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ABSTRACT

Semi-cylindrical curved structures are used in mangineering applications, i.e. aircraft
engineering. Estimation of sound transmission thhothe wall of aircraft structures is a
major concern in modern time. Several research svovkre performed in the past few
decades to understand the sound transmission loehdwough the panel of the vibro-
acoustic system. Most of the works deals with $katictures while only a few with curved
structure. However a suitable vibro-acoustic mddelsound transmission through a semi-
cylindrical curved structure is yet to be developkdthis quest, the present work tries to
delve into the modeling of energy transmission ulgio a semi-cylindrical single wall and
also a semi-cylindrical double wall. Subsequentigrgy transmission parameters are studied
in the low frequency range for various parametdérthe model, such as different types of
load, there orientation and point of applicationffedent damping coefficients, different
material properties etc. A model expansion the@seld on Green’s theorem is implemented
to model the energy transmission through as acamalisticoupled semi-cylindrical single wall
panel and also double wall panel. The developedemnmdfirst validated with numerical
models available.It has been observed in the ptesgady that the structure dominates the
energy transmission in single wall model. In loveduency region the performance of
isotropic (aluminum) material is better than lant@thcomposite materials in reduction of
energy transmission of coupled system.
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CHAPTER 1: INTRODUCTION

1.1.Background and Motivation

Sound may be expressed as the time-dependent cbatigee density of the fluid and
associated time-dependent pressure fluctuatiomdrthe mean static pressure. For example,
when a tuning fork vibrates, the vibration of thiaséic structure generates a pressure
fluctuation in air, which is heard as sound. Them@many sources of sound such as produced
by a disturbed flow or by the vibration of strua@sr Among them, sound generated from a
vibrating structure is frequently encountered ial ide. The field of study which combines
the vibration of structures and acoustic wave pgagan through a surrounding fluid
medium is termed asibro-acoustics or structural acoustics Vibro-acoustics basically
deals with the interaction of sound with the stmoetwhich is associated with an exchange of
vibrational and acoustic energy. Aerospace, autmmethicle structures, buildings are some
of the examples where the external disturbancehenstructures causes the structure to
vibrate and the increase in interior acoustic presss the effect of the same.

Excessive unwanted sound, which is often refereastnoise, has sometimes serious
adverse effects on human beings. It may cause pemhar partial hearing damage or
exposure to unwanted sound may rise the stress, ledéch ultimately results cardiac
hypertension, stroke, depression, etc. Apart fioenhuman health problems, excessive sound
poses a serious threat to mechanical systems sualraaft structures, space rockets, etc.
inflicting serious fatigue damage. To avoid hegtbblems, environmental pollution (noise
pollution), structural damage of vehicles, modelamgl estimation of generated noise and its
mitigation has become a major challenge to the mmodeilization.

In vibro-acoustic problems, a no slip conditiortha interface between a structure and
the surrounding fluid is assumed in the directimrnmal to the solid structural surface.
Therefore, a mutual coupling exists between theistoto medium and the vibrating structure
by virtue of which the vibration of the structure transmitted to the acoustic domain as
sound and sound from the fluid medium transformghto structural vibration. Therefore a
coupled structural acoustic analysis is requiregréalict the system behaviour.

The sound transmission through any partition canbtmadly classified into two
classes — (a) transmission into a free space gnuafismission into closed space. Although
the transmission phenomenon is very similar in loghcases, the treatment of the problem is
significantly different. This is due to the factathin interior acoustics, standing waves are
created which are not there in free field acoupticblems. Due to this fact, for sound
transmission into closed cavity, the interactiomwleen the acoustic cavity modes and the
structural modes assumes special significancehénpresent study an interior acoustics
problem is considered, such as sound transmissit;m an aircraft fuselage or into an
enclosed cabin.
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To assess the sound quality of a product or nagsesinission characteristics, efficient
numerical and experimental tools are needed. Homvévis always expensive to conduct an
experiment every time on a prototype. Thus, numakmnalysis started gaining popularity
and it is required to predict the noise level wétlreasonable accuracy, quickly and with
necessary spatial resolution. One of the most cammanerical analysis to understand
sound transmission characteristics is the finitemeint method. There are few more
techniques available in literature like boundargneént method (BEM), statistical energy
analysis (SEA), hybrid approach etc. Among them S&Mostly used for analysis in high
frequency regime, hybrid approach effective forduga analysis in mid frequency zones,
whereas in low frequency coupled problems the FEdI BEM are popular. In the present
thesis, a coupled vibro-acoustic model is develdgeskd on the FEM technique to study the
sound transmission characteristics.

Modern day aircrafts are built with lightweightsttural systems for fuel efficiency
which is, however, inherently very poor at reducthg sound transmission from external
sources. Hence, it is very important to address pfablem of sound transmission and
reduction of the same during the design stagef.itéetlear understanding of the energy
transfer mechanism through the vehicular wall ipafamount importance in the design of
such a structure. Not only aircraft, this studyaiso important for noise control inside an
automobile cabin, watercraft, auditorium, and colmooms.

It is a well-known fact that for an aircraft or aaotobile, the major source of noise is
the engine that contributes to both mechanical acoustic noise sources. The exterior
perturbations on the fuselage skin and airframetr@m@smitted as airborne and structure-
borne noise on the trim panel and form the primswyrce of interior noise. Extensive
research over the years resulted in quieter enginédetter suspension system that has made
modern aircraft interiors an improved place in teroh acoustic disturbance. In the last few
decades research is going on, to optimize thedgsesidewalls with respect to their sound
transmission capability by adopting various sing&l models, or various double wall model
or addition of sound proofing materials etc., whichve resulted in satisfactory noise
pressure level reduction in the cabin. In the prestudy, some single wall and double well
model are developed to understand the sound traagmibehaviour.

However, it is observed that the addition of sopnabofing material on the fuselage
walls does not efficiently increase the transmisdass below 500 Hz. It has been observed
by Kaczmarska and Augustynska (1992) that the somswlation ability of “soundproof’
cabins averages typically 30-50 dB for frequen@beve 500 Hz, but only 0 — 19 dB for
frequencies below 500 Hz. Depending on the flightdition, various tonal and broadband
noise components in this frequency range (De Faneeal. [1]), especially due to buzz-saw
noise and jet noise emitted by the engines andtuhmulent boundary layer along the
fuselage, are still perceived as very annoying &#sspngers. Thus, passenger comfort could
further be improved by decreasing the structurahdotransmission into the cabin at lower
audible frequencies. However, the low frequencyngaimansmission is mainly controlled by
the area weight of the structure and a substadgalease in sound transmission would
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require an important increase in mass, hence reptiag a non-viable option for aircraft
interior noise control. In the present study thegtrency zone is kept limited up to 500 Hz.

In case of sound transmission through single vgaNeral research articles show that
the sound reduction index at a given frequencyemses 5-6 dB per doubling the mass
provided that no coincidence transmission occuus.ilB many applications there exists mass
constraint from the requirement of lightweight sture. Especially in case of modern fuel
efficient aerospace vehicle or automobile vehitle,structure is kept very lightweight.

In this quest, it is worth mentioning that the dieuall structures are widely used in
many engineering applications due to their supetioermal and acoustic insulation
characteristics. Typical examples of double walidures include double-glazed windows,
gypsum office partitions or aircraft fuselages. bleuwall structure is composed of two
structural panels separated by a gap. The inteateedap may be either filled up with air or
can have glass wool or any kind of sound proofiregemals. In certain cases there may exist
mechanical connection between two panels. Mechlmoanection creates mechanical
transmission path for sound transmission from car@epto another beside acoustic transfer
path.

A furthermore improvement in this field is doubletcurved surface consisting of
two concentric shell surface separated by an ap. da aerospace, marine and other
engineering applications, cylindrical shells ofteccur as a part of the double wall curved
surface construction for the purpose of noise atsuh, streamlining requirements, thermal
shield or interior finish requirements. For an apare fuselage structure, the outer shell
represents exterior skin whereas the inner shptesents the trim panel. The outer shell is
also stiffened by longitudinal stiffeners and tnaerse stiffeners in aircraft fuselage structure.
In case of structures highlighted in above disargsnterior portion or enclosure also plays a
significance role in acoustic transmission. Therattion between the acoustic cavity modes
and structural modes assumes special significance.

From these viewpoints, the present work delves i formulation of energy
transmission through a double-wall curved panelsistimg of two cylindrical shell panels
separated by an air gap. The simple analogy fooublé panel is that the system can be
represented by two masses on the ends of a sprhmgy.air space may be considered to
behave as a simple spring if the wavelength ofsiiend is much greater than the spacing
between the panels a condition which clearly agph&en it is recalled that the wavelengths
range from 11 ft. at 100 Hz down to 3 in at 4,00f) He. over the frequency band wherein
the present problems arise. Vibration set up inrmass may be transferred by the spring to
the other mass, often with little diminution at mo$ the frequencies of importance. Even
worse, with certain combinations of masses andiggacesonance may occur. Resonance
causes reduced insulation, which, in theory att|ezs result in insulation below the value
expected from one panel alone.
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1.2.Literature Review

Noise transmission through aircraft fuselage waldimajor concern for the aircraft
designers. Vibration absorbing engine mounts, singhll and double wall made of
composite laminated panel, sandwich trim panels smahd proofing material has enabled
reducing the noise level significantly. However $ound insulation ability of “soundproof’
cabins averages typically 30-50 dB for frequen@beve 500 Hz, but only 0 — 19 dB for
frequencies below 500 Hz. Various tonal and broadb@ise components in this frequency
range, e.g., buzz-saw noise, jet noise and thoeifemt boundary layer, are perceived as very
annoying. Reduction of low frequency noise requaesibstantial increase in mass which for
an aircraft is an untenable solution. To addressloblem in the low frequency region, a
detailed literature review is required in this fnegcy range.

Chladni [2] is often stated as the “father of a¢mss for his pioneering experimental
works on acoustics involving plates having diffdargagometries. However, Rayleigh [3] can
be regarded as the pioneer who first addressecbtitgection between sound and vibration of
strings, bars, membranes, plates and curved simelise book titled ‘The Theory of the
Sound’. Research on structural-acoustic interagiiablems started during World War 1l by
various researchers like Lax (1944) [4], Fay (1§8I8)Finney (1948)[6] etc. These resulted
in the founding steps in the theory of vibro-acaustodelling and these days one can find
quite a good number of books on acoustics by seaathors (Morse & Ingard [7],Skudrzyk
[8],Pierce [9], Kuttruff [10], Seto [11], Junge r&eit [12], Fahy & Gardonio [13], Norton
[14]). For the first time, the instrumentation tacjues for experimental works were
discussed by Beranek [15] in his book “Acoustic Bl@aments”. At end of the last century
an important work can be attributed to Crocker [i8p edited “Encyclopedia of Acoustics”
where discussion are made on various topics ofsdiosy viz., theories, application, noise
reduction techniques, etc.

As the present work deals with energy transmiseiostructural panel connected to a
semi cylindrical enclosure, literature has beerdistll for energy transmission through
structural panel. The studies are presented inthes¢ subsections, first one for Single wall,
and next one for Double wall and at last for thev@éd wall.

1.2.1 Literature Review for Energy Transmission though Single Wall

At low frequencies, one can calculate the sounastrassion loss (STL) of a single
panel with the mass law where the transmission tdsthe panel depends only upon the
frequency of the sound and the mass per unit afetheowall. Below the coincidence
frequency the transverse bending wavelength ofpéreel in question is smaller than the
wavelength of an acoustic wave in air at the saraquiency. So, mass law is only valid
below the coincidence frequencly)( Above this frequency, transmission of a reveaher
field is dominated by resonance transmission aatamtiwith coincidence. Cremer [17]
derived an empirical formula for frequency above twincidence frequency incorporating
the damping term. But this theory is limited uptbace the critical frequency. These two
models combinedly is called as the Mass law-Cremedel. The agreement of this model
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with experimental results is poor, especially &gtrencies near coincidence. The disparity
between the mass law-Cremer prediction and expatiatfrequencies near coincidence, the
so-called ‘coincidence dip’ - is well known, andhets have tried to correct for this.
Sharp[18] proposed a successful, empirical metbambtrect this effect. Since the mass law
predicts the STL at frequencies greater than oiffetlra coincidence frequency so poorly,
Sharp suggested using a linear interpolation scheatveeen the mass law STL at one-half of
the coincidence frequency and the STL found with Cremer’s exp@sst the coincidence
frequency. This correction worked well reducing ttlisparity between predication and
experiment in the range frofg2 tof..

There is still the problem of the under-predictiohthe transmission loss at low
frequencies (belowf/2). Sewell [19] derived an expression based upbeoretical
considerations of the forced transmission of sotlimmdugh a partition incorporating various
factors such as acoustic wavenumber, area of #ite,@nd shape factor correction for non-
square plates. Sewell’s expression, led to betjezeanent with experimental data at low
frequencies than the mass law. This expressiononisfdrced transmission and strictly
speaking one should add the contribution from rasbitransmission. However the resonant
component is several dB lower than the forced caorapband will not affect the calculated
transmission loss significantly.

