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Noise Barriers in a Complex Urban Environment

Abstract

With the rapid advancement of civilization and tremendous expansion of human
population, transportation noise is one of the major environmental issues which have to
be tackled. To reduce the impact from the noise pollution, various mitigation measures
have been investigated and implemented. Roadside barriers are the most commonly
mitigation measures adopted. By alternating the propagation of sound, the barriers
manage to significantly attenuate the noise levels in the protected regions. Numerical
studies on the shielding performance of the barriers have been conducted. However, there
are relatively few studies taking the influence of tall buildings in urban areas into
consideration to account for the efficiency of the barrier. In our study, an investigation of
the acoustic performance of noise barriers in conditions commonly found in metropolitan

areas is conducted.

Our study begins with the development of a measurement methodology for the acoustic
impedance of a plane surface. In contrast to those standardized laboratory method, the
methodology developed is in-situ in nature. The method is based on the classical
spherical wave propagation theory and numerical minimization techniques. Actual
quantity of impedance is obtained at the location of measurement. With the improved
measurement techniques and minimization algorithm, the in-situ method developed is

proved to be robust and successful.

Noise prediction model founded on the image source method for the evaluation of

barriers in an urban environment is then developed. The first scenario examined consists
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of a pair of parallel barriers standing aside a road which is aligned parallel to a building
facade. Based on the image source method, a prediction model of the sound field of this
configuration is developed. The flexibility of adopting acoustic absorptive surface is
included in the model for more general applications. For the validation of the model, the
predicted results are compared with the results from the boundary element method (BEM)
and experimental measurement. These comparisons conclude good agreements and the

accuracy of the image source model is proved.

With the success of the previous scenario, the image source model is further extended to
another commonly encountered condition in urban environment. The situation taking into
consideration consists of a pair of parallel barriers standing aside a road which is semi-
enclosed by sky-rise buildings on both sides. Due to the additional fagade surface, the
multiple reflections of sound among the surfaces are much more complicated in which
the complexity is almost double that of the previous case. Nevertheless, a study of the
sound field in this spatial condition is processed and a complete hierarchy of the source
images is outlined. In comparisons with the BEM and the laboratory measurements, the
image source model demonstrates a fairly good validity. These two computationally
efficient image source models successfully manage to provide a quantitative justification

of the construction of roadside barriers in the planning stage.
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Introduction

Chapter 1 Introduction

1.1 Background

In a densely populated city with many high-rise buildings such as Hong Kong, noise
pollution is one of the environmental problems that should be addressed with high
priority. Dwellings, hospitals and other noise sensitive buildings are located within close
proximity of major roadways. The transportation noise from the increasing traffic volume
seriously deteriorates our quality of life. To reduce the impact from the noise pollution,
various mitigation measures can be implemented. For instance, careful planning of the
town layout, retrofitting existing roads with noise barriers and enclosures, paving roads
with low-noise surface material, regulating the amount of traffic flow, and tightening the

noise emission standard of vehicles.

Among the various measures, roadside barriers are one of the most extensively used
methods for noise reduction. The barriers cut off the sight line propagation of sound and
hence reduce the noise levels at shadow regions. In Hong Kong, for example, there are
over 37 km of screen structures constructed for attenuation of noise in the past decade. It
is estimated that over a hundred thousand people have benefited from these screen
structures. The huge cost in constructing the large amount of barriers has stirred up
public concern over the merit of the erection of barriers. To evaluate whether the barriers
should be built, accurate predictions of the screening performance during the design

stages are essential.
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Over the second half of the past century, theoretical studies, scaled-model experiments,
and full-scale field measurements have been carried out for the prediction of the acoustic
performance of noise barriers. There are theoretical studies aiming to evaluate the
diffraction of the sound waves with obstacles. There are also practical approximations for
the predictions of the shielding effect of barriers. Despite these widespread interests,
there are relatively few studies that incorporate the shielding performance of barriers in

the context of a complex environment where the barriers are situated.

1.2 Objective

This study investigates the shielding performance of noise barriers in urban environments.
The presence of various reflection surfaces in built-up surroundings will increase the
sound pressure levels of noise due to the additional contributions of noise from
reflections. Using the theoretical models for simple noise barrier alone in evaluation
would overestimate the shielding performance. Correction factors are added for the
adjustment for an engineering approximation. However, those simple correction factors
are used with a significant degree of uncertainty. The purpose of this study is to provide
an analytical model for the evaluation of barriers in an urban environment and tackle the
challenge of studying the effects of reflection and diffraction analytically. Commonly
encountered metropolitan conditions such as parallel barriers in front of a building facade
and parallel barriers in a street canyon are included in the current study. In addition, this
study intends to include effects of acoustically non-hard surfaces in the model. This
offers the model to be used in more general conditions including those frequently

adopted enhancements such as installing acoustic absorption materials on barrier surfaces
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and using porous road pavement. For simplicity, atmospheric effects such as temperature

distribution and airflow are ignored in our study.

1.3 Layout of Thesis

The thesis is arranged as follows. In Chapter 1, the background and objectives of the
current studies are outlined. Reviews are given on various development and research
concerning outdoor sound propagation, in-situ determination of impedance, diffraction of
sound wave, shielding performance of single and parallel barriers, and performance of

barriers in urban environments.

The acoustic impedance plays an essential role in the modelling of various acoustic
phenomenons. In Chapter 2, the development of a methodology for an in-situ
determination of the acoustic impedance of a plane surface is reported. It is intended to
obtain the properties of any sound absorbents that will be installed on the surfaces of
barriers for enhancing noise abatement. The method is based on the measurement of the
excess attenuation and a numerical inversion technique. Comparisons of measured results

on fibre glass with commonly used models are also offered.

In Chapter 3, the development of the image source model for determining the acoustic
efficiency of parallel barriers in front of a building fagade is demonstrated. Calculations
of contributions from various ways of transmission have been discussed in detail.
Hierarchies of source images contributing to the overall sound pressure level are also
outlined. Calculated results from the image source method are validated with results from

boundary element method (BEM) and laboratory measurements using a scaled model.
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In Chapter 4, a further development of the image source model for determining the
acoustic efficiency of parallel barriers in a street canyon is elaborated. Determinations
and calculations of the contribution from the image sources are discussed. Predicted
results from the image source model are compared with results from BEM and
experimental measurements for the validation. An analysis on the effect of acoustic

absorption surface is also presented.

In Chapter 5, a summary of these studies and findings are given. Some recommendations

and future developments based on the present study are discussed.

1.4 Literature Review

In this section, the literature review on the related topics is presented. They include
outdoor sound propagation, in-situ determination of impedance of a plane surface, the
diffraction of sound wave, the shielding performance of single and parallel barriers, and

the acoustic performance of barriers in urban environment.

1.4.1 Outdoor Sound Propagation

To investigate the acoustic shielding performance of a noise barrier in a high-rise city,
the classical theory of outdoor sound propagation is inevitably involved. Various studies
and research concerning the outdoor sound propagation conducted in the past have been

reviewed.
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Comprehensive reviews of outdoor sound propagation have been given by Delany [35],
Piercy et al [91], Embleton [37] and Sutherland and Daigle [105]. They reviewed the
general phenomena of sound propagation in complex outdoor environments and provide
formulations for various effects during the spreading of sound, including distant
attenuation, ground reflection, meteorological effects, turbulence, atmospheric absorption,

scattering from the surroundings, etc.

For the propagation of sound in a still and homogenous atmosphere over a ground surface,
sound wave can reach the receiver through the direct path and the path with ground
reflection respectively. The sound waves through the direct and reflected wave paths
interfere with each other at the receiver point. The impedance of the ground surface, the
angle of incidence, and the path difference between direct and reflected sound paths
would exert influence on the interference and, in turn, play an important role in the
evaluation of the total field. The early theoretical models for sound propagating over
impedance ground can be found in the studies of Rudnick [98], Lawhead and Rudnick
[68], Ingard [50], Wenzel [120] , Chien and Soroka [27,28], and Attenborough et al [8].
Their details of their solutions are different but these models can be summarized in a
form known as the Weyl-van der Pol formula [10]. Later Thomasson [110], Kawai et al
[60], and Chandler-Wilde and Hothersall [23] proposed their models in the form of
integral equations. Pirinchieva [92] demonstrated close agreement between the

experimental results and the theoretical predictions.

As can be expected, the acoustic properties of the ground significantly affect the
propagation of sound. Acoustically, the surface boundary can either be locally reacting or

extended reaction types. For a locally reacting ground, the surface impedance is basically
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independent of the incident angle of the incoming wave. On the other hand, the
impedance is dependent on the angle of incident for an extended reaction ground. There
are various models developed for characterizing the impedance. Delany and Bazley [34]
developed an empirical formula to determine the characteristic impedance and
propagation constant for a large range of absorbent materials in terms of the flow
resistivity and frequency. The empirical formula is convenient to use because it only
involves one ground parameter, the flow resistivity. Chessell [25] reported that the
Delany and Bazley model provides a reasonable first approximation to the surface
impedance in his experiments for aircraft noise over a grassy terrain. Attenborough [9]
developed a rigid fibrous model predicting the acoustical characteristics of soils and
sands. He used five parameters, including porosity, flow resistivity, tortuosity, steady
flow shape factor, and dynamic shape factor. His model is proven to give superior
predictions to the empirical formula that use flow resistivity only. Subsequent to his
study, a simplified two-parameter approximation for the normal surface impedance of a

non-rigidly backed layer structure was introduced [11].

1.4.2 In-situ Determination of Ground Impedance

In the study of sound propagation outdoors, the acoustic characteristics of surface are
always necessary. Depending on the applications and requirements, the quantity to
describe the acoustic characteristics of a surface is commonly the absorption coefficient
or impedance of the surface. In general, the absorption coefficient is found in many
practical applications while the impedance is used in a more scientific context.
Standardized and well-known methods for measuring the absorption coefficient of

materials are the reverberation chamber [7,56] and the impedance tube method [6,54,55].
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For the former method, large amount of specimen are placed inside the reverberation
chamber and the sound absorption coefficient is indirectly obtained from the
measurement of the decay of an impulsive sound. This method is resource demanding
and the absorption coefficient is calculated from an empirical reverberation formula. For
the impedance tube method, specimens have to be cut into small samples and must be
fitted into one end of the tube precisely and tightly for measurement. The surface
impedance and absorption coefficient at normal incidence are obtained form the methods
using standing wave ratio or transfer-function. For a locally reacting surface, the sound
absorption coefficient for diffuse sound incidence can further be determined accordingly.
The critical shortcoming of both commonly used methods is that the actual installation
condition of the specimen is ignored. The measured results may not truly represent the
acoustical characteristic in the real condition of practical applications. Methods of in-situ
determination of the acoustical characteristic of sound absorption materials were

developed in the 1980s.

Methods based on the information of reflection from a specimen surface were developed
for the in-situ purpose. Ingard [51] described a procedure using a standing wave in front
of the surface under investigation. In analogy to the standing wave tube, the amplitude
and phase of the sound pressure has been measured. A comparison between an
acoustically hard surface and the specimen yields the complex reflection factor and hence
the plane wave absorption coefficient. As indicated by the authors, the assumption of

plane waves is not valid at the short distances used for the measurement.

Yuzawa [122] described a technique of on-the-spot field measurement using two

microphones placed exactly the same distance away from the source. The first
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microphone is placed close to the surface while the second one is positioned away from
the surface. By subtraction of signals from the two measurements, the magnitude of the
reflection factor is found and the plane wave sound absorption coefficient can be

estimated.

Davies and Mulholland [33] proposed a method to determine the impedance from
measurements of the complex reflection factor. The method involved the measurement of
acoustic impulses close to the surface of an absorbing material and in a free field. A short
pulse with a duration of 3 ms is used which allows the separation of direct and reflected
signal. Amplitude and phase characteristics of the reflected signal are thus obtained and

hence the normal impedance of the material can be found.

Allard et al [1,3] also presented a method to measure the normal acoustic impedance
using a two microphones technique. Two microphones used in this technique are located
very close to the surface for measuring the acoustic velocity and the pressure above the
sample. From the measured transfer function between the two microphones, the
impedance is deduced using a full wave description of the sound field in front of an

impedance plane as given by Nobile and Hayek [85].

Wilms and Heinz [121] demonstrated an in-situ methodology by means of the maximum
length sequences (MLS) technique to determine the reflection factor. The basis of this
procedure is the recording of impulse responses between a speaker and microphone at
normal incidence of sound. The microphone is positioned half the distance between the
surface of a sample and a loudspeaker. Applying time windowing to the impulse

responses, the amplitudes of the direct and reflected sound are extracted.
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Garai [39] presented a very similar method with the utilization of the MLS technique
with greatly improved noise immunity due to the inherent cross-correlation process.
Investigations on the restriction of frequency range and specimen size were made. A non-
rectangular time window is suggested for analysis of the measured signals. The method is
found to be inadequate at low frequency range due to the assumption of plane wave

propagation.

Mommertz [79] made an improvement of incorporating a subtraction technique with the
MLS based reflection method for the in-situ measurements of the complex reflection
coefficients at an arbitrary angle of incidence. Two separate measurements were
conducted. Based on the comparisons with experimental results from a standing wave
tube, he suggested that this method can be used for normal incidence measurement for a
frequency ranging from 250 Hz to 8000 Hz. This method form the basis of the standard

BS 1793-5 [20] for the in-situ measurement of noise reduction device.

Li and Pascal [71] conducted an investigation on the influence of microphone vents on
measurements of acoustic impedance by a two-microphone method. Two errors
depending on the value of the reactive intensity at the measuring point and the mean-
square pressure are studied. A correction on the mismatch of the phase between two
channels was emphasized. Li and Hodgson [72] later proposed the determination method
from the measurements of the impulse-response function sequentially at two locations
close to the surface of the material using MLS signal and a single microphone. The

phase-mismatch error that occurs with the two-microphone method is therefore
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eliminated. In their study, both plane-wave and spherical-wave hypotheses are reviewed

and compared.

Nocke et al [86,87] presented a method of impedance deduction from measurements of
complex excess attenuation spectrum at grazing angles intended for locally reacting
surfaces. Two separate measurements performed to obtain the excess attenuation are the
measurement of the direct field without any reflection surface and the measurement of
the total field over the impedance surface under investigation. The complex excess
attenuation spectrum is then computed as the ratio of the spectrum of the total field to
that of the direct field. The impedance is deduced by iterative search of the value of
impedance providing the best matched theoretical excess attenuation. More efficient
numerical techniques for the inversion were suggested by Blumrich and Altmann [15],
Nocke [88], and Taherzadeh and Attenborough [106]. This in-situ transfer function
method has been widely accepted and applications of which have been reported in

various studies [12,13,16,17].

Recently, Allard et al [4,5] generalized a new deduction method based on the spherical
wave reflection to include thin non-locally reacting materials with a surface impedance
noticeably dependent on the angle of incidence. Instead of requiring the measurements of
the complex excess attenuation transfer function, the technique they adopted takes two
measurements successively over a rigid impervious surface and over the impedance
surface respectively. Their prediction results show good agreement with the measurement

performed using a near-field acoustical holography method.

Chapter 1 10



Introduction

1.4.3 Diffraction of Sound Wave

Diffraction is a phenomenon by which wavefronts of propagating waves bend in the
neighborhood of obstacles. It is a classical study in optics as well as in acoustics. The
exact mathematical solutions describing this phenomenon were developed by scientists
over a century ago. The first rigorous solution to half plane diffraction have been
obtained by Sommerfeld [104]. He solved partial differential equations which considered
a two-dimensional problem of a plane wave incident on an infinitely thin and a perfectly
reflecting half plane. His solution could be expressed exactly and simply in term of

Fresnel integrals.

