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Abstract 

 
 
It is difficult to predict the sound radiation from large flat factory roofs. This is because 

sound insulation is measured as the average over all angles of sound incidence. With large 

flat factory roofs one needs to know the sound transmission at grazing angles with directional 

sound fields. The research in this thesis examined what will be the best method for effectively 

modelling sound radiation from factory roofs. 

The existing infinite panel theories of sound insulation are not sufficient when the sound 

radiates at grazing angles. It has been shown that the reason for the collapse of the theory is 

the well known result for the radiation efficiency. The radiation efficiency of an infinite flat 

panel, which is radiating an infinite plane wave into an infinite half space, can be shown to be 

equal to the inverse of the cosine of the angle between the direction of propagation of the 

plane wave and the normal to the panel. The fact that this radiation efficiency tends to infinity 

as the angle tends to 90° causes problems with simple theories of sound insulation. Sato has 

calculated numerical values of radiation efficiency for a finite size rectangular panel. This 

research will present a simple analytic strip theory, which agrees reasonably well with Sato’s 

numerical calculations for a rectangular panel. Simple analytic strip theory has lead to the 

conclusion that it is mainly the length of the panel in the direction of radiation, rather than its 

width that is important in determining its radiation efficiency. 

The findings of the current research also indicated that apart from the effect due to 

coincidence, a panel was non-directional compared to an opening. Rindel’s results in the case 

of an anechoic chamber confirmed that apart from the coincidence angle for particular 

frequency, radiation of panel was not very directional. 
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CHAPTER 1 
 

1. Introduction 
 

1.1   Background 

 
Several acoustic consultants have stated that it is difficult to predict the sound radiation from 

large flat factory roofs because of the uncertainties of sound energy radiated to listening 

positions at angles other than directly above. It is contended that this is because laboratory 

sound insulation of roofing materials is measured as the average over all angles of sound 

transmission. With large flat factory roofs one needs to know the sound radiation at grazing 

angles due to excitation by interior sound fields. The sound radiation at grazing angles cannot 

be predicted with existing infinite panel theories of sound insulation. Better understanding of 

sound insulation at grazing incidence will also enable better theories of diffuse field sound 

insulation to be developed. Most of the directivity information in the literature is for openings 

so they will also be considered. 

 

 

1.2   Scope and Objective of the Research 

 
The aim of this research was to develop a method for predicting the level of sound radiated 

from a finite flat panel or finite opening in any particular direction relative to the level of 

sound radiated in the direction normal to the finite flat panel or finite opening. 

 

This research has attempted to answer the following questions: 

- What is the best method for effectively modeling sound radiation at              

       grazing angles relative to that in the normal direction?  

- What are the contributing factors to the amount of sound propagated to the far-

field?                 
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-    What is the sound radiation when the angle of incidence is close to 90º?  

 

It is hoped that this research will provide a deeper understanding of how sound radiates from 

factory roofs and from finite plates in general. The understanding gained from this project 

will assist and provide information to professionals who predict noise emission out of factory 

buildings and recommend noise control treatments to reduce noise to overcome noise related 

complaints from nearby residences. The research report can also be used as a tool or basis for 

further research, where sound radiation to the surroundings from structural vibrations excited 

by incident sound is predicted.  

 

 

1.3   Rationale for the Research 

 
In previous studies, in order to obtain an analytical solution for practical applications, the 

plate was normally assumed infinite in size [1, 2]. For radiation from a plate there are two 

different cases. The first case is when the wavelength of the plate vibrations is greater than 

the wavelength of sound in the surrounding medium. In this case the plate will radiate a plane 

wave into the medium at an angle that is determined by the ratio of the wavelength of the 

plate vibration to the wavelength of the sound in the surrounding medium. The sound 

pressure in the near region of the plate will be in the phase with the plate velocity [1, 3]. The 

other case will be when the wavelength of the plate vibrations is smaller than the wavelength 

of sound in the surrounding medium. In this second case the near-field that occurs, decays 

exponentially with distance from the surface of the plate. Here the sound pressure will be 90º 

out of the phase with the plate velocity, and no sound will be radiated to the far field [1, 3]. 

 

For bending wavelengths greater than the acoustic wavelengths in the surrounding medium, 

which occurs for free bending waves above the critical frequency, the radiation efficiency is 

always greater than unity. For free bending waves below the critical frequency there is no 

radiation if the plate is of infinite extent [1]. 

Bending waves in a plate which are forced by incident sound waves always have longer 

wavelengths than the incident sound waves. From a previous study [1] it can be concluded 
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that the radiation results for free bending waves obtained for the infinite plate can apply to 

finite plates only for frequencies that are considerably above the critical frequency.  

Below the critical frequency the finite dimensions and the boundary conditions affect the 

radiation efficiency considerably.  

This thesis will only consider the radiation of sound from a finite panel or opening whose 

vibration is forced by sound incident from the opposite side. In this case the wavelength of 

the forced vibration is always longer than the wavelength of sound in the surrounding 

medium. Sato [4] has calculated numerical values of the radiation efficiency for a finite size 

square panel whose vibration is forced by incident sound. This research project will present a 

simple analytical strip theory which will agree reasonably well with Sato’s numerical 

calculations for a square panel. An infinite strip of width 2a that is cut from an infinite plate 

will be considered. It will be of interest how much power per unit length it radiates from one 

side when excited by an infinite plane sinusoidal wave incident on the other side at an angle 

of φ  to the normal to the strip. In order to extend the results to values of ka  less than one, a 

finite size square panel with sides of length 2a will be assumed. Since only the power that is 

radiated to the far field is of interest, the real part of the normalized fluid wave impedance zwf  

will be considered. For sources whose size is small compared to the wavelength of sound, it 

will be expected that their sound radiation will depend only on their volume velocities. 

 
 
 

1.4  Summary 

 
This thesis will only consider the radiation of sound from a finite panel or opening whose 

vibration is forced by sound incident from the opposite side. In this case the wavelength of 

the forced vibration is always longer than the wavelength of sound in the surrounding 

medium. The thesis will be particularly concerned with radiation from finite flat panels at 

grazing angles because this case can be used for the prediction of sound radiation from 

factory roofs to the surrounding community. The thesis will also include finite openings to 

emphasize the difference between the directivity of finite openings and finite flat panels. 

 

The two dimensional analytic approximation of the strip model derived in this research 

project will give reasonable agreement with the two dimensional numerical calculations of 
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Ljunggren [5] and with the three dimensional numerical calculations of Sato [4] and Novak 

[6]. It will also agree with the experimental measurements of Roberts [7] which show that the 

directivity of a rectangle depends mainly on its length in the direction of measurement, rather 

than its width at right angles to the direction of measurement. 
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CHAPTER 2 

 

2. Literature Review 
 
 

This literature review is restricted to sound radiation by forced transmission through finite 

panels and openings. Substantial research has addressed the important problem of sound 

radiation from finite panels. Early work by Alfredson [8], Beranek [9], Cremer [1], Holmer 

and Vér [10] was concerned with sound radiation from the structures. Maidanik [11] 

predicted the radiation from the free vibration rather than the forced vibration of panels. 

Maidinik investigated the response of ribbed panels to reverberant acoustic fields. He 

discussed a statistical method for estimating the response of ribbed panels to acoustic 

excitation. Maidanik’s analysis predicted that ribbing increases the radiation resistance of the 

panel and hence its coupling to the acoustic field. Wallace predicted the radiation from 

individual panel modes for both baffled beams [12] and rectangular panels [13]. A common 

task using the theory of sound radiation from the structures is the prediction of sound 

transmission and noise reduction through structures. 

Concerning transmission loss, a large database of test data (at least from 100 to 5000 Hz), 

verified transmission loss theory, and practical equations for relatively simple constructions 

are all readily available. The theory of sound transmission for solid materials has been 

studied for over 85 years. As reported by Heckl [14] almost all of the basic equations can be 

found in the book by Lord Rayleigh [15]. Theoretical methods for the prediction of 

transmission loss have been summarised by Bies and Hansen [16], Beranek [2], Beranek and 

Ver [17], Davy [18], Heckl [14], Rindel [19] and Takahashi [20]. Rindel [19] considered 

these prediction methods in his work on the transmission of traffic noise through windows. 

Rindel compared the external or outdoor noise level to the internal room level [19]. He made 

1:4 scale model measurements on the sound insulation of windows installed in one wall of a 

box in a n anechoic room. The sound was incident from outside the box at an angle normal to 

the window. Stead [21] considered these prediction methods in his work on sound radiation 

through single isotropic glass panels of finite size. Stead measured the sound insulation of a 6 

millimeters glass window installed in one wall of a room. The sound was incident from 
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outside the room at an angle normal to the window. The window was part of the external 

wall acting as a baffle.  

The characteristic regions of the transmission loss spectrum are the stiffness controlled 

region, the mass law region, the coincidence region and the damping controlled region. Panel 

mass and angle of sound incidence are primary influences in the mass law region. The 

coincidence or critical frequency is determined by material properties and the angle of sound 

incidence and the dip minimum value is determined by the amount of damping in the panel. 

Panel damping also influences transmission loss above the coincidence region which is a 

damping controlled region. Bies and Hansen [16] have reported experimental model 

investigations of the directivity of exhaust ducts. Their model is based on data for both 

rectangular and circular ducts and is presented in terms of Strouhal number based on 

frequency and the geometric mean diameter of the duct, and the angle measured from the 

centerline of the duct. 

Several researchers addressed the problem of stack directivity. Wells & Crocker [22], Waters, 

Labate and Beranek [23], Joseph and Morley [24], Sutton [25], Croft [26], Dewhirst [27] 

studied various aspects of this subject. One of the aims of Dewhirst’s project was to verify 

the results published by Croft and Sutton relating to the directivity of a rectangular exhaust 

stack. It is important to note that a copy of the Croft results was only sourced at the last 

moment without a copy of the actual report. In a report on exhaust stack directivity, Dewhirst 

has demonstrated that it could prove useful to utilize a rectangular cross-section rather than 

the more common square cross-section. This is due to the fact that larger amounts of 

attenuation can be obtained for the short side of the rectangular stack than can be obtained for 

a square stack.  

In analyses for predicting the sound insulation of a partition, infinitely extended panels have 

been used as a sound transmission model, because there are many difficulties in analyzing, 

the finite system. In practice, the panel is obviously finite. The frequency response of finite-

system derived from the rigorous solution generally appears to be complex, having violent 

peaks and dips due to resonance involving modal behavior and fluid –structure coupling 

Sewell [28]. Some more detailed discussions and rigorous analytical procedures concerning 

this matter are given by Fahy [29].  
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In evaluating the sound insulation performance of finite systems, the use of different 

methods and analysis becomes practically important. Crocker and Price [30, 31] considered 

different aspects of sound transmission, depending on whether the frequency under 

consideration is above or below the critical frequency of coincidence. In their studies they 

applied statistical energy analysis. Above the critical frequency, transmission is dominated by 

resonance modes (resonance transmission). The effect of resonance becomes smaller below 

the critical frequency, and this frequency region is called forced or non-resonance 

transmission region. The mass-law is generally used in the non-resonant region, and is 

derived from the infinite theory.  

Using a modal expansion method, Sewell [28] analyzed the transmission through a 

rectangular panel in a rigid baffle. This method is mathematically rigorous, and has been 

commonly used for panels of finite width and finite length mounted in a rigid baffle. Using 

some assumptions and approximations he developed a simple expression for predicting the 

forced transmission below coincidence. This forced transmission, together with the 

contribution of the resonance factor which is considered to be affected by the edge 

conditions, gives the total transmission through the finite panel.  

Several researchers studied the forced transmission of finite sized panels. Gösele [3] derived 

the radiation efficiency for a finite panel where he also included panel wavelengths which are 

less than the wavelength of the sound in air, for which the infinite model predicts zero 

radiation efficiency. Gösele gave approximate formulae for certain ranges of parameters and 

graphed results of numerical calculations for three different sizes of panels.  

Sato [4] calculated the radiation factor of a square portion of an infinite vibrating surface, and 

discussed the sound insulation performance of a finite panel. He provided extensive 

numerical calculations for the forced wave case where the panel wavelength is longer than 

the wavelength in air. Sato also numerically calculated the radiation efficiency averaged over 

all possible directions of sound incidence. On the basis of this result Novak [32] calculated 

the sound insulation of finite double walls using the impedance method developed by 

Beranek and Work [33], and presented results in good agreement with measurements at low 

frequencies.  
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Rindel [16] used Sato’s [4] numerical results for radiation efficiency in his theory of sound 

insulation as a function of angle of incidence. According to Novak [32], Lindblad [34] 

provided an approximate formula for the radiation efficiency at high frequencies based on 

Gösele’s [3] results. Lindblad [35] provided a simpler approximation which could be 

integrated over all angles of incidence where he extended the integrated formula to low 

frequencies. Rindel presented a slightly more complicated version of Lindblad’s formula with 

constants which were selected to provide good agreement with Sato’s radiation efficiencies. 