To summarize the best agreement with experimetdéh was obtained with the
Sewell-Sharp-Cremer or SSC model. This model sstgge follow Sewell expression for
frequencies belowy/2; from f/2 to f. Sharp’s linear interpolation scheme; abdydrom
Cremer.

The inherent weakness of any STL prediction by §®@del is that the damping value
affects the calculated STL above coincidence teeatgr degree and this model gives a good
estimate for flat surface with small dimension likendows or barriers or partition wall. The
effect of boundary condition and material properti® not considered in this model. So, a
different model is required to predict a dampintueabased on the above two conditions. But
still the contribution of the stiffness term is ayed, which play very important role in real
life problem. Another limitation of this model isét it is valid for normal incidences only.

London[20] introduced a theoretical model basedaonimpedance approach to
estimate the sound transmission through homogensiogke walls considering the random
incidence of sound waves. The attenuation was liated over all angles of incidence to find
the average transmission loss. Sound-transmisseasunements were made and the results
were found to be in satisfactory agreement with ttheoretical treatment given by Cremer
[17], which postulates that the wall impedance aagsistive component in addition to its
mass reactance and a stiffness reactance resfittimgthe occurrence of flexural waves. He
indicates three important physical properties ohanogeneous wall, namely, its mass,
internal damping or dissipation, and its abilitypimpagate flexural waves, which determine
its sound transmission loss. However, this metha$ wufficient only for nonresonant
transmission.

Takahashi [21] developed an analytical model todiptethe sound transmission
through single plates with absorptive facings kg into account the mass and impedance
variation based on London Model. The results wenendl to be good at mid and high
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frequencies. Later he improved the theory on séymmts regarding both the absorptive
layer and acoustic coupling at the radiation boun{i22].

Beside the development of analytical models, soxgermental works are also
reported to validate that model. Beatty Jr. et2d] [had done smalicale measurements of
transmission loss as a function of angle of incigehe transmission loss, defined in terms
of an average transmitted pressure, was found to ®igh agreement with Cremer's theory
of the coincidence effect. The effects of dampind panel size were also discussed.

The modeling of the sound transmission charactergdin advancement with the
employment of Numerical techniques such as FE, B taeir combinations. Apart from
these deterministic approaches, statistical enarngysis (SEA) based methods are used in
the mid to high frequency vibro-acoustic analysfroki and Yasuoka [24] treated
guantitatively the energy loss at the boundary single-leaf wall, as the internal loss factor
is an important parameter in the case of calcudatme transmission loss of a panel by using
SEA.

1.2.2 Literature Review for Energy Transmission though Double Wall

The first well-known theoretical model to calcul#itie sound transmission loss (STL)
of a double panel was probably introduced by Lon{hj in the year 1950 based on an
impedance approach for obliquely sound wave inddeirle treated the double wall to be
made up of two identical homogenous wall, and &ppthe impedance approach developed
for single wall. A progressive-wave model was ®gd and validated experimentally to
estimate the transmission loss through a doublelpgartition when subjected to a
reverberant sound field. The attenuation was iategr over all angles of incidence to find
the average transmission loss. It was shown inrédsisarch article that for reverberant sound
field, customary normal incidence theory is inadgquto explain the behaviour of double
wall partition. It was also numerically explaindtht for double wall partition, the modelling
of individual single wall with a mass reactance @egbur is not sufficient to explain the
transmission loss, effect of dissipation or resistaand flexural motion of the walls should
also be included. Nevertheless, it is evident ftbearticle that air coupling and filling of the
gap with sound absorbing material shows an apprkeciacrease in the transmission loss.
For double walls, if only air coupled, appreciabensmission loss over the single walls has
been observed for very shallow airspaces. Howeter, method was sufficient only for
nonresonant transmission and the most importaneiigat should be highlighted is that the
frequency range of interest explored in this atignges from 100 cps to 4000 cps which is
about 630 Hz to 25 KHz. The model was then exterfied@eranek [26], leading to the
London-Beranek model for analysis of noise transiaisthrough a double wall.

However, the model is restricted to the double-patrecture of infinite extent. For
an infinite double-panel structure, panel stiffn@ésys an insignificant part in the energy
transmission analysis which is not true for a @nstructure due to the introduction of the
panel resonance arising from the finite boundaoiethe panel. Beranek [27] explained that
the panel vibrates as a plate or a stretched membaa low frequency and at higher
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frequencies the panel may behave as a quasi-mfghieet. It was been observed that the
double wall panels at low frequencies near the raassiass resonance are less efficient as
the model for infinite panels reveal an out-of-ghasotion of the two walls[28].

This analysis was later extended by Mulholland¢céand Parbrook [29] to random-
incidence transmission, but was still restrictedntm-resonant transmission. Theories for
finite-size double panels have been formulated byn@ings and Mulholland [30] and by
White and Powell [31]. The first one only givesseaable results if an absorption coefficient
of unity throughout the frequency range is choserthe absorbing material at the edges of
the cavity, which is unrealistic. The analysis giv®y White and Powell is restricted to purely
resonant transmission and does not deal with fleetedf sound-absorbing material placed in
the cavity.

For calculating response of the structure duectustic excitation it is needed to sum
up individually calculated response at each mode.vBien the modal density is high (many
closely spaced modes for complicated structure mndl to high frequency region) the
deterministic approaches such as modal superpodigichnique takes huge computational
time and cost. A solution of this problem is thatistical energy approach. The approach was
used to study the transmission of random-incidesaced waves through a finite double-wall
panel by Price and Crocker [32]. The study wasqoaréd for both resonant and nonresonant
transmission by assuming double panel as a fivepleduoscillator system, room-panel-
cavity-room-panel-room. It was shown that the ewebt@nsmission depends upon the
radiation resistance of the panels, the panel sgaend the panel and cavity loss factors.
Sound-absorbing material was placed around theseolgine cavity between the two panels.
But the model was limited to mid to high frequemegion.

There have been several efforts to reduce transemissrough a double wall using
active control. One of the earliest among them lbanattributed to Sas et al [33]. They
developed an analytical method based on modal cawupheory to explain the physical
phenomenon underlying the behaviour of a couplédovacoustic system. Subsequently a
study was also carried out to explore the feagybitif improving the insertion loss of
lightweight double panel partitions by using smlalid speakers as active noise control
sources inside the air gap between the two parelss shown that a considerable
improvement of the insertion loss has been achiavednd the lightly damped resonances of
the system for the frequency range 60 to 220 Hz.

Several approaches have been put forward in theé &€ active noise control to
increase the sound transmission loss of double-siictures. However, for different
circumstances, different approach is effective. Bad Bao [34] carried an experimental
study to explore the effectiveness of different toonphilosophies on the transmission
characteristic of acoustic disturbance into an atiowenclosure. The control philosophies
implemented are (i) Room/Enclosure Control (ii) ®awontrol and (iii) Plate Vibration
Control. It was shown that the transmission charétics are governed by either modal
suppression of the cavity mode or modal rearrangéenie was also pointed out by the
authors that in certain cases, although there rsdaction in cavity pressure, structural
vibration of the panel need not necessarily gadsged. In a related work, Bao and Pan [35]
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developed an analytical model to explain the trassion characteristic of sound through a
double wall panel into a closed enclosure usingntleelal acoustic transfer impedance and
mobility matrices. They used modal expansion metfmd fluid/acoustic and structural
domain separately and obtained the coupling coeffis. They introduced three active
control arrangements for double wall sound transimissimilar to their experimental work.
The analytical solution of the system response seduto explain the mechanisms of
attenuation associated with these three contraingements. While analyzing the physical
mechanism of sound transmission it was shown @) skcondary control source in the
room/enclosure is effective only for the primaryusd field dominated by a single room
mode. (ii) Vibration control of the radiating sttuce can attenuate the sound pressure in the
room. However, when several plate modes partieipatthe coupling with a dominating
room mode, the control source rearranges itsainms of magnitude and phase of the plate
modes such that the superimposed sound radiatiom the plate to the room is significantly
reduced. (iii) The (0,0,0) cavity mode of the gapity between the two plates in the double
wall partition is responsible for sound transmisasio the low frequency and the suppression
of this dominating mode in the cavity blocks thersd transmission path.

The sound transmission through the double wall paee@ewed so far did not
consider any transfer path other than the acogsiicbetween the panels. However, for all
practical purposes the two panels are connectéérewith studs placed intermediately or
mechanical connecters along the edges. These @dittonnections form the mechanical
transfer path for the sound. One of the earligstrdtures addressing the issue of the
mechanical transfer path is due to Wang et al [3®y considered two infinite panels
connected by mechanical links or studs. Each sfudeing modeled as a combination of
linear and rotational spring. Plate bending equatiassuming Kirchhoff's hypothesis are
considered wherein the coupling between the stre@nd the acoustic domain is included in
terms of pressure. During the same period Cheg [877] presented a model to estimate the
transmissibility characteristic of a simply supgortdouble wall connected with mechanical
link and backed by an acoustic cavity. Followinge@r's Theorem a full coupling between
the structural panels and the acoustic domain ideted. Approximate method has been
employed to estimate the structural and the acoustide shapes. A mode based vibro-
acoustic coupling matrix is presented and theytiled the behaviour of the acoustic and the
mechanical transfer path separately. However théeins limited to estimation of the mode
shapes and eigen frequencies as the variatioredidhndary condition severely restricts the
approximation procedure. In a subsequent work bgnld Cheng [38] a control mechanism is
proposed to reduce sound transmission through alelovall partition. In their work they
introduced both acoustic control and structural tc@nconcept. The acoustic control is
achieved by placing a loud speaker in the air gavéen the two panels. For structural
control they introduced THUNDER actuators and reggmbthe utility of both the acoustic and
mechanical control in attenuating sound transmmssio

1.2.3 Literature Review for Energy Transmission though Curved Wall
The investigation of sound transmission loss wasesd on flat plate or wall, later the

behaviour of sound transmission through a curviasaris investigated. Probably Smith [39]
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was first to investigate the sound transmissios bsough a curved surface. He developed
an analytical model based on impedance of the djiimdrical elastic shell to an incident
plane wave which is expressed as a sum of patdakepvave, was formulated as a function
of axial wavelength and angular dependence of fdcé the formulation was for infinitely
long uniform cylindrical shell. A mathematical foata was evaluated in the literature for the
ratio of power transmitted to the shell contenthie power of the incident plane wave by
evaluating the absorption cross section of thel.shel

The work of Smith was extended by Koval [40] toluate airflow external to the
cylinder and internal shell pressurization to siaellairplane in flight condition. The change
in transmission loss characteristics due to diffefew condition and acoustic property was
investigated. It is shown that, the cylinder trarssion loss has dips & (cylinder ring
frequency) and. (critical frequency for a flat panel of the sametenial and thickness as
shell). Belowfg, cylinder resonances affect transmission loss .(Betweenfz andf, the
cylinder TL follows a mass-law behaviour. The flpwovides a modest increase in TL in the
mass-law region, strongly interacts with the cyindesonances belofk, and tends to
increase the frequency at which thadip occurs. For normally incident waves, the TL is
unaffected by flow. But it was assumed in the éitare that the interior of the shell was
totally absorbing. In the next work Koval [41] sied the effect of the cavity resonance on
the sound transmission characteristics of the shellas concluded that cavity resonance in
general leads to decrease of noise reduction. Madiesnal absorption is shown to greatly
reduce the effect of cavity resonances. The effeftexternal airflow, internal cabin
pressurization, and different acoustical properiresde and outside the cylinder are also
included in the study. Koval [42] also studied soeind transmission through stiffened shell.
Ring frames and stringers were modelled as disstetetural elements. However, all of his
studies were for infinite cylinders. The work of W& on transmission loss (TL) by an
orthotropic infinite cylindrical shell with one lay was extended by Blaise et al [43]. He
introduces two independent angles (elevation amduwh for incident plane wave), in order
to calculate the diffuse field transmission coedint (R).

Composite structures are used now-a-days in varieagineering applications
including aerospace, marine, and automotive afpmits because of the advantages offered
by a high strength to weight ratio. An analyticabael was developed by Daneshjou et al
[44] to estimate sound transmission through amn&ilaminated composite cylindrical shell.
Comparison between composite and aluminium shel aso performed and it was
concluded that though the composite shell behawdkimvsound insulation below the ring
frequency, it is not that much more effective tladumminium panel in mass controlled region
and the structural damping becomes unimportanthénstudy of TL except at resonance
frequencies.

A numerical approach based on a reacceptance me#tbdeen developed by Bilong
et al [45] to evaluate the airborne sound insutatid aircraft panels with stringer and ring
frame attachments. He showed for large curved airgranels the ring frames have little
influence on the sound transmission loss in thquieacy range of interest. However, the
stringers may have considerable influence on thenddransmission loss. The stringer
improves the sound transmission loss for a cunatbin the vicinity of the ring frequency,
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but may result in a potential deterioration abdve frequency. In addition, it was found that
the sound transmission loss for the composite akimched with composite stringers was
lower than that of the metallic panel attached wwittallic stringers.