Based on the Sommerfeld’s solution, Carslaw [21,22] provided an extension of solving
generalized wedge diffraction problems due to cylindrical incident waves. The form of
his solution however was found to be impractical. Macdonald [75] later used a different
method and presented the solution in a more practical form and extended this to solve
incident of spherical wave. Nevertheless, their solutions are similar and both are in terms
of two integrals. The first integral represents the incident wave and the part of the
diffracted wave that is associated with the incident wave. The second integral represents
the reflected wave and the part of the diffracted wave that is associated with the reflected
wave. Their solutions can be transformed to each other by using transformation of

variables.

Rubinowics [97] transformed Kirchhoff’s solution to a new diffraction formula, known
as the Rubinowics-Young formula. His solution accounts the diffraction by a screen

containing an aperture. The diffracted field is expressed as a line integral along the
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aperture edge. This is in contrast with Kirchhoff’s solution in which the diffracted field is
expressed in terms of a surface integral. In addition, Rubinowics showed that the
Kirchhoff solution for plane or spherical incident waves can be decomposed into two
components: the unobstructed portion of the incident wave and the scattered wave due to

the edge.

Copson [29], Levine and Schwinger [69,70], solved the diffraction problems by an
integral approach. The exact solutions were obtained by applying the Wiener-Hopf
method. The Wiener-Hopf method is a rather standard technique for solving certain types
of linear partial differential equations subject to mixed boundary condition on semi-
infinite geometries through a complex Fourier integral transform. It is also applicable to
an integral equation of a convolution type. The details of the Wiener-Hopf method can be

found in Crighton et al [30].

Pierce [90] published the formulae for the estimation of sound field at locations partially
shielded from a point source by a barrier. His asymptotic expressions provided great
facilitations in practical computations leading to an accurate prediction of the sound
fields behind the barrier. Hadden and Pierce [41], extended their study to the diffraction
of plane acoustic waves by barriers with finite acoustical impedance. They [42] further
extended their study to the diffraction from a point source over a wedge. Details of the
numerical technique and comparison with experimental results were presented. Their
comprehensive studies laid down a solid foundation for analyzing the sound field of

diffraction in geometrical acoustics.
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Based on the Rubinowics-Young formula, Embleton [36] also derived a formula for the
diffraction of sound by a barrier of infinite length. He assumed that the line integral is
taken along the straight edge of the barrier plus a semicircular arc at infinity that connects
the two ends of the barrier. Embleton’s formula is convenient for numerical computation

because the variable is reduced to one dimension in his integral formulation.

Tolstoy [112,113] obtained another exact and explicit solution for sound waves diffracted
by wedges. His solutions are an exact representation of the field by an infinite series. The
coefficients of the infinite series are given by a set of linear equations. The set of
equations are solved by a simple recursion scheme. The edge diffractions are taken into
account exactly without the need for any asymptotic approximation of integrals. This
solution should be used with care because the infinite series converges slowly especially

at high frequencies.

1.4.4 Performance of Single Noise Barrier

The growth of human activities and developments inevitably creates the problem of noise
pollution. The shielding effect of screen has been adopted as a measure to obstruct the
propagation of noise directly from noise sources to receivers. Studies have been carried

out to explore the effectiveness of noise barrier in the past few decades.

The most direct method for investigating the acoustic performance of noise barriers is to
conduct full-scale experiments or scaled model experiments. The first known graph for
determining the sound attenuation in the shadow zone behind a rigid barrier due to a

point source was developed by Redfearn in the 1940s [96]. The attenuation function is
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given as a function of two parameters in his graphs. These are the angle of diffraction and

the effective height of the barrier normalized by the sound wavelength.

Nearly 30 years later, Maekawa [76] measured the attenuation of a thin rigid barrier, with
different sets of source and receiver locations, due to a spherical spreading pulsed tone of
a short duration. He presented his experimental data in a chart where the attenuation is
plotted against a single parameter known as the Fresnel number. The Fresnel number is
the numerical ratio of path difference (the difference in distance between the diffracted

path and the direct path) to the half of a sound wavelength.

In the following year, Rathe [95] presented an empirical table for sound attenuation by a
thin rigid barrier due to a point source. His empirical table is based on a large number of
experimental data. The attenuation is given in octave steps of frequency normalized by

the reference frequency with the Fresnel number of 0.5.

Kurze and Anderson [65,66] reviewed diffraction theory from Keller [61,62], and used
experimental data from Maekawa and Redfearn to derive empirical formulas for the
attenuation of barrier. The attenuation was expressed as a function of relative locations of
source and receiver, including the diffracted angles at the source and receiver sides.
There are some common features of experimental investigations into the barrier
attenuation. Firstly, the experimental studies of Redfearn, Maekawa, Rathe, and Kurze
and Anderson considered a point source as an incident wave, which is practically the
simplest noise source. Secondly, the Fresnel number is an elementary parameter to
express the barrier attenuation. As a result, Kurze-Anderson’s formulas and Maekawa’s

chart are extensively used in the engineering community due to their simplicity of use.
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The ground effects on barrier shielding were observed experimentally by Scholes et al.
[102] as early as in the 1970s. They conducted full-scale experiments for barrier over a
grass-covered ground under different wind conditions with one dataset under zero wind
condition. The interference patterns of insertion loss are shown in their data. The
interference patterns are due to the superposition of direct wave and wave reflected from

the ground.

Johnasson [59] suggested the usage of Ingard’s theory for sound propagation and the
approximate formula of Macdonald’s solution by Bowman et al [18] for the calculation
of the barrier attenuation over a finite impedance ground. The second term of
Macdonald’s solution was neglected if the source and receiver were assumed to be far
from the barrier surface. He introduced Ingard’s theory to calculate the sound
propagation along the finite impedance ground surface. He concluded that an acoustic

barrier was most effective at places where the ground attenuation is low.

Thomasson [109,110,111] calculated the barrier insertion loss by a numerical integration
approach. He developed a new impedance model and introduced it into his numerical
integration method based on the Fresnel-Kirchoff approximation. The impedance is
governed by four parameters in his model. These four unknown parameters are estimated
by fitting measured and theoretical frequency responses when source and receiver are
close to the ground. His barrier diffraction theory was well matched with experimental
data. He showed that interference patterns of insertion loss were found over ground with

finite impedance.
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Isei et al. [52,53] reported a comprehensive review on noise reduction by barriers on
finite impedance ground. They compared five frequently used prediction schemes with
experimental data. The five prediction schemes are Keller’s geometrical diffraction
theory, the Kirchhoff-Fresnel diffraction formula, Thomasson’s formula, the Young-
Rubinowicz formula and a modified Macdonald’s formula. The ground impedance based
on the work of Delany and Bazley [34], Rudnick [98], and Chessell [25] are used in four
of the calculation schemes but not in that of Thomasson. They concluded that
interference patterns behind a barrier are dependent on the geometrical configuration of
the source, receiver, barrier and ground. They remarked that these interference effects
had a bigger influence on the acoustic performance of a barrier compared to the effects of
applying absorbent on the barrier or of obliquity of incidence at the barrier. They also
found that there is a substantial difference in predicting A-weighted noise reduction by
the five accurate schemes mentioned above, and by other simpler schemes such as that of

Maekawa, and Kurze et al. The difference is more notable in the case of a soft ground.

Nicolas et al. [83] investigated the accuracy of different well-known prediction models of
barrier insertion loss in the presence of the ground. They used image theory to take
account of the ground effects and used the Weyl-van der Pol formula to calculate the
sound propagation along a finite impedance ground surface. The ground is considered as
a semi-infinite porous medium whose acoustic properties are specified using a model
based on that of Delany et al. [34], Rudnick [98], and Chessell [25]. If ground effects are
considered, the diffraction model of Hadden and Pierce [41,42,90] is shown to be the
most accurate among the other models, such as the first-order Macdonald’s

approximation, the Maekawa curves and the models of Isei et al. [53]. Nicolas et al. also
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mentioned that the model of Hadden and Pierce can be used in the configurations if the

ground impedance on the source side and the receiver side are different.

With the advent of modern computers, the models for barrier diffraction incorporated
with ground effects have shifted from analytical models and experimental studies to
computationally intensive numerical schemes, such as the boundary element formulation.
Hothersall, Chandler-Wilde, Crombie, and Morgan [23,45,46,80] have conducted many

studies on the shielding performance of different barriers over absorbing ground.

Recently, Menounou [77] modified Maekawa’s chart from a single curve with one
parameter to a family of curves with two Fresnel numbers. The first Fresnel number is
the conventional Fresnel number associated with the relative position of the source, the
barrier, and the receiver. The second Fresnel number is defined similarly to the first
Fresnel number. It represents the relative position of the image source, the barrier and the
receiver. Menounou also modified the Kurze-Anderson solution and the Kirchhoff
solution by introducing correction factors. The correction factors are based on the studies
of the two-Fresnel number approach. Unlike studies before the 70’s, the plane,
cylindrical, and spherical incident waves are all considered in Menounou’s studies. Her
prediction models are simple to use and have the accuracy compatible with sophisticated

diffraction theories.

1.4.5 Performance of Parallel Noise Barriers

Constructions of parallel barriers on both sides of a road can help to attenuate the noise

level received at locations at both sides of the road. Multiple reflections of sound waves
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produced by the traffic occuring between the parallel barriers create a reverberant sound
field within the region. The multiple reflected sound waves may travel to the receiver
directly or diffract at the top edge of the other barrier. This phenomenon results in

degradation to the performance of the barriers and have been well recognized.

Hutchins and Pitcarn [48] used a laser technique to determine the acoustic wave paths
generated from a source located between parallel barriers to the top of each barrier.
Based on the theoretical discussion by Hurst [47] and assumption of incoherence nature
of the source, they predicted the sound intensity levels at the top of barriers by summing
the contributions from the principal wave propagation paths. Comparisons with upright
and inclined parallel barriers were made also. Hutchins et al. [49] later presented scale-
model investigations of the acoustic performance of parallel barriers with different
geometrical configurations. Scaled model experiments have the advantage of permitting
the control over many parameters in the experimental set-up which enables the
assessment of the acoustic performance for a large range of barrier configurations to be
made easily. Different barrier types were investigated and they found that a grass-
covered slope surface appeared to be the most effective over the frequency range
examined. They also concluded that the reflections from the inner face of the far side

parallel barrier were only significant when the source was close to this surface.

Chew [26], who used Davies model [32], developed a prediction scheme for buildings
situated on both sides of an expressway. Chew's model involved direct and reflected
energy, both from the ground surface and multiple reflections between the parallel
buildings on both sides of the expressway, and diffused energy due to scattering from the

rough facade surfaces. His predictions showed that the effect of multiple reflections was
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significant when the distance between the buildings on opposite sides of the road was

small.

Panneton et al. [89] used the image source method to investigate the performance of
parallel barriers. The authors extended the study to include absorption on inner barrier
surfaces. Multiple reflections between the parallel barriers, diffraction solutions by
Hadden and Pierce [41] and modified Delany-Bazley impedance model by Miki [78]
were used. They presented experimental results to validate their theoretical models but

only the region below the barrier top edge inside the shadow zone was investigated.

Muradali and Fyfe [81] investigated a similar diffraction-based method for the evaluation
of the insertion loss of parallel barriers. Their method was based on Lam’s study [67] for
calculating the insertion loss of a single finite length barrier. Total sound pressure levels
at the receiver were calculated by summing the contributions from a series of image
sources formed by multiple reflections between the parallel barriers. Comparison of the

results with BEM have been shown for validation.

Salomons et al. [100] carried out a similar investigation on parallel barriers. They used a
double diffraction method and compared the results obtained from their model with those
of the BEM model. They also reported that the double diffraction term was small that did

not alter the predicted spectra.

In a more recent study, Cheng and Ng [24] developed a scale model and computer
program based on Maekawa's prediction [76] to analyze the performance of inclined

barriers. In their study, only first order reflection was considered and multiple reflections
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between barriers are not considered. They found that the average noise level at low
receivers behind the near side barrier could be reduced by 4, 6 and 10 dB for 125, 250

and 500 Hz, respectively, by tilting the angle of the far side barrier by over 10°,

Apart from the above theoretical studies, there were also numerous full scale
experimental investigations to the performance of parallel barriers. Hajek [43] carried out
field measurements to study the acoustic performance of parallel barriers of height 3 m
and separation 74 m. He found that the degradation of acoustic performance behind the
near side barrier due to the insertion of the far side barrier was negligible. The above
finding was supported by the outdoor measurements conducted by Halliwell [44]. He
reported that no evidence was found that the far side barrier would degrade the
performance of the near side barrier. He suggested that in most practical situations, the
traffic noise would be masked by local noise sources in the surroundings, especially if the
receivers were situated far behind the barrier. Slutsky and Bertoni [103] outlined a
plausible explanation of why the effect of the second barrier on the overall sound field
was so small. They argued that because the separation between the parallel barriers was
large, this reduced the effect of multiple reflections between them. Nelson et al [82] also
reported that, even if the separation between the barriers was reduced to 33m, no

significant degradation of the overall sound field was found.

On the other hand, Fleming and Rickley [38] conducted similar field tests on the acoustic
performance of parallel barriers separated at a distance by 50 m in Maryland, USA. They
reported that, when the far side barrier was inserted, a degradation of up to 2.8 dB(A) at
40 m behind the near side barrier was found. This change in noise levels might be

perceptible by the human ears as it had been stated that the smallest change in noise level
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detected by humans is about 3 dB(A). Watts [119] investigated the performance of
parallel barriers by carrying out full scale experiments. He detected a degradation of 4
dB(A) behind a 2 m high near side barrier when reflective barrier of similar height was
erected 34 m away. He also suggested that both sound absorptive barriers and tilted
barriers were found to be effective in counteracting the degradation in the acoustic

performance resulting from unwanted reflected paths.

1.4.6 Performance of Noise Barriers in an Urban Environment

Despite these widespread interests, there are relatively few studies that consider the
shielding effect of barriers in the vicinity of tall buildings in an urban environment.
Sakurai et al. [99] used a time-domain method to investigate the sound field of a facade-
barrier system. They studied the transfer function and the impulse response of the system.
A spark pulse was used as the noise source in their experiment. They mentioned that their
theoretical model could not correctly predict the sound field in the vicinity of the back of

the barrier.

Walerian et al. [57,58,114,115,116,117,118] presented a series of studies in the shielding
performance of obstacles in different complex urban environments. They developed a
computer program to predict the time-average sound levels in complex outdoor situations
with various parameters including the road geometry, layout of the obstacles, nature of
the traffic flow, etc. Predictions of the sound level distribution along building facades are

also presented.
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Godinho et al. [40] employed the boundary element method (BEM) to determine the
shielding effects of an infinitely long barrier which was placed in front of tall building
facades. In their study, different geometric models, with barriers of varying sizes, are
used. They evaluated the reduction of sound pressure in the vicinity of the buildings and
compared their results with a simplified method. They also performed a time-domain

analysis to give better physical illustrations.

Recently, Li and Tang [74] developed an image source model for the prediction of the
insertion loss of barriers that are placed in front of a tall building in high-rise cities.
Comparisons of the results with indoor experimental data and wave-based boundary

element formulation show reasonably good agreement over a broad frequency range.
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Chapter 2 In-situ Determination of the Acoustic

Impedance of a Plane Surface

2.1 Introduction

As a result of the limitations in standardized laboratory measurement methods for the
determination of the acoustic impedance [6,7,54,55,56], the need of an in-situ method to
obtain the acoustic impedance has emerged. Methods based on in-situ information of
acoustic reflection from the surface of a specimen have been developed
[2,3,4,33,51,71,72,79,85,86,87,88,108,121,122]. There is also a new standard [20]
recently published for an in-situ evaluation of the reflective index of road traffic noise
reducing devices. In our study, we would like to develop a complete methodology and
setup for the in-situ determination of the acoustic impedance of any sound absorption
material to be put on the barrier surface for enhancing noise abatement. The acoustic
impedance is defined as the ratio of the complex amplitudes of sound pressure and
particle velocity. It is a quantity with both magnitude and phase information. Retrieving
these properties from the measurement of the reflection signals would be the main theme

of the present study.