Ljunggren [5] considered the situation where a finite single wall is excited over only part of 

its surface. He repeated Sato’s [4] calculations using a two dimensional model and obtained 

agreement to within 0.5 dB for both as a function of angle of incidence and averaged over all 

angles of incidence. Novak [6] has performed even more extensive three dimensional 

calculations than Sato. 

The studies of White and Powell [36], Cummings and Mulholland [37] and Mulholland and 

Lyon [38] deal with sound transmission through finite sized panels. 

Noise reduction from space to space as a function of radiation patterns from partitions and 

building elements are rarely found in the literature or acoustical texts. A large variety of noise 

reduction situations arise in practice. Roberts [7], Rindel [19], Stead [21], Sharland [39] and 

Woods [40] studied various aspects of this subject.  

 

Roberts [7] made measurements on the sound radiation from a room via a sliding window 

which was open and varied the width of the window opening. He compared the sound 

radiated at grazing angles to that radiated normal to the window. He also developed a theory 

to predict his results. 

 

Levine and Schwinger [41] studied the radiation of sound from the end of an unflanged 

circular pipe below the cut off frequency of the first cross mode. In this situation only plane 

waves propagate. To describe the radiation characteristics of the pipe, Levine and Schwinger 

calculated the power-function, which compares the intensity of radiation in a given direction 

with that of an isotropically radiating point source of equal power output.  
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In a report on a specific case, Sharland [39] investigated and calculated the amount of noise 

radiated in a ventilating system particularly through an atmospheric louver fixed in a wall. 

For example, schools or residential premises could have a noise problem which is due to fan 

noise generated in ventilation ducting and then radiated to an adjacent property.  

Additional work by Woods and the Environmental Protection Authority (EPA) [42] deals 

with the directivity of the source.  
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CHAPTER 3 

 
 

3. Method 
 

 

3.1  Data Analysis 

 

Data calculations were extensive and mostly programmed in Microsoft Excel 2000. Visual 

Basic for Applications (VBA) codes were also generated to assist in more complex 

calculations that could not have been programmed in Microsoft Excel. 

All AutoCad LT 2000i drawings used in some of the figures are in Microsoft Word 2000 

format. 

 

 

3.2  Procedure 

 

In this research, numerical analyses of the airborne sound produced by structural vibrations 

have been performed using Microsoft Excel. The simulations of the sound radiation have 

been performed firstly for simple configurations such as spherical sources and infinite plates, 

and then for more complex structures such as finite plates. The directionality of the radiated 

sound was important as well as determination of the radiated power, which is of primary 

interest for noise control [1].  

The initial analysis involved sound radiation for a spherical source that consisted of a sphere 

whose volume varies with time. It was simplest to consider because it radiates sound 

uniformly in all directions [2]. Such a sound source is rarely encountered in practice, but is of 

great importance because complicated sound sources can often be considered as made up of a 

large number of spherical or hemispherical sources. 

The next step was to analyze the combination of simple sources. Basically, the problem was 

to add, in phase space, at the desired point in space, the sound pressures arriving at that point 
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from all the simple sources [2]. For this particular situation, it was assumed that the distance 

from the two point sources to some point in space at which the pressure p is being measured 

was large compared with the separation between the two sources. When the separation 

between the two sources was very small compared with a wavelength and the sources were in 

phase, the two sources united and the pressure at a distance at any angle was double that of 

one source acting alone. As the separation between the sources became larger, the pressures 

arriving from the two sources were different in phase and the directivity pattern was not a 

circle. In other words, the sources radiated sound in some directions better than in others [2]. 

The greater the separation between the two sources, the sharper the principal lobe and the 

greater the number of side lobes [2]. In order to observe these findings, the simulations of a 

linear array of simple sources were produced. During these simulations the number of 

sources, as well as the length over which the simple in phase sources were evenly spaced, 

was varied in order to produce the idea of principal difference among directivity patterns.  

The principle difference among directivity patterns for a given ratio of array length to 

wavelength was in the suppression of the ‘side lobes’ [2]. Sound was radiated well in 

directions where angles are equal to 0 and 180 degrees. As the array became longer and the 

number of elements became greater, the radiation became less in other directions than at 

those angles mentioned previously. 

This project has focused on sound radiation from finite plates such as factory roofs. The best 

approach was to deal with a strip of width 2a that was cut from an infinite plate. Plane waves 

propagating across that strip were considered. This was a two-dimensional problem where we 

wanted to find the radiation into the half-space due to a given velocity distribution across the 

strip. The forced sound radiation from plates below the critical frequency has also been 

investigated.  

Finally, this research has attempted to develop the best method for effectively modeling the 

level of sound radiated from a finite flat panel or finite opening in any particular direction 

relative to the level of sound radiated in the direction normal to the finite flat panel or finite 

opening.  
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CHAPTER 4 

 

4. Prediction of Radiation Efficiency of Finite Size Flat Panels 
 

4.1  Infinite Panels 
 

The classical theory of sound transmission is based on an infinite panel model [1]. The initial 

analysis involved the radiation efficiency of an infinite flat panel, which was radiating an 

infinite plane wave into an infinite half space. If an infinite plane wave strikes a panel it 

forces a bending wave in the panel whose wavelength is greater than or equal to the 

wavelength of the incident wave in air. Figure 3.1 represents an infinite plane sound wave 

incident on an infinite panel. The direction of propagation of the infinite plane sound wave is 

shown by the blue arrow. This direction of propagation is at an angle of θ  to the normal to 

the panel. The normal to the panel is shown by the green dashed line. The wave front maxima 

are shown by the red lines. They are separated by the wavelength λ  of the infinite plane 

sound wave. 

 

 
Figure 4.1. Infinite plane sinusoidal sound wave incident on an infinite panel. 

θ  

bλ  
θ

λ
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The distance between the wave front maxima measured along the panel is  

 

θ
λλ

sin
=b         (4.1)                        

 

where bλ is the wavelength of the bending wave that the incident sound wave produces on the 

panel. 

Since the wave number is 

λ
π2

=k         (4.2)                        

 

sin bk kθ =      (4.3)                       

 

The frequencies of the incident sound wave, the forced bending wave and the transmitted 

sound wave must all be equal. If the particle velocity of the transmitted infinite plane sound 

wave isu , the component of the particle velocity normal to the panel is θcosu .  

Continuity dictates that the transmitted sound wave pressure and the pressure exerted by the 

panel to create the transmitted sound wave are the same pressure p . If the density of the air is 

0ρ  and the speed of sound in the air is c, then the characteristic impedance of air is [2]  

c
u
pZc 0ρ==      (4.4) 

 

The fluid wave impedance experienced by the panel on its radiating side is  

 

cos cos cos
c o

wf
Z cp pZ

v u
ρ

θ θ θ
= = = =    (4.5) 

 

If the fluid wave impedance wfZ is normalized by dividing it by the characteristic impedance 

cZ , the normalized fluid impedance is  
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θcos
1

==
c

wf
wf Z

Z
z     (4.6) 

 

The acoustic intensity radiated by the panel on the transmitted side is  

 

( ) 2Re Re( )rms rms wf rmsI p v Z v∗= =                                 (4.7) 

 

The radiation efficiency σ is I/I0 where I0 is given by  

 
2

0 rmscvZI =                                               (4.8) 

 

Thus combining equations (4.5) and (4.6) will give the radiation efficiency of the panel 

 

0

Re( ) 1Re( )
cos

wf
wf

c

ZI z
I Z

σ
θ

= = = =                          (4.9)    

 

One important aspect of this result is that it cannot be correct for a finite size panel because it 

goes to infinity at grazing angles of incidence. 

 

 

4.2  Line Sources 

4.2.1  Two Sources 
 
Firstly, the simplest case is two point sources, which are of equal amplitude and frequency 

separated by distance d as shown in figure 4.2 [43]. 
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Figure 4.2. Two sources separated by distance 2a 

 

Since the distance to an observer is very large compared to 2a, an observer will receive 

almost the same amplitude wave from each source and the lines from the two sources to the 

observer will be almost parallel. 

Figure 4.2 shows that the wave from source 1 has to travel an extra distance of θsin2a where 

θ  is the angle between normal to the line separating the two sources and the parallel lines 

from the sources to the observer. In this case θ  is positive if source 2 is closer to the observer 

than source 1, with an assumption that the phase of source 2 leads the phase of source 1 by 

ψ2 [43]. 

The phase of the wave at the observer from source 2 leads the phase of the wave from source 

1 by 

 

)sin(222 θψδ ka+=                                               (4.10)                   

 

If ω is the angular frequency of the two point sound sources, at time t, the amplitude of the 

sound at the distant observer is proportional to  

 

θsin2a  

a2

θ  

θ  

Parallel lines pointing to distant observer  

Source 1 Source 2
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)cos()sin(
2

)2sin()sin( δδωδωω
+=

++ ttt                             

 

                       )sin(
)sin(2

)cos()sin(2 δω
δ

δδ
+= t                             (4.11) 

 

Using the following trigonometric identity 

 

θθθ cossin22sin =                                              

 

         )sin(
)sin(2
)2sin( δω

δ
δ

+= t                                       (4.12) 

 

Thus the amplitude of the sound at the distant observer is proportional to  

 

                           ( )
( )δ
δ

sin2
2sin                                                        (4.13) 

 
 
 

4.2.2  Multiple Sources 
 
In this section the equation for N sources is derived. Then N is allowed to tend to infinity to 

obtain the equation for a continuous line source. Assuming that there are N sources in a line 

of length 2a, each of which has amplitude
N
1 . 

There is distance 
1

2
−N
a  and the phase of 

1
2
−N
ψ  relative to the previous source. 

 

The amplitude of the sound wave at a distant observer is proportional to 
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∑
=

−+=−+
N

n

Nt
N

Nnt
N 1

])1(sin[(
)sin(
)sin(])1(2sin[1 δω

δ
δδω                   (4.14) 

 

where      
1

)sin(222
−

+
=

N
ka θψδ                                       (4.15) 

 

The above summation has been performed using formula 1.341.1 on page 29 of Gradshteyn 

and Ryzhik [45]. 

 

If N is large, then 

 

    ( 1) sin( )N N kaδ δ ψ θ≈ − = +                                           (4.16) 

 

From which follows that  

 

)1(
)sin(

−
+

=
N
ka θψδ  << 1 and δδ ≈)sin(                                (4.17) 

 

The amplitude of the sound wave at the observer is proportional to  

 

( )[ ]δω
δ
δ 1sin

sin
)sin(

−+ Nt
N

N  

 

( )( )
( ) ( )( )θψω
θψ
θψ sinsin

sin
sinsin kat

ka
ka

++
+
+

=                            (4.18) 

 

 

Therefore large N limit gives the result for a continuous line source of constant source 

strength over a length of 2a and a phase difference which varies linearly by a total amount of 

ψ2  over the length 2a of the continuous line source. The amplitude of sound at a distant 

observer is proportional to 
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( )

θψ
θψ

sin
sinsin

ka
ka

+
+                                                  (4.19) 

 

The phase difference ψ is due to a forced bending wave induced by a wave incident at an 

angle of φ  

sinbk a kaψ φ= − = −                                            (4.20) 

 

In this case the amplitude of the sound at a distant observer is proportional to 

 

( )
( )

sin sin sin
sin sin

ka
ka

θ φ
θ φ

−⎡ ⎤⎣ ⎦
−

                                                (4.21) 

 
 
 
 
 
 

4.3  Infinite Strips 
 

An opening or thin panel in the form of an infinite strip was considered. This is shown in 

cross section in figure 4.3 [19]. This situation is solved as a two dimensional problem. 
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Figure 4.3. The reflection and transmission at a finite size opening or thin panel of a plane 

wave incident at an angle of φ to the normal. 

 

The sound amplitude radiated at an angle θ  due to sound incident at an angle φ  on the other 

is proportional to 

[ ]sin (sin( ) sin( ))
(sin( ) sin( ))

ka
ka

θ φ
θ φ

−

−
                                      (4.22) 

 

The following approximations have been made 

 

⎟
⎠
⎞

⎜
⎝
⎛ +

⎟
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⎝
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=−
2

cos
2
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⎠
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⎝
⎛ −

=−→
2
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Since xx ≈sin for small x , then for φθ −  small 

 

)cos()( φφθ −≈ ka                                              (4.25) 

 

The radiated power per unit length was of interest. This power per unit length is proportional 

to the pressure squared. Integrating the pressure squared over all angles of θ will give the 

power per unit length radiated due to a wave incident at an angle of φ. The approximation 

was used on the assumption that any contribution beyond the 
2
π

±  limits is fairly small. The 

range of validity of this approximation will be investigated later. While this approximation is 

clearly not correct for low values of ka, the formula obtained for radiation efficiency will be 

altered later so that it tends to the correct result for a square of side 2a at low values of ka. 