An analytical study of sound transmission into segiindrical enclosures through
discretely stiffened curved elastic panels is pressk by Cheng et al [46]. The response
characteristics of these panels are determinedsiomg @ modal analysis where the modes are
obtained by the finite element-strip method. Nuwarresults include spectra of the interior
sound pressure due to white noise, turbulent bayrdger and propeller noise inputs. This
paper indicates, neglecting the effect of discetifening can introduce significant errors
and for lower frequencies, the noise transmisssoalso sensitive to the radius of the semi-
cylindrical enclosure. It is also stated that, #u®ustic absorption at the interior walls can
also have a positive effect on noise attenuatioauppressing the acoustic resonances.

1.3. Objectives and Scope of Work

During the review process of the theory of the sbiransmission mechanism through
structural panels it is observed that the soundstrassion mechanism through a single as
well as a double wall semi-cylindrical panel withwithout an enclosure is rare in the open
literature. Whereas, the fuselage of aircraft cancbnsidered similar to semi-cylindrical
enclosure.

It is from this perspective the present work ismpted at developing a general
methodology to suitablynodel the sound transmission mechanism through-egimdrical
panel of a single wall. The scope of the work alscudes the effect of various load
conditions, such as point load, patch load, stgullat different positions or pressure load at
different angles. Then, a study is carried outridarstand the effect of damping of structural
panel and acoustics and also the effect of inangasie thickness of the panel. Present work
also includes study of the effect of different laated composites. A separate model is
developed for semi-cylindrical double wall struetwf and the effect of thickness of air gap
between two panels, the effect of different lamedatomposites on the sound transmission
characteristics are studied.
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1.4. Organisation of Thesis

The present thesis contains four chapters. Chépteg., the present chapter contains
the background and motivation of the present wSrkgle as well as double semi cylindrical
panels are used in various structures, especiallgiricraft fuselage. Sound transmission
characteristics for these panels in the low frequargion are one of the main concerns for
the application of these kinds of panels. The preseork delves into the transmission
characteristics of single and double semi cylirdrganels. A detailed review of the existing
literature is presented in this chapter focusirggresent work.

Chapter 2 deals with the mathematical formulation dound energy transmission.
The panels are discretised using isoparametrid sh&inent and the acoustic domain is
discretised using fluid element. Equation of motionthe panels and the wave equation for
the acoustic portions are solved. Green’s theoseused for the coupling analysis. Free field
sound radiation is formulated using free field @Gfedunction and Kirchoff-Helmholtz free
field radiation equation.

In Chapter 3, the finite element code in MATLAB titaem and finite element model
in ANSYS platform are validated with the resultsadable in the literature. After the
validation part, the model is prepared for semindrical single wall panel. Several case
studies are performed for energy transmission cheniatics, taking different loading
condition such as point load, patch load, strillapplied at different positions and pressure
load applied at different angles, different dampuouagefficients, different wall thickness,
orientation of lamina for laminated composites étdew case studies are shown for double
wall panel for various air gap ratio, damping cegénts and wall thickness.

Chapter 4 concludes the present work and someefgttopes of work are highlighted.
The list of references is presented at the end.
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CHAPTER 2: MATHEMATICAL FORMULATION

2.1 Introduction:

Numerical modelling of coupled vibro-acoustics pemsb plays a major role in
the design of many engineering structure, i.e.rafrcfuselage, sound barrier etc.
Conducting experiment o the prototype of the desi&ucture is costly and time
consuming. Whereas, a proper numerical modellinghef desired vibro-acoustics
problem is very efficient. In this section numelinaodelling of the present problem is
worked out. This section is divided into two suligets. In the first subsection the
coupled vibro-acoustic model for a single wall ®@dvpanel connected to a semi
cylindrical enclosure is detailed. In this sub-getthe mathematical basis of two-way
coupled analysis is presented which is used toigir¢ide interior noise level and to
estimate the energy transmission. In the nextsadbon developed model is extended
for semi cylindrical double wall panels connectedHe enclosure.

2.2 Coupled vibro-acoustic model for single wall p@el connected to a semi
cylindrical enclosure

In this section a coupled vibro-acoustic modébrsulated for the single wall curved
structure consisting of a semi cylindrical panedfijged with a subscript's’) connected to an
acoustic enclosure as shown in Figure2.1. The &icomisclosure is defined with a subscript
‘e’ and volume of the enclosure is.V

External disturbance

Structural Panel 's'

Enclosure 'e'

A A

Acoustically rigid boundary

Figure 2.1 Coupled vibro-acoustic model for single wall plac@nnected to a semi
cylindrical enclosure

In this model the panel excited by an external raaadal excitation and the vibrating
panel influences the surrounding acoustic fluid.

The basic assumptions for the following formulataye:

1) The panels are made of either an isotropic or anat®ed composite material.

i) The panels are simply supported along their edges.

i) The boundaries of the semi cylindrical enclosueeaoustically rigid except those
boundaries which are attached to panel.
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iv) External disturbance is harmonic in nature.
v) The fluid in the semi cylindrical enclosure is isgic, homogeneous, inviscid and
compressible.

In the mathematical formulation of the energy $rarssion, the equation of motion
for the curved panel and the wave equation forstmai cylindrical enclosure are formulated.
Then free vibration analysis is done for structueddment as well as acoustic domain
separately. Green’s theorem is used to couple tthetsral components and the acoustical
portion. Modal responses for different componeritgshe system are calculated from the
coupling analysis and then the overall response®aaluated. The details of the model are
elaborated in next few sub subsections.

2.2.1 Equation of motion for Structural Panel

The semi cylindrical curved panel in the presentigtis made of either an isotropic or
a laminated composite material, as mentioned eawis the thickness of the structure is
small compared to the other dimensions, first ostherar deformation theory as proposed by
Reissner-Mindlin is adopted in the present formatatwith the modification for laminated
composite plate given by Yang, Norris and Stavay$). The assumptions made are,

i) The thickness of the curved panel is small compéoedther dimensions of the
panel.

i) Transverse stresses can be neglected.

i) The normal to the mid-plane of the curved panel clhis straight before
deformation remains straight but not necessarilgpgredicular to the mid-plane
after deformation.

For numerical implementation of the mathematicaldelling of the semi cylindrical
curved panel, a finite element approach is usdtierpresent thesis. The element chosen for
the present analysis to discretize the structumak[s are four node isoparametric shell finite
elements with bilinear shape functions as showhigure 2.2. At each node of the element,
five structural degrees of freedom are considesedhown in Figure 2.3.The mid-surface
displacement field of the element in the local clate is expressed as,

T
{de} = {uxOJ uyOJ Uzo, exOJ 9yO}

MAY 20 2016
16:24:24

Figure 2.2 Finite element discretization model of semi agtical structural curved panel
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Figure 2.3 Mid-plane displacements in local coordinate ofté element

The displacement at any pointy(z) within the element can be represented in terms

of the mid-plane displacement component as,

Uy = Uyg + 26y, (2.1a8)
Uy = Uy — Z0xg (2.1b)
U, = Uy, (2.1¢)

However the present analysis is performed in AN$Y&form and hence the finite
element detailing and the development of straipldement relationship matrix and
constitutive matrix are avoided to make the presténrt concise. A brief write up on the
ANSYS modelling and the description of element grtips is presented later.

The governing dynamic equation for the structpaaiel can be obtained by applying
Hamiltonian principle. The fundamental in the feliog formulation is the Hamiltonian
principle which states that, "Of all the possibkths along which a dynamical system may
move from one point to another within a specifi@het interval (consistent with any
constraints), the actual path followed is that \Wwhiginimizes the time integral of the total

energy."

fttf(aT — 8U + 8W,)dt = 0 (2.2)

where,T =kinetic energy
U=potential energy

W, c=virtual work due to non-conservative forces
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Variation of kinetic and potential energy and namservative work are expressed in
terms of generalized independent displacementsciigls and forces assuming the total

number of generalized independent displacemerits as

oT T .
6T = Z{:l <ng Sdig + m6d1g> (238)
av
85U = 3T, (Figesaig) (2.3b)
Wy = Xi_;(F;8dig) (2.3¢)

dig=ith generalized displacement of panel ‘a’ in globalrdinate

dig=ith generalized velocity of panel ‘a’ in global coordie

F;=generalized force al'igeneralized coordinate

Eq. (2.2) and Eq. (2.3) are combined and expressed

ogma [(0 00 Yoo on o N
N i=1[(adig adig+Fl>8dlg+ adinglg]dt—O

teynd (070U oo d (0T} g4 o
ftl =1 (adig adig MR R (adig>> bdigdt = 0
Considering the arbitrariness of the virtual geheed displacement,

;WA=

adig  adjg 1 dt\adg
d (or aT _ ou
dt (adig>  9dig + odig Fi (2.4)

Kinetic energy for an element is expressed as,

1 . .
T =5 [ (8} el dcJav
|4

. T .
= 2 J,{den} INIT[P][NeI{den} dV (2.5)
where,{p}=inertia matrix which can be computed from the e¢igmaof equilibrium of

motion along X, y and z direction and finally weittas,

I 0 0 0 P

01 0 —P 0 h/2 h/2 h/2
[p]=10 0 I 0 Of;, I= J- p,dz, P = f zp, dz, Q= j Zzpde

p 0 0 0 @ —hy2 —h/2 —h/2

0O P 0O —Q O
pm= density of material of Structural Panel

h= thickness of Structural Panel

15 | Page



Eq. (2.5) can be written as,
T, = 5 {den) M (der)
where, [M.]=elemental mass matriazleafV[Ne]T[p] [N.] dV
For the whole panel, the kinetic energy is defiasgd
T= %{ds}T[Ms]{ds}
where,[M]=mass matrix of structural panel

{ds} = nodal velocity vector of structural panel

The Potential energy of an element is defined as,
1 T
Ue = E{Ee} {Ge}
= ~{den)T[Be]"[Del[Bel{den}

1
= 5 (den) " [Ke]{den)
where,[K.]=elemental stiffness matrixB, ] [D.][Be]
For the whole system, the total potential energxisressed as,
U = ~{d}"[K,]{ds}

where,[K]=stiffness matrix of structural panel

(2.6)

2.7)

If the system is considered as a damped one, tieeftect of damping can be taken into

account implicitly by inserting the force term dicedamping in the nonconservative force

equation. So the total nonconservative force wélldue to the combined effect of external

load and damping as shown in,
F= [Fes] - [Cs]{ds}
where,[Cs]= damping matrix of structural panel

[Fos] =total external force on structural panel

(2.8)

Using Eq. (2.6), Eqg. (2.7) and Eqg. (2.8) in Eg5)20ne can obtain equation of motion for

each generalized coordinate. Combining all the #ops for each generalized coordinate Eq.

(2.9) is formulated.
[Ms]{d"s} + [Cs]{ds} + [Ksl{ds} = [Fesl (2.9)

It is already mentioned earlier that the FE maodgllof the structural panel is
developed in ANSYS platform. The curved structyahel is discretized using ‘SHELL 181’
element of ANSYS 11.0. The details of the seleelechent are presented in Table 2.1.
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Table 2.

1: Properties of ‘Shell 181’ element of AN®S

Shape

Quadrilateral

No of nodes

Four

Degrees of freedon
at each node

N .. . .
Six (3 translational and 3 rotational)

Input Parameters

Coordinates of nodes, Thickness of shell (Variable
thickness at each node are allowed),

Material Properties (This element is eligible for isotrop
as well as orthotropic material) are

EX, EY, EZ (Elastic modulus, plate element in xgnd z
directions respectively)

PRXY, PRYZ, PRXZ (Poisson's ratio, for plate eletran
X-y, y-z and x-z plane respectively)

DENS(Mass density of plate element)

GXY, GYZ, GXZ (Shear modulus, for plate elemenkin
Yy, y-z and x-z plane respectively )

Real Constantis

THETA (Angle of first surface direction, in degsge

Eigenvalues and mode
for the developed finite
below,

shapes are obtained frormdinal analysis performed in ANSYS

element model of curvedglaThe figure of Shell 181 is given

Trianguiar Option
{nct recommended)

Figure 2.4 Shell 181 element
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The forces acting on curved panel are externaludiahces and force due to enclosure

pressure,
[M]{ds} + [Cs]{ds} + [K;]{ds} = F(D) — Js Pes(x,y, 2, )ds (2.10)
where,F(t) = external disturbance forceapplied®t y;, z;)on curved panel

P..(x,y,2,t) = acoustic pressure of the semi-cylindrical enalesn curved panel

S = surface area of curved panel

Using the orthogonality property of mode shapes,
{ds} = Zi{@sj}as;®

where,{cps,j} = mode shape of curved panel "anjode

qs;(t) = modal amplitude of displacement of curved paé! mode

The equation of motion for curved panel*atjode is expressed as,

Ms;[s5(D) + 2855w, (1) + wZq5;(D] = Fps; — fss PesWs jds (2.11)

where,;;=mode shape of the point where force acts

M, = generalized mass of curved panel"anpde

wg; = natural frequency of curved panel&njode

(s = modal loss factor of curved panel @njode

ys; = mode shape of curved panel™njode in the direction normal to the surface

2.2.2 Wave equation for the semi-cylindrical enclase

The free vibration analysis of the semi-cylindrieaclosure has been performed in
ANSYS. ‘Fluid 30" element of ANSYS has been consadefor discretization of the acoustic

domain. The details of the selected element arsepted in Table 2.2 with following

assumptions:
) The fluid is compressible (density changes dugéssure variations).
i) Inviscid fluid (no dissipative effect due to visdgs

iii) There is no mean flow of the fluid.

iv) The mean density and pressure are uniform througheufluid. Note that the
acoustic pressure is the excess pressure fromeha pressure.

