitted power into the room from: (a) Inner glass; (b) Ventilation

opening; (c) Inner glass plus ventilation opening.

From the above analyses, it can be confirmed that the power transmitted via the
ventilation opening is more than that via the inner glass. Therefore, the transmissibility
of the ventilation opening is further analyzed here, with respect to its size in the y-
direction. Notice that the total height of the inner glass and the opening remains the
same. Figure 6.6a and b present the SRI with respect to different opening sizes at 500
and 600Hz, respectively. It can be observed that when the ventilation opening size L,
is larger than the half wavelength of acoustic waves, the corresponding SRI fluctuates
depending on the complex modal interaction between the DSF cavity and the room in
the mid-to-high frequency range. When L, becomes smaller than the half acoustic
wavelength, the SRI exhibits obvious increase owing to the vanishing higher-order
waves along the y-direction. Therefore, noise transmission through the opening starts
to be dominant, as compared with its counterpart through the inner glass, when

frequency increases up to a certain level.
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Figure 6.6 The influence of the opening size on the SRI at: (a) 500Hz; (b) 630Hz.

6.2.3 Analyses on the Micro-Perforated Panel

This section discusses the control performance and the location optimization of the

MPP. According to the above analyses, efforts should be made at the frequencies
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where the half acoustic wavelength is smaller than L, which is 212Hz for the present

configuration. The parameters of the selected MPP are listed in Table 6.1.

Table 6.1 Parameters of the micro-perforated panel

Hole Panel Perforation . .
Parameters diameter thickness ratio Depth of backing cavity
Value (Unit) 0.1 (mm) 0.1 (mm) 1% 0.1 (m)

For the locally reacting MPP, the absorption coefficient can be obtained by simply
substituting the parameter in Table 6.1 into Eq. 6.5. For the MPP screen mounted
within the DSF cavity, the absorption equation is not suitable anymore due to the
existence of the ventilation opening. However, although it may not be reliable, the
absorption coefficient of the fully coupled MPP can still be obtained for reference, by
approximating the backing DSF cavity C2 as the cavity depth D in Eq. 6.5. The two
absorption curves are shown in Figure 6.7. It can be seen the effective bandwidth of

the two MPPs almost covers all the concerned frequencies.
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Figure 6.7 Absorption coefficient of the two MPP arrangements.
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6.2.3.1 Performance Discussions

Figure 6.8a and b show the SPL response at a randomly selected point (0.6, 1.7,
2.4)m and the sound pressure integrated within the whole room, respectively. The
results in Figure 6.8 include four different MPP arrangements, which are without MPP,
with locally reacting MPP, with a fully coupled MPP screen, and with both. It can be
observed that the SPL within the room is significantly reduced within the effective
working bandwidth of the MPP. Obviously, using simultaneously the locally reacting
MPP and the fully coupled MPP screen lead to the best noise reduction performance
among the four cases. However, if only one MPP type is considered, it can be found
that at low frequencies the performances of the two MPP arrangements are similar
while at relatively high frequencies that of the locally reacting MPP is better, which is

consistent with the evaluations from the absorption curve in Figure 6.7.
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Figure 6.8 Performance of different MPP arrangements within the DSF system: (a) At

a single point (0.6, 1.7, 2.4) m; (b) Total acoustic pressure within the room.

The influence of the locally reacting MPP on the sound pressure distribution within
the room is analyzed. Figure 6.9a and b give the SPL distribution over a cut surface
located at x = 0.6m, without and with the locally reacting MPP, respectively. To better
compare the SPL difference, the two figures use the same color scale. It can be
observed that the deployment of the MPP not only suppresses the SPL within the room
but also change the whole sound pressure distribution, which can be confirmed by
comparing the contour lines. Figure 6.9¢ shows the sound intensity distribution over
the cut surface. It can be seen that the sound power indeed flows into the MPP surface,
which illustrates the sound absorption capability of MPP. One also notices the
absorption power of MPP is obviously much larger when it is close to the opening,

consistent with one’s intuition. This point is quantitatively studied in the next section.
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Figure 6.9 Mapping at the cut surface x = 0.6m, 530Hz: (a) SPL without MPPA; (b)
SPL with locally reactance MPP over the ceiling; (c) Sound intensity within the room

when locally reactance MPP is mounted.