Having the advantage of high noise immunity, the technique of maximum length
sequences (MLS) would serve well for the in-situ purpose. Wilms and Heinz [121] were
among the first to report the use of the MLS technique to extract the direct and reflected
sound. Garai [39] later conducted investigations on the limitation of frequency range and

specimen size of the MLS method. Mommertz [79] suggested an improved subtraction

Chapter 2 23



In-situ Determination of the Acoustic Impedance of a Plane Surface

technique for the MLS method. These early studies form the basis of the standard BS
1798-5 [20] for the in-situ measurement of the reflective index of noise reduction device.

It is also known as the ADRIENNE method.

With the MLS technique, Nocke et al [86,87,88] presented an improved methodology of
impedance deduction from measurements of complex excess attenuation spectrum at near
grazing angles intended for locally reacting surfaces. This methodology is frequently
referred as the transfer function method and it involves two separate measurements. First,
the sound pressure of the direct field without any reflection surface is measured. Second,
the overall sound pressure with direct transmission and reflection from the specimen
surface under investigation is measured. The ratio of the sound pressures from these two
measurements forms the complex excess attenuation function. The impedance is deduced
by iterative search of the value of impedance providing the best matched theoretical
excess attenuation with the measured one. The Downhill Simplex method is suggested
for the iteration. Taherzadeh and Attenborough [106] later found the Newton-Raphson
method was also effective and more efficient in finding the impedance. More recently,
Attenborough and Boulanger [13] have suggested the use of the winding number integral
method described by Brazier-Smith and Scott [19] for overcoming the difficulty in

picking up the correct root.

Based on the excess attenuation transfer function method from Nocke et al as mentioned
before, we would like to develop a methodology and setup for in-situ determination of
the acoustic properties of any sound absorption materials which will be put on the
barriers’ surface for improving the shielding efficiency. We would like to explore

improvements on numerical deduction and experimental measurement techniques.
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Comparisons of the deduced impedance with various parametric models are also

presented.

2.2 Theory

Instead of the spherical wave reflection coefficient obtained from the measurements as
proposed by Nocke [86,87,88], the input data for our refined method is the directly
measured transfer function of the complex excess attenuation above the surface under
consideration. Deduction of the surface characteristic under consideration is made by
searching a theoretical value of the impedance that best fit the excess attenuation
measured at each frequency. Although the input data is different, the theoretical basis of
our refinement is also the classical Weyl van der Pol formula for predicting the
propagation of sound above an impedance plane [27,28]. The difference in the input data

provides more flexibility in choosing various acoustic theories to be applied in future.

2.2.1 Weyl van der Pol

In the case of a point source S located above an impedance plane, the overall sound
pressure at the receiver R is obtained by summation of the direct and reflected
components. This is denoted as,

P(S,®)=P, +QxPR, (2.1)
where, P, is the free field pressure contribution at R from S

P, is the free field pressure contribution at & from ground reflected image I,

Q is the spherical wave reflection coefficient
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For the free field pressure contribution from the source and its image, they can be

determined by,

kR,

e
P = , 2.2
=R 22)
and

ikR

e 2
P = , 2.3
Y (2.3)

where R, is the distance between the source S and receiver R, R, is the distance

between the source S and ground reflected image source I, and k is the wave number.

The time dependent term e is omitted.

The spherical wave reflection coefficient Q is the quantity that depends on the acoustic

properties of the surface and the geometrical configuration of the source and receiver.
Denoting the specific normalized impedance of the surface as Z, the spherical wave

reflection coefficient can be expressed as,
Q(Z)=R, +{1-R, )xF(x) (2.4)
In equation (2.4), the term R is the plane wave reflection coefficient denoted by,

R — cosd - f
P cos@+p 2.5)

in which £ is the specific normalized admittance defined as the reciprocal of the specific
normalized impedance and & is the angle of incidence of the reflected wave. The term

F(,u) is commonly referred as the boundary loss factor and is given by,

Fu)=1+ivz x uxe™ xerfe(—ix u), (2.6)
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where g is the numerical distance and erfc is the complementary error function. The

numerical distance x is commonly expressed as,

,u:(ﬂ+COSH)>< /%xkaz : (2.7)

By defining 7 = 1/éx kxR, and w(u) = e x erfc(—i x u), the spherical wave reflection

coefficient can be further simplified as,

Q(Z):1+i><2xr><\/;x,8><w(,u). (2.8)
2.2.2 Complex Excess Attenuation Transfer Function

The excess attenuation is commonly defined as the ratio of the total sound field to the
direct component of the sound field. We denote the complex excess attenuation as H .
With some manipulation, the transfer function H can be expressed in terms of the
impedance Z as follow,

P, +Q(Z)x P,
R

_14+Q(Z) xRt x gk
R . (2.9)

H(Z)=

For a particular impedance of the reflecting surface and geometric relationship between
the source and receiver, equation (2.9) will give the corresponding complex excess

attenuation.

The determination of impedance would be an inverse problem of equation (2.9). The

excess attenuation above the impedance surface is first measured. The impedance is then
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deduced by searching the value of which will result the complex excess attenuation by

equation (2.9) matched well with the measured value.

Mathematically, the solution searching is achieved by minimization of the function F(Z)

defined as,

I(z)=H(z)-H (2.10)

measured !

where H(Z) is the complex excess attenuation transfer function with input parameters
R, and R, corresponding to the geometry in the measurement and H ... IS the

measured value. Downhill Simplex method was used by Nocke [87] and Panneton et al
[89] for this minimization. Newton-Raphson method was adopted by Taherzadeh and
Attenborough [106]. More recently, Attenborough and Boulanger [13] suggested the
Muller method. In the following section, we report the use of the Downhill Simplex and

Newton-Raphson methods adopted in our study.

2.2.3 Downhill Simplex method

The Downhill Simplex method was first used by Nocke [86,87] for the impedance
deduction. It is an iterative algorithm to solve unconstrained minimization problems
numerically for multidimensional variables without the use of derivatives. Details of the

implementation and theory of the method have been outlined by Press [93].

For the function F(Z) defined in equation (2.10), it can be considered as a two
dimensional problem. The real and imaginary parts are taken as two individual
parameters with equal priority. A starting guess simplex with 3 points is therefore needed.

The iteration is carried out from the lowest frequency to the highest. For the first lowest
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frequency, the starting simplex we selected consists of Z, =0+0i, Z,=1+0i, and
Z,=0+1i. Various operations of the minimization are subsequently carried out until a

predefined tolerance or number of iterations is reached. From the adaptive algorithm
suggested by Nocke [87], the final simplex resulted is then used for the minimization of
the next frequency. This adaptive algorithm also solves the problem of non-uniqueness in

the numerical solution.

2.2.4 Newton-Raphson method

Another method suggested for the minimization is the well known Newton-Raphson

Method [106]. With this method, an improved approximation of the impedance, Z,,

towards the initial approximation, Z,, can be obtained from

Z,=2,+62 =27, F,(ZO)
rz,). (2.11)

The prime in equation (2.11) denotes the differentiation with respect to the argument. By
iteration, the impedance of the surface can be obtained until a desired accuracy is

achieved.

The differentiation term, T"(Z), of the minimization function can be expressed as follows,

rl(z)z GF(Z) _ _izx&xeik(Rz—Rl) x@
oz Z° R, B (2.12)
I 0Q
The derivative term, % can be expressed as,
QA = 2r[i\/;>< W(z) — 273 x (1+ iz x w(z))]
op . (2.13)
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2.2.5 Determination of Parametric Values for Various Impedance Models

The impedance deduced from the minimization process are the actual impedance. For
further analysis and study, a convenient representation of the impedance spectra would
be necessary. Various models have been developed to describe the impedance with

relation to the properties of the medium in the past [14].

The most commonly used impedance model is the Delany and Bazley model [34]. The
model is originally intended for the fibrous absorbent materials. It is, however, found to
be remarkably successful for modelling the ground effect in outdoor sound propagation.
For a semi-infinite homogeneous locally reacting surface, the Delany and Bazley model
expresses the impedance Z with a single parameter as follows,

0.75 0.73
Z =1+0.0511x (i] +ix0.0768x (ij
f f (2.14)

where f is the frequency in Hz and o, is the flow resistivity in Pa-s-m~.

For a locally reacting surface with finite thickness d above a hard-back layer, we denote
the impedance as Z . By the Delany and Bazley model,

Z' =Z xcoth(-ikd), (2.15)

where the term Z is calculated from equation (2.14).

For an extended-reaction surface, the impedance determined by the minimization gives
the effective impedance at the corresponding incident angle only [88]. In order to obtain
the impedance for a full range of angles, one should perform the measurements in all
directions. However, this would be time consuming and inefficient. A less rigorous but

more realistic alternative method is fitting the measurement data of one direction into
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parametric models for extended-reaction surfaces. One of the commonly used models for
this type of surface is the Pyett model [94] as reported in studies by Li et al [73] and

Nicolas and Berry [84]. In the Pyett model, the effective impedance Z, of a semi-infinite

homogeneous extended-reaction surface with incident angle & is,

Z =7x n

e .
\Jn?=sin?é

where n is the reflective index defined as the ratio of the wave number of the medium k

, (2.16)

to the wave number of the air k,. We can apply the Delany-Bazley model to calculate the

terms Z from equation (2.14) and n as follows,

0.7 0.59
n=1+ o.osss{ﬁj +i xo.175x[ﬁj
f VA 2.17)

For a finite thickness d above a hard-back layer, the effective impedance Z, is,

. . n .
Z, =ix—=——=-xZxcothlk,xd x4/n* —sin® @
Jn? —sin?6 ( " ) (2.18)

Apart from the above models presented, there are also other more sophisticated models
available [8,9,14,78]. Due to their complexity, however, they will not be considered in
the present study. Among the above models being considered, the only parameter related
to the property of the medium is the flow resistivity. For the determination of the best fit
value of this parameter with the impedance measured, we found the technique of the least

squares fitting to be very effective and efficient.
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2.3 Stability and Efficiency Analysis

To have a better understanding of the stability and efficiency of the two iteration methods,
simulations have been conducted for the deduction of acoustic impedance. We use the
Delany-Bazley model for a locally reacting surface. We assume an effective flow

resistivity o, of 20000 MKS rayls/m to simulate an impedance spectrum with frequency

ranging from 100 Hz to 10,000 Hz. With the geometrical configuration as shown in
figure 2.1, the corresponding excess attenuation H_, is obtained by equation (2.9).
Random errors on the magnitude A and phase ¢ are then added to the calculated excess
attenuation for the simulation as follows,

Hy, = Ho x @+ x4, )xe"om (2.19)
o is an arbitrary value range from -1 to +1 which is generated randomly by the computer.
Anax @Nd @, are the parameters used to control the maximum value of the error in
magnitude and phase of the excess attenuation respectively. To demonstrate the stability
and efficiency among the two iteration methods, simulations with different degree of

errors controlled by different 4., and ¢, are carried out.

The execution of the computational codes is done by Matlab on a PC with an Intel P4
2.26 GHz processor and 1GB of memory. The running time required for each deduction
is recorded and the deducted results are summarized in table 2.1. It is observed that the
computational time and the deviation from the original values for both methods increase
with the amount of random errors added to the data. In general, it is found that the
Newton-Raphson method is faster than the Downhill Simplex method. On the other hand,

parameters obtained by the Downhill Simplex method are closer to the original one.
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Therefore, it is difficult to claim any one of them is superior. The two methods would be

complementary with each other.

Another important observation from the numerical simulation is the importance of the
phase information. The excess attenuation is a complex transfer function. In most of the
presentation, only the magnitude is described and the phase is ignored. From our
simulation, the phase information should be very important when using the excess
attenuation for impedance deduction. Considering the simulations 03 and 13 shown in
figure 2.2 and figure 2.3 respectively, a disturbance of 30% in magnitude only slightly
affects the deduction while a disturbance of 30% in phase gives a large error in the
deduction. The accuracy in phase would be affected largely by the accuracy in
positioning. Therefore, special attention should be given to the measurements for the

spatial locations of microphone and sound source.

2.4 Measurement Technique

As shown in our previous analysis, the technique for impedance deduction is strongly
dependent on the measurement data. Poor quality measurement data will result in an
inaccurate deduction of impedance. Due to the nature of the inverse problem, there may
be no solution obtained if the inaccuracy is too large. Great care should be taken to

minimize any error involved in the measurement to ensure high quality data.
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2.4.1 Procedures and Methodology of the Measurement

In this section, the general procedures and methodology of the measurement are
presented. Two separate measurements are required for obtaining the excess attenuation,

H They are the measurements of the frequency responses between the source and

measured *

receiver with and without the impedance surface. The excess attenuation, H is the

measured !
ratio of these two frequency responses measured. For the frequency response with the
impedance surface, we position the speaker and microphone close to the surface with a
small oblique angle. For the frequency response without the impedance surface which is
commonly referred to as the free field measurement, we locate the speaker and
microphone far away from any surface to avoid unwanted reflections and separate them
with the same distance used in the previous measurement for the convenience of

subsequence data processing.

The measurement of frequency response employs a special type of test signal called a
maximum-length sequence (MLS) and is chosen as the preferred alternative to the
conventional white noise stimulus. The deterministic nature of the maximum-length
sequence provides a vast signal-to-noise ratio which would be ideal for an in-situ
application. As the measurement is on the time domain, manipulation to eliminate
unwanted reflection is also possible. The equipment arrangement is shown in figure 2.4.
The MLS signals are generated by the MLSSA 2000 card, transferred via the built-in
DA-converter, and amplified by a B&K 2713 power amplifier. The MLS signals are then
connected to a loudspeaker which emits sound for measurements. The acoustic response
is recorded by a B&K 4942 microphone. The received signals are then transmitted back

to the MLSSA 2000 card through the B&K 2671 preamplifier and B&K NEXUS
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conditional amplifier. Typical data measured in the time domain is shown in figure 2.5.
Depending on the geometrical relation, the direct and reflected signals may merge or
separate with each other. The frequency response can then be obtained by applying a Fast
is

Fourier Transform (FFT) to the selected signals. The excess attenuation, H

measured ?
obtained by using the free field response as the reference signal when applying the FFT

to the measurement with the impedance surface.

2.4.2 Point Source Loudspeaker

The theory of the impedance deduction is based on the sound propagation of a point
source. The consistence of the sound source towards a theoretical point source in the
measurement will affect the deduction results. In the following section, we will present
the study in the simulation of a spherical point source from a loudspeaker and the

corresponding usage in the impedance deduction.

Most commercial available loudspeakers generate sound waves from cone shaped driving
units. Due to the physical shape of the vibration diaphragm, the wavefront is no longer
spherical. The wavefront is further distorted due to the reflection from the case of the
speaker and the interference with any available tweeter. For a typical box type speaker
with size of 290mm(H)x200mm(W)x170mm(D) as shown in figure 2.6, we measured the
directivity in the X-Y plane and the Y-Z plane. The measured results of the directivity

pattern in various frequency bands are shown in figures 2.7 and 2.8.

From the measured directivity pattern, the acoustic power is concentrated in front of the

loudspeaker. It is clear that we cannot use those box type commercial speakers for the
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experimental simulation of a theoretical point source. For the study of impedance
deduction and any further experimental study, we have developed a point source
generator by mounting a copper pipe with I.5m length and 25mm diameter in front of a
small speaker as shown in figure 2.9. The sound wave emitted from the speaker is
trapped along the pipe and diffused out from the circular exit at the end. A directivity
measurement has been conducted to validate the spherical properties of a point source

and the results are shown in figure 2.10 and 2.11

From the measured results, we can observe that the point source loudspeaker provides
much better performance than the box type loudspeaker. In the XY plane, deviation is
within 5 dB for frequency bands of 250 Hz to 1000 Hz. In the YZ plane, the deviation for
all direction is within 1 dB for frequency above 250Hz. Therefore, the YZ plane should

be chosen for the point source simulation.

