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Abstract

Sound transmission through a flat plate and a cylindrical shell was studied both
theoretically and experimentally. The theory consisted of using statistical energy analysis (SEA)
to predict the transmission loss of each structure. The experimental part included the use of
sound pressure levels obtained using microphones and of sound intensity using a sound intensity
probe to calculate sound transmission loss. Results, both theoretical and experimental, were then
compared to draw conclusions concerning the best way to measure sound transmission through
structures and how reliable the theory is, the behavior of structures made of the same material

but of different shapes was also of concern in this study.
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Chapter 1: Introduction

Flat plates (panels) and cylindrical shells are very commonly used structures in
engineering and other fields. Panels are mostly found in solar collectors or used as aircraft
panels, whereas cylindrical shells are found in many practical devices such as air-conditioning
ducts and aircraft cabins. Thus, studying the properties of these structures in terms of sound
transmission has become an important and useful step in developing better equipment or

improving the existing structures [1].

Engine Mounts

Propeller and
Engine vibration

Airborne Vibration Transmission

Noise \

Interior Noise

g

Figure 1. Example of a system using a cylindrical shell [1].



One of the most important properties of a structure is its sound reduction index
commonly called transmission loss. Transmission loss is related to the decrease in sound
intensity experienced as a sound pressure wave propagates through a structure. Understanding of
this characteristic can be very helpful in reducing interior noise levels for instance in aircraft
cabins. In this regard, the development of accurate prediction approaches and experimental

measurement methods is very important in the study of noise propagation through structures.

Different theoretical approaches to study structural properties in sound transmission exist,
the most commonly used are the Statistical Energy Analysis and the Finite Elements Method.
The Finite Elements Method is a very popular numerical method based on a partial differential
equation formulation of a problem and is useful when studying the behavior of a structure on a
large scale [2, 3]. Statistical Energy Analysis however, is better suited to the study of complex
structures even though the results at low frequencies are not considered very reliable. Statistical
Energy Analysis was implemented in the late 1950s independently by Richard Lyon and Preston
Smith [4, 5, 6] for linearly coupled oscillators and by Crocker, Price and Bhattacharya [7, 8] for
transmission of sound through structures, with the aim of analyzing the response of large
complex aerospace structures subjected to random loading. For the panel and the cylindrical
shell studied in this thesis, the critical frequency was high which made the use of Statistical
Energy Analysis applicable. Chapter 2 of this thesis reviews the theoretical aspect of Statistical
Energy Analysis and how it can be applied to each of the structures under consideration. It also

describes the computation used to obtain the so-called transmission loss for each structure.



“Mass law theories’ [9, 10] were used prior to Statistical Energy Analysis to predict
sound transmission loss, however their limitations were known since they do not take into
account the stiffness and damping of the structures. “Mass law theories” are also briefly

discussed in Chapter 2.

Different experimental approaches exist to measure sound transmission loss of panels and
shells. The first approach consists of using sound pressure level measurements made each side of
the panel or shell to calculate the noise reduction created by the structure. Then applying a
formula obtained from theory to calculate transmission loss. It is also called the transmission
suite method or the two room method [11]. A second approach consists of using sound intensity
measurements [12, 13] to determine the transmission loss by calculating the sound intensity
incident on the structure and measuring the transmitted sound intensity using a sound intensity
probe. Chapter 3 presents the setup used for each structure and each method used as well as the
results obtained with both methods for each structure. Chapter 4 compares the results obtained
using the theoretical approach and the experimental ones and presents conclusions concerning
which experimental method provides the most reliable results. This chapter also focuses on a
comparison of the acoustical behaviors of the two structures and on forming conclusions
concerning the differences found between the two structures. Finally, Chapter 5 discusses

general conclusions of this study.



Chapter 2: Statistical Energy Analysis theory

2.1-Overview:

A theory that explains sound transmission through a complex structure is referred to as
Statistical Energy Analysis (SEA). It has been studied by several scientists and constitutes a very
important part of acoustics. The analytical model study was conducted using this method which
aims to predict the vibrations in a system at high frequency where it is difficult to apply the finite

element method. Transmission Loss was the most important parameter in this study.

SEA consists of subdividing the system under study into coupled subsystems and analyzing
the energy flow in these subsystems under the assumption that the energy flow between coupled
systems is proportional to the modal energy difference between the systems. An assumption is

made that the coupling is weak and linear, as is the case for the subsystems in this study [14].

Since the calculations used in SEA are in frequency bands (one-octave or one-third octave),
the results are averages in frequency bands. Energy is the main variable used in this method in
which the system is divided into subsystems. The average energy levels of each subsystem are
converted into the needed variables (sound pressure levels etc.). Lyon has emphasized the fact
that SEA is not a specific technique, but a set of tools [14]. Many scientists have used the SEA
model to measure transmission loss of different structures; the aim of the theoretical part of this

study is to adapt this method to the two structures under study.



2.2-Application of SEA to the study of the flat panel

2.2.1-Critical frequency and modes of the panel:

The critical frequency of the panel occurs when the panel bending wavelength equals the

trace wavelength of grazing sound waves and can easily be calculated using the formula:

2
fe = /”Tm% where p,, is the mass density of the material, E is Young’s modulus, c, is the

speed of sound in air and h is the thickness of the structure [15].

The vibration of panels is higher at the critical frequency; therefore the transmission of
sound is also higher. To study the vibration of the panel below and above the critical frequency,

it is necessary to study the resonant modes of the panel.

The resonant modes of a panel can be classified into two categories: Acoustically fast
modes and acoustically slow modes. The modal behavior of a panel is different in each of these

categories.

Acoustically fast modes are modes that have structural bending wave speeds greater than
the speed of sound in air and are above the critical frequency. These modes have high radiation
efficiencies. Acoustically slow modes have resonance frequencies below the critical frequency
and bending wave speeds less than the speed of sound. Acoustically slow modes have low
radiation efficiencies and can be subdivided into two classes: edge modes and corner modes.

With edge modes, the bending phase speeds in one direction are greater than the speed of sound



whereas in the other direction they are smaller. With corner modes, both bending phase speeds in

both directions are less than the speed of sound.

Below the critical frequency, where acoustically slow modes are resonant, trace
matching does not exist at resonance, the vibration amplitude is low and most sound is
transmitted by modes that are non-resonant. This gives rise to the so-called “mass-law”
transmission. Above critical frequency, trace matching occurs and the vibration amplitude of the
panel is high, then sound transmission is mostly resonant. Then as the frequency increases, the

sound transmission approaches “mass law” predictions again.
2.2.2- Radiation of the panel:

The radiation resistance of a structure is a measure of the coupling of the structure with
the acoustic field, or a measure of the sound power radiated by the structure for a vibration level.
Determining the radiation resistance of the panel is important in further determinations of the
transmission loss. The radiation resistance of a simply-supported panel to half space is given by

Maidanik [16, 17] by the formula:

(Acda/Ap)2(f /DG (F /1) + (PA/Ap) 92 (F /1D, f < foi
R¥a = AppmCo-) (L/A)™Y? + (1,/A)Y?, f=fi(i
1-f/H7V f>te

where:

(4/nH)(1 - 2a?)/a(1—a®)?, f< gfc,}
0, f>3fe

9(f/f) = 2m)~? {1 - &®) In[(1 + )/ (1 — )] + 2a}/(1 = a®)*?, a = (f/f)"*.

g1 (f/f0) = {



Here, A, s the area of the panel, P is the perimeter of the panel, A. is the coincidence

wavelength of the panel, and A, is the acoustic wavelength.

Then, the radiation loss factor of the panel can be defined as:

_ R . (2)

Nyraa = pr )

where w is the angular frequency and M,, is the mass of the panel.

The response of the panel to acoustic excitation depends on the radiation resistance and the

radiation loss factor of the panel.
2.2.3-Panel response and sound transmission Loss:

To determine the transmission loss, the system is subdivided into three coupled
subsystems and energy flow through these systems is studied in frequency bandwidths of 1

rad/sec as described by Crocker and Price [16]:
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Figure 2: Energy flows between subsystems [4, 16].

The first subsystem (1) represents the source room where the noise source is located, the
second subsystem (2) is the panel itself, clamped between the two rooms and the third system (3)

is the receiving room. The following figure, Figure 3 is a representation of the system:
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Figure 3: Setup of the panel clamped between two reverberant rooms. [18]

In the following equations, I1;,, is the power supplied to system i, II;; is the rate of
energy flow from system i to system j, I1;;; IS the rate of internal energy dissipation in system i,
E; is the total energy of system i, n; is the modal density of system i in radian frequency, n;; is

the coupling loss factor between system i and system j, n; is the internal loss factor of system i.