Then, a similar comparison is made by considering both the locally reacting MPP
and the fully coupled MPP screen. Different from the locally reacting MPP, the fully
coupled MPP interacts with its surrounded acoustic environment and works when a
pressure difference exists across the MPP. Figure 6.10 shows the performance of the
fully coupled MPP screen at 400Hz. It can be observed that considerable SPL
reduction can be further obtained on the basis of the existence of the locally reacting
MPP. According to the equivalent absorption coefficient in Figure 6.7, the
performance of the fully coupled MPP screen should have been poor at 400Hz.
However, due to the interaction with the surrounding environment, the performance

of the MPP screen cannot be simply evaluated from the absorption coefficient itself.
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An evident pressure difference can be seen on the two sides of the MPP from y = Im

to y = 2m, which indicates the working mechanism of the fully coupled MPP screen.

(a)

(b)
Figure 6.10 Mapping at the cut surface x = 0.6m, 329Hz: (a) SPL with locally

reactance MPP; (b) SPL with locally reactance MPP and fully coupled MPP.
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As a final remark, the SPL integrated within one-third octave bands of the four
cases are shown in Figure 6.11. It is worth noticing that, for example within the 125Hz
band, no SPL reduction is observed when only the fully coupled MPP screen is used.
However, after the sound field is rebuilt by the locally reacting MPP, the fully coupled
MPP could bring an extra suppression to the SPL. This implies the great design and
optimization space offered by the MPP screen. Nevertheless, this needs to be

conducted case by case and no generalized conclusions can be drawn here.
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Figure 6.11 SPL within the room, integrated within one-third octave bands.

6.2.3.2 Arrangement Optimizations

To optimize the MPP arrangements, sound power absorption efficiency has to be

evaluated first. For the locally reacting MPP, the absorption power is given by
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integrating I,, over the MPP surface. For the fully coupled MPP, the absorption power

can be calculated as

Lympp = J(P1 — P2)UpyppdS. 6.15

Furthermore, for the MPP screen, an equivalent absorption coefficient can be defined
as

Aeq = f%d& 6.16
where I,; and I, are the z-component of the sound intensity on the input side and the
output side of the fully coupled MPP, respectively. The calculated @4, with and
without the locally reacting MPP, are shown in Figure 6.12. It can be found that the
absorption coefficient is higher in the low-frequency range, which is beyond the
predicted working bandwidth of the MPP shown in Figure 6.7. This shows that the
complex acoustic field, to which the MPP screen is exposed, creates a favorable
working environment for MPP, thus promoting its in-situ sound absorption, which
cannot be predicted by conventional sound absorption formula. This again confirms
the effectiveness and design necessity of the MPP arrangement, with the aid of

effective simulation tools like the one we developed.
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Figure 6.12 Equivalent absorption ratio of the fully coupled MPP screen.

For the current single layer insulation problems, attention should also be paid to the
optimization of the locally reacting MPP. Because in practice, the available area over
the ceiling is usually very limited. According to the sound intensity mapping in Figure
6.9c, mounting the MPP close to the ventilation opening seems to be a better choice.
Therefore, the absorption efficiency along the z-direction is assessed by integrating

the sound intensity /,, as

Ly
Ly :f Iydx (W/m) 6.17
0

To better reflect the general performance, L,,, is further integrated within four one-
third octave frequency bands where the MPP absorption coefficient « is larger than
0.8. The results are shown in Figure 6.13. It can be seen that the absorption efficiency
reaches a maximum at the opening and drops fast along with the distance in the depth
direction of the room. The curves bounce back a little at the end of the room due to
the intensification effect of the sound pressure [170]. Therefore, the MPP should better

be mounted close to either the ventilation opening or the side walls.
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400 Hz

Absorption Power (W/m)

Figure 6.13 Absorption power efficiency of the locally reacting MPP along the depth

direction (z-direction).