The power per unit length is proportional to 

 

∫ ∫
−

∞

∞−

≈
2

2

22

π

π

θθ dpdp                                   (4.26) 

 

From integral 3.821.9 on page 446 of Gradshteyn and Ryzhik [45] 
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0
2

2 πm
x

mx
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                                             (4.27) 

 

Thus                                   
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mx
2)(

)(sin

0
2

2 π
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             (4.28) 

 

and                                       
mmx

mx π
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∞

∞−
2

2
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With these approximations, the total radiated sound power per unit length of strip is 

proportional to 

  

[ ]
[ ]∫

∞

∞− −
−

= θ
φφθ
φφθ d

ka
ka

2

2

cos)(
cos)(sin                  (4.30) 

 

 

[ ]∫
∞

∞−

= θ
φθ
φθ d

ka
ka

2

2

)cos(
))cos((sin             (4.31) 

 

)cos(φ
π

ka
=                (4.32) 

 

It is now necessary to investigate the range of validity of equation (4.32). The maximum 

value of the integrand in equation (4.30) is 1 when θ equals φ. 

 

 

4.3.1  Argument 1 
 

The integrand in equation 4.30 is replaced with a rectangular function which is equal to 1 

when θ is within 
2 cos( )ka

π
φ

 of φ and is zero otherwise as shown in figure 4.4. This function 

has the same maximum value as the integrand since 1sin 2

→⎟
⎠
⎞

⎜
⎝
⎛

x
x  as 0→x  and the same 

integral was the integrand. For this replacement function the change to the limits of 

integration is only valid if the nonzero part of the replacement function lies between -π/2 to 

π/2. 
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Figure 4.4. Approximation of 
[ ]

[ ]

2

2

sin ( )cos

( )cos

ka

ka

θ φ φ

θ φ φ

−

−
 with a rectangular function 

. 

 

4.3.2  Argument 2 
 

Since integration is actually only up to ±
2
π , the result is only even approximately correct if 

the non-zero range of the rectangular function does not include ±
2
π . 

2 cos( ) 2ka
π πφ

φ
+ ≤              (4.33) 

 

Rearranging the equation   

 

2 cos( ) 2ka
π π φ

φ
≤ −              (4.34) 

1 

cos( )ka
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The factor 2 in front of cos( )ka φ in equation (4.34) gives half of the width of the rectangular 

function. At φ = 
2
π  only half of the integral is included as shown in figure 4.5. 

 

Figure 4.5. Only half of the integral is included at 
2
πθ =  as shown in this polar diagram of 

the integrand. 

There are two arguments for φ  close to 
2
π . One is when  

φπφ −≈
2

cos                                           (4.35)                       

 

and the other argument is when 

 

φφπ cos
2

≈−                     (4.36) 
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For φ  close to 
2
π  when φπφ −≈

2
cos , substituting equation (4.35) into equation (4.34) 

gives  

φπ

φπ
π

−≤
⎟
⎠
⎞

⎜
⎝
⎛ − 2

2
2ka

             (4.37) 

 
2

22
⎟
⎠
⎞

⎜
⎝
⎛ −≤ φππ

ka
         (4.38) 

 

φππ
−≤

22ka
           (4.39) 

 

ka22
ππφ −≤             (4.40) 

 

For φ  close to 
2
π  when φφπ cos

2
≈− , substituting equation (4.36) into equation (4.34) gives 

 

φ
φ

π cos
cos2

≤
ka

            (4.41) 

 

φπ 2cos
2

≤
ka

                      (4.42) 

 

ka2
cos πφ ≥              (4.43) 

 

arccos
2ka
πφ

⎛ ⎞
≤ ⎜ ⎟⎜ ⎟

⎝ ⎠
              (4.44) 

 

Thus equation (4.32) is only valid in the range given by equation (4.44). 
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Referring back to figure 4.4 and argument 1, one can see that even when 0=φ and 

1)cos( =φ  the integral must be less than or equal toπ . This is because the maximum value of 

the integrand in equation (4.30) is one, the maximum value of the integral before the limits 

are extended is π/2 – (-π/2) = π. 

 

 ππ
φ

π
≤=∴

kaka )cos(
              (4.45) 

 

    1≥∴ ka               (4.46) 

 

This means that the approximations can only be valid if ka is greater than or equal to one. 

The argument where φφπ cos
2

≈−  gives the value of the integral at the limiting angle 

defined by cos
2l ka
πφ =  as 

 

π
π

φ
π ka

kaka
2

cos
=             (4.47) 

 

2
ka
π

=               (4.48) 

 

It is also possible to approximate the integral if |φ| = π/2. Because of symmetry in the 

equations we only need to consider the case φ = π/2. If 
2
πφ =  

then   (sin( ) sin( )) sin( ) sin
2

ka ka πθ φ θ⎛ ⎞⎛ ⎞− = − ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
                (4.49) 

With 1
2

sin =⎟
⎠
⎞

⎜
⎝
⎛π  and by using the following identity 
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gives 
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If θπ
−

2
 is small and only the first two terms of the  
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Substituting  2

22
ykay →−= θπ , it follows that the integral becomes 
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∫                      (4.53) 

 

Using integral number 3.852.3 on page 464 of Gradshteyn and Ryzhik [45] 

 
2 2 2

3
4

0

sin ( ) 2
3

a x dx a
x

π∞

=∫                       (4.54) 

gives 

=
3/ 2

2
1 2

3 2
2

ka
ka

π ⎛ ⎞
⎜ ⎟
⎝ ⎠⎛ ⎞

⎜ ⎟
⎝ ⎠

                        (4.55) 

 

=
ka
π2

3
2                   (4.56) 

 

This is 2/3 of the maximum value at 
ka2

cos πφ = . 
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4.4  Finite size square panels 
 

From equations 4.8 and 4.9, the power radiated into a half space by a panel of surface area S 

is 

 
2

t nP u S cρ σ= ⋅ ⋅ ⋅              (4.57) 

 

where tzrzizn uuuu =+= is the normal rms component of the particle velocity. The velocities 

are positive in the direction of the z-axis, and the indices i, r and t refer to incident, reflected 

and transmitted wave, respectively [19]. 

 

The radiated power is  

{ }2 Ret n wfP u S c zρ= ⋅ ⋅ ⋅                     (4.58) 

where      { } σρczwf =Re  

 

The short-wave-theory or infinite-panel-theory implies that for values ∞→ka , the dotted 

curve in figure 4.6 corresponds to 1
cos

σ
φ

= . The short-wave-theory or infinite-panel-theory 

is only valid if the wavelength of the sound is short compared to the dimensions of the panel. 

As °→ 90θ , ∞→σ  and the radiation impedance tends to infinity 

 

{ }Re
coswf wf

cz z c ρρ σ
φ

≈ = →     for ∞→ka               

                        ∞→          for °→ 90θ                                     (4.59) 
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Figure 4.6. Calculated values of radiation efficiency. Square panel with incidence in x-z       

         plane [4]. 

 

In practice, for a real panel, ka will always have a finite value. Figure 4.6 shows that when ka 

>> 1, σ increases with φ like a dotted curve until a certain value, whereσ  remains finite, 

even for 90φ = ° . When ka decreases, the influence of φ on σ is reduced.  

For ka < 2, σ  decreases with decreasing ka to values less than unity, and φ loses its 

importance. When ka << 1, the following approximation applies: 

   

  { } 2)(
2

Re ka
c

czt π
ρ

σρ →≈  for ka <<1              (4.60) 

 

In order to calculate the radiation efficiency for ka << 1 of the square panel it was assumed 

that the same result for radiation efficiency will be produced if the impedance for a pulsating 
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hemisphere with the same surface area as square of side 2a was calculated. The argument 

was that, because of the symmetry for the plane in the middle of the hemisphere and the small 

size of the source compared to the wavelength of the sound, the impedances of the spherical 

and square sources are the same. The critical factor was the volume velocity, the product of 

the linear velocity and surface area.  

Hence, the area of hemisphere with radius r is area 22 rπ  and area of the square is 2)2( a . 

Equating those areas gives 

 
222 4)2(2 aar ==π         (4.61) 

 

   22 2 ar
π

=            (4.62) 

 

Now at very low frequencies the real part of the normalized specific acoustic impedance for 

sphere of radius r is 22rk   

       2222 2 akrk
π

=                         (4.63) 

 

 

Thus the radiation efficiency of the square panel is 

 

2222 2)Re(
akrk

Z
Z

c

wf

π
σ ===                                             (4.64) 

 

The radiation efficiency of the square panel is combined with the radiation efficiency of the 

strip by inverting both efficiencies, adding them together and inverting the result of the 

addition. 
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( )
2 2

2 2

1                       
cos

2

1         3cos cos 2
2 2

l

l

if

k a

if

k a

φ φπ φ

σ φ
πφ φπ φ φ

⎧ ≤⎪
+⎪

⎪⎪= ⎨
⎪
⎪ < ≤

−⎪ +
⎪⎩

     (4.65 

 

In equation (4.65) the result has been interpolated linearly in φcos  between the result 

at lφφ =  and the result at
2
πφ = . The argument was that 1

cosφ
is correct up to the limiting 

angle φl and above this limiting angle it was shown that at 90 degrees the value is 2/3 of the 

value at the limiting angle. 

The values in between were approximated by a straight line as a function of cosφ. The results 

are shown in figure 4.7. 

The radiation efficiency averaged over all angles of incidenceφ  is  

                           ( )
2

2

sin d

π

π

σ σ φ φ φ
−

= ∫              (4.66) 
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Figure 4.7. Radiation efficiency as a function of the angle of incidence and the values of ka 

shown in the legend. 

 

Sato [4] calculated values of ( )kaσ in decibels (dB) for a square wall at all angles where he 

integrated those values to find their average value <σ (ka)> over all angles of incidence. The 

radiation efficiency given by equation (4.65) and Sato’s numerically calculated radiation 

efficiency results were compared. Comparison showed that the equation (4.65) is always 

between –1.8dB and +1.1 dB of Sato’s numerical results. The biggest errors resulted from the 

combination of the high frequency and low frequency results in the region of ka =2. Rindel’s 

[19] approximations differs from Sato’s tabulated results by between –1.4 dB and +0.9 dB, 

but it is too complicated to be easily analytically integrated.  

The approximate expression for radiation efficiency was integrated to obtain the average 

value of radiation efficiency over all angles of incidence. 

2

2

( )sin d

π

π

σ φ φ φ
−
∫     (4.67) 

ka 
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To evaluate this integral, the following substitutions were made 

 

2)(2 ka
y π
=  cosg φ=  

sindg dφ φ= −  

 

Substituting cosg φ=  when sindg dφ φ= −  gave  

 

                        ∫ ∫=−=
0

1

1

0

)()( dggdgg σσ      

 
1

0
(3 )

2

l

l

g

lg

dg dg
y g gy g

= +
+ −+∫ ∫         (4.68) 

 

The cosine of the limiting angle was denoted as gl. The radiation efficiency at 90° will be 

equal to 2/3 of its value at the limiting angle if y is insignificant. At the limiting angle the 

radiation efficiency is equal to 1/( ly g+ ) and at gl = 0 which corresponds to 90°, 1/( 3
2 ly g+ ) 

is produced. In order to get 2 1
3 lg
⎛ ⎞
⎜ ⎟
⎝ ⎠

, 1.5 gl at the bottom line of equation (4.68) is needed. 

Clearly when g=0, (3 )
2

ly g g+ − expression is equal to 1.5 gl, and when g = gl, the expression 

( )
2

3 ggy l −+  is equal to lgy +  which is what was expected.  

 

 

 

[ ]1
0

ln( ) 2
2 3

l

l

g

g
l

dgy g
y g g

= + +
+ −∫     
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[ ]0
1ln 2 ln(2 3 ) lg

l
l

y y g g
y g

⎛ ⎞+
= − + −⎜ ⎟+⎝ ⎠

    

 

1 2 2ln 2ln
2 3

l

l l

y y g
y g y g

⎛ ⎞ ⎛ ⎞+ +
= −⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠

    

 

1 2 3ln 2ln
2 2

l

l l

y y g
y g y g

⎛ ⎞ ⎛ ⎞+ +
= +⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠

   (4.69) 

 

Since we are dealing with finite panels not just openings one needs to implement the plate 

wave impedance which is  
4 4

1 s s
wp

b b

k kZ m j
k k

ω η
⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥= − +⎨ ⎬⎜ ⎟ ⎜ ⎟

⎢ ⎥⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
           (4.70) 

 

where sk is the wave number of incident sinusoidal sound wave, 

          bk  is the wave number of the forced sinusoidal bending wave, 

          η is the damping loss factor, 

          m is the mass per unit area of the panel and 

          ω is the angular frequency. 