The power flow balance between the three subsystems can be written as follows:

Miny = Hgissy iz + I3, 3

lliny = wnEy +wniny (5—1 — i—z) + wny3ny (5—1 — :—z) : (4)
inp = gissy — 1z + I3 5 ®)

[in, = wnyE; —wngony (5—1 - 1%) + wny3n, (:—z - 5—2) : (6)



Ilins = Hgisss — I3 — 13, (7)

lin3 = wnzE3z —wn3ny (E1 E) — Wh3N, (2 - E); (8)

‘I’l_1 N ns na ns
For this model, reverberant sound is produced by a loudspeaker, therefore I1;,,, = I1;,3 = 0 and
by substitution into the above equations:

ﬂ_ﬂ[ Nrad ]
)

n; ny Mine+2nrad

E1n13+E3N23
Ey =822 (10)
N3+n31+M32

Then, noise reduction from the source room to the receiving room is given by the equation:

E3 _ N13+0744(M2/10)/(Mine+20rad) 11)
Eq N3+(ny/n3)N13+M2/N3)MNrad

Nrqeq Was determined by Equation (2) and n,3is determined by the equation:

10log,o 1.3 = —T.L. +10log;, (Apco) :

where T.L. is the random incidence mass law transmission loss value for the panel which is
2

. . w?M}
given by the equation: T.L.:lO|Og[4pZC ].
0

2
0

: 2.2 . L .
Finally, n; = T where Tyis the reverberation time of the receiving room.
R

The noise reduction of the panel is determined by taking the logarithm of Equation (11):

N.R.= 101l0g10[n13 + naqa (M2/11)/ Mine + 20raa)] — 1010g1o[n3 + (ny/13)013 +

(nZ/n3)nTad]' (13)

10



The room modal densities at high frequency are assumed to be:

n, = Vl(l)z
L™ 2m2cd
Na = V3(U2 (14)
37 2m2cd
where V; is the volume of room i.
Finally, the transmission loss is found using the formula:
ApCOTR
= . —| . 1
TL = N.R. +10log [24V3 o (15)

2.2.4-Panel response relative to mass law theory:

Equation (9) gives the panel vibration amplitude. As stated by Crocker [16, 18] or a

SpV-
reverberant field, the total energy in a 1 rad/sec frequency bandwidth is E; = :1621
0o
M,S
and the total panel energy in 1 rad/sec frequency bandwidth is: E, = 523
and Equation (9) becomes:
MpSa _ SpiVa [ Nrad ] (16)
nyw? PoC§n1 Nint+2Nraal’

Using the modal density of the room, n;, and the modal density of the panel, n,, given by
Equation (15)

Sa — 2 f, [ Nrad ]
Sp1 PoCoPmh int+2nrqal’ (17)

If the panel responded as a limp mass, the response would be:
Saml _ 2 . (18)

Sp1 B (pmh)?’

Finally, dividing Equation (17) by Equation (18) gives the panel response relative to mass law:

11



Sa — 77:zfcpmh[ Nrad ] (19)

Saml PoCo Nint+2Nrad

2.2.5-Computational implementation:

Using the equations in the theory above, a program was written to compute the noise
reduction and transmission loss at each frequency for the panel as well as the response of the
panel relative to mass law. The thin flat panel used in the program has the same values as the
panel used for the experimental part for its different parameters. The panel was 1.04 m long,
0.609 m wide and 0.00127 m thick. The material chosen for the panel was galvanized steel
metal with an estimated density of 7,850 kg/m3 , Young’s modulus of 200 GPa, and Poisson’s

ratio of 0.28. The program is given as an appendix.

50

10—

Transmission Loss (dB)

-10 =

20 | | | | | | | | | | |
500 1000 2,000 3,000 4,000 5000 6,000 7,000 8,000 10,000 12,000 14,00016,000
Natural Frequency (Hz)

Figure 4: Theoretical transmission loss of the panel using SEA.
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The program was run for frequencies ranging from 500 Hz to 16,000 Hz where SEA is the most
accurate. At the critical frequency, a significant dip can be seen. The panel becomes transparent
to sound. The transmission loss is lower than it is at all the other frequencies and does not follow

“mass law” theory which does not take into account the stiffness and the damping of the panel.

Pancl Response (dB)

| | | | | | | | | | |
0
500 1000 2000 3000 4000 5000 6000 7000 8000 10000 12000 14000 16000

Frequency (Hz)

Figure 5: Predicted panel response relative to mass law.

2.3- Application of SEA to the study of the cylinder:

As Lyon explains [14], SEA requires one to determine the parameters that will later be
used to calculate the system response. Among these parameters, the most important are the
natural frequencies of the cylinder that can be found theoretically, the modal density, the mode
classification and loss factors which can be obtained using a powerful approach in SEA known

as the wavenumber diagram.

13



2.3.1-Natural frequencies and modes of the cylinder:
The natural frequencies of a cylindrical shell are obtained using the equation of motion derived
from Love’s equation [19, 20], for a simply supported cylinder, the displacements in the

longitudinal, circumferential and transverse directions, respectivelylU, , U, and U, are:

U.,= Acos(%) cos(n(6 — @)

U,- Bsin(?)sin(n(e—@) ; 20

U.- Csin(?) cos(n(0 - )

where 0 and x are the coordinates, m and n are the longitudinal and transverse mode numbers and

@ is an undetermined angle.

Theoretically, the solution (natural frequencies) can be found by substituting the eigen-
functions into the equation of motion. But this solution usually proves to be too complicated to
be used in an engineering model [21]. This problem, however, can be solved by only considering
the transverse vibration which gives us the Donnell-Mushtari-Vlasov equation [22, 23, 24] by

making the following assumptions [25, 26]:
-Neglecting the contribution of in-plane deflection in bending strain expressions.
-Neglecting the influence of inertia in the in-plane direction.

-Neglecting the shear terms in the transverse direction.

14



-Satisfying the inequality: :—z > i—gwhere R is the radius, L is the length of the cylinder and n is

the mode number [25].

Using these simplifications, the natural angular frequencies of the cylinder can be written:

1 EhR? n )
a)mn :\/p h L4n4 77m+D(E)4 ' (21)

where p, is the mass density of the material, m and n are respectively the mode numbers in the
longitudinal and transversal directions, E is Young modulus, D is the bending stiffness, and the
N, values are the roots of the analogous beam equation determined by boundary conditions.

Soedel [27] explained that the last assumption is not necessary for all cases, including the case of

a simply-supported cylinder. Without using this simplification, the natural angular frequencies

become:

2
- By, [”_2+ﬁ} . (22)
mn 5 T 2 2
Pah R2|_4{nz+77m} REL
Rz L2

The boundary conditions have an influence on the variables in Equation (22). It has been
shown, however, that these differences are smaller for higher mode numbers, which means that
the error in calculations is only limited to lower modes (m, n <5) when the cylinder is assumed to

be simply-supported.
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The wavenumber diagram:

The wave-number diagram, also called the k-space diagram is a very powerful approach
used in the SEA in order to simplify then plot the natural frequencies. It uses wavenumber

functions which are defined as:

h2R2 1/4
_(_)Lz(l— 2)} .
N h2R2 vs

]

where k, is the longitudinal (axial) wavenumber function and k. is the circumferential

(23)

wavenumber function.

By using these functions, a simplification of the previous equation for the natural frequencies can

be obtained [28]. The equation becomes:

Oy = [[(Ky? + K22+ K (k24K 2] 27, (24)

where £, is the ring frequency of the cylinder defined as: f, = (—)f where p,, is the density

of the material, E is Young’s modulus and R is the thickness of the structure. The normalized

frequency V,is defined as v, =

Wy
2rf
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Figure 6: Wavenumber diagram [28].

Modal density:

Specific modes are represented by points in the wavenumber diagram distributed on a
regular 2D lattice. Each mode occupies an area of the diagram equal to the product of the

distance between mode points in each coordinate direction.