V) Analyses are limited to relatively small acoustiegsures so that the changes in

density are small compared with the mean density.
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Table 2.2: Properties of ‘Fluid 30’ element of ANSY

Shape Tetrahedron

No of nodes Eight

at each node structure interaction problem

Degrees of freedom| 1- Pressure + Additional 3-translations for fluid-

Nodal coordinates,

Reference Pressure (PREF) = 20 ¥ NIm®
Inputs The Speed of Sound (SONC)

Density (DENS)

Sound absorbing property (MU)

The governing equation for the acoustic presstitheenclosed cavity is expressed

as classical homogeneous wave equation,

1 8%P,
cZ a2

V2P, — =0

where,P, = acoustic pressure of the semi-cylindrical enales

c. =velocity of sound in the semi-cylindrical enclosu

(2.12)

Acoustic pressure is decomposed over the modeeshap the semi-cylindrical

enclosure,

{Pe} = Zm{q)e,m}pe,m (t)

Then the wave equation is rewritten as,

V@em = — (we_m)z Pe,m

Ce
where,{¢.,} = mode shape of the semi-cylindrical enclosuraatode
Pem(t) = modal pressure of the semi-cylindrical enclosrei” mode
wem = Natural frequency of the semi-cylindrical encl@sat nf' mode

Generalized mass of the semi-cylindrical enclodirgis defined as,

0 m=#k
Viefve{(pe,m}{q)e,k}dv = {Me,m m=k

(2.13)

(2.14)

(2.15)
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2.2.3 Coupling between panel and the enclosure

The pressure gradient of the acoustic domaineattiupling boundary is expressed in
terms of inertia force due to the vibrating struatusurface. The boundary condition is

expressed as,

dPe _ {pewson curve panel (2.16)

one | 0 on rigid wall
where,p. = equilibrium fluid density of enclosure
fi,=normal direction directed outwards from encloduwandary

wg= normal component of the structural displacemehtairved panel

Green’s theorem is used for two scalar functiinand.smooth and non-singular in

domainV, enclosed by surfaSg and expressed as,

0@e 0P¢
fve(Pevz(pe - (peVZPe) dv = fSS(Pe ;:1 — Qe an )ds (2.17)

Using Eq. (2.12) to Eq. (2.14), for'tmode of the air gap, Eq. (2.17) is written as,

k. [—cpe,mpe,m(t) (‘”j(;‘“)z Pem — (Pe,mé(pe,mﬁe‘m(t) dv = — Jg PempeWs ds
Using Eqg. (2.14),
e [0 mPem(®) + Bem(©] = P T Jy, @ mWy;ds s () (2.18)
The modal coupling coefficient may be expresseiésvys,
Ly = slsfss PemWPs;jds
Ln; =modal coupling coefficient between the acousticalde ‘m’ of the semi-

cylindrical and the structural mode j of panel ‘s’

Introducing modal loss factderm, Eq. (2.18) is expressed as,

2
PeCe

I.je,m(t) + zce,mme,mpe,m(t) + wg,mpe,m(t) = Mo Ve [Ss Zj Lsrg,j(.:ls,j (t)] (2.19)

where{, ,,= modal loss factor of the semi-cylindrical enclesat n'mode
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2.2.4 Response Calculation

The applied excitation is assumed to be harmanmioature as shown in Eq. 2.20a.
Then the modal coordinates of the panel and theahmm@ssure of the enclosure are also be

expressed in the harmonic form as shown in Eq.22t@Eq. 2.20c.

F(t) = Fpe™®" (2.20a)
qs;() = §sje™" (2.20b)
pe,n(t) = IN)e,nem)t (2.20c)

where,w = excitation frequency
F, = amplitude of harmonic forcing

ds; = amplitude of modal coordinates of curved panehade j

Pen = amplitude of modal pressure of the enclosure@de n

i = complex quantity =/—1

Applying harmonic condition in Eq. (2.10) and canvitten as,
Ms,j [(*)g,j + ZiZs,j(*)S,j(A) - wz]qs,j = {FO(ps,j (Xi' Yir Zi) - Zm (sz (Pe,mlps,jds) f)e,m}

= [Ms,j((*)g,j + 2i(s,j(’os,j(’o - wz)]QS,j + Ss ZmLSrg,j f)e,m = {Fo(ps,j (Xi: Yir Zi)} (2-21)

Applying harmonic condition in Eq. (2.19) and canvritten as,

2 , 27~ _ pecd(-0?)[ s ~
[(*)e,m + 2l(e,m(*)e,m(*) —w ]pe,m === > Z]’ L?:g,qu,j
Ve Me,m
peciSsw? 1 ~ 2 . 2] —
e \e/: v % Lﬁﬁ’j ds; + [ooe,m + 2i0e Wem® — W ]pe,m =0 (2.22)

Eq. (2.21) to Eq. (2.22) are assembled after tpkire effects of the entire structural

and acoustics modes and is described in matrix,form
Hyq H12] {qS} Fq

As{ 2.23

[H21 Hy, | (Ge {0} ( )

F,= generalized force applied to the curved panel

- - - T
ds = modal responses of the curved panfis, §s 2, -, 8s.nms}

nms = total no of modes taken into account for thesedrpanel

- - - - T
p. = modal responses of the enclosufzy, Pe 2, - » Penme}

nme = total no of modes taken into account for thd@hae
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H11 = Modal dynamic stiffness of curved panel
- 0 0
=[0 Mgj[w; + 2i 0550 — w?] 0
0 0 “Jnms x nms

Hi, = Coupling coefficients representing the effect amfoustic pressure of the

enclosure on the structural response on curved pane

se se
1,1 nme,1

:Ss

Ise e ]S€
1,nms nme,nms
nms X nme

H,1 = Coupling coefficients representing the effectha structural vibration of panel
‘a’ on the cavity pressure
1
[ M. [ 81?11 "t S1‘,3nms] ]
_PeCaSsw? I et .

\%

€ 1 [ se e 1S ]
M nme,1’ » Ynme,nms
enme

nme X nms

H,, = Modal dynamic stiffness of the enclosure

= . [mén + 2ile nWe n — (oz]

‘4dnme X nme

Modal responses are expressed as,
~ -1
qS} _ Hyy le] Fs 2.24
{f)e Hy1 Hpp {0} (2.24)

2.2.5 Energy transmission parameters

Energy transmission from curved panel to the eswrl® is parameterized using
Average quadratic veloci¢y?) of curved panel. The parameter characterizes iglot
every element and reflects the average value o#rsqof velocities as shown in Eq.
(2.25).Averaged quadratic velodf§§?)is expressed in dB referenced to 2.5 X®’s?.

2
Averaged quadratic velocity (V2) of curved panel = %fs wswads (2.25)

where,w; = conjugate of displacement of panel ‘s’
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Acoustic energy transmitted to enclosure, is gfiadtusing averaged sound pressure

level of the enclosurk, ..Averaged sound pressure level is a measure ohgedrquadratic

pressure with respect to square of reference spuessure. The averaged sound pressure
level of the enclosure is formalized in Eq. (2.86)q. (2.27).
Lpe = 10log({P2)/PZs) (2.26)
1 .
(P2) = Efve P.P;dv (2.27)
where, Reference pressugs= 20 uPa.

P. = Complex conjugate of the acoustic pressureareticlosure.
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2.3 Coupled vibro-acoustic model for double wall pael connected to a semi
cylindrical enclosure

Now the coupled vibro-acoustic model is extended the double wall curved structure
consisting of two concentric semi cylindrical sheknels separated by an air-gap and
connected to an acoustic enclosure as shown ind-@%. The gap cavity is defined with a
subscript ‘g’ and volume of the gap cavity ig. he acoustic enclosure is defined with a
subscript ‘e’ and volume of the enclosure is YA present model it is assumed that, the
primary source panel (panel ‘a’) excited by an sdéedisturbance and the secondary panel
(panel ‘b’) radiates sound into the enclosed fidlde details of the model are elaborated in
next few sub subsections.

External disturbance

,,,,,,,,,,,,,,,,,,,,,,,
7 &
VZ

Enclosure 'e'

Acoustically rigid boundary

Figure 2.5 Coupled vibro-acoustic model for double wall dacennected to a semi
cylindrical enclosure

2.3.1 Equation of motion for panel ‘a’

Equation of motion for panel ‘a’ may be formulatacthe similar fashion as derived
for curved panel in the single wall model. Thet@gnelement formulation for the panel is also
performed in ANSYS using ‘Shell 181’ element. Foroe panel ‘a’ will be external
disturbances and force due to gap cavity pres3imes, governing equation for vibration of
panel ‘a’ may be expressed as,

[Mal{da} + [Cal{da} + [Kal{da} = F() — J§ Pea(x,y,2,D)ds (2.28)
where,F(t) = external disturbance force applied =} y;, z;)on panel ‘a’
Psa(%,y,2,1) = acoustic pressure of the air gap on panel ‘a’
S, = surface area of panel ‘a’
Using the orthogonality property of mode shapes,
{da} = Zj{(pa,j}qa,j ®
where,{cpa,,-} = mode shape of panel ‘a’ dtinode

da,(t) = modal amplitude of displacement of panel ‘g amode
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The equation of motion for panel ‘a’ tode is expressed as,
Maj[Ga;() + 200 jwa;da;(®) + w2;q,;(0)] = FPaj — fsa Poalryds (2.29)
where,®, ;=mode shape of the point where force acts
M,; = generalized mass of panel ‘a’ Bode
w,,; = natural frequency of panel ‘a’ dtode
(aj = Modal loss factor of panel ‘a’ &t mode

Y, = mode shape of panel ‘a’ &tinode in the direction normal to the surface

2.3.2 Equation of motion for Panel ‘b’

Equation of motion for panel ‘b’ may be formulatedthe similar fashion as derived
for panel ‘a’ in the previous subsection. The gnglement formulation for the panel is also
performed in ANSYS using ‘Shell 181’ element. Foorepanel ‘b’ will be due to gap cavity
pressure and pressure of the enclosure. Thus gogeequation for vibration of panel ‘b’
may be expressed as,

My ]{dp} + [Col{dp} + [Kpl{dp} = fsb Pep (%, y,2,t)ds — fsb Pep(x,y,z,)ds  (2.30)
where.{d} = displacement of panel ‘b’

[Mp], [Cy], [Kp] = mass, damping and stiffness matrix of panetéspectively

Pap (x,y,2,t) = acoustic pressure of the air gap cavity on pdmel

P.,(x,y,2,t) = acoustic pressure of the enclosure on panel ‘b’

Sy, = surface area of panel ‘b’

Using the orthogonal property of mode shapes,
{dp} = Zi{ @b} b i (D)
where {@y,x} = mode shape of panel ‘b’ df knode

dbx(t) = modal coordinate of panel ‘b’ af'knode

The equation of motion for panel ‘b’ df knode is expressed as,

Mp [k (D) + 28 k0b bk (1) + 0F kqbx (D] = fsb PopWp kds — fsb Peppkds (2.31)
where M, = generalized mass of panel ‘b’ &t fnode

wpx = natural frequency of panel ‘b’ af'kmode

{px = modal loss factor of panel ‘b’ af'lmode

Uy, x = mode shape of panel ‘b’ af knode in the direction normal to the surface
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2.3.3 Wave equation for the gap cavity

The FEM model of gap cavity has been done in AN&¥i8g the same element as stated for
single wall model for enclosure. The governing emumafor the acoustic pressure of the gap
cavity is expressed as classical homogeneous vepaien,
2
vip, - 22— (2.32)

2
Cg ot

where,P; = acoustic pressure of the air gap cavity
cg =velocity of sound in the air gap cavity

Acoustic pressure is decomposed over the modeestadghe gap cavity.