2.4.3 Time Window in Fast Fourier Transform (FFT)

The process of Fast Fourier Transform (FFT) plays an essential role in attaining the
transfer functions in frequency domain from the time domain data acquired. Parameters
used in FFT could affect the resulting spectrum of the transfer function. Addition of any
weighting to the original signals should be avoided and, hence, rectangular windows are
selected in the analysis of our study. The available range of frequency from FFT is
limited by the length of the FFT window which is usually very short in duration due to
the constraint of unwanted reflection afterwards. The highest sampling frequency is used
in order to obtain the largest amount of data. For the MLLSSA system used, we set the

sampling rate at 160 kHz. Another important parameter is the starting point of the
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window. As we compared the ratio of the transfer function of two measurements, the
starting time of the FFT window should be the same for the two measurements.
Otherwise, the phase information would be shifted and the deduction will become
difficult and unreliable due to the error introduced. By keeping the same separation
distance between the source and receiver for all measurements, we can confirm the phase
consistence by checking the signals of free field measurement and impedance
measurement in the time domain. The signals are consistent in phase if they coincident

with each other at the beginning region and an example is demonstrated in figure 2.12.

2.5 Validation of Measurement with Fiber Glass

In order to validate the method, we carried out the impedance deduction with a 25 mm
thick fiber glass with density of 48 kg/m?®. The measurement is carried out inside an

anechoic chamber to avoid unwanted reflection. The fiber glass is placed above a wooden
board and measurements are conducted above it with different geometries. We use the
measurement data to deduce the impedance with three models discussed above. Model (i)
denotes the Delany-Bazley model for semi-infinite locally reacting medium as shown in
equation (2.14). Model (ii) refers to the Delany-Bazley model for locally reacting
medium with finite thickness above a hard-back layer as shown in equation (2.15). Model
(iii) represents the Pyett model for extended reacting medium with a finite thickness
above a hard-back layer as shown in equation (2.18). We only consider the data of
frequency ranging from 400 Hz to 4000 Hz for the determination of the parameter. The

results are summarized in table 2.2 and figures 2.13 to 2.19.
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From the experimental results, it is found that different empirical models will give fitted
parameters in different range. The parameters for model (i) and (ii) are close with each
other while parameters for model (iii) are much smaller. It is mainly because different
models are designated for medium of different nature. Model (i) and (ii) are for locally
reacting surface in which the impedance is independent of angle while the model (iii) is
for extended reacting surface in which the angle of propagation is a dependent factor.

Therefore, parameters deduced from one model are not equivalent of others.

Another finding is that parameters deduced with deviation may be observed from the
degree of matching in excess attenuation plots. Considering the second measurement
shown in figure 2.14 as an example, all the three fitted excess attenuation have the first
trough shifted in frequency. The shifting is probably due to phase error during the
measurement and the resulted parameters do have significant difference when compared

with measurement at other angles.

2.6 Conclusions

In this chapter, the study of in-situ determination of the acoustic impedance is presented.
A review on the development of in-situ measurement techniques has been conducted.
Based on the achievement reported by Nocke et al [86,87,88], improved methodology
and experimental setup are developed for the in-situ determination. The principle of the
method is based on the classical spherical wave propagation theory and numerical
minimization techniques. With the use of the MLS technique, the high noise immunity of
the method makes it very appropriate for in-situ condition. Numerical simulations with

artificially added random errors have been conducted to explore the stability and
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efficiency of various numerical minimization methods. From the simulation, the
importance of the accuracy in phase is examined. For the measurement technique,
improved method for point source simulation have been suggested and validated.
Measurement on fibre glass with the in-situ method developed is conducted. Fitting the
deduced impedance with various parametric models shows a good agreement. In
conclusion, the developed method and setup for the in-situ impedance determination is
found to be effective and successful. The methodology can gives the impedance of noise
barrier surfaces in-situ and hence provide the essential quantity in modelling study of

shielding performance in the coming chapters.
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Figure 2.1 Geometrical information for the simulation.
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Figure 2.2 Simulation of deduction with a disturbance of 30% in magnitude added on the excess

attenuation (H). In the simulation, the height of the source (SH) was 0.2m, the horizontal separation
between the source and receiver (HS) was 1m, and the height of the receiver (RH) was 0.2m. The
deduction elapsed time is 155s and resulted a flow resistivity of 17,119 MKS rayls/m. The original flow

resistivity was 20,000 MKS rayls/m.
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Figure 2.3 Simulation of deduction with a disturbance of 30% in phase added on the excess

attenuation (H). In the simulation, the height of the source (SH) was 0.2m, the horizontal separation
between the source and receiver (HS) was 1m, and the height of the receiver (RH) was 0.2m. The
deduction elapsed time is 189s and resulted a flow resistivity of 3,773 MKS rayls/m. The original flow

resistivity was 20,000 MKS rayls/m.
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Figure 2.4 Equipment set-up for the measurement of frequency response measurement
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Figure 2.6 The coordinate system defined for the directivity measurement of the box type speaker.

The (0,0,0) is at the geometrical center of the speaker.

Chapter 2 45



In-situ Determination of the Acoustic Impedance of a Plane Surface

63Hz 1/3 oct. band 125Hz 1/3 oct. band 250Hz 1/3 oct. band

Figure 2.7 The directivity pattern of various frequency band in XY plane of a box type speaker.
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63Hz 1/3 oct. band 125Hz 1/3 oct. band 250Hz 1/3 oct. band

Figure 2.8 The directivity pattern of various frequency band in YZ plane of a box type speaker.
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X

Figure 2.9 The coordinate system defined for the directivity measurement of the point source

speaker. The (0,0,0) is at the center of the circular exit.
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63Hz 1/3 oct. band 125Hz 1/3 oct. band 250Hz 1/3 oct. band

Figure 2.10 The directivity pattern of various frequency band in XY plane of the point source speaker.
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Figure 2.11 The directivity pattern of various frequency bands in YZ plane of the point source

speaker.
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Figure 2.12 The MLS signal of free field measurement (solid line) and impedance measure (dotted

line) in time domain. They are coincident with each other at the beginning.
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Figure 2.13 Impedance deduction and parametric fitting of measurement with incident angle of 76°.
The height of the source (SH), the horizontal separation between the source and receiver (HS), and the

height of the receiver (RH) were 0.125m, 1.0m, and 0.125m respectively.
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Figure 2.14 Impedance deduction and parametric fitting of measurement with incident angle of 72.8°.

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the

height of the receiver (RH) were 0.155m, 1.0m, and 0.155m respectively.
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Figure 2.15 Impedance deduction and parametric fitting of measurement with incident angle of 69.7°.

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the

height of the receiver (RH) were 0.185m, 1.0m, and 0.185m respectively.
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Figure 2.16 Impedance deduction and parametric fitting of measurement with incident angle of 66.7°.

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the

height of the receiver (RH) were 0.215m, 1.0m, and 0.215m respectively.
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Figure 2.17 Impedance deduction and parametric fitting of measurement with incident angle of 63.9°.

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the

height of the receiver (RH) were 0.245m, 1.0m, and 0.245m respectively.
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Figure 2.18 Impedance deduction and parametric fitting of measurement with incident angle of 61.2°.

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the

height of the receiver (RH) were 0.275m, 1.0m, and 0.275m respectively.
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Figure 2.19 Impedance deduction and parametric fitting of measurement with incident angle of 58.6°.

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the

height of the receiver (RH) were 0.305m, 1.0m, and 0.305m respectively.

Chapter 2 58



In-situ Determination of the Acoustic Impedance of a Plane Surface

no of . O Newton-Raphson Downhill Simplex
simulation elaps(eg time o. (MKS rayls/m) elaps?g time o, (MKS rayls/m
01 0.1 0.0 14 19737 141 19737
02 0.2 0.0 15 17772 136 17772
03 0.3 0.0 15 16982 155 17119
04 0.4 0.0 18 16263 144 16359
05 0.5 0.0 12 15532 161 15580
06 0.6 0.0 5 12140 144 14688
07 0.7 0.0 21 7061 173 12313
08 0.8 0.0 5 4842 167 12181
09 0.9 0.0 15 8743 172 10210
10 1.0 0.0 8 4982 167 10481
11 00 [01lxm 15 15106 158 15123
12 00 f02xm 8 8585 162 8883
13 0.0 [03xm 11 351 189 3773
14 00 [04xm 23 417 207 2795
15 00 [05xm 19 912 229 2447
16 00 ]06xm 17 398 255 2431
17 00 [0.7xm 37 869 260 218
18 00 [08xm 19 11 290 137
19 00 [09xm 30 545 347 115
20 00 110xm 39 1198 344 55
21 01 ]0i1xm 14 15367 165 15378
22 0.2 102xm 7 7317 177 7659
23 03 103xm 15 69 205 2299
24 04 104xm 32 857 215 2383
25 05 105xm 14 30 269 2084
26 06 106xm 20 773 278 1421
27 0.7 10.7xm 39 30 309 2
28 08 108xm 29 677 343 247
29 09 109xm 30 48 366 20
30 10 ]10xm 35 235 381 29
Table 2.1 Summary for simulations of impedance deduction with different error.
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No. of Angle of |Effective flow resistivity deduced, o, (MKS rayls/m)
measurement | incident model (i) model (ii) model (iii)

1 76.0° 66183 84008 4387
2 72.8° 135351 148849 1513
3 69.7° 80747 98947 3000
4 66.7° 66806 86518 3699
5 63.9° 54049 63001 5260
6 61.2° 53142 62248 4937
7 58.6° 50179 57704 4870

Average 72351 85896 3952

Table 2.2 Results of impedance deduction measurements with different angles.
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Chapter 3 Parallel Barriers in front of a Facade

3.1 Introduction

In recent literature on outdoor sound propagation with noise barriers, two commonly
utilized methods are the image source method (ISM) and the boundary element method
(BEM). Models of the ISM are based on analytical solution for predicting the diffraction
and reflection of sound. In this method, image sources that make possible contributions
are first determined and their contributions are calculated according to their paths of
contribution. The overall sound pressure is computed by coherent summation of all the
contribution from possible image sources. This coherence summation provides the
consideration in the interfering phenomenon of the sound wave. For the BEM, the
principle is based on the Helmholtz integration equation and the exact solution is
obtained numerically. It is very suitable for the outdoor situations as only discretization
on the boundary is needed. The flexibility on the boundary geometry makes the method
applicable to complex situations with multiple barriers and reflecting surfaces. With the
advancement of the numerical technique and computation equipment, this method is
found to be promising. In current practice, however, this method is still limited by its

huge requirement of computation resources.

For simple scenarios in which a single noise barrier is placed above a ground surface,
there are numerous studies [52,53,56] for the shielding performance with the use of the
ISM. The diffraction solution of Hadden and Pierce [42] has been utilized in most of the

studies. Koers [64] later has suggested a heuristic diffraction solution of absorbing wedge
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which is a modification of the Hadden and Pierce solution. Daigle et al. [31] claimed that
the results from this model deviated from experimental data. However, Panneton et al.
[89] have applied this heuristic model in their study of hard and absorbent parallel noise
barriers and found good agreement with their experimental results. Salomons et al.
[100,101] have also conducted comparison with the BEM, parabolic equation method,
and experimental data. He found the Koers’s solution is considerably more accurate than
reported by Daigle et al. The accuracy analysis in which they conducted also concludes
the ISM is well applicable in situation with multiple reflections and diffractions. More
recently, Li and Tang [74] have developed an image source model for the prediction of
the insertion loss of a single barrier placed in front of a tall building. Comparisons of the
results with indoor experimental data and wave-based boundary element formulation

show reasonably good agreement over a broad frequency range.

Success on the applications of the ISM provides us great confidence in the model
development for the acoustic performance evaluation of parallel barriers placed in front
of a building facade which is commonly encountered in high-rise cities. In the following
sections, we report the development of the image source model presented in [63]. The
hierarchy of image sources making contribution to the overall sound level and
calculations of the corresponding contributions will be discussed in details. The
prediction results from the image source model will be compared to the results from the
wave-based boundary element formulation for validation. The effect on the shielding

efficiency by mounting absorptive material on the surface of the barriers will be analyzed.
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3.2 Theory

3.2.1 Geometrical configuration of the problem

In the present study, a typical scenario of a high-rise city as shown in figure 3.1 is
considered in which a pair of parallel barriers is aligned with a row of tall buildings.
Modeling this scenario, the tall buildings are replaced by a flat facade surface
perpendicular to the ground. To facilitate the numerical analysis, a rectangular co-
ordinate system is chosen where the fagade surface lies on the x = 0 plane and the ground
surface lies on the z = 0 plane. The origin is located on the ground surface at the bottom
of the facade. A pair of barriers is placed parallel to the facade where the near-side
barrier B1 is located at a horizontal distance L from the building facade. The far-side
barrier B2 is located at a horizontal distance W from the near-side barrier. The distance

W, and W, are the horizontal distances measured from the source to the near-side and

far-side barriers B1 and B2 respectively.

In order to study the effect of sound absorbent towards the acoustic performance, we
allow those reflecting surfaces with finite impedance in our model. The various surfaces

are characterized by the specific surface admittance of S:, Baiis Baiz Beors Beo s
Peis Psy» @nd, S, for the facade surface I'-, the outer surface of the near-side barrier
Is,, the inner surface of the near-side barrier I'y;,, the inner surface of the far-side
barrier I'y,,, the outer surface of the far-side barrier I';,, , the ground between the

building facade and the near-side barrier I, the ground between both barriers I',,, the
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ground behind the far-side barrier I'y,, respectively. The various notations of the

admittance are shown in figure 3.1 also.

To simplify the problem, we limit our consideration to the situation where the source
denoted by S and receiver denoted by R are located at the same vertical plane at y = 0.
We assume that the pair of barriers and the building fagades are infinitely long along the
y-axis such that contributions from the vertical edges of the barriers and facades are
ignored in our analysis. By this simplification, it becomes a two dimensional problem

only. The respective coordinates of the source and receiver are given by S=(x,0, )

and R = (xR,O, zR) where the subscripts S and R are used to represent the corresponding

parameters for the source and receiver, respectively. In addition, we only consider the
case where both barriers have the same height, H. The top edges of the near-side and far-

side barriers are denoted by E1=(L,0,H) and E2=(L+W,0, H) respectively.

3.2.2 Principle of Image Source Method

For the image source method (ISM), the total sound pressure at a particular location is the
coherence summation of all contributions from the image sources that can make
contribution to that location. The main tasks are to identify all the possible image sources

and calculate the corresponding contributions.

We identify the possibility of contribution of an image source by determining whether a
valid transmission path can be established between the source and the receiver. The
possible paths may be through direct transmission, reflection, and diffraction. They can

be any combinations of reflections and diffractions with different orders. To reduce the
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complexity in the determination of all possible paths, we only consider diffraction with
the first order. Any further diffraction would be ignored. This assumption is justifiable
because the diffracted sound field is generally much less than the direct and reflected

waves. By this simplification, we can classify the contribution into two groups.

3.2.3 Calculation of Contribution

There are two groups of contribution. The first group consists of paths without any
diffraction. (i.e. The image source can be observed by the receiver in straight line of
sight.) The possible paths belonging to this group may be through direct transmission or
reflection. We refer the image source in this group as a primary image. For a path of

direct transmission, the contribution is calculated by

~i-H®(k-R) ,for 2-dimensional cylindrical wave
(S.%)= , 3.1)

ei~k-R

R

P

direct

,for 3-dimensional spherical wave

where, H®(k-R)=J, (k-R)+i-Y, (k- R) is the Hankel function of the first type
J,(k-R) is a Bessel function of the first kind
Y, (k- R) is a Bessel function of the second kind
R is the distance between the source S and receiver R
k is the wave number.
For a path with reflection, we calculate the contribution by multiplying a reflection factor
to the direct contribution as follow,

I:)reflection (I i 19{) = Vi(n) ’ I:)direct (I i ’SR) (32)
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The factor of reflection V,"” with n order would be the multiplication of n numbers of

spherical reflection coefficients as follow,
VAQ =HQi,j(Ii(n)’m’ﬂj) (3.3)
j=1

where, I™ denotes the ith image source with reflective order of n
B; is the surface admittance of the j th reflection
Q, ; is the reflection coefficient based on admittance A3, and the distance between

the image source I™ and receiver R. For cylindrical wave, we assume the

coefficient to be the plane wave reflection coefficient. For spherical wave, we use

the spherical reflection coefficient.