The modal density of a cylindrical shell is obtained from the number of modes and the

bandwidth (units of mode/Hz). It has a peak value at the ring frequency. It can be defined as:

n(w) = :—N where N is the number of modes obtained by dividing the area occupied by the strip
w

by the area of a unit mode.
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2.3.2-Radiation from the cylinder:

The radiation efficiency [29] of a structure defines the efficiency of the sound radiation

from this structure to the outside field. The formula determining radiation efficiency is:

__ B . (25)

o = ’
PoCoS(v?)

where PB. is the sound power radiated from the structure, p,C, is the characteristic impedance of

the air, S is the surface area, and <v2> is the spatially averaged mean-square velocity of the

radiating surface.

The frequency-averaged radiation efficiency depends on the number of modes resonant in a
frequency band. These are called acoustically fast modes and acoustically slow modes:
Acoustically fast modes are defined as the resonant modes where both k, and k. are less than k,
while acoustically slow modes are ones where one or both the acoustical wavenumbers are
greater than k. The radiation efficiency is higher for acoustically fast modes than acoustically

slow ones.

Unlike a panel, a cylinder can have acoustically fast modes in all frequency ranges in which

natural frequencies occur.

Acoustically fast modes are so far superior as radiators to any acoustically slow mode so that if
they are present in a frequency band, the radiation from all acoustically slow modes in that band

can be neglected. [25]
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The radiation efficiency of the modes resonant in a frequency band of interest in a cylinder varies

as follows:

For any frequency band that includes solely acoustically fast modes, the radiation efficiency of

the cylinder is unity.

For any frequency band that includes both acoustically fast and acoustically slow modes, the
radiation efficiency of the cylinder can be assumed to be given by the ratio of acoustically fast

modes to the total number of modes resonant in the frequency band.

For any frequency band that includes solely acoustically slow modes, the radiation efficiency is

given by the following equation [30]:

1 1

LY (L)
el ]
_ -(f) W
(26)

wL[12(1 — p2)]V/4 (k2 + k2)Y/2(1 — ;)1/2

Cc

where f is the center frequency of the frequency band and £, the critical coincidence frequency.
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2.3.3-Cylinder response and Transmission Loss:

The transmission loss is defined as a measure of the sound insulation provided by a

. Incident ti
structural element. It can be written as: TL=10 log [——— 02 = POWEL_)

Transmitted acoustic power-

In the case of a finite cylindrical shell, the transmission loss can be divided into two parts:
resonant transmission and non-resonant transmission. Non-resonant transmission can be much
more important at frequencies at which the resonant radiation is weak (therefore for acoustically

slow modes). Resonant transmission is more important at high frequencies.

The resonant transmission can be derived from the power balance equations [29] and is

given by the formula:

872C,2N(@p)R 4 ]: (27)

TL . =-10lo
glO[wozmssz(2 Rrad + I:zmech)

res —

where N(@,)is the modal density in modes/Hz, R, the radiation resistance of all the modes
resonant in the band, M the mass of the cylinder per unit area, S the radiating surface area and

R...ch the mechanical resistance.

The non-resonant transmission loss formula depends on the frequency range being
considered. Above the ring frequency, only the mass controlled modes are taken into account
while below the ring frequency, both the mass and stiffness controlled modes are taken into

account [24, 28].

20



The non-resonant transmission loss is given by two formulae depending on the frequency

under consideration:

TL, =8.33log,, [[v,2h/ RYE p, 14 p,2¢,ALL— (v, f, | )22 +2.3]

1/2 (28)
-3:+20l0g,,| 7/ 28in” [t~ (0 f, / £)7]7 |

for v, <1, below the ring frequency,

and

TL, =8.33l0g, [[v, (N RYE p, 1 4 py2c, Al - (v, f, / £ )2 +2.3] -3 (29)

for v,>1 above the ring frequency.

The total transmission loss (TL) of the cylinder is calculated from the energy sum of the

resonant transmission loss and the non-resonant transmission loss.
2.3.4- Computational implementation:

The parameters explained in this theoretical part were used in a Matlab program to

calculate transmission loss theoretically. This program is given in the Appendix.

The implementation is different from the one used for the panel since it uses the
wavenumber diagram. One first enters the specific parameters of the cylinder that are being
studied, and then one starts with the bandwidth analysis which sets the frequency band

considered.
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The program is used to solve the equation:

K+ (4k K2 + (BK* + v, 2+ 1)k’ + (4k° - 2v kK2 + (K2 —1,2k*) =0;  (30)

which is expanded from the equation: =[(ka2+kc2)2+k§/(ka2+kc2)2]l/2-27ffr- Then, for

each given frequencyV,, 300 values fork, and for k. are taken. The acoustically fast,

acoustically slow, and acoustically fast and slow modes were also isolated to be able to use the

correct formulae for transmission loss previously given and finally to obtain a theoretical value

to compare with the experiments.
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Figure 7: Cylinder theoretical transmission loss.

The thin cylindrical shell used for the program has an outside diameter of 0.6096 m with

a wall thickness of 1.27 mm. The cylindrical shell was made of galvanized steel metal with an
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estimated density of 7,850 kg/m3, a Young’s modulus of 200 GPa, and a Poisson’s ratio of 0.28.
The overall length of the cylindrical shell is 2.0574 m with a 19.05 mm wide plywood disk

placed inside both ends. The inside distance between the two plywood disks was 2.0066 m.

The program was run for frequencies ranging from 500 Hz to 16,000Hz where SEA is
more reliable. Two dips can clearly be seen at the ring frequency (2,636 Hz) and at the critical
frequency (10,118 Hz) of the cylinder. The sound transmission loss at these frequencies is lower

than it is at the other frequencies and does not follow “mass law” theory.

The program was also used to obtain the cylinder response relative to mass law as shown

in Figure 8:

40
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Figure 8: Cylinder response relative to mass law.
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Chapter 3: Experimental investigations of the transmission loss

3.1- Reverberation time measurements:

Measuring the reverberation time Ty of the receiving room was of prime importance in
the experimental part of this study, since it was later used to calculate the transmission loss for
each structure. The reverberation time of a structure is defined as the time necessary for the
sound to decrease to a level of 60 decibels below its original steady level when a sound source
ceases. Pulse LabShop software and hardware, produced by Bruel & Kjaer [31], a company
specialized in acoustical instrumentation was used to collect and process the data for this and all
of the other sets of experiments. The software provides a program to measure the reverberation
time using sound decay measurements. Many tests were conducted in which parameters were

modified to estimate the reverberation time of the room;
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Figure 9: Program to measure the reverberation time of the receiving room.
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http://hyperphysics.phy-astr.gsu.edu/hbase/sound/db.html#c1

The experiments were conducted with absorption material in the room and then without
it. Then the amplification factor of the loudspeakers was changed. The reverberation time values
obtained were relatively similar despite the fact that these parameters were being modified. It
was concluded that the experiments gave a correct estimate of the reverberation time that could

later be used to calculate the transmission loss of the panel and of the cylinder.

[9] Mean Reverberation Time Spectrum
.
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Figure 10: Reverberation Time of the reception room in 1/3 octave band.
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3.2-Panel experiments:

3.2.1-Experimental setup:

The thin flat panel under study was 1.04 m long, 0.609 m wide and 0.00127 m thick. The
panel was made of galvanized steel metal with an estimated density of 7,850 kg/m3, a Young’s

modulus of 200 GPa, and a Poisson’s ratio of 0.28.

Figure 11: Panel used for the experiments.

The same experimental setup was used for both sets of experiments. The flat panel was
clamped between two reverberation rooms of the same dimensions. Large loudspeakers and a
pressure source were placed in one of the rooms, which was considered to be the source room for
the noise. It was otherwise empty. The calculated critical frequency was 10,118 Hz, both these

noise sources were needed to provide enough sound power so that the sound pressure level

26



produced would be sufficiently above the background noise. The second room, or receiving

room was also empty.

Figure 12: Loud speakers and turbulent flow pressure tubes.

3.2.2- Transmission suite experiments on the panel:

The two room method is widely used to evaluate the transmission loss (TL) of a structure
and consists of having the structure placed between a source room and a receiving room as
described above. A microphone was placed in the source room to measure its sound pressure
level, called the incident sound pressure level. Another microphone was placed in the receiving
room to measure the received sound pressure level. The measurements were taken in different
locations in both rooms to obtain a space-average of the sound pressure level in each room.
Sound fields in the two rooms were reverberant, allowing the calculation of the noise reduction

of the panel [31].
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First however, the background sound pressure needed to be measured to confirm that the
sound pressure levels in each room were sufficiently above the background noise so that the
results could be considered acceptable. To measure the background sound pressure, the

microphones were placed in different locations of each rooms with no noise sources present. The

following results were obtained:

I I I
Source Room
= = =Receiving Room | |

Sound Pressure Level (dB)

10 \ ! ! \ ! \ L \ ! !