{P} = Zim{@gm}Pgm(® (2.33)

Then the wave equation is rewritten as,

2
Vg = — (“’g'm) Pgm (2.34)

Cg
where,{¢,,} = mode shape of the air gap cavity &t mode
pgm(t) = modal pressure of the air gap cavity ftmode

wgm = Natural frequency of the air gap cavity &t mode

Generalized mass of the gap cawty,,is defined as,

0 m=#k
=l loamiogdav={y  mTY (2.35)

The development of the wave equation for enclosusame as discussed for single wall
model.

2.3.4 Wave equation for the enclosure

The FEM model of the enclosure for double wall haen done in ANSYS using the same
element and in a similar fashion as stated forlsimngll model for enclosure.

The wave equation is for enclosure is,

Vz(pe,m = ((De,m)z Pe,m (2.36)

Ce

where,{¢.,} = mode shape of the semi-cylindrical enclosuraatode
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Pem(t) = modal pressure of the semi-cylindrical enclosrei” mode
wem = Natural frequency of the semi-cylindrical enciesat nf' mode
Generalized mass of the semi-cylindrical enclodirgis defined as,

0 m=#k
Viefve{(pe,m}{q)e,k}dv = {Me,m e k (2.37)

2.3.5 Coupling between panels, gap cavity and thedosure

The pressure gradient of the acoustic domaineatttupling boundary is expressed in
terms of inertia force due to the vibrating struatusurface. The boundary condition is

expressed as,
pgW,0n panel ‘a’
a@ =1{ —pgWpon panel 'b’ (2.38)
0fig o
0 on rigid wall

where,p, = equilibrium fluid density of the gap cavity
fiy= normal direction directed outwards from gap gabibundary
w,= normal component of the structural displacemehfsanel ‘a’

wp= normal component of the structural displacemehimnel ‘b’

For the enclosure the boundary constraint is egae as,

aP. _ { peWpon panel 'b’
ofe { 0 on rigid wall (2.39)
where,p. = equilibrium fluid density of enclosure

.= normal direction directed outwards from enclodwwandary

Green’s theorem is used for two scalar functignandg,smooth and non-singular in

domainV, enclosed by surfaSg and Sy, and expressed as,

g 0Pg

fvg(ngchg— PgV2P) dv = [ o (B E— pg75)ds (2.40)
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Using Eq. (2.32) to Eq. (2.34), for'tmode of the air gap, Eq. (2.40) is written as,

2
1 .
) Pgm — (Pg,mc_chg,mpg_m(t) dv =
g

J

Vg

w
—@PgmPgm (t) (ﬂ
Cg

- fsa(pg,mpgwa ds + fsb(pg,mpgwb ds

Using Eq. (2.35),
Mgc_r:z;lvg [(*)fzg,mpg,m (t) + pg,m (t)] = pg [Z] fga (pg_mtpa,jds qa,j (t) - Zk be (pg_m lIJb'de Qb,k(t)]

(2.41)
The modal coupling coefficient may be expresseiésvys,
1 b 1
Larg,]' = gfsa (pg'mlpa'l'ds and er%,k = gfsb (Pg,mlpb,kds
ag _ . .. . .
Linj =modal coupling coefficient between the acousticalde m of the gap cavity
and the structural mode j of panel ‘&’
Llr’ﬁkz modal coupling coefficient between the acoustioade m of the gap cavity

and the structural mode k of panel ‘b’

Introducing modal loss factéerm, Eq. (2.41) is expressed as,

.. . PgCh .. bg ..
pg,m(t) + 2Zg,m(*)g,mpg,m (t) + wé,mpg,m(t) = ﬁ [Sa Zj Larg,jqa,j (t) - Sb Zk er%kqb,k(t)]
(2.42)
whereg, = modal loss factor of the air gap af mode
Similarly, coupling between enclosure and paneisiexpressed as,
2
pe,n(t) + 2<e,nwe,npe,n (t) + wg,npe,n(t) = ﬁ [Sb Zk Llrjl?kqb,k(t)] (2-43)

where,{, ,= modal loss factor of the enclosure at mode n
L‘I’fk= modal coupling coefficient between the acoustinable n of the enclosure and

the structural mode k of panel ‘b’

1
Ltr)fk = gfsb @PenWp,kds (2.44)
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2.3.6 Response Calculation

The applied excitation is assumed to be harmonicature as shown in Eq. 2.45a.
Then the modal coordinates of the panels and thdahqmressures of the gap cavity and the

enclosure are also be expressed in the harmomctdsrshown in Eq. 2.45b to Eq. 2.45e.

F(t) = Fel®t (2.45a)
qaj(t) = et (2.45b)
A i() = Gpe™" (2.45c)
Pgm(t) = Pgme’™" (2.45d)
Pen(t) = Pene'®" (2.45€)

where,w = excitation frequency
F, = amplitude of harmonic forcing
da; = amplitude of modal coordinates of panel ‘a’ atd® j
dpx = amplitude of modal coordinates of panel ‘b’ aida k
pgm = amplitude of modal pressure of the gap cavityiatle m

Pen = amplitude of modal pressure of the enclosure@de n

i = complex quantity =/—1

Applying harmonic condition Eq. (2.29) can be verittas,
a][(*)a] + ZlZa]ma](’o w ]qa] {FO(Pa](Xe; Yes Ze) Zm (f (Pgmllja]ds) pgm}

= [Ma,j((*)g,j + ZiZa,].(Da,]'(D —w )]Qa,j + Sa Zm Lm,]' f)g,m = {Fo(pa,j (Xer Ye Ze)} (2-46)

Applying harmonic condition Eq. (2.31) can be verittas,
Mp,c[@h i + 28 x@pk® — ©*]Tpx = Tm (fsb (Pg,mllib,kds) Pgm — Xn (fsb (pe,n¢b,kd5) Pen

. . bg _
= [Mp(wh i + 208 xwp k0 — ©%)[dpk = Sb Zmbpe Pgm + Sb Znlig Pen = 0(2.47)

Applying harmonic condition Eq. (2.42) is writteg, a

2 i 25 pgc(~ ‘D) 128 d Sp bg ~
[(*)g,m + 2"Zg,m(")g,m(*) -—w ]pg,m - Vg Z] m,j Ja,j Mngk Lm,kqb,k

2 2 2
chgsa‘” ag 3 _ PgCeSp0” 1 bg ~ 2 ; 2]x —
Vg Z] j Vg  Mgm Lk Lm,k ok + [wg'm + leg’m(x)g’mu) - w ]pg,m -

0  (2.48)
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Applying harmonic condition Eq. (2.43) may be veittas,

2 - 21 _ Pecd(-w?)|[ sp be ~
[(’oe,n + 2l(e,n(*)e,n(*‘) - ]pe,n == eVe m_ele Ln?kqb,k

PeCESpw?

1 5 _ 3
V. m—e]Zk LPS ok + [0 0 + 2ilen0ent — w?]Pepn = 0 (2.49)

Eq. (2.46) to Eq. (2.49) are assembled after tpkine effects of the entire structural

and acoustics modes and is described in matrix,form

H11 0 H13 0 qa Fa
0 H,, Hys Hy, db 0
o 2.50
H;; Hs, Hiz O Pg 0 ( )
0 Hy, 0 Hyed \Pe 0

F,= generalized force applied to the panel ‘a’

da = modal responses of the panel ‘& 1, da 2, ...,qa,nma}T

nma = total no of modes taken into account for thegb&ai

dp = modal responses of the panel ‘bfd, 1, b2, ...,qb,nmb}T

nmb = total no of modes taken into account for thegbé&ni

. T
pg = modal responses of the gap cavitifiz 1, Dg 2, - Pgnmg)

nmg = total no of modes taken into account for the capty

. T
p. = modal responses of the gap cavit{pz,, Pe,2, -+ » Denme }
nme = total no of modes taken into account for thd@nae

H11 = Modal dynamic stiffness of curved panel ‘&’

— 2 : 2
= M, [wa,]- + 200, jw,j0 — @ ]
“ Ihma x nma

Hi3 = Coupling coefficients representing the effectacbustic pressure of the gap

cavity on the structural response on panel ‘a’

ag ... ag
L1,1 ang,l
=Sa a.g.. e ag...
Ll,nma o ang,nma

nma X nmg

H,, = Modal dynamic stiffness of curved panel ‘b’

— 2 .
= mp 1 [0f x + 2i0p xwp 0 — 0]

nmb X nmb

30 | Page



H.3 = Coupling coefficients representing the effectacbustic pressure of the gap

cavity on the structural response on panel ‘b’

bg bg
L1,1 o ang,l
:_Sb b... )
g g
Ll,nmb ang,nmb

nmb X nmg
H.4 = Coupling coefficients representing the effect amfoustic pressure of the

enclosure on the structural response on panel ‘b’

be be
L1,1 e ane,l
:Sb ces ves ees
be be
Ll,nmb o ane,nmb

nmb X nme

Hs1 = Coupling coefficients representing the effectha structural vibration of panel

‘a’ on the cavity pressure

1 ag ag
M [Ll,l' T Ll,nma]
w2 81

Vg 1
[ nmg,1’ """’ nmg,nma]
nmg X nma

128 128

Hs, = Coupling coefficients representing the effectha structural vibration of panel
‘b’ on the cavity pressure
[ =[] ]

) )
) 5 mg 11 1,nmb
PgCgSpw

= v :
g 1 ng . ng
Mg nmg nmg,1’ ’ “nmgnmb

nmg xnmb

Hs3 = Modal dynamic stiffness of the gap cavity

(02 + 2ilg1wg 1w — w?]
- nmg xnmg
H4, = Coupling coefficients representing the effectha structural vibration of panel

‘b’ on the enclosure pressure

M:1 [Ltl)?l' Y Llifenmb]

— PeCESpw?
Ve 1

be be
M [ane,li Ty ane,nmb]
enme nme X nmb

Ha44 = Modal dynamic stiffness of the enclosure
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[(*)g,n + 2i(e,n(’oe,nw - (*)2]

*4dnme X nme

Modal responses are expressed as,

da Hyy 0 Hiz 0 - F,
db 0 H,, Hzs Hgyy 0
ol 2.51
P [Hy My, Hay 0] )0 (2:31)
Pe 0 Hip 0 Hyy 0

2.3.7 Energy transmission parameters
Energy transmission parameters can be writtennaisasito derived earlier for single

wall model,

w2

*
— . w,wlds for panel a
ZSa fsa a a p

Averaged quadratic velocity (V2) = (2.52)

(DZ *
5 fsb wpwpds  for panel b

where,w; = conjugate of displacement of panel ‘a’

wy, = conjugate of displacement of panel ‘b’

Acoustic energy transmitted to the gap cavity ali as enclosure, is quantified using
averaged sound pressure level of the ail.ggand the averaged sound pressure level of the
enclosuré, .. Averaged sound pressure level is a measure ohgee quadratic pressure

with respect to square of reference sound pressaeraged sound pressure level of the gap

cavity and the enclosure are formalized in Eq.3Rt6 Eq. (2.56).
Ly g = 10log((P2)/P2; (2.53)
(P?) = zivg Jy, PePgdv (2.54)
where, Reference pressiitg; = 20uPa.

P; = Complex conjugate of the acoustic pressureergtp cavity.
Lpe = 10log({P2)/PZs) (2.55)

(P2) = % Jy, PePedv (2.56)

32 | Page



P. = Complex conjugate of the acoustic pressureareticlosure.

For energy transmission mechanism through semmndytal single and double wall
panel, separate programs are developed using MATplaBorm. The free vibration results,
i.e. mesh data, natural frequencies, mode shapes @t the structural and acoustic
components are obtained from ANSYS (ver. 11) amdexiported into MATLAB program.
Based on the developed numerical model, some tades are performed and are detailed

in the next chapter.
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CHAPTER 3: RESULTS AND DISCUSSIONS

The developed coupled vibro-acoustic model aseptes in the earlier chapter is
validated for energy transmission through doubldl ilat panels. Once the developed
formulation is validated, energy transmission cbiastics of a semi-cylindrical single wall
curved panel with different varying parameters, igading case, damping co-efficient,
thickness of panel, laminated composite panel ate. studied. Subsequently, using the
developed double wall vibro-acoustic model, enengysmission characteristics through
double wall structure is studied. The results abdeovations are detailed in the next few

sections.