The second group consists of paths with diffraction. The primary image source is
unobservable by the receiver directly. It is the diffraction edge that can be observed by
the receiver in a straight line of sight. We refer the diffraction edge as a secondary image.
There may be various orders of reflections before and after the diffraction. We denote the
number of reflections before diffraction as n while the number of reflections after
diffraction as g. The contribution of the k th path is determined by,

Ptrection =Vi@ V™ - T(1™ [E,E® | R, B, B ) (3.4.)

iffraction

where, V@ is the reflection factor account for the reflections before the diffraction

V. is the reflection factor account for the reflections after the diffraction

T(I™ |E,E@ |R,Bs, By ) is the diffraction term
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The diffraction term is the diffraction contribution of the sound pressure from a primary
image source at I, undergoing n number of reflections, diffracting at edge E, and then
undergoing g number of reflections before reaching the receiver R. To represent the
relationship among I and E in reflection before diffraction, we use the symbol 1" |E
Similarly, we use the symbol E | R to represent the relationship among E and R in
reflection after diffraction. Symbol *“|” is used instead of *,” for better differentiation
among E and E(. The term B represents the specific surface admittance of barrier

surface facing the source while B is the specific surface admittance of barrier surface

facing the receiver. This diffraction term adopts the Koers [64] modification of the
Hadden and Pierce [42] solution to an absorbing wedge. With reference to figure 3.2, the

computation is as follow,

T(Il(n) | E’E(kq) |m’BS’BR):Ul(§1’rSB’rRB)+QS .U2(§2’rSB’rRB)

35
+QR'U3(§3'rsserB)+Qs'QR'U4(§4’rSB'rRB) (3.5)
where,
0, - 495| fori =1, angle from source to recevier
|27 -6,-0,  fori=2, anglefromimage source to recevier
' 6. +0, for i = 3, angle from source to image recevier
27z—|0r —05| for i = 4, angle from image source to image recevier (3.6)
1 eikL ©
U (fa Ise rRB): - A(g{_j_[ eiyq(yv ¢ lsg e )jy
V4 L )0
, (3.7)
1 . 1 ifx=0
Al¢)==(-¢&-37)+ 7o (r - &) with 5(x)= , 3.8
(-1 £-30)s mole-) witn 000 {170 68
1 [ kL
& lsg Trg )= 1
61 o o) A(cf)[ +kL+iyj(kL+iyJ
x tan*| tan[A(&)]tanh4 sinh yL ('— yj 2
Krglag \ 2 4KL (3.9)
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and

L=rg + - (3.10)
in which 6, and &, are respectively the angular positions of the source and receiver
measured from the polar plane 6 =0 along the right side of the barrier surface, ry; and
r.z are the radial distance from the source to the edge and from the edge to the receiver
respectively, Qs =Q(I™,E,Bs) and Q, =Q(E”,R,B,) are the spherical wave

reflection coefficients accounting for the absorptive surface at the source side and

receiver side respectively, and the integration in the term U (&, g, Ieg ) can be done by

the Laguerre technique [1].

3.2.4 Image Source Model

Image sources are formed by various combinations of reflections and deflections. One of
the main tasks in the image source model is to identify all the possible image sources
which make contribution to the overall sound pressure at the point of consideration. The
determination of the image sources is archived by checking whether the receiver is
located in the illuminated zones of the image sources. The zone of illumination is
obtained from geometric information of the situation. With more complexity in the

geometry, the determination would be more difficult.

Due to the lengthy content and high complexity of the model, the details of the
determination of the possible images sources can be found in Appendix A. In brief, the
images are classified as primary and secondary sources. For the primary image sources,

there is no diffraction involved. For the secondary image sources, the contribution

Chapter 3 68



Parallel Barriers in front of a Facade

involves the diffraction of sound. The image sources are further classified as sub-groups
based on the sequence of diffractions and reflections. The coordinates, illumination zones,

and pressure contributions of each sub-group will be discussed in details in Appendix A.

3.3 Validation with Boundary Element Method

The image source model derived in the previous section provides an effective and
efficient methodology to the evaluation of the acoustic performance of parallel barriers in
front of a building. For validation, we compare the results from the image source model
with the results from numerical techniques. As the configuration concerned is an external
problem where domains are extended to infinity, boundary element method (BEM) is
chosen for comparison. This method has been extensively used to study outdoor sound
propagation and performance of noise barrier. For the image source model, we have

implemented the calculation by compiling with Matlab code.

A realistic outdoor configuration is used in our analysis. The near-side and far-side
barriers are of identical height of 2.5 m, and, they are situated at 5 m and 15 m in front of
a building facade respectively. A noise source is located at 0.25 m above the ground and
7.5 m in front of the facade, i.e. 2.5 m from the near side barrier. Two cases have been
considered in our analysis. The first case considers the barriers as hard. The second case
considers the inner surface of both barriers as absorptive. For the absorptive surface, the
impedance surfaces are modeled with the Delany and Bazley model [34] with the flow
resistivity equal to 40000 MKS rayls/m. The receivers considered are located 1m away
from the fagade surface and with heights of 1m, 2m, 5m and 10m. In the calculation of

image source model, the maximum orders of reflections are restricted to 100 for both n
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and g in the image source model. For the implementation of the BEM, computer codes
developed by the Acoustics Research Centre at the University of Hull is utilized with the
permission of Dr. K M Li. For the simplicity, the elements of BEM analysis are
distributed evenly in length. The lengths of each elements are shorter than 1/10 of the
corresponding wavelengths to ensure to ensure a higher accuracy for the purposes of
benchmarking. Meanwhile, smaller of element sizes are used for lower frequency to
ensure sufficient representation of the spatial profile. Confirmed with convergence
checking, the elements sizes adopted are summarized in table 3.1. Based on the available
computation resources, the height of the building facade is taken as 25m for eliminating

the effect of diffraction at the top of the fagade surfaces.

As shown in figures 3.3 to 3.6, we compare the spectrums of insertion loss at four
receiver positions calculated by the two methods. The first two locations R=(1,0,1) and
R=(1,0,2) are in the shadow zone. The third location R=(1,0,5) is near the direct line of
sight. The last location R=(1,0,10) is illuminated directly by the source. Those negative
values of insertion loss indicate the barriers provide no noise reduction and even enhance
the noise for the particular frequency. Predicted results from both methods agree very
well with each other. The ISM determines the locations of peaks and troughs in
frequency domain accurately. The magnitudes of those peaks and troughs among these
two methods have some small differences. The results of the ISM tend to have higher
fluctuations than the predictions by the BEM. In real situation, the prediction of the high
peaks and low troughs are mostly unattainable. We can also observe this phenomenon in

the section with experimental validation.
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Having successfully completed the predictions with hard barriers, we progress to the
prediction with absorptive barriers. We assume that the inner surfaces of the parallel
barriers are absorptive and model the acoustic impedance with the Delany and Bazley
model [34] with the flow resistivity equal to 40,000 MKS rayls/m. This degree of
absorptiveness is quite high for the outdoor situation. The value is chosen for illustrative
purpose. Similarly, we calculate the insertion loss at the same locations by both methods.
The results are shown in figures 3.7 to 3.10 for the four positions respectively. Again,
there is quite a good agreement between the two methods. To illustrate the effect on the
shielding efficiency by mounting absorptive material on the surface of the barriers, we
further calculate the improvement on the insertion loss due to the absorptive material. It
is defined as the extra gain in insertion loss and calculated by the difference of the
insertion loss of the two cases. The results of all four positions are shown in figure 3.11.
Again, we should ignore those high peaks and low troughs. In general, there are
observable improvements over a broad frequency range. As the improvement is highly
fluctuating along the frequency axles, it is difficult to quote a qualitative value on the
overall improvement. Due to the degree of absorptiveness is assumed to be much higher
than reality, the actual effect of adding absorptive surface in a real life situation would be

insignificant.

3.4 Validation with Experimental Measurements

Apart from comparison with numerical method as discussed previously, we further
validate the prediction model with results from experimental measurements. The
measurement consists of a scaled-down configuration as shown in figure 3.12. The

facade and ground surfaces are made of 8.5mm thick wooden board. The height of the
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facade is 2.44m which is high enough to ignore the diffraction at the top edge. The
barriers consist of 3mm thick aluminum plate with height of 0.5m and length of 4.5m.
They are placed 0.75m and 1.5m in front of the wooden board respectively. The source is
located 1.25m in front of the fagade surface and at a height of 0.125m. The receiver is

placed 0.123m in front of the building facade with various heights. For modeling the
absorptive surface, we attach the same 25mm thick glass fiber with density of 48kg /m?®

used in the in-situ impedance determination.

The whole measurement is conducted inside an anechoic chamber of dimensions
6mx6mx6m . The insertion loss used for comparison is obtained by measuring the
transfer function with and without the barrier. The MLS system and equipment used are
the same as before. Special attentions have been put on the orientation of the speaker and
microphone for the modeling of spherical waves. Details on the measurement technique

has been discussed earlier in Chapter 2.

Comparison of the insertion loss spectrum for the parallel barriers with hard surfaces at
locations (0.123,0,0.1), (0.123,0,0.5), (0.123,0,1) and (0.123,0,1.5) are shown in figures
3.13 to 3.16 respectively. For the parallel barriers with absorptive surfaces, the
comparison of the insertion loss is shown in figures 3.17 to 3.20. In the theoretical
calculation, the absorptive surface is modeled with the Delany and Bazley model [34]
with the flow resistivity equal to 72,351 MKS rayls/m. This value is deduced from the
method discussed in Chapter 2. In addition, we have illustrated the measured and
calculated improvement on the insertion loss due to the absorptive material in figure 3.21.

The theoretical predictions agree quite well with the experiment results. As mentioned in
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the previous section, the theoretical prediction tends to have higher peaks and lower

troughs than the measured values.

3.5 Conclusions

In this chapter, we have reported the development of a computational model for the
shielding performance evaluation of parallel barriers placed in front of a tall building.
The model developed is based on the ISM and various classical theories of sound
propagation from geometrical acoustic. The hierarchy of the image sources making
contribution to the overall sound level and the calculations of the corresponding
contributions are outlined in detail. This hierarchy provides an efficient implementation
in searching valid source images and shortens a lot of time for calculation. Besides, the
prediction model developed contains the ability in handling surface with finite acoustic
impedance. This gives the possibility for the analysis of absorptive barriers and road
pavement. The prediction results from our image source model are found to be consistent
with the calculated results by the BEM and experimental measurement. With the accurate
prediction capability and high computational efficiency, this image source model
provides a valuable tool for the evaluation in the design stage and a huge contribution to

urban planning.
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Figure 3.1 Schematic diagram of the specified problem. A source S is located at 1,.=(xs, 0, zs) and a

receiver R at (X, 0, zr). A pair of parallel barriers, B1 and B2 of height H is placed at a
distance L from a facade surface I'r of infinite height. The barriers are separated at a
distance W apart and divide the ground surface into I'y, I'c, and I'gs.

S Barrier

Figure 3.2 Schematic diagram of the geometrical configuration for the calculation of the diffraction
component of a barrier. The distance from the source S to the edge E is denoted as rsp
while the distance from the edge E to the receiver R is denoted as rgg. The angle from
the source S to the barrier surface opposite to the source S is denoted as &,. The angle
from the receiver R to the barrier surface opposite to the source S is denoted as 4.
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The spectrum of insertion losses (IL) at location R=(1,0,1) with parallel barriers having
hard inner surfaces in front of a building facade. The solid line represents predictions by
the image source method (ISM) and the dashed line with dots represents numerical
predictions based on the boundary element method (BEM).
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The spectrum of insertion losses (IL) at location R=(1,0,2) with parallel barriers having
hard inner surfaces in front of a building facade. The solid line represents predictions by
the image source method (ISM) and the dashed line with dots represents numerical
predictions based on the boundary element method (BEM).
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The spectrum of insertion losses (IL) at location R=(1,0,5) with parallel barriers having
hard inner surfaces in front of a building facade. The solid line represents predictions by
the image source method (ISM) and the dashed line with dots represents numerical
predictions based on the boundary element method (BEM).
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Figure 3.6 The spectrum of insertion losses (IL) at location $8=(1,0,10) with parallel barriers having
hard inner surfaces in front of a building facade. The solid line represents predictions by
the image source method (ISM) and the dashed line with dots represents numerical
predictions based on the boundary element method (BEM).
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The spectrum of insertion losses (IL) at location R=(1,0,1) with parallel barriers having
absorptive inner surfaces in front of a building facade. The impedance of the inner
surface is modeled with the Delany and Bazley model with the flow resistivity equal to
40,000 MKS rayls/m. The solid line represents predictions by the image source method
(ISM) and the dashed line with dots represents numerical predictions based on the
boundary element method (BEM).
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The spectrum of insertion losses (IL) at location R=(1,0,2) with parallel barriers having
absorptive inner surfaces in front of a building facade. The impedance of the inner
surface is modeled with the Delany and Bazley model with the flow resistivity equal to
40,000 MKS rayls/m. The solid line represents predictions by the image source method
(ISM) and the dashed line with dots represents numerical predictions based on the
boundary element method (BEM).
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Figure 3.9 The spectrum of insertion losses (IL) at location R=(1,0,5) with parallel barriers having

absorptive inner surfaces in front of a building facade. The impedance of the inner
surface is modeled with the Delany and Bazley model with the flow resistivity equal to
40,000 MKS rayls/m. The solid line represents predictions by the image source method
(ISM) and the dashed line with dots represents numerical predictions based on the
boundary element method (BEM).
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Figure 3.10 The spectrum of insertion losses (IL) at location $8=(1,0,10) with parallel barriers having

absorptive inner surfaces in front of a building facade. The impedance of the inner
surface is modeled with the Delany and Bazley model with the flow resistivity equal to
40,000 MKS rayls/m. The solid line represents predictions by the image source method
(ISM) and the dashed line with dots represents numerical predictions based on the
boundary element method (BEM).
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The spectrum of improvement in insertion losses (IL) at locations ®=(1,0,1), 8=(1,0,2),
R=(1,0,5), and R=(1,0,10) with parallel barriers having absorptive inner surfaces in front
of a building fagade over barriers with hard surfaces. The solid line represents predictions
by the image source method (ISM) and the dashed line with dots represents humerical
predictions based on the boundary element method (BEM).
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Figure 3.12 The experimental measurement set-up.

Chapter 3 84



Parallel Barriers in front of a Facade

120

100

80

60 - ISM
...... BEM
--+- Measurement

r-o.s
)‘ J 0.125

60
[~— 0.75—
s}
©
P
8
- 40
c .
o |
2 |
(] |
()] |
= k"
5 Ll
20 b: (G-
! S AR
- E{( gﬂr. il ‘!_
3 WA 1 i R
I:'j H ;;1‘ : '::
L e :“ B h
AR 1 ? :
40 ‘3 4
10 10 10
Frequency / Hz
Figure 3.13 The spectrum of insertion losses (IL) at location :®=(0.123,0,0.1) with parallel barriers

having hard inner surfaces in front of a building fagade. The solid line represents
predictions by the image source method (ISM), the dashed line represents numerical
predictions based on the boundary element method (BEM) and the dashed line with dots
represents results from experimental measurement.
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Figure 3.14 The spectrum of insertion losses (IL) at location :®=(0.123,0,0.5) with parallel barriers
having hard inner surfaces in front of a building fagade. The solid line represents
predictions by the image source method (ISM), the dashed line represents numerical
predictions based on the boundary element method (BEM) and the dashed line with dots
represents results from experimental measurement.
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Figure 3.15 The spectrum of insertion losses (IL) at location $8=(0.123,0,1) with parallel barriers
having hard inner surfaces in front of a building fagade. The solid line represents
predictions by the image source method (ISM), the dashed line represents numerical
predictions based on the boundary element method (BEM) and the dashed line with dots
represents results from experimental measurement.