When MPPs of different working bandwidths are needed, the same analyses as in
Figure 6.13 are conducted for MPPs of different parameters, of which the absorption
coefficients are shown in Figure 6.14. The parameters of the other two MPPs are set
to cover lower frequency ranges. L,,, for the selected MPPs are shown in Figure 6.15.
Similar curve tendencies can be observed for the two different MPPs in Figure 6.15a

and b, although the amplitude of the absorption power differs significantly.
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(b)

Figure 6.15 Absorption power efficiency of the locally reactance MPP along the depth

direction (z-direction): (a) MPP 1; (b) MPP 2.

However, it is unrealistic to mount all MPPs close to the ventilation opening. To
assess the influence of the location on the performance of different MPPs, the
absorption power is integrated within all working bandwidth (a>0.8) and normalized
with respect to the maximum value of each. The results are shown in Figure 6.16. It
can be found that the absorption power, also can be noted as control efficiency, of the
MPP with a higher working efficiency drops faster as the mounting distance becomes
larger to the opening. This conclusion indicates that the MPPs of higher working
frequencies should be mounted closer to the opening when the total available area is

limited.
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Figure 6.16 Normalized absorption power efficiency of the locally reacting MPP along

the depth direction (z-direction).

6.2.4 Sound Transmissions between different floors

In this section, numerical analyses are conducted for a double floor configuration
as shown in Figure 6.17, of which the height is twice that of the single floor DSF
system in Figure 6.1. Other dimensions in x-axis and z-axis remain the same. The only
sound transmission path between the two floors is the DSF cavity in this case. A sound
source of 0.1m3 /s volume velocity is located at (0.6, 1.6, 2)m of the lower floor and
a receiver is at (0.3, 1,7, 2)m of the upper floor. Because the following results only
serve for the exhibition of computational capability in a more complex system,
attentions are only focused on the sound field predictions. The notations in Figure 6.17
1s for writing the CTF equations of the double floor configuration, which are presented

in the Appendix.
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Figure 6.17 Sound transmission through the DSF cavity: double floor configuration.

The calculated SPL at the receiving point and volume integrated SPL are shown in
Figure 6.18a and b, respectively. It can be observed that an approximately 20dB SPL
reduction can be achieved in the effective working frequencies of the MPP.
Comparing with the single floor case, one finds that the MPP has a better performance

in reducing the airborne noise than dealing with the structure-borne noise.
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Figure 6.18 SPL predictions in double floor configuration: (a) At point (0.3, 1,7, 2)m

of the upper room; (b) Volume integrated within the upper room.
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Figure 6.19 compares the difference in SPL distribution with and without MPP
arrangements. It can be observed that the MPP can significantly reduce the received
SPL on the upper floor. In Figure 6.19b, the effectiveness of the fully coupled MPP

screen can be confirmed by comparing the pressure difference on its two sides.

(a)
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(b)
Figure 6.19 SPL field and contours at 400Hz: (a) Room only; (b) With locally reacting

and fully coupled MPP.

6.2.5 Efficiency Comparisons

As a final remark, the calculation efficiency improvement by the piecewise scheme
compared with the full calculation is summarized in Table 6.2. 2D modeling is also
listed for reference because it is a common simplification in building acoustics. It can
be seen the piecewise scheme can significantly reduce the element number of the
assembled condensed impedance matrix. The higher the frequency band concerned is,

the more evident the improvement is.
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Table 6.2 Calculation efficiency comparisons between the piecewise scheme and the

full calculation

Matrix Size Center Frequency (Hz)
: 0
Reduction (%) 400 500 630 800 1000
2D Simplified _ 395 49.0 56.4 61.6 68.5
Single Floor 21.8 313 40.7 44 48.2 50
Single Floor
S o 27.8 345 39.1 43.6 45.8 49.1
Double Floor 225 332 42.2 45.1 49.6 50.4
Double Floor
"o 26.6 34.8 41.1 44.7 46.9 492

6.3 Summary

In this chapter, a simplified DSF system is thoroughly studied using the proposed
simulation method in terms of frequency responses, sound insulation performance,
energy transmission path, and the noise mitigation performance as well as the
underlying physical mechanism using MPPs. It is shown that the proposed modeling
methodology allows a fine and detailed description of this type of complex vibro-
acoustic system with relatively complex dynamics and a large dimension in the entire
frequency range including the mid-to-high one.