3.1.Validation for Energy Transmission through Flat Double-Wall Panel
In this subsection the developed numerical modekhergy transmission through a
double wall flat panel is validated with Cheng ef3]. The schematic diagram of the flat
double wall model is shown in Figure 3.1.

thicknegg :p %“g(‘)}b ;
Wim

\\050 m\\ 3;m
\}/O v

Figure 3.1 Model of the double wall flat structure connecte@n enclosure

Thickness of gap cavity is denoted hyamd thickness of the enclosure is denoted by
he. In this case {ih. =0.2. Both the panels ‘a’ and ‘b’ are assumedeartade of aluminium.
The panels are assumed as simply supported albrieabdges. A harmonic loading of
magnitude 1 N is applied at (0.2m, 0.14m) onep&ai. Modal loss factors are assumed as
0.005 for panels and 0.001 for the gap cavity &edenclosure.
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Averaged quadratic velocity for both the panels ealculated from the developed

model and plotted in Figure 3.2 and the averagemd@ressure levels in the air gap and

enclosure for double wall flat panel plotted in g 3.3.
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Figure 3.2 Averaged quadratic velocity of double wall flane! (present model) i
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Figure 3.3 Averaged sound pressure level in gap-cavity anmdbsure for double wall flat

0.2)

e:

panel (present model) h,

Averaged quadratic velocity of both the panels algeraged sound pressure levels in the air

gap and enclosure for double wall panel with sanopgrties as considered above in present
model, were present in research article by Cherad 7], which are present in Figure 3.4
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and 3.5 respectively. It is observed that the oletiresults from the present mathematical
model compare reasonably well with those repometie article by Cheng et al.

140}

E [—— Panela, hjh=02
40} |=A Panel b, hih=02
~ —. Panel a, hy/h,=0.6
e Panel b, hih,=0.6

Averaged quadratic velocity (dB)

20

0 100 200 300 400 500
Frequency (Hz)

Figure 3.4 Averaged quadratic velocity of the panels of dewhall flat panel (Figure 5(a),
Cheng et al [37])

160

Averaged sound pressure (dB)

— Airgap, h/h=0.2 o 4
40| |-A- Enclosure, hh=0.2
- =~ Air gap, h/h,=0.6
..... -~ _Enclosure, hJh.=0.6
20 . ” - -
0 100 200 300 400 500
(b) Frequency (Hz)

Figure 3.5 Averaged sound pressure level inside the airagajthe enclosure of double wall
flat panel (Figure 5(b), Cheng et al [37])
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Table 3.1: Comparison of averaged quadratic velogitof the panels from Present flat
plate model with Cheng et al results

Panel ‘a’ Panel ‘b’

Freq. Averaged quadratic velocity (dB) | Freq. Averaged quadratic velocity (dB)
(Hz) Present model|  Cheng etal. [37] (H2) Present model  Cheap[37]
74 130.5 131 74 124.2 125
115 126.7 128 111 123.1 132
176 123.5 125 172 97 102
215 121 121 215 90.4 91

235 116.4 117 235 73.27 73
337 119.7 121 337 102.1 103
362 118.7 120 361 101.4 102
378 116.9 118 377 81.2 84
436 112 114 436 77.5 79

468 115.1 118 468 77 82

Table 3.2: Comparison of averaged sound pressureviel of the air gap and the
enclosure from Present flat plate model with Chengt al results

Air Gap Enclosure

Freq. Averaged sound pressure (dB) Freq. Averaged sound pressure (dB)
(Hz) Present model Chengetal. [37] (Hz) Present model Cheab [37]
74 140 140 74 125.5 125
111 139.4 145 111 121 126
176 114.9 118 172 83.6 88
215 119.2 120 215 86.6 87
235 106.5 106 236 74.5 78
338 137.5 138 341 131.7 132
361 134.7 135 361 105.9 106
436 111.1 113 436 79.3 81
468 110.2 114 460 92.8 93
487 119.3 121 487 110.3 102

3.2 Sound Transmission through Semi-cylindrical Sigle wall panel
3.2.1 Model Properties

In the present study a Semi-cylindrical Single wadhel (Panel ‘s’) connected to a
semi-cylindrical enclosure (defined by a subsceptis modelled. The panel is considered as
simply supported along all edges. The panel isteadby different external excitations and
the sound transmission characteristics are obseAséatal number of four cases are studied
by varying the external excitation, damping propeart the system, thickness of panel, and
properties of the panel.

The geometric properties in different cases of iSsiimdrical single wall panel are
stated below:

I. Length ofthe model (L) : 2m
ii. Radius of the model (R) : 0.2m
iii. The thickness of the panel: 2 mm (in Case $gQaand Case 4)
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4mm (in Case 3)

In Case 1 to Case 3, the aluminum panel is coreidand in Case 4 different
laminated composite panel is considered in the ndde material properties of aluminum,
which are considered in the model is listed in Trable 3.3. The material properties of
laminated composites are given later.

Table 3.3: Material properties of Aluminum used incase studies

Modulus of Elasticity 70 GPa
Poisson’s ratio 0.3
Density 2700 kg/m3

The properties of fluid in enclosure is same fbiCalses, which are listed in Table 3.4.

Table 3.4: Material properties of fluid in enclosure used in case studies
Density 1.204 kg/m3
Speed of sound 340 m/s

The damping properties considered in the Caseestuade given in Table 3.5.

Table 3.5: Damping Co-efficients used in case stuel

Structural Damping Acoustic Damping
Case 1l 0.0% 0.0
Case 2 0.0,0.1 and 0.5 % 0.0,0.1and 0.5 %
Case 3 and 0.0 and 0.5 % 0.0and 0.5 %
Case4

3.2.2 Case Study-1: Effect of Different loading o&ound Transmission through Single
wall

In this sub-section, different loading cases amestlered on semi-cylindrical single
wall panel at different loading position or orietda. The response parameters, i.e. averaged
quadratic velocity <¥> and averaged sound pressure level <p>, are dtudigletail to
understand the energy transmission characterisfitke coupled system with the various
loading cases. The loading cases that are condiderthe study are point load, patch load
and pressure load.

3.2.2.1Effect of Point Load Variation

Harmonic response analysis based on the presehematical formulation is carried
out in the low frequency region limited up to 50@.\ harmonic point load of magnitude 1
N is applied normal to the surface of panel atedédht location over a frequency range of
1-500 Hz and modal responses are evaluated usin(R24). Once the frequency responses
are obtained from modal domain, total responsesamngputed and the averaged quadratic
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velocities <\#> in dB for the panel and averaged sound presswe kp> in dB for the
enclosure are plotted.

Now this external point load excitation is shifi@dng the crown as shown in Figure
3.6, on three locations as listed in Table 3.6 ndewstand the response behaviour of the
coupled system for point load variation along th@am. Averages quadratic velocity of the
panel and Averages sound pressure level (dB) irtictosure for these point load excitation
calculated from developed numerical model, arergime~igure 3.7 and Figure 3.8.

Table 3.6: Detail of loading applied for longitudirally shifting of point load excitation

Loading Case PT-1,1 PT-1,2 PT-1,3

Co-ordinate of
Loading Point (0,0.2,0.5) (0,0.2,1.0) (0,0.2,1.5)

Figure 3.6: Schematic model for Semi-cylindrical single walbgect to Point Load at
various loading point.
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Figure 3.7: Average quadratic velocity of the panel subjettepoint load excitation
shifting longitudinally along the crown
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Figure 3.8: Average sound pressure level (dB) in enclosurgestdx to point load excitation
shifting longitudinally along the crown

The obtained <% plot for these point load excitation as shownFigure 3.8 are
presented in a tabular form in Table 3.7. The mattewinated by the panel and cavity are
present separately from better understanding ofdlipled system.

Table 3.7: Comparison of averages quadratic velogitof panel for point load excitation
along the crown

shifting longitudinall

Panel Dominated Modes

Cavity Dominated Modes

Uncoupled Coupled Case Uncoupled Coupled Case
Frequency Avg. Quad. Velocity | Frequency Avg. Quad. Velocity
in Hz Coupled (dB) in Hz Coupled (dB)
(mode Fred. [ Loading | Loading | Loading | (Mode shape| Freq. Loading | Loading | Loading
shape no.) | inHz Case Case Case no.) in Hz Case Case Case
PT-1,1 PT-1,2 PT-1,3 PT-1,1 PT-1,2 PT-1,3
186.45(4,1)| 187 | 105.30| 110.70| 106.40| 0.00(0,0,0) - - - -
199.08(3,1)| 204 | 109.60| 114.50| 109.50| 85.02(0,0,1 83 - 62.1{ 60.24
281.79(4,2)| 282 - 87.00 | 88.04 | 170.17(0,0,2 164 90.63 | 95.35 | 90.27
292.99(5,2)| 293 | 174.30 133.20| 174.20| 255.59(0,0,3 253 80.37| 89.86 | 87.31
307.82(5,1)| 308 | 102.70 107.70| 103.60| 341.40(0,0,4 338 78.90| 79.89 -
373.79(5,3)| 374 | 113.60 114.20113.60| 427.74(0,0,5 426 92.90| 87.05 | 90.28
393.51(7,2%)] 394 83.09| 80.30 - 498.36(1,0,0 493 87.91| 87.11 | 88.28
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399.13(6,3)| 398 - - -
437.11(6,2)| 437 | 81.42| 82.64 73.13
463.90(5,2)| 458 | 89.41| 81.20 | 74.64
480.17(5,4)| 478 | 103.400 - | 104.00
482.13(6,4)| 480 | 10050/ - | 100.10

In the next set of analysis, external point loaditexion is shifted radially at z = 0.5,
on four location as listed in Table 3.8. Averagadatic velocities of the panel and Average
sound pressure level (dB) in enclosure subjectethdse point load excitation are given in
Figure 3.9 and Figure 3.10.

Table 3.8: Detail of loading applied for radially sifting of point load excitation

Loading Case PT-1,1 PT-2,1 PT-3,1 PT-4,1
Co-ordinate (0,0.2,0.5) (0.077,0.185,0/5)0.141,0.141,0.5) (0.185,0.077,0/5)
Angle 90° 67.5° 45° 22.5°

Averaged quadratic velocity (dB)

Frequency (Hz)

Figure 3.9: Average quadratic velocity of the panel subjettepoint load excitation
shifting radially along z = 0.5 m
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Figure 3.10: Average sound pressure level (dB) in enclosurgestdd to point load

excitation shifting radially along z = 0.5 m

The obtained <% plot for point load excitation shifting radialfong z = 0.5 m as shown in
Figure 3.9 are presented as tabular form in Tal8le 3

Table 3.9: Comparison of average quadratic velocitpf the panel subjected to point
load excitation shifting radially along z=0.5m

Panel Dominated Modes

Cavity Dominated Modes

Uncoupled Coupled Case Uncoupled Coupled Case
Frequency in Frequency

Hz Coupled Avg. Quad. Velocity (dB) in Hz Coupled Avg. Quad. Velocity (dB)
(mode shape Freq. |Loading|Loading |Loading|Loading (mode shape Freq. |Loading|Loading| Loading| Loading

no.) in Hz Case | Case | Case | Case no.) in Hz | case | Case| Case | Case

PT-1,1| PT-2,1| PT-3,1| PT-4,1 PT-1,1| PT-2,1| PT-3,1| PT-4,1

186.45(4,1) | 187 105 124 117 117 0.00(0,0,0) - - - - -
199.08(3,1) | 204 110 101 103 101 85.02(0,0,1) 83 63 59 52
281.79(4,2) | 282 - 113 98 106/ 170.17(0,0,4 164 91 90 83 87
292.99(5,2) | 293 174 145 171 159 255.59(0,0,] 253 80 83 74 83
307.82(5,1) | 308 103 106 105 108 341.40(0,0,4 338 79 88 90 -
373.79(5,3) | 374 114 97 110 1020 427.74(0,0,} 426 93 93 94 95
393.51(7,2*)| 394 83 108 110 95 498.36(1,0,( 493 88 96 96 99
399.13(6,3) | 398 - 110 - 100
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437.11(6,2) | 437 | 81 | 122| 131 122
463.90(5,2) | 458 | 89 | 114| 91| 115
480.17(5,4) | 478 | 103| 104| 106 92
482.13(6,4) | 480 | 101| 99 - 92

To predict the maximum energy transmission throtigh panel for the different

loading case from average quadratic velocity aretaye sound pressure level as shown in
Figure 3.7 to Figure 3.10, is a bit difficult. Sb3 Octave plot for average sound pressure
level are calculated with the help of data obtaifredh developed numerical model. Octave
plot for average sound pressure subjected to differpoint load excitation shifted
longitudinally along the crown and shifted radiadippng z = 0.5 m are given in Figure 3.11
and Figure 3.12 respectively. The frequencies ®fottave band are given in Table 3.10.
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Table 3.10: Frequencies of 1/3 octave band

Lower Cutoff Center Frequency Upper Cutoff
Frequency (in Hz) (in Hz) Frequency (in Hz)

0.9 1 1.1
1.1 1.25 1.4
1.4 1.6 1.8
1.8 2 2.2
2.2 2.5 2.8
2.8 3.15 3.5
3.5 4 4.5
4.5 5 5.6
5.6 6.3 7.1
7.1 8 9.0
9.0 10 11.2
11.2 12.5 14.1
14.1 16 17.8
17.8 20 22.4
22.4 25 28.2
28.2 31.5 35.5
35.5 40 447
44.7 50 56.2
56.2 63 70.8
70.8 80 89.1
89.1 100 112.0
112.0 125 141.0
141.0 160 178.0
178.0 200 224.0
224.0 250 282.0
282.0 315 355.0
355.0 400 447.0
447.0 500 562.0
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Figure 3.11:Octave plot of average sound pressure level (dBjpclosure subjected

to different point load excitation shifted longitndlly along the crown
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Figure 3.12:Octave plot of average sound pressure level (dBjclosure subjected

05 m

to different point load excitation shifted radiadiong z

Similar analysis is done for point load variationgitudinally along the 67.5°,

and radially along z = 1.0 m and Z5m. The results of this study are not

given in this thesis to make presentation compact.