500 1000 2,000 3,000 4,000 5000 6,000 7,000 8,000 10,000 12,000 14,000 16,000
Frequency (Hz)

Figure 13: Background sound pressure levels in the source room and the receiving room.

As Figure 13 shows, the background sound pressure level measured did not exceed 16 dB

in the frequency range of interest.
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Then, using both the loudspeakers and the turbulent flow pressure tubes as noise sources,
and placing the microphone at five different locations for each room, the sound pressure level in

both rooms was measured then the space-average of each of the measurements was calculated.

84 T T T T T T T T

Sound Pressure Level (dB)
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Figure 14: Sound pressure level in source room
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Figure 15: Sound pressure level in receiving room.

The sound pressure level in the source room was between 70 dB and 82 dB in the
frequency range of interest and between 25 dB and 45 dB in this frequency range for the
receiving room. The sound pressure level drop was very noticeable (at least 25 dB) with a peak

at the frequency 10,200Hz which is very close to the panel’s calculated critical frequency.

By comparing the sound pressure levels when the noise sources were turned and the background
sound pressure level, it was concluded that the measurements were not contaminated by

background noise:
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Figure 16: Sound pressure level and background noise in the source room.

In the source room, as Figure 16 shows, the background sound pressure level was at least 40 dB

lower than the sound pressure level with the noise source on.
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Figure 17: Sound pressure level and background noise in receiving room.

In the receiving room, as Figure 17 shows, the background sound pressure level was at least 10

dB lower up to 5,000 Hz than the sound pressure level with the noise sources were turned on in

the source room.

The noise reduction (NR) was calculated by subtracting the obtained sound pressure level

Ry

from one another, using the formula: NR =10log,,(=™) Where P,,, is the sound pressure in the

out

source room and P,,,; is the sound pressure in the receiving room. The noise reduction was then

plotted for the desired frequency range.
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Figure 18: Panel noise reduction.

As Figure 18 shows, the noise reduction of the panel increases with a slope of about 6 dB

per doubling of frequency up to the critical frequency where a dip can be observed.

The second parameter needed to calculate the transmission loss using the noise reduction

is the reverberation time Tk. This was measured previously. So the transmission loss was

Sc, Ty

calculated using the following formula: TL=NR +10|0910(m

); where V is the volume

of the reception room, S the surface area of the panel and C, the speed of sound in the air. The

following is the result obtained:
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Figure 19: Panel transmission loss using sound pressure level measurements.

Figure 19 shows a dip near the critical frequency (about 10,100 Hz) where the transmission loss
decreases then increases. The results at low frequencies do not seem to be as good as expected. A
correction was made to take into account the effect of the background noise when calculating the

transmission loss for the panel.

The sound pressure level measurements were also used to plot the experimental response
of the panel relative to mass law. The acceleration of the panel was measured using an
accelerometer placed in five different locations, these results were then averaged to obtain the
surface average acceleration level on the panel. These results were used to plot the response of

the panel relative to mass law:
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Figure 20: Experimental panel response relative to mass law.
3.2.3-Sound intensity experiments on panel:

Using the same experimental setup, a second method was applied to calculate the
transmission loss of the panel. This method uses a sound intensity probe to measure the
transmitted intensity in the receiving room when the panel is subjected to a noise source in the
source room. The sound intensity in the source room is calculated using the sound pressure level

in the source room.

For the experiment, the sound pressure level was measured in the source room at five different

locations of the room, space-averaged, then converted into incident intensity on the panel using

2

the formula:l;,, = 45"”6 . This is valid under the assumption that the sound field in the source
oto

room is reverberant and diffuse. The following figure, Figure 21, shows the results obtained:
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Figure 21: Calculated Intensity incident on panel in source room.

The sound intensity probe was used to measure the sound intensity transmitted through
the panel in the receiving room. The probe was placed close enough to the panel so that the
direct field was dominant. The experiment was repeated five times and the results were averaged.
The procedure for sound intensity measurements using the sound intensity probe is further

described in the Appendix. The following results were obtained for the transmitted sound

intensity:

Sound Intensity Level (dB)

1 | L L L 1 L L 1 L L

“50() 1000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 10,000 12,000 14,000 16,000

Frequency (Hz)
Figure 22: Sound intensity transmitted through the panel.
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With this second method, a peak in the transmitted intensity can also be seen at the
calculated value of the critical frequency. It is also noticeable that the sound intensity level in the
receiving room transmitted through the panel is much lower than the sound intensity level

incident on the panel in the source room.

To make sure the sound intensity results were reliable, the background sound intensity in
the source room was calculated using the background sound pressure level previously measured
and compared to the incident sound intensity level. The background sound intensity in the

receiving room was also measured and compared to the transmitted sound intensity. The results

are shown in Figures 23 and 24.
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Figure 23: Background sound intensity level in the source room.
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Figure 24: Background sound intensity level in the receiving room.

As Figures 23 and 24 show, the background sound intensity levels in both the source
room and the receiving room are low. These measurements were compared to the sound intensity
level measurements with the loudspeakers turned on to make sure the intensity measurements are

not contaminated by background noise or instrument noise for the frequency range of interest:
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Figure 25: Background sound intensity level and sound intensity level with the loudspeakers on
in the source room.
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Figure 26: Background sound intensity level and sound intensity level with the loud speakers on
in the receiving room.

Iin

Then, using the definition for transmission loss: TL =10log,,(—") , where I,,is the

out

incident sound intensity and I,,,,; is the intensity transmitted through the panel into the receiving

room, the transmission loss was calculated and the following results in Figure 27 were obtained:
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Figure 27: Panel transmission loss using sound intensity.

Below the critical frequency, the transmission loss gradually increases with a slope of 6
dB per doubling of frequency. Then at the critical frequency, the measurements of TL show a

pronounced dip at the critical frequency where the transmission loss decreases then gradually

increases again with an increase in slope.
3.3-Cylinder experiments:
3.3.1-Experimental setup:

The thin cylindrical shell under study has an outside diameter of 0.6096 m with a wall
thickness of 1.27 mm. The cylindrical shell is made of galvanized steel metal with an estimated

7,850 kg/m?3 density, 200 GPa Young’s modulus, and 0.28 Poisson’s ratio. The overall length of
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the cylindrical shell is 2.0574 m with a 19.05 mm wide plywood disk placed inside both ends.

The interior distance between the two plywood disks is 2.0066 m.

E

{

Figure 28: Cylindrical shell used during the experimental investigation.

The same experimental setup was used for both sets of experiments, the cylinder was
suspended in a reverberant room with two loudspeakers + tweeters and a microphone inside the

cylinder that could be rotated.
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Transmission volume

Reception volume

Figure 29: Model of the transmission and reception volumes.

Figure 30: Loudspeaker and tweeter inside the cylinder.
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3.3.2-Transmission suite experiments on the cylinder:

The first method used, also referred to as the two room method, which consists of using
two reverberation spaces separated by the structure studied (in our case the cylindrical shell)
which was previously described. In this method, the source room and the receiving room are also
called the transmission room and the reception room. When using loudspeakers inside the
cylindrical shell, the reception room is the room in which the cylinder is located and the
transmission room is the inside of the cylinder. First, the background sound pressure level was
measured inside and outside the cylinder to confirm the sound produced and transmitted is high

enough above the background noise, so that the results can be considered acceptable.

To measure the background sound pressure level, the loudspeakers inside the cylinder
were turned off and the microphones were placed at five different locations in the room and the

cylinder. The following results were obtained:
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Figure 31: Background sound pressure levels for the room and for the cylinder.

The background sound pressure level measured did not exceed 30 dB in both the

transmission room and the reception room.

Then, using the source, sound pressure levels were measured inside the cylinder and in

the receiving room for five different locations and space-averaged:
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Figure 32: Sound pressure level inside the cylinder.
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Figure 33: Sound pressure level in the receiving room.

The sound pressure level inside the cylinder was between 65 dB and 85 dB in the
frequency range pf interest for the source room and between 30 dB and 65 dB in the same
frequency range for the receiving room. The sound pressure level drop was very noticeable (at
least 25dB) with a clear peak at a frequency of about 10,100 Hz which is very close to the
calculated critical frequency. By comparing the sound pressure levels when the source is used

and the background sound pressure levels, it is clear that the measurements are reliable:
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Figure 34: Sound pressure level and background noise inside the cylinder.