 

Substituting the trace wave number, which is sinsk k φ= , into equation (4.70) gives 

 
4 4

sin sin1wp
b b

k kZ m j
k k
φ φω η

⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥= − +⎨ ⎬⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭

       (4.71) 

 

The critical frequency is
D
mc4

2 =ω  where D is the bending stiffness of the plate, with fluid 

wave number 
4

4 ⎟
⎠
⎞

⎜
⎝
⎛=

c
k ω and free bending wave equal to

D
mkb

2
4 ω
= . Substituting these into 

equation (4.71) gives the following expression for the plate wave impedance  
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2 2
4 41 sin sinwp

c c

Z m j ω ωω φ η φ
ω ω

⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥= − +⎨ ⎬⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭

      (4.72) 

 

Combining the fluid wave impedance 0

coswf
cZ ρ
φ

=  with the plate wave impedance wpZ  gives 

 
2 2

4 4
02 ( ) 1 sin sin

c c

pZ c m j
v

ω ωρ σ φ ω φ η φ
ω ω

⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥= = + − +⎨ ⎬⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭

     (4.73) 

 

The reason for the factor 2 is that when sound pressure is applied onto the panel it vibrates 

and sound pressure is radiated on both sides of the panel. Thus the fluid wave impedance on 

both sides of the panel will be needed. 

The first term of equation (4.73) does not include the imaginary part of the impedance. This 

is not a problem for the large panels. For finite size panels where ka values are small and the 

imaginary part is significant, this term will be much smaller than the impedance of the panel. 

For openings with a small values of ka, the impedance is relatively independent of angle of 

incidence φ and its value will have an insignificant effect on the directivity calculations. 
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CHAPTER 5 

 

5. Relative Sound Level 

 

 

The initial research of this thesis was the investigation of directivity patterns of different 

acoustic sources. One of the directivity patterns found is shown in figure 5.1. 

 

 

 
 

Figure 5.1. Directivity pattern for a circular piston in a large baffle when ka is large [46]. 
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Figures 5.2 and 5.3 show different representations of the directivity pattern found in figure 

5.1. 

 
 

Figure 5.2. 3-D directivity pattern field for a circular piston in a larger piston when ka is 

large [46]. 

 

 

 
 

Figure 5.3. Animation of sound field for a circular piston in a larger piston when ka is large 

[47].  

 

The color palette used to generate the Mathematica contour plots on this page was borrowed 

from Sparrow at al. [48]. 
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Figure 5.1 shows the case when the frequency becomes high and ka becomes much greater 

than 1. Figure 5.1 represents measured directivity pattern for a loudspeaker when the 

frequency is at 10 kHz and ka is 9.34 [47]. At higher frequencies (10 kHz) the speaker 

radiates all of its sound in front. The sound level behind the speaker is almost 25 dB lower 

than the level in front, indicating that much more sound energy is being radiated directly in 

front and very little behind. The sound field radiated by the loudspeaker becomes narrower 

and side lobes appear. The pressure amplitude falls off rapidly as the distance from the 

central axis increases. The side lobes are much lower in amplitude than the main lobe where 

the darker the contour the higher the pressure and the louder the sound. It might be important 

to note that the sound waves in the side lobes have the opposite phase to the sound waves in 

the main lobe.  

While investigating the radiation of sound Rindel found the directivity pattern 
2sin
⎟
⎠
⎞

⎜
⎝
⎛

x
x  for a 

single frequency, where x is defined as in equation (5.1). This is shown in figure 5.4 [49].  

 

Figure 5.4. The radiation function
2sin x

x
⎛ ⎞
⎜ ⎟
⎝ ⎠

for a single frequency [49]. 

 

Figure 5.4 indicates that there are some side lobes, which occur when x is greater than 3.14. It 

appears that this supports the evidence presented in figure 5.3, which represents the case 
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when the frequency becomes high (ka equals 9.34). Side lobes are also seen in the measured 

result shown in figure 5.5. 

 

 
Figure 5.5. Measured radiation pattern from a plane surface [50]. 

 

Rindel assumed that the incident sound is a plane wave and the surface is rectangular with 

dimensions ba 22 • as shown in figure 5.6. 

 
Figure 5.6. Definition of angles of incidence and reflection from a rectangular surface        

        [49]. 
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The angles 0α and 0β relative to the x and y axes describe a direction of propagation of the 

incident wave. The angles α and β relative to the x and y axes describe a direction on the 

receiver side [49]. Using the result for sound transmission through a rectangular opening as 

derived in [19], Rindel found the following expression: 

 

( )0coscos αα −= kax               (5.1) 

 

Figures 5.1 and 5.5 produce very similar directivity patterns. Our calculation method was 

based on finding the sound amplitude, which is radiating into the half space for a particular 

angle. It could be shown that the parameter (sin( ) sin( ))ka θ φ− in equation (4.22) is same as 

the x in equation (5.1).  

 

 

5.1 Analysis and comparison of the level of sound radiated as 

predicted by different models 

 

The thesis will not present a method for predicting the sound insulation at grazing angles. It 

will attempt to predict the level of sound radiated from a finite flat panel or finite opening in 

any particular direction relative to the level of sound radiated in the direction normal to the 

finite flat panel or finite opening. 

 

5.1.1  The equations used for calculation 
 
The effective impedance Ze(φ) of a finite panel in an infinite baffle to a plane sound wave 

incident at an angle of φ to the normal to the panel is 

 

Ze(φ) = Zwfi(φ) + Zwft(φ) + Zwp(φ)   (5.2) 

 

 



 

 40 

 
where 

 

Zwfi(φ) is the wave impedance of the fluid as experienced by the finite panel in an infinite 

baffle, whose vibration is due a plane sound wave incident at an angle of φ to the 

normal to the panel, on the side from which the plane sound wave is incident (this is 

the fluid loading on the incident side), 

 

Zwft(φ) is the wave impedance of the fluid as experienced by the finite panel in an infinite 

baffle, whose vibration is due a plane sound wave incident at an angle of φ to the 

normal to the panel, on the side opposite to which the sound is incident (this is the 

fluid loading on the non-incident or transmitted side) and 

 

Zwp(φ) is the wave impedance of the finite panel in an infinite baffle to a plane sound wave 

incident at an angle of φ to the normal to the panel, ignoring fluid loading. 

 

We will assume that the fluid wave impedances on both sides are the same and ignore the 

imaginary part of the fluid wave impedance. That is  

 

Zwfi(φ)= Zwft(φ) = ρcσ(φ)    (5.3) 

 

where ρ is the density of the fluid, c is the speed of sound in the fluid and σ(φ) is the radiation 

efficiency into the fluid of one side of the finite panel in an infinite baffle, whose vibration is 

due a plane sound wave incident at an angle of φ to the normal to the panel. 

 

The rms normal velocity vrms(φ) of the panel due to a plane sound wave incident at an angle 

of φ to the normal to the panel which exerts an rms pressure pirms(φ) is 

 

 

 ( ) ( )
( ) ( )φφσρ

φ
φν

wp

irms
rms Zc

p
+

=
2

 (5.4) 
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The transmitted rms sound pressure ptrms(θ,φ) which is radiated by the panel on the non-

incident side to a receiving point which is at an angle of θ to the normal to the centre of the 

panel and a large distance from the panel is 

 

( ) ( ) ( )[ ]
( )φθ

φθφνφθ
sinsin

sinsinsin,
−
−

∝
ka

kap rmstrms  

       

                           
( )

( ) ( )
( )[ ]

( )φθ
φθ

φφσρ
φ

sinsin
sinsinsin

2 −
−

+
∝

ka
ka

Zc
p

wp

irms                     (5.5) 

 

   

 

where k is the wave number of the sound and 2a is the length of the panel in the direction of 

the source. 

 

We now consider the case where sound is generated by a sound source in a room or duct. We 

assume that the sound pressure waves are incident at different angles φ  with random phases 

and mean squared sound pressures which are proportional to a weighting function w(φ). 

 

 

         ( ) ( )φφ wpirms ∝2                           (5.6) 

 

The weighting function is to account for the fact that sound waves at grazing angles of 

incidence will have had to suffer more wall collisions and therefore be more attenuated 

before reaching the panel. The total mean square sound pressure |pTrms(θ)|2 at the receiving 

point is 

( ) ( )
( )( )

( )[ ]
( ) φ

φθ
φθ

φφσρ

φθ

π

π

d
ka

ka

Zc

wp
wp

Trms

22

2

2
2

sinsin
sinsinsin

2 ⎭
⎬
⎫

⎩
⎨
⎧

−
−

+
∝ ∫

−

 (5.7) 
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We are also interested in the case when sound is incident from a source in a free field at an 

angle θ to the normal to the panel and the panel radiates at all angles φ into a room or duct. In 

this case the weighting function w(φ) is to account for the fact that sound waves radiated at 

grazing angles will have had to have more wall collisions and therefore be more attenuated 

before reaching a microphone near the middle of the room. In this second case, we have to 

integrate over all angles of radiation φ because of the reverberant nature of the sound. For this 

case, the impedance terms in the integral are functions of θ rather than φ and can be taken 

outside the integral. However in this study we have calculated both cases using the formula 

for the first case which is shown above. This is because both cases should be the same by the 

principle of reciprocity and it is not clear which form of the formula is more correct. 

 

For large values of ka, the two cases of the formula will be similar. If ka is much greater than 

1, the function 

 

 ( )[ ]
( )

2

sinsin
sinsinsin

⎭
⎬
⎫

⎩
⎨
⎧

−
−

φθ
φθ

ka
ka  (5.8) 

 

has a sharp maximum at φ = θ and is symmetrical in both θ and φ  about the point θ = φ. We 

can exploit these facts by evaluating the impedance terms for the first case at φ = θ and taking 

them out side the integral. This gives the formula for the second case. 

 

The relative sound pressure level L(θ) in the direction θ is 

 

 ( ) ( )( ) ( )( )10 1020 log 20log 0Trms TrmsL p pθ θ= −  (5.9) 

 

A weighting function was needed, because the assumption of diffuse field incidence did not 

agree with the experimental results in the literature. In this study, the following weighting 

function w(φ) was used.  
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 ( )
1 1 cos         if  
2

0                                 if  

w
w

w

w
πφ φ φ
φφ

φ φ

⎧ ⎛ ⎞⎛ ⎞
+ <⎪ ⎜ ⎟⎜ ⎟⎜ ⎟= ⎨ ⎝ ⎠⎝ ⎠

⎪ ≥⎩

 (5.10) 

 

This weighting function was chosen because it goes smoothly to zero at the weighting angle 

φw. Weighting functions based on physical models are being investigated by a more recent 

postgraduate student. Note that this weighting angle φw is different from the limiting angle ϕl 

which was introduced in chapter 4. φl is a function of ka which is used in the calculation the 

radiation efficiency σ(φ). φw is a parameter which is use to match the weighting function to 

the actually distribution of sound as determined by the best match between the theory and the 

directivity results from the literature. φw may need to be a function of frequency, angle of 

radiation (or incidence), size of panel, size of opening, room dimensions or duct length. 

However in this thesis we will try to use a constant value of φw when comparing with a 

particular set of experimental or theoretical data. 

 

It is important to note that although the weighting angle φw can be greater than π/2, φ is only 

integrated over the range from -π/2 to π/2. Also, the weighting function does not have to be 

zero when φ is equal to -π/2 and π/2. Uniform weighting is obtained when φw is infinite. 

 

In this study we use the radiation efficiency of a strip of width 2a, which we approximate 

with the following equation (see equation (4.65)). 

 

 ( )
2 2

2 2

1         if 
cos

2
1  if 3cos cos 2

2 2

l

l

k a

k a

φ φπ φ
σ φ

πθ θπ φ φ

⎧ ≤⎪
+⎪⎪= ⎨

⎪ < ≤
−⎪ +⎪⎩

 (5.11) 

 

 

 

where 
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 arccos
2l ka
πφ

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
 (5.12) 

 

and k is the wave number of the sound and 2a is the length of the panel in the direction of the 

source. 

 

For an opening with no panel in an infinite baffle we put Zwp(φ) = 0. For a finite panel in an 

infinite baffle we use the infinite panel result for Zwp(φ). This result is expected to be the 

correct result when averaged over frequency, because this approach gives the correct result 

for point impedances when averaged over frequency and position on a finite panel. 
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⎛
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ω
ωηφ

ω
ωφ 4

2
4

2

sinsin1
cc

wp jmwZ  (5.13) 

 

where m is the surface density (mass per unit area) of the panel, η is the damping loss factor 

of the panel, ωc is the critical frequency of the panel and ω is the angular frequency of the 

sound. 

 

In this study the integral was performed by evaluating the integrand at 1° intervals from -90° 

to 90° and summing the values. In some cases, a constant value of attenuation relative to 

radiation in the normal direction was added to the calculated value to obtain better agreement 

at low frequencies. In one case, the attenuation relative to radiation in the normal direction 

was limited to a maximum value of attenuation by a method described later. 
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5.1.1.1  Why are openings and finite panels different? 