45° and 22.5°
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Some of the observations made from the above seardt

)

ii)

Energy transmission characteristics are dominatgdthi®e modes that are
dominated by the panel and enclosure has onlg ktiect on averaged quadratic
velocities of the panel.

Maximum response occurs at 293 Hz coupled frequemajl case, but this huge
response occurs due to some singularity problethistparticular frequency. If
the structural damping is slightly increased to @&,1singularity problem can be
mitigated and response at this particular frequeveyl decrease very
significantly. This singularity problem is discudsm detail in next sub-section.
However, this maximum response is ignored as thidue to some numerical
error.

For uncoupled case, one can say the response &ilbrbthe high side at a
particular frequency if the load is applied at aatles of corresponding mode
shape obtained from free vibration anlysis. Wheréascoupled case the mode
shape cannot be predicted from free vibration dafaoper vibro-acoustic model
is required.

The structural panel is symmetrical about middEnp|z=1.0) inspite of that the
response of the load case PT-1,1 and PT-1,3 isinolar. From this it can be
concluded that, inspite of symmetrical boundarydittons and other structural
parameters (like configuration, mode shape, efte) tesponse behaviour of
coupled case will not similar for symmetrical loagli

From the Octave plot showed in Figure 3.11 and féidi12, it is clear that the
maximum sound energy transmission occurs for |gpdicase PT-2,1
(0.077,0.185,0.5) 06€67.5° and z = 0.5m).
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3.2.2.2Effect of Patch Load Variation

In the previous sub-section, point load is appbadsemi-cylindrical single wall panel
at different locations and sound transmission bielnas studied for various loading position
of point load. In the present sub-section patchd I applied instead of point load and
loading positions are varied on the surface ofpthieel, as shown in Figure (3.13) . The size
of the patch is 0.25 m by 0.1 m.

Figure 3.13: Schematic model for Semi-cylindrical single walbgct to Patch Load

Now this external patch load excitation is shifeddng the crown, for three locations
as listed in Table 3.11 to understand the respbabkavior of coupled system for patch load
variation along the crown similar to point load ealscussed in earlier. Averages quadratic
velocity of panel and averages sound pressure (di&lin enclosure for different position of
patch load excitation calculated from developed encal model and given in Figure 3.14

and Figure 3.15.

Table 3.11: Detail of loading applied subjected tpoint load excitation shifted

longitudinally
Loading Case Patch-1,1 Patch-1,2 Patch-1,3
CO'OL?'thtife“”e (0,0.2,0.5) (0,0.2,1.0) (0,0.2,1.5)
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Figure 3.14: Average quadratic velocity of the panel subjet¢tepatch load

excitation shifted longitudinally along the crown
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Figure 3.15: Average sound pressure level (dB) in enclosurgestdd to patch load

excitation shifted longitudinally along the crown
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Some of the observations made from the above seardt

)

ii)

It is mentioned in previous sub-section for poodd excitation the response is not
symmetrical for Loading case PT-1,1 and PT-1,3 tlaoe symmetrical loading
cases. But for patch load a different observatsonaticed. The velocity response
of Patch-1,1 and Patch-1,3 is similar. So, it carcbncluded that if the structural
parameters are symmetrical, the structural respowde be similar for
symmetrical loading patch loading.

There is a lot of difference in the pressure respsrfor Loading case Patch-1,1
and Pacth-1,3. The cavity modes are not symmetnicdhe longitudinal axis
which is the root cause of this phenomena.

The overall sound transmission behaviour (bothctral response and pressure
response) of semi-cylindrical single wall model jegted to patch load and point
load is similar.
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3.2.2.3Effect of Pressure Load Variation

In this sub-section, pressure load is applied ensmi-cylindrical single wall panel
at different incident angle. The response parametar. averaged quadratic velocity %V
and averaged sound pressure level <p> are obtaimreddeveloped numerical model.

Pressure load is applied on the structural panal @rtain angle with the horizontal
plane. The angle of incident pressure load is daf®ur incident angles are considered in
the present analysis, i.e. 22.5°, 45°, 67.5° arfd B0erage quadratic velocity of the panel
and average sound pressure level (dB) in the emdd®r different incident pressure are
calculated from developed numerical model and giwrerFigure 3.16 and Figure 3.17
respectively.
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Figure 3.16: Average quadratic velocity of panel subjectedrespure load excitation
at different incident angle
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Figure 3.17: Average sound pressure level (dB) in enclosurgestdd to pressure
load excitation at different incident angle

Some of the observations made from the above seardt

) From pressure plot, it is clear that the soundfuneslevel inside the enclosure at
90° and 67.5° incident pressure load is much grahtan that of 45° and 22.5°
incident pressure load. And maximum sound presgsele the enclosure is
observed for 90° incident pressure load. When emicangle is closed to 90°
more surface area of the panel is subjected toredtkading, which causes more
pressure inside the enclosure.

i) For velocity response, a different behaviour isiceat. At different frequency,
different incident angle is causing the maximunoe#y response. The behaviour
of the velocity response can be understand is ¢fyig &f coupled mode shape as
discussed for point load and patch load excitation.
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3.2.3 Case Study-2: Effect of damping on Sound Tramission through Single wall

In previous sub-section all studies are carriedooua system with the zero structural
and cavity damping. In the present section, aysisid¢arried out to understand the effect of
structural and cavity damping on the responsewivacoustically coupled system.

The response is calculated from the developed roatenodel of the coupled system
with various damping co-efficient for structure aacbustics, which are given in the Table
3.12.

Table 3.12: Damping Co-efficient considered in diffrent cases of Single Wall panel

Case No. D1 D2 D3 D4 D5
Structural 0% 0.1% 0.5% 0% 0%
Damping
Acoustic Damping 0% 0% 0% 0.1% 0.5%

In the previous sub-section it is shown that forgk subjected to point load at
different location on the semi-cylindrical pandietresponse is maximum for PT-2,1 loading
case. Therefore, the response of the coupled systedifferent damping case as mentioned
above for the point load excitation applied at 8.5m and theta 67.5° (this loading case is
referred as ‘PT-2,1") are evaluated. Two casesidersd in this section. In first case, the
acoustics damping is kept at 0% and the structlaaiping taken as 0%, 0.1% and 0.5% to
understand the effect of increase of structural glaghwith 0% acoustics damping and
averaged quadratic velocity plot is given in Figlad8 and also a tabular form of this
velocity response is given in Table 3.13.
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Figure 3.18: Averages quadratic velocity of the panel for LogdCase PT-2,1 for
different structural damping with zero acousticengang

Table 3.13: Comparison of averages quadratic veldyiof panel for Loading Case PT-
2,1 for different structural damping with zero acoustics damping
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Panel Dominated Modes

Cavity Dominated Modes

Uncoupled Coupled Case Uncoupled Coupled Case
Frequency in Avg. Quad. Velocity (dB) | Frequency Avg. Quad. Velocity (dB)
Hz Coupled| Case D] Case D2| Case D3 in Hz Coupled| Case D1| Case D2| Case D3
(mode shape Freq. | (gs= 0% (¢s=0.1%| (&s= 0.5% (mode Freq. | (gs=0% | (¢s=0.1%| (¢s=0.5%
no.) in Hz & & & shape) in Hz & & &
ga = 0%) Ea = 0%) | a = 0%) ga =0%) | ta = 0%) | £a = 0%)
186.45(4,1)] 187 124.1 114 100.500| 0.00(0,0,0) - - - -
199.08(3,1) | 204 | 100.8 | 99.79 | 92,190 | 85.02(0,0,1 84 63.250 63.64 63.62
281.79(4,2) | 282 1134 | 1115 | 101.700| 170.17(0,0,7 164 89.790 | 89.770 | 89.360
292.99(5,2) | 293 144.7 | 88.98 - 255.59(0,0,3) 253 83.540 | 83.520 | 83.270
307.82(5,1) | 308 1055 | 103.1 | 92.630 | 341.40(0,0,4 338 88.240 | 88.210 | 87.480
373.79(5,3) | 374 | 97.38 | 94.44 | 84.300 | 427.74(0,0,59 426 93.250 | 92.220 | 85.290
393.51(7,2*)| 394 | 108.3 | 105.2 - 498.36(1,0,0) 493 96.160 | 94.990 | 85.930
399.13(6,3) | 398 110.3 | 107.9 | 97.690
437.11(6,2) | 437 | 122.3 | 103.9 | 90.200
463.90(5,2) | 458 114.4 | 107.8 | 94.890
480.17(5,4) | 478 103.9 | 98.03 86.79
482.13(6,4) | 480 | 98.74 | 95.21 (A|E|§')79

In next casethe structural damping is kept at 0% and the acustamping taken as 0%,

0.1% and 0.5% to understand the effect of incredseoustics damping with 0% structural
damping and averaged quadratic velocity plot i®giin Figure 3.19 and also a tabular form
of this velocity response is given in Table 3.14.
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Figure 3.19: Averages quadratic velocity of panel for Loadirgs€ PT-2,1 for different
acoustics damping

Table 3.14: Comparison of averages quadratic veldyiof panel for Loading Case PT-
2,1 for different acoustics damping

Panel Dominated Modes

Cavity Dominated Modes
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Uncoupled Coupled Case . Uncoupled Coupled Case '
Fr(_aquency Coupled|c Avg.lQuad. VeIOCItéa(scéB[))s Fr(_aqtll_lency Coupled CaSAeVg.lQuad. vetocty (B
in Hz ase in Hz
(mode shape I'; rt|a_|qz. (%S; 0% (gsisgﬁ 1 (@S; 0% (mode i';r?_'qz' @5; 0% (gsisgi 1 (gsisg(z 5&
no.) ta = 0%) ga = 0.1%) £a = 0.5%) shape no.) ca = 0%) ga = 0.1%) [ta = 0.5%)
186.45(4,1) | 187 | 124.1 | 124.10 123.80 | 0.00(0,0,0) - - - -
199.08(3,1) 204 100.8 100.70 99.47 85.02(0,0,1) 84 63.250 63.35 62.51
281.79(4,2) 282 113.4 113.40 113.40 | 170.17(0,0,2 164 89.790 89.19 83.35
292.99(5,2) 293 144.7 135.80 122.30 | 255.59(0,0,3) 253 83.540 81.59 77.72
307.82(5,1) 308 105.5 105.50 105.10 | 341.40(0,0,4) 338 88.240 85.72 78.33
373.79(5,3) 374 97.38 97.38 97.37 | 427.74(0,0,5) 426 93.250 81.17 -
393.51(7,2%)| 394 108.3 108.30 107.60 | 498.36(1,0,0) 493 96.160 92.09 81.43
399.13(6,3) 398 110.3 110.30 110.20
437.11(6,2) | 437 | 1223 | 12230 | 122.20
463.90(5,2) | 458 | 114.4 | 114.10 109.90
480.17(5,4) 478 103.9 103.80 102.20
482.13() 480 | 98.74 98.78 98.60

From above some observations may be summarizedlass:
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a) For the structure dominating modes, the velocispomse decreases significantly with
the increase of structural damping, whereas deer@agsponse is observed with the
increase of cavity damping.

b) For the acoustics dominating modes, the velocgpoase decreases with the increase
of cavity damping, whereas a very little decreaserasponse is observed with
increase of structural damping.

c) As discussed in previous sub-section at 293 Hzleoufrequency a singularity
problem occurred. When structural damping is shghicreased to 0.1% a drastic
decrease in response is observed and for 0.5%wsmbdamping the peak of velocity
response vanished. This behavior can be explaingdh&lp of the Modal dynamic
stiffness of structure panel (H11) mentioned in 284.Forés=0, co-efficient of the
H11 reduced t[mﬁ‘]- — wz] ignoring the mass term and #&=0.1% co-efficient of the

H11 will bgfw?; + i0.002w;;w — w?]. These two ‘co-efficient of the H11’ are listed

in Table (3.15) for natural frequency of structypahel and driving frequency. From
Table (3.15) it is clear, the change in stiffnemsnt is insignificant foilE=0% and
£~=0.1% with an exception at 293 Hz frequency. The stiffnesm increases about 4
times for§=0.1%.