Chapter 3 87



Parallel Barriers in front of a Facade

120 ‘ ‘ ————— ‘ : —
20 — ISM
...... BEM
--o- Measurement
100 —
80 3 e
20 | | | - 15 r-os
1000 1500 2000 o oz
i A E—
60 - A; oz ’ i
_________ I‘fo.754~‘70.754'
o 1 .
o | |
P ! !
8 : :
- 401 | | 7]
c 1 1
o 1 1
B | |
(] 1 1
()] 1 1
= | |
. . |
207 ’r i | i
e o] Lo .
£5 | ! nod ]
i b : A : “ ? e » i |
... _:. . | A 513 \ : ‘ ’ ‘ ‘::’1 . ‘1 !
O,b?ftu ey ¢ 38 Y43 ¥ AP ",‘:l;?li,)f
e ; f g 3 ‘ vl
B : X it T i .y
‘ : i3 R |
Pt s
20 : : b | =
" 1 1 \
| L
40 ‘3 4
10 10 10
Frequency / Hz
Figure 3.16 The spectrum of insertion losses (IL) at location :®=(0.123,0,1.5) with parallel barriers

having hard inner surfaces in front of a building fagade. The solid line represents
predictions by the image source method (ISM), the dashed line represents numerical
predictions based on the boundary element method (BEM) and the dashed line with dots
represents results from experimental measurement.
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Figure 3.17 The spectrum of insertion losses (IL) at location :®=(0.123,0,0.1) with parallel barriers

having absorptive inner surfaces in front of a building facade. The impedance of the inner
surface is modeled with the Delany and Bazley model with the flow resistivity equal to
72,351 MKS rayls/m. The solid line represents predictions by the image source method
(1SM), the dashed line represents numerical predictions based on the boundary element
method (BEM) and the dashed line with dots represents results from experimental
measurement.
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Figure 3.18 The spectrum of insertion losses (IL) at location :®=(0.123,0,0.5) with parallel barriers

having absorptive inner surfaces in front of a building facade. The impedance of the inner
surface is modeled with the Delany and Bazley model with the flow resistivity equal to
72,351 MKS rayls/m. The solid line represents predictions by the image source method
(1SM), the dashed line represents numerical predictions based on the boundary element
method (BEM) and the dashed line with dots represents results from experimental
measurement.
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Figure 3.19 The spectrum of insertion losses (IL) at location :®=(0.123,0,1.0) with parallel barriers

having absorptive inner surfaces in front of a building fagade. The impedance of the inner
surface is modeled with the Delany and Bazley model with the flow resistivity equal to
72,351 MKS rayls/m. The solid line represents predictions by the image source method
(1SM), the dashed line represents numerical predictions based on the boundary element
method (BEM) and the dashed line with dots represents results from experimental

measurement.
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The spectrum of insertion losses (IL) at location :®=(0.123,0,1.5) with parallel barriers
having absorptive inner surfaces in front of a building fagade. The impedance of the inner
surface is modeled with the Delany and Bazley model with the flow resistivity equal to
72,351 MKS rayls/m. The solid line represents predictions by the image source method
(1SM), the dashed line represents numerical predictions based on the boundary element
method (BEM) and the dashed line with dots represents results from experimental
measurement.
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The spectrum of improvement in insertion losses (IL) at locations $8=(0.123,0,0.1),
R=(0.123,0,0.5), R=(0.123,0,1), and R=(0.123,0,1.5) with parallel barriers having
absorptive inner surfaces in front of a building facade over barriers with hard surfaces.
The solid line represents predictions by the image source method (ISM), the dashed line
represents numerical predictions based on the boundary element method (BEM) and the
dashed line with dots represents results from experimental measurement.
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Frequency / Hz Number of elements
per wavelength
<500 100
501 - 800 40
801 - 1000 20
>1000 10
Table 3.1 Elements size used for the implementation of the boundary element method.
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Chapter 4 Parallel Barriers in a Street Canyon

4.1 Introduction

In the previous chapter, we have presented the image source model for the parallel
barriers in front of a facade. The heuristic diffraction formulation for diffraction
suggested by Koers [64] is found to be well applicable in conditions with multiple
reflections. The sound pressure levels calculated from the image source method (ISM)
are consistent with the boundary element method (BEM) and experimental results. In this
chapter, we would like to extend the image source model to another commonly
encountered condition in the urban environment. The situation put into consideration is
commonly referred to as a street canyon. It consists of a pair of parallel barriers placed
aside a road semi-enclosed by sky-rise buildings at the both sides. Study of the sound
field in this spatial condition is processed with the ISM. Similar to the previous chapter,
comparison with the BEM and experimental results are conducted and the acoustic

performance improvement by absorptive material is analyzed.

4.2 Theory

In this study, another typical scenario of a high-rise city as shown in figure 4.1 is
considered in which a pair of parallel barriers are placed inside a street canyon. The tall
buildings are replaced by two flat facade surfaces I';; and I, perpendicular to the
ground for modeling. A rectangular co-ordinate system is chosen where the facade

surface lies on the x = 0 plane and the ground surface lies on the z = 0 plane. The origin is
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located on the ground surface at the bottom of the facade. We limit our consideration to
the situation where the source denoted by S and receiver denoted by R are located at the
same vertical plane at y = 0. By this simplification, the problem becomes purely two
dimensional only and we have to assume that the pair of barriers and the building facades
are infinitely long along the y-axis such that contributions from the vertical edges of the

barriers and facades are ignored in our analysis.

The coordinates of the source and receiver are given by S=(x,,0,z;) and R =(x,,0,2;)

respectively where the subscripts S and R are used to represent the corresponding
parameters for the source and receiver, respectively. The separation between the two

facade surfaces I';; and I, is L. The barrier B1 is located at a horizontal distance L,
from the facade surface I;,. The barrier B2 is located at a horizontal distance W from the
barrier B1. The distance between the barrier B2 and the fagade surface I, isL,. The
distance W, and W, are the horizontal distances measured from the source to the barriers

B1 and B2 respectively. In addition, we only consider the case where both barriers have
the same height, H. The top edges of the near-side and far-side barriers are denoted by

E1=(L,0,H)and E2=(L, +W,0, H) respectively.

We consider the barrier surfaces facing the source as inner surfaces. The outer and inner

surfaces of the barrier B1 are denoted as I';;; and I, respectively. The inner and outer
surfaces of the barrier B2 are denoted as I;,, and I,, respectively. The ground surface
is divided into three regions. For the region between the surfaces I, and I}, the
ground surface is denoted as I';,. For the region between the surfaces I';;, and I5,,, the

ground surface is denoted as I, . For the region between the surfaces I'y,, and I, , the
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ground surface is denoted as I';;. Together with the facade surfaces I, and I',, there

are totally nine surfaces in our consideration. The specific impedance of these nine

Surfaces are denOted as ﬂBll’ ﬁBlZ' ﬂBZl’ ﬁBZZ’ ﬁGl’ ﬁGZ’ ﬁG?:’ ﬁFl and ﬂFZ ) The

various notations of the admittance are also shown in figure 4.1.

The principle of the image source model used in the current chapter is same as the
previous one. In brief, the overall sound pressure level at a particular location is the
coherent summation of pressure contributions from the image sources that can make
contribution to that location. The three basic means of contributions are the direct
transmission, reflection and diffraction. The calculations of these contributions are based
on the formulations reported in Chapter 3. Due to the lengthy content, the details of the

image source model are described in Appendix A.

4.3 Validation with Boundary Element Method

The extension of the image source model for the condition of parallel barriers along a
street canyon provided an effective evaluation tool for the shielding performance. The
validation of the model is achieved by comparison of its prediction results with the
results from numerical techniques. Again, BEM is chosen due to its high suitability for
external problems where domains are extended to infinity. The implementation in the

calculation is similar to Chapter 3.

A realistic outdoor configuration is used in our analysis. The separation of the two facade

surfacesI;, and I',, L, is 20m. The distance between the facade surface I';; and the
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barrier B1, L, is 5m. The distance between the fagade surface I';, and the barrier B2, L,,
is 5m. The two barriers are of identical height of 2.5m. A noise source is located between
the two barriers and at 0.25m above the ground. The distance between the source and
barrier B1, W,, is 2.5m. The distance between the source and barrier B2, W,, is 7.5m.
Cases with hard and absorptive barrier surfaces I';;, and I'y,, have been considered. For
the absorptive surfaces, the acoustic impedances are modeled with the Delany and Bazley
model [34] with the flow resistivity equal to 40000 MKS rayls/m. The receivers
considered are located 1m away from the fagade surface I';; and with heights of 1m, 2m,
5m and 10m. The maximum orders of reflections are restricted to 100 for all n,,n,, g,
and ¢, in the image source model. Similarly, we choose at least 10 elements per
wavelength in implementing the BEM to ensure a higher accuracy for the benchmarking
results. Details on the size of elements are summarized in table 3.1. Based on the

available computational resources, the height of the building facade is taken as 25m for

eliminating the effect of diffraction at the top of the facade surfaces.

As shown in figures 4.2 to 4.5, we compare the spectrums of insertion loss at four
receiver positions calculated by the two methods. The first two locations $8=(1,0,1) and
R=(1,0,2) are in the shadow zone. The third location 8=(1,0,5) is near the direct line of
sight. The last location 8=(1,0,10) is illuminated directly by the source. Similarly, we
calculate the insertion loss at the same locations by both methods for cases with
absorptive surfaces. The results are shown in figures 4.6 to 4.9 for the four positions
respectively. The improvement on the insertion loss due to the absorptive material has

been calculated also and the results are shown in figure 4.10.
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Although the agreement between the predicted results from both methods is not as good
as that observed in the previous chapter, the ISM would still provide satisfactory
prediction results. In general, the ISM can determine the locations of peaks and troughs

in the frequency domain as predicted by the BEM.

4.4 Validation with Experimental Measurement

Similar to Chapter 3, we have conducted the scale model measurements for the purpose
of experimental validation. The measurement consists of a scaled-down configuration as
shown in figure 4.11. The facade and ground surfaces are made of 8.5mm thick wooden
board. The height of both facade surfaces is 2.44m which is high enough to ignore the
diffraction at the top edge. The barriers consist of 3mm thick aluminum plate with height
of 0.5m and length of 4.5m. They are placed 0.75m and 1.5m in front of the first facade
surface respectively. The source is located 1.25m in front of the facade surface and at a
height of 0.125m. The receiver is placed 0.123m in front of the first fagade surface with

various heights. For modeling the absorptive surface, we attach the same 25mm thick

glass fiber with density of 48kg/m? used in the in-situ impedance determination.

The whole measurement is conducted inside an anechoic chamber of dimensions
6mx6mx6m . The insertion loss used for comparison is obtained by measuring the
transfer function with and without the barriers. The MLS system and equipment used are
the same as before. As mentioned previously, special attention has been put on the

orientation of the speaker and microphone for the modeling of the spherical wave.
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Comparison of the insertion loss spectrum for the parallel barriers with hard surfaces at
locations (0.123,0,0.1), (0.123,0,0.5), (0.123,0,1) and (0.123,0,1.5) are shown in figures
4.12 to 4.15 respectively. For the parallel barriers with absorptive surfaces, the
comparison of the insertion loss is shown in figures 4.16 to 4.19. In the theoretical
calculation, the absorptive surface is modeled with the Delany and Bazley model [34]
with the flow resistivity equal to 72,351 MKS rayls/m. This value is deduced from the
method discussed in Chapter 2. In addition, we have illustrated the measured and

calculated improvement on the insertion loss due to the absorptive material in figure 4.20.

In general, the theoretical predictions agree satisfactorily with the results of the
experiment. Apart from the inaccuracy involved in using Hadden and Pierce’s [42]
formulation on diffraction in this small scale, the large number of summation involved
also enlarge the error. Notwithstanding the larger discrepancy observed compared with
the simpler case in the previous chapter, the image source model can predict the sound

field in this much more complicated street canyon condition with reasonable accuracy.

4.5 Conclusion

In this chapter, the development of a computation model for the shielding performance
evaluation of parallel barriers placed along a street canyon is reported. The model
developed is an extension of the one presented in the previous chapter. It is also based on
the ISM and various classical theories from geometrical acoustic. Again, the effect of
acoustic absorptive surfaces is included. This gives the possibility for the analysis of
absorptive barriers and road pavement. Due to the additional facade surface, the multiple

reflections of sound among the surfaces are much more complicated. The consideration
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of combinations involved is almost double than that of the previous chapter. Nevertheless,
we can still maintain a realistic computational requirement with the effective algorithm
developed for searching the possible source images. Because the higher number of
summations enlarges the error intrinsically in the heuristic diffraction solution, there will
be more inaccuracy involved. For the validation, it is found that the predictions are still
reasonably well consistent with the calculated results by the BEM and experimental
measurement over a wide range of frequencies. In conclusion, the image source model
developed is also another valuable tool for the evaluation in the design stage and makes
for a great contribution in urban planning due to its fairly accurate prediction capability

and high computational efficiency.
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Receiver R

X
-
Source S N
,"'TGl I, Ies
Figure 4.1 Schematic diagram of the specified problem. A source S is located at 1,=(xs, 0, zs) and

receiver R at (g, 0, zr). A pair of parallel barriers, B1 and B2, of height H are placed
inside a street canyon formed by two facade surfaces I'r; and g, of infinite height.
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The spectrum of insertion losses (IL) at location R=(1,0,1) with parallel barriers having
hard inner surfaces in a street canyon. The solid line represents predictions by the image
source method (ISM) and the dashed line with dots represents numerical predictions
based on the boundary element method (BEM).
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The spectrum of insertion losses (IL) at location R=(1,0,2) with parallel barriers having
hard inner surfaces in a street canyon. The solid line represents predictions by the image
source method (ISM) and the dashed line with dots represents numerical predictions
based on the boundary element method (BEM).
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The spectrum of insertion losses (IL) at location R=(1,0,5) with parallel barriers having
hard inner surfaces in a street canyon. The solid line represents predictions by the image
source method (ISM) and the dashed line with dots represents numerical predictions
based on the boundary element method (BEM).
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The spectrum of insertion losses (IL) at location $8=(1,0,10) with parallel barriers having
hard inner surfaces in a street canyon. The solid line represents predictions by the image
source method (ISM) and the dashed line with dots represents numerical predictions
based on the boundary element method (BEM).
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The spectrum of insertion losses (IL) at location R=(1,0,1) with parallel barriers having
absorptive inner surfaces in a street canyon. The impedance of the inner surface is
modeled with the Delany and Bazley model with the flow resistivity equal to 40,000
MKS rayls/m. The solid line represents predictions by the image source method (ISM)
and the dashed line with dots represents numerical predictions based on the boundary
element method (BEM).
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The spectrum of insertion losses (IL) at location R=(1,0,2) with parallel barriers having
absorptive inner surfaces in a street canyon. The impedance of the inner surface is
modeled with the Delany and Bazley model with the flow resistivity equal to 40,000
MKS rayls/m. The solid line represents predictions by the image source method (ISM)
and the dashed line with dots represents numerical predictions based on the boundary
element method (BEM).
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Figure 4.8 The spectrum of insertion losses (IL) at location R=(1,0,5) with parallel barriers having

absorptive inner surfaces in a street canyon. The impedance of the inner surface is
modeled with the Delany and Bazley model with the flow resistivity equal to 40,000
MKS rayls/m. The solid line represents predictions by the image source method (ISM)
and the dashed line with dots represents numerical predictions based on the boundary
element method (BEM).
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Figure 4.9 The spectrum of insertion losses (IL) at location #=(1,0,10) with parallel barriers having

absorptive inner surfaces in a street canyon. The impedance of the inner surface is
modeled with the Delany and Bazley model with the flow resistivity equal to 40,000
MKS rayls/m. The solid line represents predictions by the image source method (ISM)
and the dashed line with dots represents numerical predictions based on the boundary
element method (BEM).
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The spectrum of improvement in insertion losses (IL) at location :8=(1,0,1), 8=(1,0,2),
$R=(1,0,5), and R=(1,0,10) with parallel barriers having absorptive inner surfaces in a
street canyon over barriers with hard surfaces. The solid line represents predictions by
the image source method (ISM) and the dashed line with dots represents numerical

predictions based on the boundary element method (BEM).
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Figure 4.11 The experimental measurement set-up.
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The spectrum of insertion losses (IL) at location :=(0.123,0,0.1) with parallel barriers
having hard inner surfaces in a street canyon. The solid line represents predictions by the
image source method (ISM), the dashed line represents numerical predictions based on
the boundary element method (BEM) and the dashed line with dots represents results
from experimental measurement.
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Figure 4.13 The spectrum of insertion losses (IL) at location :=(0.123,0,0.5) with parallel barriers

having hard inner surfaces in a street canyon. The solid line represents predictions by the
image source method (ISM), the dashed line represents numerical predictions based on
the boundary element method (BEM) and the dashed line with dots represents results
from experimental measurement.
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Figure 4.14 The spectrum of insertion losses (IL) at location $8=(0.123,0,1) with parallel barriers

having hard inner surfaces in a street canyon. The solid line represents predictions by the
image source method (ISM), the dashed line represents numerical predictions based on
the boundary element method (BEM) and the dashed line with dots represents results
from experimental measurement.
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The spectrum of insertion losses (IL) at location :=(0.123,0,1.5) with parallel barriers
having hard inner surfaces in a street canyon. The solid line represents predictions by the
image source method (ISM), the dashed line represents numerical predictions based on
the boundary element method (BEM) and the dashed line with dots represents results
from experimental measurement.