Inside the cylinder, the background sound pressure level was at least 60 dB below the sound

pressure level with the source at all frequencies. This result is similar to the one obtained for the

panel.
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Figure 35: Sound pressure level and background noise in receiving room.
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In the receiving room, the background sound pressure level was at least 25 dB below the sound

pressure level with the source turned on at all frequencies. This difference was higher than the

one obtained for the panel.

Then, the measured sound pressure level in the transmission room was subtracted from
the measured sound pressure level in the reception room to obtain the noise reduction (NR). The

experimental method used was similar to the one used for the panel. The results obtained were

plotted in the following Figure 36:
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Figure 36: Cylinder noise reduction.

Two dips can clearly be observed for the cylinder noise reduction: one at the
experimental ring frequency of the cylinder and another one at the experimental critical

frequency. These two frequencies coincide with the calculated ring and critical frequencies.
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The reverberation time, previously measured is also needed to calculate the transmission

loss and is then given by the formula:

Sc, Ty

TL = NR+10log,, (——28—
glo(24v In(10)

);

where V is the volume of the reception room, S the surface area of the cylinder and C, the speed

of sound in the air.

50

45—

40—

Transmission Loss (dB)

5 | | | | | | | | | | |

b

500 1000 2,000 3,000 4,000 5000 6,000 7,000 8,000 10,000 12,000 14,000 16,000
Frequency (Hz)

Figure 37: Cylinder transmission loss using the sound pressure levels.

The figure shows that the transmission loss is very low below the ring frequency, then a
dip can be observed at the ring frequency. The transmission loss increases up to the critical

frequency where the second dip can be observed, then the transmission loss becomes higher.
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3.3.3-Sound intensity experiments on the cylinder:

The second method used to calculate the transmission loss is the intensity method. It
consists of measuring the sound pressure level inside the cylinder using the microphone placed
inside and the intensity measured outside the cylinder using a sound intensity probe [32, 33].
Then the sound pressure level results calculated were used to estimate the intensity inside the

cylinder. Using the previously given formula the transmission loss TL was calculated:

TL =10log,,( II n),

out

The advantage of this second method is that only one sound field is needed, while the two room
method requires two sound fields. This method is also considered to be more accurate since it
does not need corrections for the surface area of the structure and the absorption of the receiving

room.

Because the sound field in the cylinder is considered to be a reverberant field, the incident
sound intensity inside the cylinder can be calculated with the interior space-average sound

p2
pressure level results and the formula I;;,, = ﬁ can be used.
0¢o

First, the background sound intensity inside the cylinder was calculated to make sure the
results were reliable in the frequency range of interest. Figure 38 shows the result obtained for

the background sound intensity inside the cylinder.
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Figure 38: Background sound intensity level inside the cylinder.

The background sound intensity level in the receiving room was also measured by removing the

noise sources in the room and using the sound intensity probe. The results are shown in Figure 39.
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Figure 39: Background sound intensity level in the receiving room.
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Then sound pressure level inside the cylinder with the loudspeakers on was measured and space-

averaged for five different locations. The results obtained for intensity are plotted in Figure 40:
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Figure 40: Sound intensity inside cylinder (calculated).

The results were compared to the background sound intensity level inside the cylinder, as shown

in Figure 41 and it was concluded that the measurements inside the cylinder were reliable for the

frequency range under investigation:
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Figure 41: Background sound intensity level and sound intensity level with source on inside the cylinder.

Then, using the sound intensity probe, the sound intensity transmitted from outside the cylinder

was measured following the procedure described in the appendix:
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Figure 42: Measured sound intensity outside the cylinder.

The results were compared to the background sound intensity level in the receiving room, as
shown in Figure 43 and it was concluded that the measurements in the receiving room were

reliable as well for the frequency range under investigation:
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Figure 43: Background sound intensity level and sound intensity level with the

loudspeakers on in the receiving room.

The intensity is much higher inside the cylinder since it is the source volume for this set of

experiments. In the receiving room, a very pronounced dip can be seen at the critical frequency.

Then transmission was calculated using the formula given previously:
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Figure 44: Transmission Loss using intensity probe.

At low frequency, the results do not seem to be reliable. The dips at the ring frequency
and the critical frequency can be observed and the results seem reliable at higher frequencies
(2,000 Hz to 12,000 Hz). Above 10,000 Hz, TL is not reliable since the intensity probe fails

above about 10,000 Hz.

The sound pressure level measurements were also used to plot the experimental response
of the cylinder relative to mass law. The acceleration of the cylinder was measured using an
accelerometer placed at five different locations, these results were then averaged to obtain the

space average acceleration of the panel. These results were used to plot the response of the panel

relative to mass law:
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Figure 45: Experimental cylinder response relative to mass law.
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Chapter 4. Comparison of the results:
" 4.1-Theoretical predictions and experimental results for the panel:

4.1.1-Theoretical predictions versus sound pressure level measurements:
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Figure 46: Theoretical panel transmission loss (solid line) and measured transmission loss

(dashed line).

Figure 46 shows the theoretical SEA results obtained for transmission loss (TL) and those
measured using sound pressure levels and the two room method. The critical frequency of 10,118
Hz predicted theoretically agrees fairly well with the TL measurements using sound pressure
levels. The agreement of the measured results with the theoretical predictions is good at low

frequencies. At high frequencies above 6,000 Hz and at frequencies in the critical frequency
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range. These differences are caused by the interference of the background noise. The transmitted
sound is not sufficiently above the background noise. The noise sources used were not powerful
enough to produce a high enough sound pressure level in the receiving room at high frequencies.
The agreement between the theory and measurements shows and the presence of a visible dip at
the critical frequency. This gives confidence in the accuracy of SEA. The dip that can be
observed at the critical frequency is more pronounced in the sound transmission loss predictions
is calculated than it is in the measured sound transmission using this first method. The reason for
that might be the difficulty in the measurements since the two room method requires creating a
diffuse sound field and measuring the reverberation time of the room which was difficult.

4.1.2-Theoretical predictions versus sound intensity measurements:
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Figure 47: Theoretical panel transmission loss (solid line) vs transmission loss using sound

intensity (dashed line).
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Figure 47 shows the results obtained for transmission loss SEA predictions and
measurements using the sound intensity probe. The critical frequency of 10,118 Hz predicted
theoretically agrees reasonably well with the measurements of TL using sound intensity. At all
frequencies, the sound intensity probe method and the theoretical predictions results are in good
agreement (difference of around 2 dB). This proves that the experimental method gives accurate
results but also the predictions of SEA are reliable. The dip that can be observed at the critical
frequency is more pronounced when sound transmission is calculated than it is when sound
transmission is experimentally determined using the intensity method. The assumptions used for
this experimental method concerning the sound field for the source room to calculate the
intensity incident on the panel proved to give accurate results.

4.1.3-Comparison of all the results for the panel:
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Figure 48: Theoretical panel transmission loss (solid line) vs transmission loss using sound

pressure levels (dashed line) vs transmission loss using sound intensity levels (dotted line).
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The theoretical SEA results and the results obtained using both of the experimental
methods provided convincing results in the frequency range under consideration. The dip can be
seen at the critical frequency and coincides for all methods used (approximately 10,118Hz). The
dip is more pronounced for the sound intensity method. Using the sound intensity method
however, seems to provide results that are in closer agreement with the theoretical SEA
predictions. This was to be expected and can be explained by the fact that the intensity method is
much easier to implement than the transmission suite method. Only one reverberation room is
needed to use the sound intensity method and there is no need to measure the reverberation time
of the reception room. Despite the difficulty of the implementation of the intensity method, it is
interesting to see that the transmission loss obtained in close agreement with the sound intensity

method counterpart.