Table 3.15 Comparison of co-efficient of the
H11foré&s=0 and&s=0.1%
NATURAL | COUPLED Co-efficient of the
FRQ. FRQ. H11
(ws,i) (w) for £&=0 For &=
0.1%
205.944]
1984.82]
119.701
13.7589

186.449 187.000 205.7749
199.076 204.000 1984.802
281.789 282.000 119.0361
292.993 293.000 4.196881
307.815 308.000 113.9042 114.733
373.792 374.000 155.4092 156.306
393.515 394.000 382.0683 382.473

)

3

3

b

3

399.133 398.000 903.5029 903.678]
437.113 437.000 098.45043 100.371
463.904 458.000 5442.518 5442.55]
480.168 478.000 2076.916 2077.02]
482.133 480.000 2052.278 2052.39

N N U N U T U T WiV

d) The structural velocity decreases with the incresds&coustics damping keeping the
structural damping constant, as observed in Taldlg. Ihis phenomena indicates the
effect of acoustic back pressure on the strucphaakl.
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3.2.4 Case Study-3: Effect of thickness on Soundamsmission

In this section, effect of increase in thicknessaoind transmission is studied
semi-cylindrical single wall panel. If thickness tife panel increases, both the mass and
stiffness of panel will increase. In the reviewpaist research articles, it is clear that with the
increase of mass and stiffness the noise transmisgil decrease. In the present study, the
effect of increase of thickness on panel is stutlethe developed model.

Using the developed model of semi-cylindrical wadinel, the response of structural
panel of thickness 4mm and other properties areesasrtaken in earlier case. The obtained
result is compared with the response obtained feantier model of 2mm thick panel. Two
cases are considered, i.e. (i) structural dampiflg &d acoustics damping 0% and
(i)  structural damping 0% and acoustics damp@%. The PT-2,1 loading case is
considered similar to earlier sub-section. Averggadratic velocity plot are for 4 mm and 2
mm thick panel are given in Figure 3.20 to Figur&l3and also presented in tabular form in
Table 3.16 to table 3.17.

—PT-2,1 2MM ISO ||
=—=PT-2,1 4mm ISO
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Figure 3.20: Average quadratic velocity of 2 mm and 4 mm tipekel for Loading
Case PT-2,1 (with=0.0% and &,=0.0%)
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Table 3.16: Comparison of average quadratic velogitof 2 mm and 4 mm thick panel
for Loading Case PT-2,1 (withés=0.0% and&a=0.0%)

Panel Dominated Modes

Cavity Dominated Modes

Coupled Case

for 2 mm thick panel for 4 mm thick panel for 2mm thick | for 4mm thick
ooy panel panel

Uncoupled Coupled |Avg. Qurd. [Uncoupled| Coupled |Avg. Qurd. Coupled Avg. Coupled Avg.

Freq. Freq. Velocity Freq. Freq. Velocity Freq. V(gluorg'ty Frequency V(gll:)rc(:ji.ty

186.45 187 124.1 | 257.21 261 90.5 0.0(0,0,0) - - - -

199.08 204 100.8 | 321.07 321 107.6 | 85.02(0,0,1) 84 63.2p 84 44.91

281.79 282 113.4 | 404.2] 404 109.5| 170.17(0,0,2] 164 | 89.79 | 169 65.07

292.99 293 144.7 | 435.75 434 104.9 | 255.59(0,0,3] 253 | 83.54| 251 | 86.54

307.82 308 105.5 341.40(0,0,4)] 338 | 88.24| 341 69.89

373.79 374 97.4 427.74(0,0,5] 426 | 93.25| 426 74.78

393.51 394 108.3 498.36(1,0,0] 493 | 96.16 | 489 96.87

399.13 398 110.3

437.11 437 122.3

463.90 458 114.4

480.17 478 103.9

482.13 480 98.7
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Figure 3.21: Average quadratic velocity of 2 mm and 4 mm tipekel for Loading
Case PT-2,1 (with=0.5% and &,=0.5%)
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Table 3.17: Comparison of average quadratic velogitof 2 mm and 4 mm thick panel
for Loading Case PT-2,1 (withés=0.5% and&a=0.5%)

Panel Dominated Modes

Cavity Dominated Modes

Coupled Case

for 2 mm thick panel for 4 mm thick panel for 2mm for 4mm thick
Uncoupled | thick panel panel
Avg. Avg. Freg.
Uncoupled Coupled Qurd. Uncoupl |Coupled Qurd. Coupled| Avg. Qurd.| Coupled | Avg. Qurd.
Freq. Freq. . |ed Freq. | Freq. . Freq. | Velocity |Frequency Velocity
Velocity Velocity
186.45| 187 | 100.30| 257.21| 262 80.51 0.0(0,0,0) - -
199.08| 204 | 90.91 | 321.07| 321 89.66 85.02(0,0,1) 83| 62.49 84 44.73
281.79| 282 | 101.60| 404.21| 404 92.31 170.17(0,0,2) 164 | 82.27 | 168 55.97
292.99| 293 - 435.75| 434 82.89 255.59(0,0,3) 252 | 77.53 | 251 78.45
307.82| 308 92.08 341.40(0,0,4)| 337 | 77.86 - -
373.79| 374 | 84.28 427.74(0,0,5) - - - -
393.51| 394 - 498.36(1,0,0)| 493 | 79.18 | 489 73.82
399.13| 398 97.27
437.11| 437 90.17
463.90| 458 93.78
48017 479 | g6.11
482.13

From above some observations may be summarizedlass:

a) If the thickness increases two times, the averagagtic velocity decreases about
10-12 dB for any damping cases.

b)

For cavity dominated modes, two different casesoaserved. In one case (for 85.02,

170.17 and 338 Hz natural frequency) the structueddcity decreases significantly
with the increase of panel thickness, indicativgeak coupling between the acoustics
and structure. In another case change in structeakity is insignificant with the
increase of panel thickness, indicating the extstesf a strong coupling between the
acoustics and structure.
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3.2.5 Case Study-4: Effect of material propertiesroSound transmission

All the above studies are made on the isotropisnaium panel. In this
section, the response of structural panel madefigireht laminated composite material are
calculated and compared with the response paramietiee isotropic aluminum panel.

The properties considered of laminated compos#éenal considered in developed
model to compute the response is listed in Tall8.3.

Table 3.18 Properties of laminated composite mateai considered in the present study

Material | E1L | E22 | G12 | Density Lamina Panel
(GPa)| (GPa)| (GPa)| (kg/n?) | Orientation | N2 °F | thickness
layers
- High 30/-30
Composite-1 strength 138 6.9 4.5 1570 Svmmetrical 4 2 mm
GR/epoxy y
High
Composite-2 modulus | 221 6.9 4.8 1600 gO/rfrgetrical 4 2mm
GR/epoxy y
Ultra-high 30/-30
Composite-3 strength 303 6.9 6.6 1680 Svmmetrical 4 2mm
GR/epoxy y

Using the developed model of semi-cylindrical wadinel for laminated composite
material, the response of structural panel is ¢aled. The obtained result is compared with
the response obtained from earlier model of 2mroktipanel. The PT-2,1 loading case is
considered similar to earlier sub-section.

Two cases are considered, i.e. (i) structural dagp and acoustics damping 0%
and (i) structural damping 0% and acoustics damp%. Average quadratic velocity plot
are for isotropic (aluminum) panel and differentngmsite panel are given in Figure 3.22 to
Figure 3.23.
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Figure 3.22:Average quadratic velocity of aluminum panel arffedent composite panel
for Loading Case PT-2,1 (withi=0.0% and&,=0.0%)
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Figure 3.23: Averages quadratic velocity of aluminum panel difttrent composite panel
for Loading Case PT-2,1 (withi=0.5% and &,=0.5%)

From above some observations may be summarizediaws:

a) The energy transmission through aluminium (isotpmanel is significantly lower
than panel made of laminated composite materialbdth the damping models.

b) For&=0.0% and £,=0.0%, the energy transmission through composite ineeagth
the decrease of stiffness to density ratio. THénsss to density ratio of the materials
used in modelling are listed in Table 3.19, when#t of stiffness is GPa and of
density is kg/m

Table 3.19 Stiffness to density ratio for differencomposite materials

Material D11/p
Aluminium 0.019
Composite-1 0.035
Composite-2 0.054
Composite-3 0.070
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3.3 Sound Transmission through Semi-cylindrical Doble Wall

3.3.1 Model Properties

In the present study a Semi-cylindrical Double wadhel separated by an air gap
(defined with a subscript ‘g’) is modelled. The pkEnare considered as simply supported
along all edges. The outer panel (Panel ‘a’) isteddoy Point load external excitation.

The geometric properties in different cases of Seyhindrical single wall panel are
stated below:

I. Length of the model (L) »2m

il. Radius of the outer panel {R : 0.24m

iii. Radius of the outer panel {R : 0.2m

iv. The thickness of the panels ©2mm

V. Thickness of air-gap : 0.04 myiy=0.2)
Vi. Structural Damping : 0.0%

Vii. Acoustic Damping : 0.0%
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The panels are made of aluminium and the propedigsanels and fluid in air-gap and
enclosure, are considered same as for Single wadleindiscussed in previous sub-section.
Two different damping cases are studied.

3.3.2 Effect on Sound Transmission through Double &l over Single wall panel

Till now all studies are carried out on single lwaloblem. In this sub-section, the
response of structural panel made of double watlisulated from developed double wall
model.

The response parameter of the double wall is coedpaith results obtained for
single wall. A point load is applied on the Parel at location z = 0.5 m and theta 67.5°
(referred as PT-2,1 loading case) as shown in igneré& 3.24.

Figure 3.24: Schematic model for Semi-cylindrical single walbgect to Point Load at
various loading point.

The average quadratic velocity and average sousskpre of double wall and single wall for
Loading Case PT-2,1 is given in Figure 3.25 andifei.26.
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Figure 3.25: Average quadratic velocity of double wall and $ingall for Loading Case PT-2,1
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Figure 3.26: Average sound pressure of double wall and singliéfor Loading Case PT-2,1

From above some observations may be summarizediawss:

a)

b)

The sound pressure level inside the enclosuregisifsiantly lower in Single wall
system than double wall system.

By introducing the double wall model the averagensb pressure level can be
reduced to 20 to 30 dB over single wall model. Té@uction of sound transmission
through wall is maximum for double wall model amaaiythe cases studied in the
present thesis.

The structural velocity of double wall panels atsoasignificantly lower then the
single wall panel, with a exception near 250 Hzqfiency region. The natural
frequency of the structural panels and the air-geg closely spaced in 250 Hz
frequency region, which cause a strong couplingveen the structural panels and
cavity domains.
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CHAPTER 4: CONCLUSIONS AND FUTURE SCOPE

4.1. CONCLUDING REMARKS

A numerical model based on the finite element hempieis developed in the present
work to understand the sound transmission behavioiar a semi-cylindrical enclosure
through the semi-cylindrical shaped flexible wdlhe developed model is also extended to
semi-cylindrical double wall structure separateddoyair gap in between. Separate finite
element models of the structural panels and thessicodomain are developed in ANSYS
(ver. 11.0) platform and a free vibration analysiperformed to get the natural frequencies
and natural mode shapes. Subsequenctly, the seuahal the acoustic domains are coupled
using the modal expansion approach following Greg¢heorem to understand the energy
transmission behaviour. The developed formulatignfirst validated for the energy
transmission mechanism through a flat double walicture with the available results from
the published research article. Energy transmissharacteristics through semi-cylindrical
single wall structure are obtained for various logdconfigurations and the effects of the
various damping co-efficients, thickness of panetl alifferent material properties are
studied. Transmission characteristic study throtinghsemi-cylindrical double wall structure
is also carried out. Some of the important obsématthat are summarized as follows:-

a. For the present semi-cylindrical single wall sturet the energy transmission
characteristics are dominated primarily by the ctal panel. The effect of the
acoustic domain such as back pressure, on thdwgtalipanel is negligible.

b. Increase in the damping co-efficient will causedatrease of the structural velocity
significantly (Figure 3.18 to 3.19 and Table 3.643t14).

c. If the thickness of the panel of single wall sturetis doubled, the average quadratic
velocity decreases by 10-12 dB for any dampingséSgure 3.20 to 3.21 and Table
3.16 t0 3.17).

d. In low frequency region the performance of isotcoaluminum) material is better
than laminated composite materials in reductioereérgy transmission (Figure 3.20
to 3.21).

e. The reduction of energy transmission through thee[saof the double wall structure
is much better than a single wall structure dua &irong back pressure effect from
the air-gap separating the panels.
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4.2.SCOPE FOR FUTURE WORK

ii)

Future scopes in the field related to presentedigBon are enormous. Some of them

Experimental validation of coupled vibro-acoustingée and double model to
estimate the energy transfer into the acoustic dothaough flexible panels.
Study of Sound transmission characteristics in® éhclosure by incorporating
the sound absorbing material layer between thelparighe double wall curved
structure.

In the present case sound transmission behaviaibban studied for external
harmonic excitation. This work may be further extadh for other types of
external excitation, viz., a turbulaent boundaryela flow over the semi-
cylindrical structure to simulate a real life caimah for aerospace structures.
Future work can also be directed towards developisgitable control strategy to

minimize the unwanted noise transmission into thelasure.
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