 

The case when the sound is radiated from a room or duct is considered in this section. We 

assume that the sound is incident as described by the weighting function w(φ). The following 

analysis applies to finite size openings and finite size panels. Assumptions will be made 

which allow the approximation φ= θ. To show why openings and finite panels are different 

we make a further approximation. In the equation (5.7) for the total mean square sound 

pressure |pTrms(θ)|2 at the receiving point we note that if ka is much greater than 1, the 

function  

 

 

 ( )[ ]
( )

2

sinsin
sinsinsin

⎭
⎬
⎫

⎩
⎨
⎧

−
−

φθ
φθ

ka
ka  (5.14) 

 

has a sharp maximum at φ = θ. We exploit this fact by evaluating the rest of the integral at  

φ = θ and taking it out side the integral. We then note that the integral that we are left with is 

proportional to the radiation efficiency σ(θ) of the finite panel. Thus 

 

 ( ) ( ) ( )
( ) ( )

2

2
2

Trms

wp

w
p

c Z

θ σ θ
θ

ρ σ θ θ
∝

+
 (5.15) 

 

For an opening Zwp(φ) = 0 and we obtain 

 

 ( ) ( )
( )

2
Trms

w
p

θ
θ

σ θ
∝  (5.16) 

 

 

For a finite panel |Zwp(θ)|2 >> 2ρcσ(θ) and we obtain 

 

 ( ) ( ) ( )
( )

2

2Trms

wp

w
p

Z

θ σ θ
θ

θ
∝  (5.17) 
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Apart from near coincidence |Zwp(θ)|2 is independent of θ. Thus the result for a finite panel 

reduces to 

 
 ( ) ( ) ( )2

Trmsp wθ θ σ θ∝  (5.18) 

If ka >> 1 and |θ| < φl 
 

 ( ) ( )
1

cos
σ θ

θ
=  (5.19) 

 
In this case, if w(θ) is constant, for an opening we obtain 
 
 ( ) ( )2

cosTrmsp θ θ∝  (5.20) 
 
and for a finite panel we obtain 
 

 ( ) ( )
2 1

cosTrmsp θ
θ

∝  (5.21) 

 
Note that equation (5.21) is different from the solid piston results graphed in Figures 5.1 to 
5.4. 
 
Another possible simple weighing function is 
 
 ( ) ( )cosw θ θ≈  (5.22) 
 
With this weighting, our approximate results become 
 
 ( ) ( )2 2cosTrmsp θ θ∝  (5.23) 
 
for an opening and 
 
 ( ) 2

is independent of Trmsp θ θ  
 
for a finite panel except near coincidence. In both cases, the ratio of the result for an opening 

to the result for a finite panel is proportional to cos2(θ). Note that this result assumes ka >> 1 

and |θ| < φl where φl is given by equation (5.12). 
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In this chapter, the prediction method described in section 5.1.1 is compared with 

experimental results and prediction methods for finite size openings and finite size panels 

from the literature. The weighting function given in equation (5.10) is used and the weighting 

angle φw is varied to obtain the best agreement. The weighting function and the weighting 

angle φw give an indication of the distribution of incident sound which is needed to produce 

the experimental results or the results of the predictive method. This will be a valuable 

guidance for future work which seeks to develop a physical model of the incident sound 

distribution in different situations. Results for all methods are presented on a logarithmic 

scale of Strouhal number. The Strouhal number is defined as the ratio of the distance across 

the finite flat panel or finite opening in the direction of radiation relative to the wavelength of 

the sound in the air. 

 

 

 

5.1.2  Roberts experimental results and prediction method for finite openings 

 

Roberts offered a simple prediction method for finite openings, which agreed with practical 

tests. This method was based on a concept of a flat discrete plane wave front expanding on all 

flanks at the velocity of sound, where the sound field was controlled by the frequency of the 

sound and the size of the generating surface. Roberts conducted the tests with sound radiating 

from an opening of a sliding window in the wall of room to outside. [7]. The size of the wall 

(baffle) in which the sliding window was mounted is not stated in [7]. The opening width was 

set at 75, 130, 300 and 600 millimetres and the opening height was 970 millimetres. The 

measurements were made at 0° and 90° to the normal to the opening at a distance of 1000 

millimetres from the centre of the edge of the opening. The measurements were made in both 

the horizontal and vertical directions. It is important to note that Roberts’ calculated 

directivity results were produced when his directivity coefficient (Dc) was equal to 0.5, 

which is appropriate for the sound emitting from low reverberant rooms through a free 

opening. 

 

 



 

 48 

 
 

Roberts’ measured sound level at 90° relative to the sound level at 0° with various opening 

widths were compared with the theory of section 5.1.1 for predicting the sound radiation. 

Figure 5.7 represents the sound level at 90° relative to the sound level at 0° with the 

weighting angle φw set at 78°. The weighting angle φw was introduced in equation (5.10). It 

should not be confused with the limiting angle φl which was introduced in chapter 4 in the 

calculation of the radiation efficiency.  

In figure 5.7, the theory of section 5.1.1 is compared to Roberts’ measured data.  
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Figure 5.7. Comparison of Roberts experimental data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 78 degrees. 

 

At low Strouhal number the theory of section 5.1.1 exhibited a smaller relative sound level 

than Roberts’ experimental data. In order to obtain reasonable agreement between the theory 
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of section 5.1.1 and the data presented by Roberts, a negative relative sound level constant 

was added to results of the theory of section 5.1.1 
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Figure 5.8. Comparison of Roberts calculated data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 78 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

Figure 5.8 shows comparison of the theory of section 5.1.1 with Roberts calculated data. The 

constant of relative sound level was set to -1.5 dB because this gave the best agreement 

between theory and experiment. The relative sound level curves exhibit a similar pattern as in 

figure 5.7. Since we are interested in measured and practical tests, the theory of section 5.1.1 

will be compared only to Roberts’ measured data. 
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Figure 5.9. Comparison of Roberts measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 78 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

Figure 5.9 represents the relative sound level at 90 degrees with the weighting angle at 78 

degrees with the constant of relative sound level set to -1.5 dB. For some Strouhal numbers, 

Roberts has more than one measured value, which suggests experimental uncertainty in the 

relative sound level across the whole Strouhal number range. 
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Figure 5.10. Comparison of Roberts measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 90 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

Implementing the relative sound level constant improves the relative sound level at low 

Strouhal numbers. At the same time varying the weighting angle has an impact on the result 

at high Strouhal numbers. It is obvious that the theory of section 5.1.1 used with the 

weighting angle φw set at 90 degrees produces relative sound level values for 90 degrees 

which compare better to the measured data than the theory of section 5.1.1 used with the 

weighting angle φw set at 78 degrees. 
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Figure 5.11. Comparison of Roberts measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 95 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

The relative sound level curve at 90 degrees with a weighting angle at 95 degrees is very 

similar to that of figure 5.10 where the weighting angle was set to 90 degrees. The only 

difference is that relative sound level curve for the theory of section 5.1.1 seems to be 

decreasing compared to the measured values. This trend will in fact become more 

emphasized as we continue to increase the weighting angle. Note that the integration over φ 

in theory of section 5.1.1 is only performed from -90 degrees to 90 degrees even though the 

weighting angle φw of the weighting function is greater than 90 degrees. 
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Figure 5.12. Comparison of Roberts measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 100 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

With the increase in the weighting angle the predicted values decrease. 
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Figure 5.13. Comparison of Roberts measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 110 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

An increase in the weighting angle not only affects the relative sound level at high Strouhal 

numbers but also has an impact on relative sound level as width of the opening increases 

because this increases the Strouhal number for a fixed frequency.  
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Figure 5.14. Comparison of Roberts measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 120 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

Figure 5.14 represents the relative sound level at 90 degrees with the weighting angle set at 

120 degrees. It is obvious that the difference becomes more extreme with the increase of the 

weighting angle. A weighting angle set at 100° gives the best results when the theory of 

section 5.1.1 is compared to Roberts’ practical test.  
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 Figure 5.15. Comparison of different data with the theory of section 5.1.1 for the sound level 

at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 is used with 

the weighting function using a weighting angle φw of 100 degrees. A negative relative sound 

level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

Models being compared in figure 5.15 have the same 0.5 m width of the opening. Bies & 

Hansen’s [16] model is more directional as the other two models. The primary difference is 

that Bies and Hansen’s model has investigated the directivity from the exit of a duct. Only 

plane waves propagate when the duct is less than 0.5 wavelengths wide. For ducts of greater 

dimensions than these, higher modes may propagate as well as plane waves. Higher order 

modes have been included in the theory of acoustic ducts by various authors [8, 53, and 54]. 
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5.1.3  Rindel’s experiment results for finite openings and panels  

 

The theory of section 5.1.1 was compared with the experimental research of Rindel. It 

covered the transmission of traffic noise through windows. It has been done by comparing the 

external or outdoor noise level to the internal room level [19]. Rindel made 1:4 scale model 

measurements on the sound insulation of windows installed in one wall of a box in a n 

anechoic room. The sound was incident from outside the box at an angle normal to the 

window. The window was mounted in an opening measuring 420 millimetres wide by 300 

millimetres high by 75 millimetres deep. The wall of the box containing the window was part 

of the baffle measuring 3800 millimetres wide by 3100 millimetres high. The loudspeaker 

was 4000 millimetres from the middle of the front of the opening.  

The theory of section 5.1.1 was used to calculate the relative sound level for sound travelling 

from indoors to outdoors. By reciprocity the results should be the same. Rindel measured the 

sound pressure level (SPL) for each window as a function of frequency and then calculated 

the external transmission loss (E) for the 0°, 45°, 75° and 90° angles of incidence. The 

following formula was used: 

 

correctionLLE inout +′−=     (5.24) 

 

where  ⎥
⎦

⎤
⎢
⎣

⎡
Pa

dBLout µ20
 is the sound pressure level measured outside the window as a  

                        function of the frequency and the angle of incidence, 

 

           ⎥
⎦

⎤
⎢
⎣

⎡′
Pa

dBLin µ20
   is the sound pressure level inside the window corrected with respect     

                                   to the background noise and 

 

          [ ]dBcorrection  is the correction for the area of the specimen and the volume of the 

                                   receiving room. 
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Rindel applied a background correction. For windows with very high sound insulation, he 

had to increase the power fed to the loudspeaker in order to measure the sound pressure in the 

receiving room with a reasonable accuracy. This only occurred at the highest frequencies. 

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=′ 1010 1010log10

bin LL

inL     (5.25) 

 

where ⎥
⎦

⎤
⎢
⎣

⎡
Pa

dBLin µ20
 is the sound pressure level measured inside window as a function of 

                      the frequency and the angle of incidence, 

           ⎥
⎦

⎤
⎢
⎣

⎡
Pa

dBLb µ20
 is the sound pressure level of the background noise. 

 

 

Our calculation method was based on finding the sound, which is radiating into the half space 

for the particular angle. Emphasis was put on investigation at grazing incidence ( °= 90φ ) 

since with simple theories of sound insulation as angle tends to 90° the radiation efficiency 

goes to infinity. The transmission loss decreases with increasing angle relative to the normal 

and tends to vanish at grazing incidence. 

 

 

5.1.3.1  Opening 

 

The specific property of an opening in a thin baffle is that the ‘panel’ does not exist. It is a 

fictive, mass-less panel: 

 

0=wZ               (5.26) 

 

The basic formula for the calculation of transmission loss is: 

{ }t
tw

Zc
ZZZ

R
Re42

log10
2

1

•••
++

=
ρ

        (5.27) 
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Very often, the dimensions of the panel are so large ( )1>>ka  that the following equation is 

a good approximation: 

2

10log 1
2 2

wZR
c

σ
ρ σ

⎛ ⎞
= + •⎜ ⎟⎜ ⎟• •⎝ ⎠

                   (5.28) 

 

where wZ depends upon the type of panel, while σ is influenced by the type of the incident 

sound field and the dimensions of the panel.  

 

The results of Rindel’s measured data and the theory of section 5.1.1 directivity comparison 

for the opening are shown in figure 5.16.  
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Figure 5.16. Comparison of Rindel’s measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 200 degrees.  
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The Strouhal number range is from 0.3 to 24. Length of the window is set to 1.6m. Rindel 

used a wooden frame with the inside dimensions 42 cm x 30 cm (1.64 m x 1.230 m in full 

scale). The thickness of the frame was 7.5 cm (30 cm in full scale) which corresponded to the 

thickness of the wall of the receiving room. The weighting angle of the weighting function 

for all three angles compared (90°, 75° and 45°) is 200. 

The relative sound level curve at 90° produced by the theory of section 5.1.1 is somewhat 

smoother than the curve produced by Rindel. This is especially noticeable at low Strouhal 

number, particularly the dip at Strouhal number 0.6 and the peak at Strouhal number 1. 