Chapter 4

116



Parallel Barriers in a Street Canyon

120 : : —— : ‘ —
60 — ISM
...... BEM
-~ Measurement
100 s
80 s
“0.5»
-40 . . . . . e
1000 1500 2000 . oL poazs
i Lo i
LS |
sl AP o] |
_________ 0.75 0.754"714?‘
o0 ! : :
T | | ; :
P I I I
8 : | | : ie 2|
3 40 : o : L ElE
5] ] sl : By iE - BN
b= o | ! A = ] ) S D R : T l :
o I3 1= N ST TER | EY g
2 : ¥ (¥ E o W6 adhe2, HERLER O fb. IR
= : v w EEAE N Ty Aqe:| 1 8 &
H £ X EE L V\‘LI ¥ | 1 2 b: ““ Iﬁ ‘: | E‘ e | :?"'J!
20 & 7 Goi FR LR RUSES A R
P ARG @il AR B [IE BRI,
e® ERF St ¢ R IBRIETR B
"~’;«" -""“ o ' _-‘: ‘. ; . ‘ B : !: b T.. :j
g ] f 1:¥ 2R - I ' i . !
[ ETTA ST O BRGE | : 1ldLER
O* : ’::. 1'.. ‘i: N ¢ 'H ’ ‘r ! P : ' B ] IH
it YUY s 4._' e | | 3§ e e
it vy S R (I AN |
: h : ¥ ol .
24 : r w
. 1 1 ”b
20 | | i 8
B 1 1 °
40 3 4
10 10 10
Frequency / Hz
Figure 4.16 The spectrum of insertion losses (IL) at location :=(0.123,0,0.1) with parallel barriers

having absorptive inner surfaces in a street canyon. The impedance of the inner surface is
modeled with the Delany and Bazley model with the flow resistivity equal to 72,351
MKS rayls/m. The solid line represents predictions by the image source method (ISM),
the dashed line represents numerical predictions based on the boundary element method
(BEM) and the dashed line with dots represents results from experimental measurement.
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Figure 4.17
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The spectrum of insertion losses (IL) at location :=(0.123,0,0.5) with parallel barriers
having absorptive inner surfaces in a street canyon. The impedance of the inner surface is
modeled with the Delany and Bazley model with the flow resistivity equal to 72,351
MKS rayls/m. The solid line represents predictions by the image source method (ISM),
the dashed line represents numerical predictions based on the boundary element method
(BEM) and the dashed line with dots represents results from experimental measurement.

Chapter 4

118



Parallel Barriers in a Street Canyon

120 : : — : : —
60 — ISM
------ BEM
40 -+~ Measurement
100 _
80 _
‘ “0.5»
1T
‘0.5 I r0.125
i L —
t
60| -Lﬂii |
0.75 0.75——1—|
r==—====-=--- 1
g T
P ! !
()] 1 1
(@] 1 1
3 40+ . : | ]
S : 1 1
S iy . !
o S| ]
= : tg i TR o i
200 i . '-?1:; ’ o i, i oo
o RS -4 *g apsin il gEs  RAbE S
iloel 5 dé H B BT | Uk ,_ \ ¥ e = MR 2 N BRI
HEhe 2 NI| SRR TNRESITRE - SR o S 352
':}-‘;: " : i”‘ | ‘ Et ‘ ‘; “I f :n'il.l : §E ‘;;i‘r ® gw
:..,“- £ . | ..::5‘.\ I [t [N %F L eI X
o ~ M ‘“ ! ety Ll 5 1 - -
O : ) ‘ “i ﬁ !" v .: "‘I E ¢ : ! . It ‘o“ | {|. ;:q ‘ E”
n % ‘ TR ) | R £ i | R
\5\. 2- ‘z; ‘I .‘ : | 1 o :l‘ ! ! l |
Se "o . ! ;1 ¢
» N ! ® 1 | .
F | | o it
-20 % ! ! -
-40 5 ‘3 .
10 10 10

Frequency / Hz

Figure 4.18 The spectrum of insertion losses (IL) at location :=(0.123,0,1.0) with parallel barriers
having absorptive inner surfaces in a street canyon. The impedance of the inner surface is
modeled with the Delany and Bazley model with the flow resistivity equal to 72,351
MKS rayls/m. The solid line represents predictions by the image source method (ISM),
the dashed line represents numerical predictions based on the boundary element method
(BEM) and the dashed line with dots represents results from experimental measurement.
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Figure 4.19 The spectrum of insertion losses (IL) at location :=(0.123,0,1.5) with parallel barriers

having absorptive inner surfaces in a street canyon. The impedance of the inner surface is
modeled with the Delany and Bazley model with the flow resistivity equal to 72,351
MKS rayls/m. The solid line represents predictions by the image source method (ISM),
the dashed line represents numerical predictions based on the boundary element method
(BEM) and the dashed line with dots represents results from experimental measurement.
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Figure 4.20 The spectrum of improvement in insertion losses (IL) at location $8=(0.123,0,0.1),

$R=(0.123,0,0.5), RK=(0.123,0,1), and R=(0.123,0,1.5) with parallel barriers having
absorptive inner surfaces in a street canyon over barriers with hard surfaces. The solid
line represents predictions by the image source method (ISM), the dashed line represents
numerical predictions based on the boundary element method (BEM) and the dashed line
with dots represents results from experimental measurement.
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Chapter 5 Conclusions and Recommendations

5.1 Conclusions

The research reported in this thesis focuses on the acoustical performance evaluation of
roadside barriers located in an urban environment. It aims to develop an accurate
computational model for the predictions of the screening performance of roadside
barriers. This can provide a quantitative justification of the construction of roadside

barriers at the planning stage.

Extensive reviews on various development and research work are given in Chapter 1. The
topics include outdoor sound propagation, in-situ determination of impedance, diffraction
of sound wave, shielding performance of single and parallel barriers, and performance of
barriers in urban environments. It is found that there are very limited studies
incorporating the shielding performance of barriers in the context of a complex

environment where the barriers are situated.

One of the fundamental necessities involved in the study is an accurate description of the
acoustic impedances of the surfaces. In Chapter 2, an in-situ measurement methodology
for acoustic impedance is developed for overcoming the shortcoming of the standardized
measurement methods and traditional modelling techniques. The measurement method is
based on the classical spherical wave propagation theory and numerical minimization

techniques. With the improved measurement technique and minimization algorithm, the
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in-situ method developed is proved to be robust and successful. It also provides an

important basis for further study of noise barriers.

A common scenario for the noise mitigation of roadside barriers in urban environments is
a road aligned parallel to a building fagade. A prediction model of the sound field on this
configuration is developed in Chapter 3. The computational model is based on the image
source method and the flexibility of adopting acoustic absorptive surfaces is included in
the model. Compared with those commercially available software based on the ray-
tracing method, our model does not contain error due to the discrete sampling of rays. As
all possible image sources can be determined in our model, the risk of getting non-
convergent results is also minimized. The hierarchy of the image sources summarised
provides an effective means in determination of all image sources. This gives our model
a high and practical computational efficiency which is not attainable by the BEM. The
image source model is validated by comparison with the BEM and experimental results.
The comparison shows good agreement between the results and the accuracy of the

image source model is proved.

Another typical metropolitan environment is that buildings are fully occupied along both
sides of a roadway. This constitutes a street canyon in which noise is being trapped in
between the buildings. Due to the effect of multiple interferences, the noise shielding
performance of the parallel barriers in these situations are more complex and uncertain.
In Chapter 4, the image source model is further extended for this scenario. From results
of the validation, the predicted results of the image source model are found to be fairly
reliable. The additional inaccuracy is mainly due to the accumulation of errors involved

in the heuristic diffraction formulation during the huge numbers of summations
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conducted. Nevertheless, the accuracy is still acceptable and the prediction model serves

well for its purpose.

5.2 Recommendations

The effort put into this study do not limit to the shielding performance of roadside
barriers. Our study forms a valuable foundation and exploration in the acoustic modeling
techniques in a complex environment. Based on the experience attained through this

investigation, the following topics are recommended for future study.

The overall accuracy of the image source model is strongly dependent on the accuracy of
the calculation in every fundamental contribution. The heuristic diffraction formulation
adopted in our study is only a high frequency approximation. When the model is applied
to relatively small scale systems, the error might become significant. Furthermore, the
analytic solution to the effect of finite impedance in diffraction is not yet available. A

more precise understanding on this area would be very helpful.

In the current study, the quantity of insertion loss is in terms of a single frequency. It
would be more useful if the insertion loss is expressed in terms of a frequency band. Due
to the oscillating nature of the sound spectrum, it is possible that the interference effect of
a particular frequency may dominate the whole frequency band. Meanwhile, it is also
possible that the interference effect of a particular frequency is missed due to the
frequency resolution in the whole spectrum. Therefore, it is worthwhile to investigate a
proper representation of the insertion loss in frequency bands and a suitable selection of

frequency resolution during the band conversion. This investigation also makes the
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possibility to represent the shielding performance using a more meaningful A-weighted

sound pressure level.

The sound sources that we adopted in our study are assumed to be spherical point sources
or cylindrical line sources. In a real situation, however, there would be various directivity
patterns on the sources. The difference in source strength among different angle would
influence the theoretical evaluation of the acoustical performance of barriers. Further

study can be processed for adopting the directivity effect on the image source model.
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Appendix Image Source Modeling for

Parallel Barriers

A.1 Introduction

In this section, the details of the image source models discussed in Chapter 3 and Chapter
4 are presented. The models are used for the evaluation of the shielding performance of
parallel barriers located in two conditions. For the case of Chapter 3, the parallel barriers
are in front of a building facade. For the case of Chapter 4, the parallel barriers are along
a street canyon. The case for Chapter 3 can be considered as a simplified version of the
case for Chapter 4. The image source models would provide the insertion loss of the
barriers for particular positions of source and receiver and hence give an indication of the

shielding performance of the barriers.

For the principle of the image source method, the total sound pressure at a particular
location is the coherence summation of all contributions from the image sources that can
contribute to that location. The main tasks involved are the identification of all the
possible image sources and the calculation on the corresponding contribution of the
image sources. We identify the possibility of contribution of an image source by
determining whether a valid transmission path can be established between the source and
the receiver. The possible paths may be through direct transmissions, reflections, and
diffractions. They can be any combinations of reflections and diffractions with different

orders. To reduce the complexity in the determination of all possible paths, we only
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consider diffraction with one order. Any further diffraction would be ignored. This
assumption is justifiable because the sound pressure level of the diffracted sound field is

generally much less than that of the direct and reflected fields.

With the simplification of ignoring diffraction with order higher than one, the pressure
contributions are categorized into two groups. The contributions without diffraction
involved are considered as primary. Meanwhile, the contributions with diffraction
involved are categorized as secondary. Inside these two main groups, the image sources
are further classified into sub-groups based on the sequences of diffractions and
reflections. Due to the additional fagcade surface, there would be more combinations
contained in the case of the parallel barriers along a street canyon. The coordinates of the
image sources are obtained by geometric relation on the reflections and diffraction. The
zone of contribution would be obtained by visibility check. The pressure contributions of
those image sources with successful illumination are calculated with the base of the
fundamental formulations presented in Chapter 3. In the coming section, all the image
source groups of the case for the parallel barriers along a street canyon would be

discussed.

A.2 Primary Contribution

For image sources belonging to a primary contribution, they are observed by the receiver

in a straight line of sight. The primary image sources are categorized into 14 groups.

Group 1 is the image source with contribution through direct transmission. The image

source is actually at the original location of the source and is denoted by,
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l,=S=(x,0,2). (A1)
The pressure contribution of 1, is calculated by,

Pot = Pareer 1o | R). (A.2)
The illuminated zone of 1, is illustrated in figure A.1. The lines connecting I, and the
illuminated receivers should have no intersection with the line from (L,,0,0) to

(L,,0,H) and the line from (L, +W,0,0) to (L, +W,0,H).

Group 2 is the image source with one time ground reflection. The image source is
denoted as,

o =(xs,0,-2). (A.3)
The underline in the subscript indicates ground reflection. The pressure contribution of

I, is calculated by,

Por =Vios (I | R)- P15 | R), (A4)
where the reflection factor V,, (I|R) accounts for the ground reflection as follows,

Vi (11 8) = Q(LR. S ). (A5)
The illuminated Zone of 1 is illustrated in figure A.2. The lines connecting I, and the

illuminated receivers should have no intersection with the line from (L,,0,—H) to

(L,,0,H) and the line from (L, +W,0,—H) to (L, +W,0, H).

Group 3 comprises of the image sources formed by multiple reflections between the two

parallel barriers and lastly reflected by the surface I,,. They are denoted as,

10 = (x{%,0, 2 ), (A6)
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where n, =1,2,3,--- . The subscript Blindicates that they are located behind the barrier
B1 and the superscript n, in bracket denotes the total number, or sometimes known as
the order, of reflections from the barrier surfaces. For odd order image sources 1™,
where m =012,..., they are reflected m +1 times by the barrier surface I';;,and m times
by the barrier surface I',,,. For even order image sources 12™, where m =123,..., they
are reflected m times by both barrier surfaces I'y;, and Ig,,. It is straightforward to

determine The x-coordinate x{", of the image source is calculated as,

o [L=W,-W-(n, 1) forn, =135,...
X3 g1 = (A7)
L -W, -W -(n,-1) forn, =2,4,6,...
The contribution of 13 is calculated by,
PR =V (157 19) Py 157 1), (A8)

The factor V,{' (1| %), which accounts for the effects of the multiple reflections between

the surfaces Iy, and Iy, , is given by,

[QULR, B, )™ - [Q(LR, By )™ fOrn, =2m, +1
V(1 R)= . (A.9)

I:Q(I’g‘}LﬂBlZ)'Q(I1?’R’ﬂ821):|ml for r]l = 2ml
The illuminated zone of 10 is illustrated in figure A.3. The lines connecting 18 and
the illuminated receivers should have an intersection with the line from (L,,0,0) to

(L,,0,H) and have no intersection with the line from (L, +W,0,0) to (L, +W,0, H).