The parametric study shows that the sound insulation capability of the DSF system
is highly dependent on the size of the ventilation opening. For the single-layer DSF
sound insulation problem, the ventilation opening dominates the sound power

transmission process in a relatively high-frequency range. The SRI significantly
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increases in the low-frequency range when the size of the ventilation opening becomes
smaller than the half acoustic wavelength.

It is found that the MPP could effectively reduce the SPL within the room. By
analyzing the energy absorption efficiency of the MPP with different parameters,
arrangement suggestions are given to achieve better noise control performance for a
given problem. The MPPs of higher working bandwidth should be mounted closer to
the opening when the total available area is limited.

It is concluded that the piecewise scheme is less computation-intensive and
demanding in terms of computation capability and calculation time than the full CTF
calculation. The later can be regarded as among the traditional sub-structure or

interface model reduction methods.
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CHAPTER 7 Conclusions and Future Works

This thesis proposed a CTF approach for the vibro-acoustic system modeling, based
on which a piecewise computational scheme was developed to increase the mid-to-
high frequency modeling efficiency. This chapter highlights the major work that has
been accomplished and the main contributions and conclusions obtained from the
analyses. Finally, recommendations on the possible improvement of the method and

future works are presented.

7.1 Summary

In Chapter 2, two benchmark solutions for a plate-cavity system, modal method,
and wave method are revisited. The controversy and skepticisms surrounding the
velocity continuity problem of the modal method were clarified. It is shown that the
modal-based decomposition method allows correct prediction of both the acoustic
pressure and the acoustic velocity inside an acoustic cavity covered by a flexural
structure upon using appropriate series truncation criterion. The acoustic pressure
prediction using modal method can be sufficiently accurate, throughout the cavity
including vibrating interface as long as a sufficient number of cavity modes
(prescribed by the pressure convergence criterion) are used, in agreement with the
common understanding reported in the literature. The conventionally used pressure
criterion, however, cannot guaranty the velocity prediction accuracy, especially when
the calculation point is close to the vibrating structure, due to the inherent properties

of the modal shape functions. Nevertheless, numerical studies reveal an oscillating
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convergence pattern of the acoustic particle velocity with the increase of the
decomposition terms in the cavity depth direction. More specifically, for a given
calculation point, the calculated particle velocity using modal approach first
monotonously approaches to the exact value with a relatively small but increasing
number of terms, overshoots and then converges to the exact solution in an oscillating
manner, starting roughly from the generalized mode number G = 1. For a given
distance from the vibrating plate, the modal series in the cavity depth direction should
be truncated up to G = 1.5, 2.5, 3.5... etc. Explained using the series decomposition
theories and verified in both 1D and 3D configurations, the proposed velocity
truncation criterion requires the use of all these lower-order modes in the cavity depth
direction, whose 3/4 wavelengths are larger than the distance between the calculation
point and the vibrating plate, to ensure a good prediction accuracy for the particle
velocity. Therefore, when both the pressure criterion and the proposed velocity
convergence rule are satisfied, a fast convergence of the particle velocity can be

achieved.