Between Strouhal number 0.6 and Strouhal number 0.75 there is a difference of 5.5 dB where 

the difference for our curve for the same Strouhal numbers is 0.2 dB. Overall the curves show 

very similar relative sound level across the Strouhal number range. Rindel’s curve is missing 

a relative sound level value for Strouhal numbers 15 and 24. 
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Figure 5.17. Comparison of Rindel’s measured data with the theory of section 5.1.1 for the 

sound level at 75 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 200 degrees.  
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If we compare the figure 5.17 curves to those of figure 5.16 we can see that they have similar 

shapes. The difference is that Rindel’s curve for relative sound level at 75° has more peaks 

and dips across the whole Strouhal number range. 
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Figure 5.18. Comparison of Rindel’s measured data with the theory of section 5.1.1 for the 

sound level at 45 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 200 degrees.  

 

The relative sound level curves at 45° have similar shapes as those for 75°. The difference is 

that from Strouhal number 4 through to Strouhal number 24, the theory of section 5.1.1 has a 

flat response. 
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5.1.3.2  A thin single panel 

 

Most single leaf panels are very thin compared to the wavelength of the sound in the solid 

leaf material [25]. When the panel is a thin single panel the specific acoustic impedance 

(transmission impedance) of the panel well below the critical frequency is [40] 

 

mjZw ω=      (5.29) 

 

where   m is the mass per unit area of the panel 

ω  is the angular frequency. 

The calculations presented in this thesis actually use equation (5.13). 

 

In the case of Rindel’s and Stead’s experimental data, the relative sound level at an angle θ is 

the indoor sound level due to sound incident at an angle θ  minus the indoor sound level due 

to sound incident at right angles to the panel or opening. Figure 5.19 represents the relative 

sound level at 90° for a thin single panel 4 mm thick. There is a problem at a low Strouhal 

numbers. The weighting angle φw was set at 120 degrees. Setting it to 200 degrees would 

compare better at low Strouhal numbers but would compromise the peak at the critical 

frequency. Rindel came across the same difficulty. Irregularities were found for nearly all the 

windows. One important reason is the standing waves in the niches of the specimen holder on 

either side of the specimen. According to Rindel the two lower frequencies of resonance in 

the niches of the specimen holder on either side of the specimen opening are within the 1/3 

octave bands 400 Hz and 630 Hz (100 Hz and 160 Hz full scale). 
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Figure 5.19. Comparison of Rindel’s measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 120 degrees.  

 

The critical frequency worked out to be 3150 Hz, which corresponds to a Strouhal number of 

15. The transmission loss (TL) at the critical frequency is dependent on the damping, which 

is characterized by the damping loss factor ( )η [16]. Bies & Hansen in the “Properties of 

materials’ (Appendix B) list the loss factor for glass as being 0.0006 to 0.02. Our damping 

loss factor is 0.01. When the stiffness of the panel is taken into account, the effect of 

coincidence occurs. The product of the critical frequency with the thickness of the glass is 

assumed to be 12 m/s in our calculations. The peak in figure 5.19 is due to coincidence which 

occurs at the critical frequency for 90 degree incidence and radiation. 
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5.1.3.3  Coincidence Region 

 

Coincidence for single walls was first analyzed by Cremer [1]. According to Cremer when 

the stiffness of the panel is taken into account, the effect of coincidence occurs. The lowest 

frequency at which coincidence occurs is called the critical frequency. Coincidence occurs 

when the incident sound wave (air borne) speed c and speed of the free bending wave of the 

panel (structure borne) Bc  are equal [16]. The critical frequency can be calculated using 

following equations [9]: 

 

Hz
B
mcfc ⎟
⎠
⎞

⎜
⎝
⎛

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

π2

2

          (5.30) 

 

Hz
hc
cf

L
c ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

255.0               (5.31) 

 

where  h is the thickness of the panel  

 B is the bending stiffness of the panel 
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Figure 5.20. Comparison of Rindel’s measured data with the theory of section 5.1.1 for the 

sound level at 75 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 120 degrees.  

 

The relative sound level at 75° is very similar to relative sound level at 90° with the 

coincidence frequency at 3150 Hz, which corresponds to a Strouhal number of 15. 
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Figure 5.21. Comparison of Rindel’s measured data with the theory of section 5.1.1 for the 

sound level at 45 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 120 degrees.  

 

The relative sound level at 45° is somewhat different to curves of the other two angles. At 

low Strouhal number Rindel’s relative sound level curve predicts sharp peaks and dips. The 

difference between Strouhal number 0.6 and Strouhal number 0.75 is about 9 dB. The 

coincidence frequency peak has moved to 5000 Hz, Strouhal numer 24, which is expected 

and predicted by the relevant theory. As the angle of incidence decreases the coincidence 

frequency increases. The coincidence frequencies of the 90° and 75° curves are the same at 

3150 Hz, whereas the coincidence frequency of the 45° relative sound level curve has been 

shifted to 5000 Hz. 
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Figure 5.22. Rindel vs. Stead. 

 

Stead [21] also made measurements on a window. His measurements are discussed in section 

5.1.4. Figure 5.22 shows a relative sound level comparison between Rindel’s and Stead’s 

data. Overall, Rindel produced higher relative sound level values across the whole Strouhal 

number range and especially at high Strouhal numbers. Rindel’s relative sound level curve 

for 45° had an unexpected dip at Strouhal number 17. The critical frequency is at 3150 Hz, 

Strouhal number 15. The primary difference between the two models is in the thickness of the 

glass. Stead used 6 mm glass whereas Rindel used 4 mm glass. Another difference is in the 

length of the window. Rindel used a window 1.64 m in length, whereas Stead used a window 

1.45 m in length. 
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5.1.3.4  A Thick Single Panel 

 

Rindel investigated different window constructions including 12 mm thick single panel. This 

section compares Rindel’s measurements with 12 millimetres thick single panel with the 

theory of section 5.1.1. Figure 5.23 represents the relative sound level at 90°. 
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Figure 5.23. Comparison of Rindel’s measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 120 degrees.  

 

The relative sound level at 90° shows a sharp peak around the critical frequency which is at 

1000 Hz, Strouhal number 4.8. 
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Figure 5.24. Comparison of Rindel’s measured data with the theory of section 5.1.1 for the 

sound level at 75 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 120 degrees.  

 

The relative sound level curves at 75° are very similar to relative sound level curves at 90° 

with the coincidence frequency at 1000 Hz, Strouhal number 4.8. 
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Figure 5.25. Comparison of Rindel’s measured data with the theory of section 5.1.1 for the 

sound level at 45 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 120 degrees.  

 

The relative sound level curve at 45° is somewhat different to curves of the other two angles. 

The coincidence frequency peak has been shifted to 2000 Hz, Strouhal number 9.6. This is 

because coincidence occurs at a higher frequency for an angle of incidence closer to normal 

incidence. The change from 90 degrees to 75 degrees is not sufficient to move the 

coincidence frequency to a lower third octave band. 
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5.1.4 Stead’s experimental results for sound reduction through single isotropic 

glass panels of finite size 

 
  
Stead [21] studied the sound transmission from outside a large building, whose façade served 

as a large baffle, into an office via a glass window. The sound was incident at an angle 

normal to the window from outside the room. This is the opposite direction to the theory of 

section 5.1.1, but because of the principle of reciprocity the theory is expected to give similar 

results as in the case of Stead’s measurement results. The office was 5.12 m long, 2.88 m 

wide and 3 m high. The window was 2.12 high and 1.45 m wide. The window glass was 6 

mm thick. The loudspeaker was located 20 m from the middle of the window.  

Sound transmission loss is a function of frequency. Bies and Hansen explained the typical 

transmission loss regions for a panel of finite size as shown in figure 5.26 [16]. 

 

 
 

Figure 5.26. Typical TL as a function of frequency for a single panel. 
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The characteristic regions of the transmission loss spectrum are the stiffness controlled 

region, the mass law region, the coincidence region and the damping controlled region [16]. 

Panel mass and angle of sound incidence are the primary influences in the mass law region. 

The coincidence or critical frequency is determined by material properties and the angle of 

sound incidence and the dip minimum value is determined by the amount of damping in the 

panel. Panel damping also influences transmission loss above the coincidence region which is 

a damping controlled region. 

Stead measured TL for varying angles of incidence, which have been corrected for the angle 

of incidence in accordance with the ISO 140, Part 5 [55]. Figure 5.27 presents directivity with 

sound incident at 90° for 6 mm glass. Stead set the speaker at 90° to the window when 

measuring the sound transmission loss at grazing incidence (sound at 90° to the window) 

[18]. 
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Figure 5.27. Comparison of Stead’s measured data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 83 degrees.  

 

The relative sound level at 90° shows a broad peak around the critical frequency which is at 

2500 Hz, Strouhal number 10.6. Above the coincidence region the panel damping influences 

the sound transmission loss and the relative sound level. A smaller weighting angle may be 

more appropriate for Stead’s data than that used with Rindel’s data. This is due to the 

difference in reverberant rooms. In his approach, Rindel used a box, which is more 

reverberant than the receiving room Stead used in his experimental setup. 
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Figure 5.28. Comparison of Stead’s measured data with the theory of section 5.1.1 for the 

sound level at 75 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 83 degrees.  

 

The relative sound level at 75° is very similar to the relative sound level at 90° with 

coincidence frequency at 2500 Hz.  
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Figure 5.29. Comparison of Stead’s measured data with the theory of section 5.1.1 for the 

sound level at 45 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 83 degrees.  

 

The relative sound level at 45° is somewhat different to curves of the other two angles. The 

coincidence frequency peak has been shifted to 5000 Hz as expected from the prediction 

method. 
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5.1.5 Bies & Hansen’s directivity prediction model for an unbaffled duct 

opening 

 

Bies and Hansen’s directivity of unbaffled exhaust ducts was based on an experimental 

model investigation. The model is based on data for both rectangular and circular ducts and is 

presented in terms of Strouhal number based on frequency, and the geometric mean diameter 

of the duct for the angles measured from the centreline of the duct [16].  

Higher order mode propagation occurs for values when the Strouhal number is greater than 

0.5. That is when sound energy propagation in the duct is not entirely axial. 

Cremer [1] proposed that in order to overcome the discrepancy found between calculations 

and measurements in the case of random incidence, the value of limiting angle should be 

( °= 78θ ). Taking this into consideration it was reasonable to first consider a comparison 

with the weighting angle at 78 degrees. Figure 5.30 compares the relative sound level at 90 

degrees with the weighting angle at 78 degrees. 
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Figure 5.30. Comparison of Bies & Hansen’s data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 78 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

The agreement between the two models across the whole Strouhal number range is not quite 

satisfactory. It was necessary to change the weighting angle, which is one of the factors 

affecting directivity. 

 



 

 78 

 

-40

-35

-30

-25

-20

-15

-10

-5

0

0.1 1 10 100

Strouhal Number 

R
el

at
iv

e 
So

un
d 

Le
ve

l (
dB

)

Theory
Bies & Hansen

φw   = 19°
θ  = 90°

 
Figure 5.31. Comparison of Bies & Hansen’s data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 19 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

The agreement between the two models when weighting angle is changed to 19 degrees is 

seen to be quite satisfactory, as shown in figure 5.31. One of the significant aspects of this 

comparison is the weighting angle. In order for the theory of section 5.1.1 to be valid the 

weighting angle should be the same and consistent throughout the comparison process. 

Therefore, a weighting angle of 55 degrees will be used, which seems to work best for all 

radiation angles. 
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Figure 5.32. Comparison of Bies & Hansen’s data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 55 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

Figure 5.32 shows that for relative sound level at 90 degrees with the weighting angle at 55 

degrees the differences between the curves are somewhat bigger than in figure 5.31. For large 

Strouhal numbers the relative sound level differences between the two models is as much as 9 

dB. 

 

The weighting angle φw is likely to be smaller for a duct than for a room. In a duct, compared 

to a room, we would expect less sound energy to be incident on the opening at 90 degrees. 

This is because plane wave propagation is likely to be dominant in a duct, especially for low 

values of Strouhal number and long ducts.  



 

 80 

 

-25

-20

-15

-10

-5

0

0.1 1 10 100

Strouhal Number 

R
el

at
iv

e 
So

un
d 

Le
ve

l (
dB

)

Theory
Bies & Hansen

φw  = 55°
θ = 60°

 
Figure 5.33. Comparison of Bies & Hansen’s data with the theory of section 5.1.1 for the 

sound level at 60 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 55 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

Figure 5.33 shows that there is not great deal of difference between the relative sound level 

curves. In fact, the agreement between the two models for directivity at 60 degrees is quite 

satisfactory. 
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Figure 5.34. Comparison of Bies & Hansen’s data with the theory of section 5.1.1 for the 

sound level at 45 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 55 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

For a relative sound level at 45 degrees the difference is obvious only for large Strouhal 

numbers. The difference is as much as 4.3 dB. 
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Figure 5.35. Comparison of Bies & Hansen’s data with the theory of section 5.1.1 for the 

sound level at 30 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 55 degrees. A negative 

relative sound level constant of -1.5 dB was added to results of the theory of section 5.1.1. 