It is also interesting to compare these results to the predictions of “mass law” theory
which neglects the panel damping and stiffness and assumes the structure to be an infinite
membrane and therefore doesn’t predict the dip at the coincidence frequency. It can be noticed
that below and above the critical frequency, the panel’s response, whether it is calculated or
measured agrees with “mass law” theory as it follows a slope of 6 dB per doubling of frequency.
At the critical frequency however, the so-called “mass law’ theory fails. This is shown in figure

49,
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Figure 49: Theoretical panel transmission loss (line), panel transmission loss using sound

pressure (dashes), panel transmission loss using sound intensity (dots) and 6 dB slope.
4.2-Theoretical predictions and experimental results for the cylinder:

4.2.1-Theoretical predictions versus sound pressure level measurements:
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Figure 50: Theoretical cylinder transmission loss vs transmission loss using sound pressure

levels.
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Figure 50 shows the results obtained for the transmission loss of the cylinder using the
transmission suite method and using theoretical SEA calculations. At low frequencies, the
agreement between the theory and the transmission suite method is poor which can perhaps be
explained by the fact that the interior volume of the cylinder does not have enough modes in the
frequency range for coupling with the structural modes at low frequency. SEA is not very
reliable at these frequencies because the assumptions made are not valid. The two dips at the ring
and critical frequencies of the cylinder can be seen to agree quite well with the theory and
measurements. The theoretical ring frequency for the cylinder is 2,625 Hz and the critical

frequency is 10,118 Hz. For high frequencies, the agreement between the experimental method

and the theory is better.

4.2.2-Theoretical predictions versus sound intensity measurements:
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Figure 51: Theoretical cylinder transmission loss vs transmission loss using sound intensity

levels.
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Figure 51 shows the results obtained for the transmission loss of the cylinder using the sound
intensity method and using theoretical SEA calculations. At low frequencies, the theoretical
predictions and the experimental method do not agree well in magnitude, which may be

explained by difficulties in creating a diffuse sound field inside the cylinder at these frequencies,

2

the assumption I;,, = 45"’2 is not valid for the sound intensity in the source volume.
0oto

The two dips at the ring and critical frequencies of the cylinder can be seen with the
theory and experiment and coincide. Then for higher frequencies, the sound intensity results do
not seem to agree well with the theory which can be explained by the fact that the loudspeaker
sources are not as powerful at higher frequencies which compromises the sound intensity

measurements. The sound intensity probe also fails at high frequency.

63



4.2.3-Comparison of all the results for the cylinder:
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Figure 52: Theoretical cylinder transmission loss vs transmission loss using sound

pressure vs transmission loss using sound intensity.

At low frequencies, the agreement in magnitude between the SEA theory and
measurements is very poor [34]. However, it is safe to trust the two room method rather than the
computational method or the sound intensity method because the assumptions made for both the
SEA and the sound intensity calculation are not applicable in low frequencies. The ring
frequency is apparent in all three results ( approximately 2,625 Hz). The agreement is good in the
region between the ring frequency and the crtitical frequency, where there is only a 3 dB
difference between the three results. Finally, at high frequencies, the theory and the two room
method seem to give the best results. The sound pressure level measured in the reception was

high enough above the background sound pressure level to produce correct measurements.
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However it was not the case for the sound intensity measurements since the sound intensity

probe fails at high frequency.

4.3-Comparison between the panel behavior and the cylinder behavior:

4.3.1- Theoretical results:
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Figure 53: Theoretical cylinder transmission loss (dotted line) vs theoretical panel transmission

loss (solid line).

As Figure 53 shows, the theoretical sound transmission loss obtained for both the
cylinder and the panel have the similar amplitudes and follow a 6 dB per doubling of frequency
slope except in the critical frequency region for the panel and the ring frequency region and the
critical frequency region for the cylinder. Since the two structures studied in this project are

made with the same metal material and have the same thickness, it is expected that their behavior
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will be similar. The ring frequency being a geometrical property of the cylinder, it is also seen
that it does not appear for the panel. At low frequency, the theoretical assumptions made for the
cylinder are not the same as for the panel, which explains the difference between the sound

transmission loss obtained for the cylinder and for the panel at these frequencies.

4.3.2- Results using the two room method and the sound intensity method:
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Figure 54: Measurements of the cylinder transmission loss using sound pressure vs panel

measured transmission loss using sound pressure.
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Figure 55: Measurements of the cylinder transmission loss using sound intensity vs measured

panel transmission loss using sound intensity.

The results show that the critical frequency coincided for the two structures (10,118 Hz)
for both experimental methods. The best agreement is obtained at frequencies higher than the
cylinder’s ring frequency. It is interesting to notice that the transmission suite method gives
better results for the panel than it does for the cylinder, as also shown on Figure 54. This can be
explained by the fact that for the experiments on the panel, two reverberant rooms were used for
the investigation, which made the sound pressure level calculations more accurate. For the
cylinder, however, the source room was the interior of the cylinder where the assumptions of a
free field do not hold at low frequencies. The sound intensity method gives better results at
frequencies higher than the ring frequency and lower than 12,000 Hz for the cylinder but gives
good results for the whole frequency range for the panel, as shown in Figure 55. Overall, the

sound intensity method seems to be the best suited for this study.
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4.4- Panel and cylinder response relative to mass law:
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Figure 56: Theoretical panel response relative to mass law (line) vs experimental panel response

relative to mass law (dashes).

As Figure 56 shows, the panel response relative to mass law using theory is in close
agreement with to the experimental findings with a maximum difference of 2 dB to 3 dB at any
frequency. A peak is noticeable at the critical frequency of the panel (10,118 Hz) using both

methods.

68



40 T I I I T T

Theoretical Cylinder Response
- = = Experimental Cylinder Response

304 - - - - a \ M

1
O
|

Cylinder Response (dB)
—_ o
: S
1 |

10— |

0 | | | | | | | | | | |
500 1000 2,000 3,000 4,000 5000 6,000 7,000 8,000 10,000 12,000 14,00016,000
Frequency (Hz)

Figure 57: Theoretical cylinder response relative to mass law (line) vs experimental

cylinder response relative to mass law (dashes).

From Figure 57, it can be noted that the agreement between the theory and the
experiment is not as good as for the panel, although the maximum difference between the
experiment and theory is of 4 dB at any frequency. This may be due to the structural behavior of
the cylinder at lower frequency. A peak is present at the ring frequency, and above this

frequency, the cylinder seems to behave similarly to the panel.
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Chapter 5: Conclusion

The results obtained using the theory behind sound transmission through a flat panel were
compared to the experimental results obtained using the two room method and the sound
intensity method. This comparison showed that the sound intensity method gave more reliable
results than the two room method. This can be explained by the difficulty of the setup for this
method, the difficulty to measure the reverberation time of the room and the interference of the
background noise with the measurements at high frequency. The sound intensity method
however, gave results that were very similar to the theoretical results. The method was also
easier to implement but failed at higher frequencies as well. The response of the panel relative to
“mass law” was also investigated theoretically and experimentally through measuring the

acceleration of the panel.

The theoretical and computational part for the cylinder was more complicated than the
one used for the panel; the results, however, were convincing. The experimental implementation
was easier for the cylinder as it was easier to produce enough sound only using the loud
speakers. The two methods agreed relatively well with the theory, two dips could be seen at the
ring and critical frequencies. As it was the case for the panel, the best results were obtained using
the sound intensity method. The investigation proved the reliability of the SEA in the frequency
range of interest and showed that the method should not be used for low frequencies as the

assumptions made for higher frequencies were not valid in the low frequency range.
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The flat panel and the cylindrical shell used for this study both have the same thickness
and the same material properties. The shape was the only difference between the two structures.
It was observed that the transmission loss for the two structures was following the prediction of
“mass law” theory with a slope of 6 dB per doubling of frequencyexcept in the critical frequency
region for the panel and at the ring frequency and the critical frequency region for the cylinder,

where the experiments and the SEA did not agree with the so-called “mass law” theory.

Some difficulties were encountered during this project. The theoretical part as well as the
programming part went rather well. The experimental part, on the other hand, did not go as
smoothly. One of the notable difficulties encountered was with the setup itself. The experiment
was conducted using a rather massive cylinder that had to be opened many times to change either
the loudspeakers inside, add or remove fiberglass etc., which was a time consuming task. The
thickness chosen for the panel made it difficult to have noise sources powerful enough in the
sound transmission loss measurements. Measuring the reverberation time of the receiving room
proved to be another difficult aspect of this project which affected the results obtained with the

transmission suite method.