Chapter 3 presents the basic theory behind the CTF method. A benchmark model
consisting of a plate-cavity system is used to illustrate the approach. The rightness of
the model is validated through comparisons with the modal solutions. Three types of
function are tested as the condensation functions (CFs), which are gate functions,
complex exponential functions, and Chebyshev polynomials, respectively. The
convergence conditions of the three types of function are revealed. It is concluded that
the method can effectively predict the system response, either in a point by point

manner or in terms of the total energy level of the whole system.
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Based on the theoretical CTF framework, Chapter 4 reveals a piecewise
convergence behavior of the complex exponential functions, enabling a model
reduction for the mid-to-high frequency simulations. This unique property of the
complex exponential functions is attributed to their wavy feature and spatial matching
with the dynamics of the physical system. Based on that, a series selection criterion
for the complex exponential CFs is proposed to further increase the calculation
efficiency. Given a targeted frequency band [f;, f,], all complex exponential CFs ¢,
with their wavelengths A.,, delimited by ad, < A.,q < BA; are kept to form a
subset, to be used in the calculation. It has been shown that using a=1 and f=1.5 can
guarantee an acceptable prediction accuracy in most of the analyzed cases. Calculation
errors might be larger in some frequency bands but still within the tolerance level
typically required for mid-to-high frequency modeling. The most significant
advantage of the proposed criterion is that it allows accurate modeling of the system
in a piecewise manner in terms of frequency bands with a much-reduced model and at

a reduced calculation cost.

Chapter 5 extends the application range of the piecewise computational scheme to
strong coupling cases. The coupling strength is defined by examining the acoustic
response differences over the coupling interface before and after the attached sub-
system is added. A coupling strength factor Q is proposed to quantify the coupling
strength in the context of a multi-degree freedom system and mid-to-high frequency
range. It is found that the proposed coupling strength factor QQ can well reflect the
variation trends of the coupling strength between two coupled sub-systems, as
reflected by the acoustic response differences over the coupling interface. Factors

which affect the coupling strength between two acoustic sub-cavities are volume ratio,
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interface modal matching level, and the frequency. Similar quantification can also be
achieved for structural-acoustic coupled systems. By comparing the value of Q, the
coupling strength of the cavity-cavity system is shown to be generally much stronger
than that of the plate-cavity system. On the other hand, the piecewise computational
scheme is shown to be effective and accurate enough in the modeling of a strongly
coupled acoustic cavity. Without losing the efficiency and compromising its accuracy,
the proposed scheme allows a detailed sound field description. The computational
error is found to be increased when the coupling strength becomes stronger, which,
nevertheless, is still within the normal tolerance level in terms of the mid-to-high
frequency modeling. For a given system and a prescribed frequency band, the
computational error of the piecewise computational scheme can be approximately
evaluated from Q. If the error is over what is expected, one can consider a larger
when truncating the CF series. Experimental validations are conducted in a strongly
coupled acoustic cavity for both full CTF calculation and the piecewise computational

scheme.

The established piecewise computational scheme is then applied to a simplified
DSF system, as a practical application. The system is thoroughly studied using the
proposed simulation method in terms of frequency responses, sound insulation
performance, energy transmission path, and the noise mitigation performance as well
as the physical mechanism using MPPs. It is shown that the proposed modeling
method allows a fine and detailed description of this complex vibro-acoustic system
with relatively complex dynamics and a large dimension in the entire frequency range
including the mid-to-high one. For the single-layer DSF sound insulation problem, it

is found that the transmitted power through the ventilation opening is more than that
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through the inner glass. For a given configuration, the SRI is relatively high at low-
frequency range when the half acoustic wavelength is larger than the size of the
ventilation opening, which can be attributed to the absence of the higher-order waves.
For higher frequencies, the half acoustic wavelength is smaller than the size of the
ventilation opening. The SRI is relatively small and fluctuates due to the complex
interactions between the room and the DSF cavity. It is found that the MPP could
considerably reduce the SPL within the room. By analyzing the energy absorption
efficiency of the MPP with different parameters, arrangement suggestions are given
to achieve better noise control performance for a given problem. Finally, the
computational efficiency of the piecewise computational scheme is shown. It is
concluded that the piecewise scheme is less computation-intensive and demanding in
terms of computation capability and calculation time than the full CTF calculation.
The later can be regarded as among the traditional sub-structure or interface model

reduction methods.