 

The weighting angle used for the relative sound level radiated at different angles was 55°, 

which overall, when implemented showed the best agreement between the two models being 

compared. It is also important to note that relative sound level constant of - 1.5 dB was added 

to our data. This is because the comparison showed that at low frequencies the theory of 

section 5.1.1 could not quite produce the same relative sound level as the Bies & Hansen’s 

model. By studying figures 5.30 to 5.34 it can be seen that the general shape of the curves 

except for the relative sound level at 30°, are the same for different angles. As the curves in 

figure 5.35 indicate, there is a difference in relative sound level across the whole Strouhal 

number range. For small Stouhal numbers, the difference in the relative sound level between 

the two models is as much as 1.5 dB, and for large Strouhal numbers as much as 3.4 dB. The 

difference for small openings is equal to relative sound level constant that was added in order 

to match the relative sound level curves for other radiation angles. Setting the weighting 
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angle to 43 degrees would give a much better relative sound level comparison at 30° 

between the two models, which would not be the case for all other radiation angles. 

 

 

5.1.6  B & K Microphone 

 

The frequency response of the microphone is determined by diaphragm mass, diaphragm 

stiffness, mechanical damping of the diaphragm and interference and diffraction effects at 

frequencies where the microphone diameter becomes of the same order as the wavelength. 

The free field correction is a function of frequency [56]. Figure 5.36 shows the correction for 

the B & K one-inch condenser microphone types, 4144 and 4145, which is without the 

normal protection grid. The figure gives curves for correcting the electrostatic actuator 

response for various angles of incidence. It should be noted that the microphone is unbaffled. 
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Figure 5.36. Free-Field Correction Curves. 
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Figure 5.37. Comparison of Bruel & Kjaer microphone data with the theory of section 5.1.1 

for the sound level at 90 degrees relative to the sound level at 0 degrees. The theory of 

section 5.1.1 is used with the weighting function using a weighting angle φw of 50 degrees.  

 

The relative sound level at an angle θ for the one inch B&K microphone types 4144 and 4145 

is defined as the free field correction for incidence at θ minus the free field correction for 0 

degree incidence. These relative sound levels for different angles of incidence are compared 

to the theory of section 5.1.1 for an opening. Figure 5.38 represents the relative sound level at 

90 degrees with a weighting angle at 50 degrees. It can be seen that overall, there is a very 

good agreement between the two models. The biggest difference is 7.6 dB when the Strouhal 

number is 1.4. 

 

 



 

 85 

 

 

-12

-10

-8

-6

-4

-2

0

0.01 0.1 1 10

Strouhal Number 

R
el

at
iv

e 
So

un
d 

Le
ve

l (
dB

)

Theory
B & K Microphone

φw  = 50°
θ  = 60°

 
Figure 5.38. Comparison of Bruel & Kjaer microphone data with the theory of section 5.1.1 

for the sound level at 60 degrees relative to the sound level at 0 degrees. The theory of 

section 5.1.1 is used with the weighting function using a weighting angle φw of 50 degrees.  

 

The relative sound level curves at 60 degrees shown in figure 5.39 suggest that there is not a 

great deal of difference between the two models. In fact, the agreement is quite satisfactory. 
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Figure 5.39. Comparison of Bruel & Kjaer microphone data with the theory of section 5.1.1 

for the sound level at 30 degrees relative to the sound level at 0 degrees. The theory of 

section 5.1.1 is used with the weighting function using a weighting angle φw of 50 degrees.  

 

Figure 5.39 shows another good agreement between the two models being compared. The 

general shape of the curves is the same for all angles investigated. Overall, the weighting 

angle at 55 degrees produced best agreement between the two models being compared. 
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5.1.7  Levine & Schwinger’s analytic calculations on the radiation from an  

  unflanged circular pipe 

 

It is known that if the diameter is small compared to the wavelength, at the open end of a 

unbaffled pipe which has a circular cross section, nearly complete reflection of a dominant 

mode (plane) sound wave occurs [41]. The radiation characteristics of the pipe determine the 

absorption of energy from an externally incident plane wave. To describe the radiation 

characteristics of the pipe, Levine and Schwinger calculated the power-function, which 

compares the intensity of radiation in a given direction with that of an isotropically radiating 

point source of equal power output. 
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Figure 5.40. Comparison of Levine & Schwinger’s data with the theory of section 5.1.1 for 

the sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 

5.1.1 is used with the weighting function using a weighting angle φw of 1 degree.  
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Levine and Schwinger considered the situation in which only plane waves propagate in the 

pipe. That being the case a satisfactory comparison is produced only when the weighting 

angle is set to 1 degree. Because our spreadsheet calculations used 1 degree increments this 

sets the incident sound to be incident at 0°. At 90 degrees, the biggest relative sound level 

difference of 3.1 dB occurs when the Strouhal number is 0.28. 
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Figure 5.41. Comparison of Levine & Schwinger’s data with the theory of section 5.1.1 for 

the sound level at 60 degrees relative to the sound level at 0 degrees. The theory of section 

5.1.1 is used with the weighting function using a weighting angle φw of 1 degree.  

 

Figure 5.41 represents the relative sound level at 60 degrees with a weighting angle of 1 

degree. Overall, there is a very good agreement between the two models. The biggest 

difference is 12.8 dB when the Strouhal number is 0.55. 
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Figure 5.42. Comparison of Levine & Schwinger’s data with the theory of section 5.1.1 for 

the sound level at 30 degrees relative to the sound level at 0 degrees. The theory of section 

5.1.1 is used with the weighting function using a weighting angle φw of 1 degree.  

 

The relative sound level prediction models shown in figure 5.42 indicate generally good 

agreement for the relative sound level at 30 degrees. The relative sound level differences 

within the Strouhal number range from 0.18 through to 0.73 are small. 

 

 

 
 
 
 

5.1.8   Environment Protection Authority experimental results on the  

  directivity loss in a free field 

 

The Environmental Protection Authority (EPA) model has also been investigated. The EPA 

model is based on a limited number of experimental results and the fitting of the model 
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curves to the experimental is now known to be very conservative [42]. A figure representing 

the directivity loss in a free field with its reference was acquired at the start of this research. 

From this figure it was possible to determine important information about the EPA model. It 

showed the sound pressure level (SPL) for a square unbaffled duct area as a function of 

frequency for four angles relative to 0 degrees. SPL curves for 90 and 45 degrees relative to 0 

degrees were investigated and compared to the theory of section 5.1.1.  
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Figure 5.43. Comparison of Environmental Protection Authority data with the theory of 

section 5.1.1 for the sound level at 90 degrees relative to the sound level at 0 degrees. The 

theory of section 5.1.1 is used with the weighting function using a weighting angle φw of 200 

degrees. A negative relative sound level constant of -1.5 dB was added to results of the theory 

of section 5.1.1. 

 

 

 



 

 91 

 
Note that the integration over φ in theory of section 5.1.1 is only performed from -90 

degrees to 90 degrees even though the weighting angle φw of the weighting function is greater 

than 90 degrees. Figure 5.43 showed that the EPA relative sound level curve asymptotes to a 

value of -9 dB.  

In order to exhibit the same phenomenon, the following approach was used: 
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where 1010
R

r =   

 

and R was the relative sound level at the angle of interest. This approach asymptotes the 

relative sound level to the maximum decrease.  
 

After all the calculations were done the modified data for the theory of section 5.1.1 was 

compared to the data of the EPA. Figure 5.43 suggests that there was not a great deal of 

difference between the relative sound level curves. In fact the agreement between the two 

models for a relative sound level at 90 degrees was quite good. The biggest difference was 

1.5 dB when the Strouhal number was 0.875. 
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Figure 5.44. Comparison of Environmental Protection Authority data with the theory of 

section 5.1.1 for the sound level at 45 degrees relative to the sound level at 0 degrees. The 

theory of section 5.1.1 is used with the weighting function using a weighting angle φw of 200 

degrees. A negative relative sound level constant of -1.5 dB was added to results of the theory 

of section 5.1.1. 

 

Figure 5.44 represented the relative sound level at 45 degrees with a weighting angle at 200 

degrees. Overall, there was a satisfactory agreement between the two models. The biggest 

difference was 1 dB when the Strouhal number was 0.875. The original reference for the EPA 

model would have enabled us to investigate it further and in greater detail. 
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5.1.9  Sharland’s prediction model for sound radiation in ventilating systems 

 

Sharland investigated and calculated the amount of noise radiated in ventilating system 

particularly through an atmospheric louvre fixed in a wall. The acoustic louvre is baffled by 

the wall. For example, schools or residential premises could have a noise problem, which is 

due to fan noise generated in ventilation ducting and then radiated to an adjacent property 

[39]. 
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Figure 5.45. Comparison of Sharland’s calculated data with the theory of section 5.1.1 for 

the sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 

5.1.1 is used with the weighting function using a weighting angle φw of 87 and 25 degrees.  

 

The theory of section 5.1.1 (87) and the theory of section 5.1.1 (25) represented relative 

sound level curves for the theory of section 5.1.1 at 90 degrees with weighting angles at 87° 

and 25° respectively. The weighting angle of 87° with no relative sound level constant added 
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was used for all angles for the two model comparison. That did not work well for the 

relative sound level at 90 degrees. A weighting angle set at 25 degrees produced a more 

satisfactory result. At a Strouhal number of 11, the difference between the two models was as 

little as 0.1 dB. For the rest of the Strouhal number range the difference was somewhat 

bigger, but the overall shape of the relative sound level curves for the two models was very 

similar.  
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Figure 5.46. Comparison of Sharland’s calculated data with the theory of section 5.1.1 for 

the sound level at 60 degrees relative to the sound level at 0 degrees. The theory of section 

5.1.1 is used with the weighting function using a weighting angle φw of 87 degrees.  

 

The relative sound level curves for 60 degrees were very similar to the relative sound level 

curves for 90 degrees in terms of relative sound level difference across the Strouhal number 

range. At Strouhal numbers 0.35 and 0.44, the difference was as much as 3.5 dB and at a 

Strouhal number 11.3, the difference between the two models was as little as 0.1 dB. 
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Figure 5.47. Comparison of Sharland’s calculated data with the theory of section 5.1.1 for 

the sound level at 30 degrees relative to the sound level at 0 degrees. The theory of section 

5.1.1 is used with the weighting function using a weighting angle φw of 87 degrees.  

 

Figure 5.47 shows the relative sound level at 30 degrees with a weighting angle at 87 degrees. 

The result was satisfactory considering that the biggest difference in the relative sound level 

for the two models was 0.9 dB at Strouhal numbers 0.35 and 0.44. 
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5.1.10  Woods’ directivity prediction model for louvers and grilles 

 

The directivity of a source depends on the size of the source and the frequency of the sound. 

As the frequency increases, the directivity of a source increases. For constant frequency, the 

directivity increases as source size increases [2]. Directivity is different in the horizontal and 

vertical directions for a rectangular source such as an open window or louvre because of the 

different sizes of the sources. In fact, since not all the sound is radiated, especially at low 

frequency, an end correction loss must be implemented in order to calculate the corrected 

values of the sound power level [40]. Woods presented two tables of data from which a sound 

pressure level at a distance can be obtained directly. One table gives the directivity at ( )0=θ  

for either horizontal bearing or vertical bearing of an observation point from the centre of the 

louvre and the other table gives the directivity correction for a bearing angle away from the 

normal axis of the atmospheric louvre or grille. To estimate the SPL at a particular distance, 

one needs to take the attenuation value given in dB and subtract this from the sound power 

level (SWL) of the source, which will be corrected if necessary for end reflection loss. Using 

this procedure sound pressure level values were calculated for the required angles and 

compared to the theory of section 5.1.1. The acoustic louvre is baffled by the wall in which it 

is mounted. 
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Figure 5.48. Comparison of Woods’ calculated data with the theory of section 5.1.1 for the 

sound level at 90 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 85 and 160 degrees.  

 

The theory of section 5.1.1 (85) and the theory of section 5.1.1 (160) represented the relative 

sound level curves for the theory of section 5.1.1 at 90 degrees with weighting angles at 85° 

and 160° respectively. A weighting angle of 160° with no relative sound level constant added 

was used for all angles for the two model comparison. That did not work well for the relative 

sound level at 90 degrees. A weighting angle set at 85 degrees produced a more satisfactory 

result, at least for low Strouhal numbers. At Strouhal number 1.8 through to 20.4, Woods 

predicted that the relative sound level asymptoted to a value of -44 dB. The theory of section 

5.1.1 clearly did not predict the same relative sound level at high Strouhal numbers. It 

predicted that at Strouhal number 20.4 the relative sound level was -20.7 dB. At Strouhal 

numbers 0.092 through to 0.28 there was no difference at all between the two models.  
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Figure 5.49. Comparison of Woods’ calculated data with the theory of section 5.1.1 for the 

sound level at 60 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 160 degrees.  