Despite the number of difficulties encountered during this project, it was a successful one
as it gave interesting results for the sound transmission loss through two different structures.
Further investigation of these structures can be done and can be useful to the aviation industry

for instance.
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Appendix: 1 Matlab programs

% Program for computing the transmission loss for the panel using SEA:
% Panel Constants

hp =0.00127; % thickness of panel m
Ip=0.609; % length of panel m

Lp = 1.04, % width of panel m

Ap = Ip*Lp; % Area of panel m*m

Cp =5800; % speed of sound in panel m/s
Mp = 6.32; % mass of the panel kg

P =2*(Ip+Lp); % perimeter of the panel m

fc =10118; % critical frequency of panel Hz
lambda_c = cp/fc; % wavelength m

wc = 2*pi*fc; % angular frequency rad

% Other constants

c =343, % speed of sound m/c

rho=1.21; % density of air kg/m3

A =16.47; % Area of the room m*m

V =68.5; % volume of the room m3

fmax = 16000; % maximum frequency Hz
RT=0.161*V/A; % Reverberation Time s
nuint =0.02; % Internal loss factor

% syms w a(w) lambda(w) g1l(w) g2(w) R(w) nr(w) nul3(w) n1(w) n2(w) n3(w) nu3(w) NR(w)
TI(w) T(w)
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for f=0:1:fmax
alpha = sqrt(f/fc);
lambda = cp/f;
w = 2*pi*f;
nl = V*w"2/(2*pi"2*c"3);
n2 = Ap*fc/(2*c"2);
n3 =nil,
nu3d = 2*2/(f*RT);
if f <0.5*fc
gl=(4/pi™4)*(1-2*alpha”2)/(alpha*((1-alpha”2)"0.5));
else
g1=0;
end
g2 = ((2*p)™(-2))*(((1-alpha™2)*log((1+alpha)/(1-alpha)))+2*alpha)/((1-alpha”2)"1.5);
if f <fc
R=
Ap*rho*c*((lambda_c*lambda*2*(f/fc)*gl/Ap)+(P*lambda_c*g2/Ap));
elseif f == fc
R = Ap*rho*c*((Ip/lambda_c)"(-0.5)+(Lp/lambda_c)"0.5);
elseif f > fc
R = Ap*rho*c*(1-(fc/f))(-0.5);
end
nr = R/(W*Mp);
T = 10*log10((Ww”2)*Mp”2/(4*rho”2*c"2));
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nul3 = Ap*c*exp((-T/10)*(log(2)+log(5)))/(4*V*w);
NR=-10*10og10(nu13+(nr*2*(n2/nl1)/(nuint+2*nr)))+10*log10(nu3+(n1*nul3/n3)+(n2*nr/n3))
TL= NR+10*log10(Ap*c*RT/(24*V*log(10)));

plot (f,TL,".",'markersize',8)

hold on

end

% Program for computing the transmission loss for the Cylinder using SEA.:

function [TL,f_o] = wang_SEA

% close all

% clear all

% clc

C 0=2343; % Speed of sound in air m/s
L = 2.0066; % Length of the cylinder

rho_o=1.21,; % kg/m3 Noise Control
R =0.3048; % Radius m

S = 2.*pi*R*L; % surface area m2

h =0.00127; % thickness m (0.050")
rho = 7850; % Steel density kg/m3

E =2E11; % Steel Young’s Modulus
Poisson =0.28; % Steel Poisson’s Ratio
m_s = rho*h;

% f_r=2625.0;

% f_c =10540.6;

f r=(1./(2.*pi.*R)).*((E./rh0).”0.5); % Wang 2635.6
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f ¢ =(C_o.*C_0.%(12.7(0.5)))./(4.*pi.*pi.*f_r.*R.*h); % 10,118
% w_c= 2.*pi.*f_c;
%%%%%%% Bandwidth analysis %%%%%%%
% From function "Acoustic_Loads_subroutines 2 13"
frequency_maximun = 20000;
frequency_minimum = 20;
iii=1; ii=0;
frequency_center = 1000;
frequency_octave_size = 12;
bandwidth_ratio = 2.”(1/frequency_octave_size);
Freqc = zeros(1,9);
Freqc(1,1) = frequency_center;
while Freqc(1,1)>=frequency_minimum
Freqc(1,1) = Freqc(1,1)/bandwidth_ratio;
end
while Freqc(1,iii)<=frequency_maximun
Freqc(1,iii) = bandwidth_ratio*Freqc(1,iii-1);
end
deltafc = zeros(1,(iii-1));
li=ii+1;
deltafc(1,ii) = Freqc(1,ii).*((bandwidth_ratio- 1)./(bandwidth_ratio).*(1/2));

end
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frequency_band_width = deltafc’; % The band width of each 1/N octaves section based on Freqc.

frequency_band_center = Freqc' ; % This is the center frequency of the bandwidth divided into
1/N octaves.

% Freq_number or Freq were the lower frequency of a spectrum bandwidth
% frequency_band_width = 10;

% frequency_band_center =
[frequency_minimum:frequency_band_width:frequency_maximun]’;

frequency_band = zeros(length(frequency_band_center),5);
frequency_band(:,2) = frequency_band_center;

frequency_band(:,1) = frequency_band_center - frequency_band_width./2 ;
frequency_band(:,3) = frequency_band_center + frequency_band_width./2 ;
w_frequency_band = 2.*pi.*frequency_band,;

v_frequency_band =w_frequency_band/(2.*pi.*f_r);

f o =frequency_band(:,2);
W_0 = 2.*pi.*f_o;

f_o_length = length(f_o);
V_0_array = w_o/(2.*pi.*f_r);
k_o_array =w_0./C_o;

m = 0:1:500;

n = 0:1:500;

m_length = length(m);
n_length = length(n);

k_temp = (h.*h.*R.*R./(12.*(1-Poisson.*Poisson))).”(0.25);
% ka_C = m+0.5;
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% P_array = 1-2./(ka_C.*pi);
% k_a_array = (m.*pi./(L.*ka_C)).*k_temp;
k_c_array = (n./(R)).*k_temp;
k_a_array = (m.*pi./L).*k_temp;
v_mn = zeros(m_length,n_length);
E rad_array = zeros(f_o_length,2);
D1=0;
E1=1;
v_frequency band_above=0;
v_frequency_band_below=0;
for B1=1:m_length
k_a=k_a_array(B1);
% P = P_array(B1);
% P1 = (1-Poission.*Poission)./(1-Poission.*Poission.*P);
% P2 = (1-Poission.*P.*P)./(P.*(1-Poission));
%k a2 =k _a.*k a;
%k a4 =k _a2.*k_az;
for C1=1:n_length
k_c=k_c_array(Cl);
%k _c4 =k _c2.*k _c2;
%k _c2 =Kk c.*k c;
k_temp = (k_a.*k_a+k_c.*k _c).*(k_a.*k_atk c.*k_c);

v_mn(B1,C1) = sqgrt(k_temp+k_a.*k_a.*k_a.*k_a./k_temp);
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% v_mn(B1,C1) =
sgrt(k_ad+k_c4+2.*k_a2.*k_c2.*P+k_a4./(P1.*(k_ad+k c4)+2.*k_ad.*k_c2.*P 2));

while D1==0
if isnan(v_mn(B1,C1))
v_frequency_band_below =v_frequency band_below + 1;
D1=1,
elseif v._mn(B1,C1)<=v_frequency_band(1,1)
v_frequency_band_below =v_frequency_band_below + 1;
D1=1,
elseif v._mn(B1,C1)>=v_frequency_band(f_o_length,3)
v_frequency_band_above = v_frequency _band_above + 1;
D1=1;

elseif (v_mn(B1,C1)>=v_frequency band(E1l,1)) &&
(v_mn(B1,Cl)<=v_frequency_band(E1,3))

k o=k _o_array(El);

v_frequency band(E1,4) = v_frequency_band(E1,4) + 1;
k_m=m(B1).*pi./L;

k_n =n(C1).*pi./(2.*pi.*R);

%k _0.*k_0

%k _a.*k a+k _c.*k ¢

k_check = (k_o0.*k_0)>(k_m.*k_m+k_n.*k_n);
v_frequency_band(E1,5) = v_frequency_band(E1,5) + k_check;
% acoustically fast

ff=f o(EL1)./f c;

ff2 = (f).~(0.5);
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kk = (k_a.*k_at+k c.*k_c).*(0.5);
piL = pi.*L.*((12.*(1-Poission.*Poission)).”(0.25));
E_rad_temp = (((h.*R).~(0.5)).*(log(...
(1+f£2)./(1-ff2)+(2.%ff2)./(1-f))))./(piL.*kk.*(1- ff2));
E rad_array(E1,1) = E _rad_array(E1,1) + E_rad_temp;
% acoustically slow
D1=1;
elseif E1>f_o_length
error(ERROR")
else
%nothing
end
E1=E1+1,
end
D1=0;
E1=1;
end
end
% total_number = 301*301

% total_number_mn =v_frequency_band_below + v_frequency_band_above +
sum(v_frequency_band(:,4))

n_w_o =v_frequency_band(:,4)./frequency_band_width;
% hhhhh = figure;

% axesl = axes('Parent’,hhhhh,...
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%  'Position’,[0.10 0.10 0.80 0.75],...