7.2 Main Conclusions

Main conclusions are summarized as follows.

e For the benchmark Plate-cavity problem, the acoustic pressure prediction
using modal method can be sufficiently accurate, throughout the cavity
including vibrating interface as long as a sufficient number of cavity modes
are used. Using all these lower-order modes in the cavity depth direction,
whose 3/4 wavelengths are larger than the distance between the calculation
point and the vibrating plate, can ensure a good prediction accuracy for the

acoustic particle velocity.
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The proposed CTF modeling approach allows the use of condensation
functions, which can be either discrete functions of continuous functions. The
proposed CTF method can effectively predict the system response, either in a
point by point manner or in terms of the total energy level of the whole system.
Impedance, mobility and the interface velocity can be properly described with
only a few dominated terms if the selected function shape could match the

interface deformation of the two coupled sub-systems.

As a further improvement of the CTF approach for the mid-to-high frequency
modeling, a piecewise computational scheme is proposed based on complex
exponential functions, which allows a good balance between the
computational efficiency and accuracy. To deal with systems with a various
degree of coupling strength, a coupling strength factor is defined to quantify
the coupling strength between two multi-degree-of-freedom sub-systems in the
mid-to-high frequency context. The piecewise computational scheme is then
shown to be effective and applicable to systems with increasing coupling
strength. The computational error is found to increase when the coupling
strength becomes stronger, which, nevertheless, is still within the normal

tolerance level in terms of the mid-to-high frequency modeling.

The piecewise scheme is shown to be effective in dealing with complex
coupled systems, exemplified by a simplified DSF structure. For a typical DSF
configuration, the partial ventilation opening is found be to the main path for

sound transmission. The transmissibility through it significantly increases
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when its size becomes larger than the half acoustic wavelength. As a typical
noise mitigation measure, locally reacting MPP and fully coupled MPPA are
shown to be effective for room noise control. In particular, MPP should be
mounted as closely as possible to the opening, for the targeted higher

frequency range.

7.3 Recommendations and Future Works

This thesis proposed a mid-to-high frequency method. The completed works
mainly focus on how to select and truncate the interface condensation functions in a
given system and frequency band, in order to increase the computational efficiency
while preserving the wealth of the information that can be provided. However, there
are two major challenges faced at present in terms of the condensation functions.
Firstly, most numerical analyses and the experimental validations are conducted based
on rectangular sub-systems and idealized boundaries. Practical structures usually have
irregular shapes and complex boundary conditions. Although theoretically the
proposed piecewise computational scheme can be extended to spherical or cylindrical
coordinate following the same procedure, there are still some cases where the
coordinate separation might be extremely difficult. The selected condensation
functions should be improved to adapt to the system accordingly.

The other challenge arises in dealing with the systems where the interface
deformation wavelengths are not uniform. Typical examples include a stiffened plate
or a tapered plate. In these cases, the complex exponential functions may not be able

to match the interface wavy feature anymore. Although there are a large number of
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works focusing on the modeling of such plates, how to adopt these models to the
present method is still pending to be studied.

The uncertainty in the system within the mid-to-high frequency range could be
another concern which warrants future studies. As reviewed in Chapter 1, short-
wavelength sub-systems are more sensitive to the small imperfections and
manufacturing error when frequency increases. All these inevitable elements, which
are also difficult, if not impossible, to quantify, are among the so-called uncertainty
parameters.

Two other types of uncertainties that are commonly accepted are classified as
parametric and non-parametric uncertainties, respectively. For the parametric
uncertainties, they can be described by the probability distribution functions. In light
of the uncertainty propagation theory, it is reasonable to surmise that the influence
caused by the uncertainty can be captured by the complex exponential functions based
on the analyses conducted in this thesis. As for the non-parametric uncertainties, it is
more challenging to include them in the piecewise computational framework. Gate
functions are one possible choice to tackle the problem. As stated in Chapter 3, the
condensed impedance of the gate functions can be obtained from either a theoretical
model or an experimental test. Considering a coupled system in which one sub-system
is deterministic and the other is uncertain. FEM or modal methods can be used to
obtain the condensed impedance matrix over the interface of the deterministic sub-
system. For the uncertain sub-system, experimental measurements can be conducted
gate by gate. The measurement points should follow the half-wavelength principle.
The uncertainties which cannot be captured by such measurement can be considered