 

At Strouhal number 1.8, the difference was as much as 2 dB and at Strouhal number 20.4, the 

difference between the two models was as little as 0.1 dB. 
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Figure 5.50. Comparison of Woods’calculated data with the theory of section 5.1.1 for the 

sound level at 30 degrees relative to the sound level at 0 degrees. The theory of section 5.1.1 

is used with the weighting function using a weighting angle φw of 160 degrees.  

 

The relative sound level curves for 30 degrees were very similar to the relative sound curves 

for 60 degrees in terms of the shape of the curve. Two models’ prediction curves matched 

extremely well considering that the biggest difference in directivity for the two models was 

0.88 dB at Strouhal number 0.9. 
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5.1.11  Linear Interpolation 
 

For some of the models that have been investigated during this research there was no 

indication whether data obtained was measured or calculated. In order to get a better 

understanding of the directivity curves produced by those particular models, data was 

interpolated in 5° steps. Linear interpolation of data was calculated using the following 

relationship: 
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5.1.11.1 Opening with width of 0.5m  
 

Data of Woods [40], Sharland [39], Levine & Schwinger [41], Bies & Hansen [16] etc., were 

interpolated and compared. Woods II is the model where Woods’ published data was 

doubled. Sharland II is the model where Sharland’s published data was halved. Woods II was 

introduced into the comparison because it asymptotes to a value of 9 dB at 0 degrees which 

seems to be the case for the other prediction models. Sharland II was also introduced into the 

comparison since it was not possible to determine whether the data for Woods II (doubled) 

and Sharland II (halved) came from the same source. 

Figure 5.51 shows relative sound level comparison at 90 degrees for the opening with a width 

of 0.5 m. 
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Figure 5.51. Comparison of the relative sound level at 90 degrees for different prediction 

models for the opening with a width of 0.5 m. 

 

At a low Strouhal number of 0.36 the different models predicted relative sound levels ranging 

from -3 dB to -9.3 dB. Roberts’ calculated data and the EPA model predicted the same -4 dB 

relative sound level, while other models predicted relative sound levels within -3 dB, except 

for Sharland, who predicted a somewhat higher relative sound level of -9.3 dB. At Strouhal 

number 5.8 there was more variability in the relative sound level prediction between different 

models. At high Strouhal numbers, agreement between these different models was not as 

good as for low Strouhal numbers. This shows that there is significant disagreement in the 

relative sound level loss at 90 degrees at high Strouhal numbers between these models. 

Woods II at high Strouhal numbers predicted a very high relative sound level decrease, as 

high as -64 dB. 
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Figure 5.52. Comparison of the relative sound level at 45 degrees for different prediction 

models for the opening with a width of 0.5 m. 

 

The relative sound level prediction varied between different models. It ranged from -1.1 to -

2.8 dB at a Strouhal number of 0.36. At a Strouhal number of 5.8, the relative sound level 

ranged from -2 to -13.2 dB. At 45°, Bies and Hanson’s model predicts a lower relative sound 

level than the other models. Bies and Hanson’s model is based on experimental 

measurements in an anechoic room. The EPA model is based on a limited number of 

experimental results and the fitting of the model curves to the experimental is now known to 

be very conservative (Athol Day – personal communication). Bies and Hansen model and the 

EPA model are for unbaffled duct openings while Woods’ model and Sharland’s model are 

for baffled duct openings. This is believed to be the reason for the difference between these 

models. 
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5.1.11.2 Opening with width of 1.5m  
 

Interpolation and data comparison were also investigated for the opening with width of 1.5 m.  
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Figure 5.53. Comparison of the relative sound level at 90 degrees for different prediction 

models for the opening with a width of 1.5 m. 

 

Figure 5.53 showed the relative sound level comparison at 90 degrees for the opening with a 

width of 1.5 m. At the low Strouhal number of 1.09 different models predicted the relative 

sound level ranging from -14.8 dB to -5 dB. Woods II at high Strouhal numbers predicted a 

very high relative sound level decrease, as high as -71.5 dB. An interesting aspect was that 

Woods’, Sharland’s and Hansen’s data all asymptotes at high Strouhal number, which was 

not apparent with an opening with width of 0.5m. 
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Figure 5.54. Comparison of the relative sound level at 45 degrees for different prediction 

models for the opening with a width of 1.5 m. 

 

Figure 5.54 shows the relative sound level comparison at 45 degrees for an opening with a 

width of 1.5 m. At a low Strouhal number of 1.09, different models predicted relative sound 

levels ranging from -3.8 dB to -1.9 dB. At a Strouhal number of 17.49, the relative sound 

level ranged from -18.5 to -2.3 dB.  

 

Having investigated and compared different measured and calculated data there appears to be 

a large degree of variability in relative sound level predictions. 
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CHAPTER 6 

 
 

6. Conclusion 

 

The purpose of the present research was to develop the best method for effectively modeling 

sound radiation from finite size panels and openings at grazing angles relative to that in the 

normal direction, to examine the contributing factors for the sound propagated to the far-

field. 

With large flat factory roofs one needs to know the sound radiation at grazing angles. The 

existing infinite panel theories of sound insulation are not sufficient when the sound radiation 

is at grazing angles.  

 

Sato has calculated numerical values of radiation efficiency for a finite size square panel. 

This research presents a simple analytic strip theory which agrees reasonably well with Sato’s 

numerical calculations of the sound radiation efficiency for a square panel. The two 

dimensional strip model analytic approximation derived in this thesis provides reasonable 

agreement with three dimensional numerical calculations. This agrees with Ljunggren [5] 

whose two dimensional numerical calculations agree within ±0.5 dB of the three dimensional 

calculations of Sato [4] and Novak [6]. It also agrees with the experimental measurements of 

Roberts [7], which show that the directivity of the sound radiation from a rectangular 

opening, which is excited by sound incident on its other side, depends strongly on its length 

in the direction of measurement but only weakly on its width at right angles to the direction 

of measurement. Graphs indicated that when the width of the sample at right angles to the 

direction of observation is changed, it did not make much difference in terms of directivity. 

However when the width changed in direction of observation, it made big difference in terms 

of directivity. Thus we can conclude that the radiation efficiency of a forced wave on a panel 

is mainly determined by the ratio of its length in the direction of observation to the 

wavelength of the sound in air and the angle of incidence of the forcing wave. This is 

something that has not been appreciated in terms of directivity and power radiated. 
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In the sound insulation theory one of the main reasons for a limiting angle above which no 

incidence of sound occurs is the fact that 
θcos

1  goes to infinity and there is a need to limit it 

for finite size samples. In the theory of this thesis, the weighting angle controls how quickly 

the incident sound level decreases as its angle of incidence increases. An infinite weighting 

angle which imposes uniform weighting on all angles of incidence cannot be assumed. It is 

important to note that even when the weighting angle was greater than 90 degrees, only 

angles of incidence between –90 degrees and 90 degrees were included in the calculations. 

The weighting angle was implemented with a weighting function that controlled the sound 

energy distribution. Different weighting functions were tested. Triangle weighting was not 

sufficient because the panel size and the limiting angle are considered when dealing with 

finite panel sizes. This was the basis of development of the weighting function that was angle 

dependent, and implemented the weighting angle. In the end a cosine squared weighting 

function was implemented. 

 

Without making an assumption for the weighting angle, the theory of section 5.1.1 cannot be 

used to predict sound radiation from finite flat panels. If the theory of section 5.1.1 was used 

for particular situation there would be a question of what weighting angle would be 

implemented. The theory of section 5.1.1 was compared with different models using the 

weighting angle as a varying parameter to produce a curve. A particular distribution was 

adopted using a 2cos  type curve with the only variable being weighting angle.  

 

Some guidance for different cases was needed as to what weighting angle will be suitable for 

a particular situation. Levine considered the situation in which only plane waves propagate in 

pipe. That being the case, a satisfactory comparison was produced only when weighting angle 

was set to 1 degree. In the case of Levine, which was definitely the only model using plane 

waves, the weighting angle of 1 degree was appropriate, whereas with other models higher 

values for the weighting angle were assumed. A smaller weighting angle was used for Stead’s 

data because the sound absorption coefficient of his room surface was larger than that of 

Rindel’s room surface. The sound, from a source near the centre of the room which reaches 

the surface of the room close to a grazing angle of incidence, will have had many reflections 
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at which its sound energy is reduced. None of the models for finite panels showed a great 

relative sound level decrease as the Strouhal number increased. Instead the models exhibited 

a relatively flat curve of relative sound level versus Strouhal number, with a peak at the 

coincidence frequency. This was not case for the finite openings because openings do not 

have the coincidence effects, but their relative sound levels tended to decrease a lot more at 

90 degrees. 

 

The reason for this is that, as shown in section 5.1.1.1, the radiation efficiency appears in the 

numerator of the expression for the sound pressure. In the denominator the radiation 

efficiency is multiplied by two times the characteristic impedance of air and added to the 

panel wave impedance. The modulus squared of this sum is then calculated. For a panel, the 

panel wave impedance is much larger than the product containing the radiation efficiency. 

Thus for a panel the radiation efficiency in the denominator has no significant effect and the 

sound pressure is proportional to the radiation efficiency in the numerator. 

 

For an opening, the panel wave impedance is zero and the squared radiation efficiency in the 

denominator divides the radiation efficiency in the numerator. Thus for an opening the sound 

pressure is inversely proportional to the radiation efficiency. The net effect is that the ratio of 

the sound pressure for an opening to the sound pressure for a panel is inversely proportional 

to the square of the radiation efficiency. 

 

Below the limiting angle φl used in the calculation of the radiation efficiency and for panels 

who dimension are large compared to the wavelength of the sound, the radiation efficiency is 

inversely proportional the cosine of the angle to the normal of the panel or opening at which 

the sound is being observed.. Thus the ratio of the sound pressure for an opening to the sound 

pressure for a panel is proportional to the cosine square of the angle to the normal of the 

panel or opening at which the sound is being observed. 

 

It is believed that a smaller weighting angle is needed in less reverberant situations as in the 

case of Stead’s model, whereas for comparison with Rindel’s model a larger weighting angle 

was needed, implying that the box Rindel has used in his model was more reverberant. This 
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has been confirmed by examining the reverberation times. The size of the panel or opening 

was another significant variable. 

 

The findings indicated that apart from the effect due to coincidence, the panel was non-

directional compared to the opening. Rindel confirmed that apart from the coincidence angle 

for particular frequency, radiation of panel was not very directional. Rindel’s results in case 

of anechoic chamber showed a reasonable relative sound level decrease when close to 90 

degrees. For the NSW EPA, at high Strouhal numbers there was a maximum amount of 

relative sound level decrease. It is important to note that in the theory of section 5.1.1 a 

modification was introduced when comparing with the NSW EPA model which asymptoted 

the relative sound level to the maximum decrease.  

 

In an anechoic room if the sound was coming out of the box, at 90 degrees some of that 

sound will be diffracted into the area for angles greater than 90 degrees. This will start to 

reduce the sound pressure, as there will be no reflection from the rigid boundary of the half 

space which the theory of section 5.1.1 assumes. In the case of factory roofs, the radiated 

sound will diffract and then be reflected by the ground. One could argue that the ground is to 

some extent, depending on the geometry, like a plane, suggesting that one could expect that 

the results to be reasonable at 90°. An anechoic room would produce lower values, where in 

reality in the case of the factory roofs some reflections of the ground coming back up will be 

produced. The theory of section 5.1.1 does not predict relative sound level for angles greater 

than 90 degrees. We have not attempted to model the diffraction area or shadow zone. The 

model that was used really was based on the assumption that there was a source that was 

radiating on both sides. Using symmetry this implied that the source was radiating on one 

side and was in an infinite rigid baffle. What the theory of section 5.1.1 is predicting at 90 

degrees is probably too high compared to anechoic room without a rigid infinite baffle. 

Nevertheless, if the ground in case of factory roofs is to some extent like a rigid baffle, one 

would expect that the results predicted at 90 degrees by the theory of section 5.1.1 to be 

reasonable. 

 

The understanding gained from this project will assist and provide information to 

professionals who work with sound radiation reduction. The research report can also be used 
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as a tool or basis for further research, where sound radiation to the surroundings from 

structural vibrations will be predicted.  

 

6.1 Recommendation for further study 

A subject for future investigations will be a more extensive study of the diffraction area since 

the theory of section 5.1.1 does not predict relative sound level for angles greater than 90°. 

We have not attempted to model the diffraction area or shadow zone. 

The present work was an attempt to predict the level of sound radiated from a finite flat panel 

or finite opening in any particular direction relative to the level of sound radiated in the 

direction normal to the finite flat panel or finite opening. Although the developed method has 

given good results for openings and thin single panels, the method is not sufficient for other 

types of panels such as double panels. 

Finally, it is recommended that future research investigate verification of the present work 

through measurements using real factory roofs. 
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