% 'XLim',[20 20000],...

%  'XScale''log,...

%  'GridLineStyle',"",...

% 'Box''on'..

%  'xtick',[10:10:90,100:100:900,1000:1000:9000,10000:10000:100000],...

%  'XTickLabel',{'10%";";"" """ 1000
510005100005 10000 0'F);

% line(frequency_band(:,2),n_w_o,'Color','r','LineStyle','- ','Parent',axesl,'LineWidth',0.5);
% xlabel(axesl,'Frequency (Hz)','Color',[0,0,0],'FontSize',12)
% ylabel(axesl,'Modal Density (Modes/Hz)','Color',[0,0,0],'FontSize',12)
E rad = zeros(f_o_length,1);
E rad_array(:,2) = v_frequency_band(:,5)./v_frequency_band(:,4);
for F1=1:f o_length
test F1 = real(E_rad_array(F1,2));
if test_ F1>=1
% acoustically fast
E rad(F1) = 1;
elseif (test F1<1) && (test_F1>0)
% acoustically fast and slow
E_rad(F1) = test_F1;
elseif (test_F1==0) || isnan(test_F1)
% acoustically slow

E_rad(F1) = real(E_rad_array(F1,1));
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else
error(ERROR")
end

end

E_mech = zeros(f_o_length,1);

for G1=1:f o_length
test G1=v_o_array(G1,1);
if test G1<=0.5
E_mech(G1) = 0.01.*(1./(11.224489795918 *test_G1 + 12.612244897959)).*(f_r./f_c);
elseif (test G1>0.5) && (test_ G1<=0.9)
E_mech(G1) = (5.5E-4).*(f_r./f_c);
elseif (test G1>0.9) && (test G1<1.1)
E_mech(G1) = 0;
%0.00001.*(1./1.5).*(f_r./f_c);
elseif test G1>=1.1
E_mech(G1) = -(5E-8).*f_0(G1)+0.001;
else
error(ERROR)
end
end
R_rad =rho_o0.*C_o0.*E_rad.*S;
% E_mech_old = -(5E-8).*f_0+0.001;
% % % E_mech =0.0012;
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R_mech = S.*m_s.*E_mech.*w_o;
% figure

% plot(v_o_array,E_mech)

% testO = (1./E_mech).*(f_r./f c);
% figure

% plot(v_o_array,test0)

% E_rad_plot = 10.*log10(E_rad);
% for G1=1:f o_length

% ifisfinite(E_rad_plot(G1))
% % nothing

% else

% E _rad_plot(G1)=-60;

% end

% end

%

% figure

% plot(f_o,E_rad)

% Transmission of Sound Through a Cylindrical Shell and a Light Aircraft Fuselage
(Dissertation ) - Yiren Simon Wang - 1982

TL_res=
10.*1og10((w_o.*w_o0.*m_s.*S.*S.*(2.*R_rad+R_mech))./(8.*pi.*pi.*C_0.*C_o0.*n_w_0.*R_ra
d.*R_rad));

TL_nr = zeros(f_o_length,1);
TL = zeros(f_o_length,1);
for A1=1:f o_length
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v_0=Vv_0_array(Al1);

hR2 = (h/R).*(h/R);

rho_C 02 =rho_o.*rho_0.*C_o0.*C_o;
v_o_fr_fc2 = (v_o.*f_r./f_c).*(v_o.*f _r./f c);
v_o_fr_fc2_15=(1-v_o_fr_fc2).”0.5;
v_o fr fc2 12 = (1-v_o_fr_fc2).*(1-v_o_fr_fc2);
ifv_o<l

TL_nr(Al) =(8.33.*log10((v_o.*v_o0.*hR2.*E.*rho/(4.*rho_C 02)) .*v_o_fr fc2 12 +2.3
)-3+20.*log10((pi./2).*asin((v_o.*v_o_fr fc2_15)).”0.5));

TL(AL) = 10*log10(TL_nr(AL1))+TL res(Al);
elseif (v_0>=1.0) && (v_o<(f_c/f _r))

TL_nr(Al) =(8.33.*log10( (v_o.*v_o0.*hR2.*E.*rho/(4.*rho_C_02)).* v_o_fr_fc2_12 +
2.3)-3);

TL(A1) = 10*1og10(TL_nr(A1))+TL_res(Al);
elseif v_o>=(f _c/f r)

TL_nr(Al) =( 8.33.*log10( (v_o.*v_0.*hR2.*E.*rho/(4.*rho_C 02)).*v_o_fr fc2 12 +2.3
)-3);

TL(A1) = 10*1og10(TL_nr(A1))+TL_res(Al);
else
error(ERROR)
end
end
plot(f o, TL)

xlabel(axesl,'Frequency (Hz)','Color',[0,0,0], FontSize',12)
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ylabel(axesl, Transmission Loss (dB)','Color',[0,0,0],'FontSize’,12)
theta=linspace(0,2*pi);

ZZ = linspace(0,L);

XX = R.*cos(theta);

YY = R.*sin(theta);

XX = repmat(XX(:),1,size(ZZ,2));
YY =repmat(YY(:),1,s5ize(ZZ,2));
ZZ = repmat(ZZ,size(XX,1),1);

% TLS= zeros(size(Z2));

% for k=1:f o_length

% fori=1:size(ZZ)

%  forj=1:size(Z2)

%  TLS(i,j)=TL(K);

% end

% C=TL.colors(size(Z2));

% figure

% surf(XX,YY,z2Z,C);

% getframe

% end

end

% surf(XX,YY,ZZ)

% hold on

% image(TLS,'CDataMapping’,'scaled’)

% while u<f_o_length
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%
%
%
%
%

im=im(u+1);
C=im.Cdata;

figure
surface(XX,YY,zZZ,C)

u=u+1;
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Appendix 2: Procedure for sound intensity measurements:

The measurements made using a sound intensity probe were performed following the
international standard ISO 15186 Acoustics-Measurement of sound insulation in buildings and of
building elements using sound intensity [35, 36, 37]. This appendix briefly explains the scope of

this standard and its use during this study.

ISO 15186 is divided into 3 parts: Laboratory measurements, field measurements and
laboratory measurements at low frequency. The first part of the standard was the most useful
since the experiments conducted during this study were made in a laboratory and for a frequency
range of 1000Hz to 16kHz. The sound intensity probe used for the experiments was a TYPE

3599 probe from B&K.

Figure 58: Sound intensity probe with microphones in the face to face arrangement.
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ISO 15186 states that the calibration of the probe is a first step in conducting experiments. The
probe was sent to the B&K company for calibration before the start of the experiments and then

checked periodically using the calibrator provided by the company.

The test procedure was followed according to 1SO 140 for the sound field generation and

Figure 59: Sound intensity probe calibrator.

the measurement of the sound pressure level in the source room. The measurement of the
average sound intensity level on the receiving side was conducted following the scanning
procedure for the measurement surface. The probe was always held normal to the measurement
surface while scanning and directed to measure the positive intensity outwards from the

structure. The speed of scanning was kept constant. For the panel, the measurement surface was
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the panel surface. The cylinder surface, however, was divided into 4 areas which were each

scanned separately.

2N aNaNa

t U U U U U

N Y R A C

Figure 60: Scanning patterns.

The sound intensity uses a method known as the two-microphone method, which has been used
and discussed by many engineers and scientists. Two configurations can be used for this
technique; the microphones can be placed side-by-side or face-to-face with a spacer between
them. The B&K sound intensity probe has its microphones placed face-to-face. In this
configuration, the microphones must be phase matched, which makes this sound intensity probe
difficult to calibrate. Parts of the sound intensity probe must be dissembled, to determine the
phase and magnitude difference for measurements of the sound intensity with the microphones

side-by-side.

With the loud speaker located inside the cylinder, the sound intensity in the receiving room was

measured using both configurations to determine the sound intensity level.
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Figure 61: Sound intensity levels for the two-microphone configurations.

This comparison shows that the two configurations give similar measurements. The magnitude

is different at low frequency, however, the side-by-side configuration is most likely less accurate.
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