as negligible.
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Appendix

A.1 Integral Results

The integration between the complex exponential functions and the system modes
are given here. Because the integral in x and y directions are symmetrical, only the

integral in the y direction is shown.
A.1.1 Integral of a Plate

For a simply supported rectangular plate, the integral is written as

sy
L—)dy- Al
y

Ly mym
f sin( 4 y)exp(]'
0 Ly

The output depends on the value of m,, and r. The possible results are listed below:

Ly . mymy . L
e Whens =0, [, sin( z'y Yexp(j %)dy = m—;’n[l — (—1)™].
e Whens =m,, fOLy sin(mzny)exp(j S'Zr—y)dy = %
y y
= _ Ly gin ™ STy gy = — 1y
e Whens = —m,, [ 7 sin( L Yexp(j ™ )dy = —=

e Otherwise, the integral is given by

s (=) = 1]+ s ()™ -

(my—s)

Ly . Mymy STyy 5 1
o7 sin()cos(Tdy = 5.

1].
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A.1.1 Integral of a Cavity

For an acoustic cavity, the results are a bit more complex. Taking the y-direction of
the ventilation opening in Chapter 6 as an example, the configuration along the y-axis

is shown in Figure A.1. Notice the opening can be any sub-section on the y-axis.

Figure A.1 Illustration on the acoustic mode and the complex exponential function.

Then, the integral is written as:

Lst+Lo N, 1T st(y—1L
[ s yexpli ST L)y, A
L

. L, L,

The output depends on the value of n,, s, L, and L,. The possible results are listed

below:

e When n,=r= 0, le;,S+LO COS(nZ:y)eXpUsrr(io—Ls)]dy =L,

e WhensL, = nyL,, the real part is given by

fLLs+Lo Cos("_y”y)cos[—sn(y_LS)]dy =y cos (ny—an> — [sin <M (Ls =

y 0 Ly anym
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and the imaginary part is given by
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A.2 CTF Model of the Double Layer DSF System

The configuration of the system can be referred to as Fig. 6.18. When the MPP is
absent, the force equilibrium equations of the five interfaces are:
—(OV7! + ZiDUy + 251U, + Z51Us + 251U, + Z5{Us = 0,
2§30y — (25 + 5DV, — (253 + Z§)U; — 253U, — 25,Us = 0,
Z§3U; — (255 + 55U, — (2535 + 255 + Y3 )U; — Z§5U, — ZE3Us = 0,
273Uy — 253U, — 25303 — (255 + 25U, — (25 + Z53)Us = Py,

Zi3Uy — 255U, — Z55U;s — (255 + 255)U, — (Z55 + 255 + Y5 )Us = Py,
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in which P, and Pg are the blocked pressure vector in the condensation functions
coordinate. For the present case, they are decomposed in terms of the complex
exponential functions.
With the locally reacting MPP walls and the fully coupled MPP screen taken into
account, the force equilibrium equations of the seven interface are:
—(Y7* + ZfDU; + Z§1Ug = 0,

(237 + 25U, + (Z5; + Z53)Us + 255U, + Z5;Us + Z63Us — Z; U = O,
(Z53 + 25U, + (255 + Z53 + Y3 U3 + Z§5U, + Z63Us + Z¢5U, — Zg;3Ug = 0,
253U, + 255Us + (255 + 25D Uy + (Zsi + ZE)Us + Z73U; — Z55Ug = Py,
232U, + 25305 + (245 + Z5D U, + (Z&S + 282 + Y5 HUs + 252U, — Z§EUg = Py,
258U, + Z58U;3 = (Z&Z + Zyppa) Us,

Z§3U, + 255U + Py = (Z53 + Zyppa) Uy,

Zi3U; — 253U, — 253U — ZigU, — Z5gUs = (Z§s + Zgs + Zupp)Us.
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