Group 4 contains the ground reflected image sources formed by multiple reflections

between the surfaces I';;, and Iy, and lastly reflected by the surface I';,,. They are
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similar to the image sources in group 3 but involve one more reflection with the ground

surface I';, . They are denoted as,

19 = (x,0-25), (A.10)
where n, =1,2,3,--- . The subscript B1 indicates that they are located behind the barrier
B1 and the underline in the subscript indicates the ground reflection. The superscript n,

in bracket denotes the total number of reflections from the barrier surfaces. For odd order

image sources 1 2™ where m =012,..., they are reflected once by the ground surface

I,,, m+1times by the barrier surface I';;, and m times by the barrier surface I5,,. For
even order image sources 13™ , where m =123..., they are reflected once by the
ground surface T';, and m times by both barrier surfaces Iy, and Iy, . The x-
coordinate of the image source x{", is calculated by equation A.7. The contribution of
15 is calculated by,

PG =V (190 | R)- P 19 | ). (A11)
The factor V%’ (1|%R), which accounts for the effects of the multiple reflections between

the surfaces I',,, Iy, and I, , is given by,

QLR B,)-[QULR, Bo, )™ [Q(L R, Bey )™ forn, =2m, +1
Vi (1 R)= . (A12)

Q(I'mvﬂez)' [Q(l,iR,,BBlZ)Q(I,‘J{,,Ble)]ml forn, =2m,
The illuminated zone of 15 is illustrated in figure A.4. The lines connecting 15} and

the illuminated receivers should have no intersection with the line from (L,,0,—H) to

(L,,0,H) and have an intersection with the line from (L, +W,0,—H) to (L, +W,0, H).
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Group 5 consists of image sources formed by multiple reflections between the surfaces
I's, and I, and lastly reflected by the surface I,,. They are denoted as,

19 = (x%,,0, 2, ), (A.13)
where n, =1,2,3,--- . The subscript B2 indicates that they are located behind the barrier
B2 and the superscript n, in bracket denotes the total number of reflections from the
barrier surfaces. For odd order image sources |5™*™ , where m =012,..., they are
reflected m times by the barrier surface I';;, and m +1 times by the barrier surface I5,,.
For even order image sources 1™, where m =123,..., they are reflected m times by

both barrier surfaces Ty,, and Ty, . The x-coordinate x{", of the image source is

calculated by,

o LW, +W-(n,)  forn =135,... (A1d)
S-B2 T . .
L +W,+W-(n,)  forn =2,46,...
The pressure contribution of 102 is calculated by,
Plg;l) =V1§)gl)(| g]21) | m) Pdirect (I (anl) | m) (A15)

The factor V,{’(1|9R), which accounts for the effects of the multiple reflections between

the surfaces I';;, and I, , is given by,

[Q(LR, Bop, )I"-[QLR, By )™ forn, =2m, +1
Vi (1R) = : (A.16)

[Q(I7m’ﬂBlZ)'Q(I’€‘R’ﬂBZl)]ml for nl :2ml
The illuminated zone of 1Y is illustrated in figure A.5. The lines connecting 1% and
the illuminated receivers should have no intersection with the line from (L,0,0) to

(L,,0,H) and have an intersection with the line from (L, +W,0,0) to (L, +W,0,H).
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Group 6 contains the ground reflected image sources formed by multiple reflections

between the surfaces I'y,, and Iz, and lastly reflected by the surface I';,,. They are
denoted as,

15 = (1,024, (A.17)
where n, =1,2,3,--- . The subscript B2 indicates that they are located behind the barrier
B2 and the underline in the subscript indicates the ground reflection. The superscript n,
in bracket denotes the total number of reflections from the barrier surfaces. For odd order

image sources I(Bi”‘“” , where m =012,..., they are reflected once by the ground surface
I';,, m times by the barrier surface I';;, and m +1 times by the barrier surface I5,,. For
even order image sources I(Bi'”l’, where m =123,..., they are reflected once by the
ground surface I';, and m times by both barrier surfaces Iy, and Iy, . The Xx-
coordinate x{"y, of the image source is calculated by equation A.14. The pressure
contribution of 153 is calculated by,

P =V (15 19) P15 1), (A18)
The factor V,%%(1| %), which accounts for the effects of the multiple reflections between

the surfaces Iy, and Iy, , is given by,

Q(I"‘Rfﬂez)' [Q(I'm'ﬁslz)]ml '[Q(I’m’ﬂle)]mﬁl forn =2m, +1
Vi (1 R)= (A.19)

Q(I'g‘R’IBGZ).|:Q(I'9{'IBBIZ)'Q(I’ga’ﬂBH)]m1 for nl :2m1
The illuminated zone of 1} is illustrated in figure A.6. The lines connecting 13} and

the illuminated receivers should have no intersection with the line from (L,,0,—H) to

(L,,0,H) and have an intersection with the line from (L, +W,0,—H) to (L, +W,0, H).
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Group 7 comprises of the image sources formed by multiple reflections between the two

facade surfaces I';; and I';, and lastly reflected by the surface I';,. They are denoted as,

192 = (x{2),0, ), (A.20)

where n, =1,2,3,--- . The subscript F1 indicates that they are located behind the fagade
surface I';; and the superscript n, in bracket denotes the total number of reflections from
the facade surfacesT, and T, . For odd order image sources 13" where m,=012,...,
they are reflected m,+1 times by the fagade surface I';; and m, times by the facade
surface I'.,. For even order image sources 14" where m,=123,..., they are reflected
m, times by both the facade surfaces I',, and T, .The x-coordinate x{"z) of the image

source is determined by,

o [-L-W,—L-(n,-1)  forn,=135,...
ST LW, —L-(n,-1)  forn,=2,46 (A21)
2~V 2 2 =450,
The contribution of 1172 is calculated by,
P =V (15 190)- Py 1657 | R). (A22)

The factor V,\"(1|R), which accounts for the effects of the multiple reflections between

the surfaces I';; and I+, , is given by,

[Q(I’ga’ﬂFl)]mﬁl'[Q(IigaiﬂFZ)]m2 for r]2 :2m2 +1
Vi (1 R) = . (A.23)

[Q(I1m!ﬂF1)'Q(I’§R'ﬁF2)]mZ forn, =2m,
The illuminated zone of 11} is illustrated in figure A.7. For image sources 12 with odd
n,, the lines connecting 11’ and the illuminated receivers should have no intersection

with the line from (xEl t1r0 0, 0) to ( Xerrror 0, H) The x-coordinate x(El 21 £ 1S given by,

(n,)
XerFir

_{ L+L-(n,-1) forn,=1,3,5,... (A.24)

L +L-(n,) forn,=2,4,6,---
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For image sources 1{ with even n,, the lines connecting 18 and the illuminated
receivers should have no intersection with the line from ( éz ) 0) to ( éz 10 0, H)

The x-coordinate x(E2 )FZ £ 1S given by,

(A.25)

() L,+L-(n,) forn,=1,3,5,...
AT L (n,-1) forn,=2,4,6,-

Group 8 contains the ground reflected image sources formed by multiple reflections

between the two facade surfaces I';; and I, and lastly reflected by the surface I, .
They are denoted as,

189 = (x{2,0,-7), (A.26)
where n, =1,2,3,--- . The subscript F1 indicates that they are located behind the fagade
surface I';; and the underline in the subscript indicates the ground reflection. The
superscript n, in bracket denotes the total number of reflections from the fagade surfaces
I}, and T, . For odd order image sources 15™ ", where m,=012,..., they are reflected
once by the ground surface I';,, m,+1 times by the facade surface I';; and m, times by
the fagade surface I, . For even order image sources 1™, where m,=123,..., they are
reflected once by the ground surface I';, and m, times by both the facade surfaces I,
and T, .The x-coordinate x{") of the image source is determined by equation A.21. The
contribution of 1% is calculated by,

P =V (1 19)- P 157 | ). (A27)
The factor V,(% (1| R), which accounts for the effects of the multiple reflections between

the surfaces I'y,, I';; and T, is given by,
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QLR B,)-[Q(LR, Be,)[™ " -[Q(L R, B, )™ forn, =2m, +1
Vi (11%R)= . (A28)

Q(l,‘.R,,BGZ)-[QG,iR,ﬂFl)-Q(l,m,ﬂF?_)]mz for n, = 2m2

The illuminated zone of 1% is illustrated in figure A.8. For image sources 1{?’ with odd
order n,, the lines connecting 1) and the illuminated receivers should have no
intersection with the line from (x(),,,0,—H) to (x),.,,0,H). The x-coordinate
x\") _ is given by equation A.24. For image sources 182 with even order n,, the lines
connecting I‘E”f) and the illuminated receivers should have no intersection with the line

from (x%), -,,0,—H) to (x%,+,,0,H). The x-coordinate x\%), ., is given by equation

A.25.

Group 9 comprises of the image sources formed by multiple reflections between the two

facade surfaces I, and I, and lastly reflected by the surface T, . They are denoted as,

15 = (x(2,0,2,), (A29)

where n, =1,2,3,--- . The subscript F2 indicates that they are located behind the fagade
surface I'z, and the superscript n, in bracket denotes the total number of reflections from
the facade surfacesT, and T, . For odd order image sources 13™*? where m,=012,...,
they are reflected m, times by the fagade surface I';; and m,+1 times by the facade
surface T'.,. For even order image sources 13", where m,=123,..., they are reflected
m, times by both the facade surfaces Iy, and I, .The x-coordinate x{") of the image

source is determined by,

oy {Lz +W, +L-(n,) forn, =135,... (A30)

SEL +W, +L(n,) forn, =2,46,...
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The contribution of 113 is calculated by,
P =V (15 1R P 17 1R). (A31)
The factor V,(%(1|R), which accounts for the effects of the multiple reflections between

the surfaces I'y, and T+, , is given by,

[Q(1L%, A" [Q(L %, B, )" forn, =2m, +1
Vi (11R) = : (A.32)

[Q(ILR, £-,)-QLLR, B, )™ forn, = 2m,
The illuminated zone of 11 is illustrated in figure A.9. For image sources 1 with odd
order n,, the lines connecting 18’ and the illuminated receivers should have no
intersection with the line from (X(E”;_)FZ_H, 0, 0) to (X(E”;_)FZ_FI, O,H ) The x-coordinate x%2), .,
is given by equation A.25. For image sources 10 with even order n,, the lines
connecting 1% and the illuminated receivers should have no intersection with the line
from (x(%),+,,0,0) to (x),.,,0,H). The x-coordinate x), ., is given by equation

A.24.

Group 10 contains the ground reflected image sources formed by multiple reflections
between the two facade surfaces I'y; and I, and lastly reflected by the surface T+, .
They are denoted as,

19 = (x{"),0,-2), (A33)

where n, =1,2,3,--- . The subscript F2 indicates that they are located behind the fagade
surface I'r, and the underline in the subscript indicates the ground reflection. The
superscript n, in bracket denotes the total number of reflections from the fagade surfaces
§:2m2+1)

I, and I, . For odd order image sources |,

, where m,=012,..., they are reflected
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once by the ground surface T';,,m, times by the facade surface I';, and m,+1 times by
the fagade surface I, . For even order image sources 1™, where m,=123,..., they are
reflected once by the ground surface I';, and m, times by both the facade surfaces I,
and T, .The x-coordinate x{"2) of the image source is determined by equation A.30. The
contribution of 1% is calculated by,

P =V (15 |R): P 15 | 9). (A34)
The factor V{2 (1| ), which accounts for the effects of the multiple reflections between

the surfaces I',,, I, and I, is given by,

Q(l,‘R,,BGZ)-[Q(LER,,BH)]W '[Q(I’m’ﬂFz)]mz+l for n, = 2m2 +1
Vi (11R)= . (A3Y)

Q(I’mvﬂez)' [Q(I’m'ﬂFl)'Q(l’m’ﬂFz)]mz for n, = 2m2

The illuminated zone of 18} is illustrated in figure A.10. For image sources 1}’ with
odd order n,, the lines connecting 1%}’ and the illuminated receivers should have no
intersection with the line from (X(EZ%)FZ_FI,O,—H) to (xg‘;_)FZ_Fl,O, H). The x-coordinate
x(E2 )F2 £ 1S given by equation A.25. For image sources I(F”;) with even order n,, the lines
connecting I‘FE) and the illuminated receivers should have no intersection with the line

from ( () ,0,— H) to ( (El gl 0,0, H ) The x-coordinate x(El ) ., is given by equation

A.24.

Group 11 consists of image sources formed by multiple reflections between the surfaces

I, and T, of the image sources 13 . They are denoted as,

I Eanll Eé)Fl = (Xét‘gf-zgz-mio’ Zs )’ (A.36)
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where n, =1,2,3,--- and n, =1,2,3,--- . The subscript B1-F2-F1 indicates the
multiple reflections involved. After the last reflection by Iy, among the n, times
multiple reflections between T+, and I,,, there would be n, times multiple reflections
between surfaces T, and T, . For odd n,, the image sources I1{:2" | where
m,=022,..., are reflected m, times by the surface I';, and m,+1 times by the surface I, .
For even n,, the image sources 10272 where m,=123,..., they are reflected m, times

by both surfaces Ty, and T, . The x-coordinate x{";72 _ of the image source is

calculated by,

oy X +L-(n,+1) forn, =135,... A37
erre = o L-(n,) forn, =2,46,... (A37)
S-B1 2 2 = &0,
The pressure contribution of 1§72 is calculated by,
P =V (16 | R) Py (1652750 | %), (A38)

The factor V,{:"(I1|9R), which accounts for the effects of the multiple reflections

between the surfaces I'y,,, Iz, IF;, and I, is given by,

Ve (1R)-Q(1L R, Be,)I™ - [Q(LR, B, )" forn, =2m, +1
Vi (1 R) = . (A39)

Vig (1R)-[Q(L R, Br,)-Q(LR, B, )" forn, =2m,
The illuminated zone of 1§ is illustrated in figure A.11. The lines connecting
1) and the illuminated receivers should have an intersection with the line from
(x(), ,,0,0) to (x%), +,, 0, H ) and have no intersection with the line from (x%), .,,0,0)
to (X(E”;_)FZ_FI, O,H ) The x-coordinate x"2), ., can be calculated by,

o {Lz +W +L-(n,) forn, =135,... (A40)

X _ .
E1-F2-F1 _ L2 -W -L- (n2 _1) for n, = 2,4,61---

Meanwhile, the x-coordinate x"), ., can be calculated by equation A.25.

Appendix 138



Image Source Modeling for Parallel Barriers

Group 12 consists of image sources formed by multiple reflections between the surfaces

I, and T, of the image sources 10 . They are denoted as,

I(Bnll-’gé?m = (ngizr:)z-m’ol_zs)’ (A.41)
where n, =1,2,3,--- and n, =1,2,3,--- . The subscript B1-F2-F1 indicates the

multiple reflections involved and the underline in the subscript indicates the ground

reflection. After the last reflection by the surface I';,, among the n, times multiple
reflections between the surfaces Iy, and I5,,, there would be n, times multiple
(ng,2m,+1)

reflections between the surfaces I';; and I',. For odd n,, the image sources 15152,

where m,=012,..., are reflected m, times by the surface I';, and m,+1 times by the
surface T, . For even n,, the image sources 102", where m,=123,..., they are
reflected m, times by both surfaces I, and I'.,. The x-coordinate x{"s™) . of the image

source is calculated by equation A.37. The pressure contribution of 15272 is calculated

by,
Pz =V (16 |R) P (1251 | R). (A42)
The factor V(2" (I1|9R), which accounts for the effects of the multiple reflections

between the surfaces I';,,, Iz, I, IF and I, is given by,

Vlgzll)(l |iR)-[Q(|,9%,ﬂF1)]m2 '[Q(Ivm’ﬂFz)]mﬁl forn, =2m, +1
Vi " (1 %R) = . (A43)

Vlng)(l IER) [Q(I’m’ﬂFl)'Q(l’m’ﬂFZ)]mz for n, = 2m2
The illuminated zone of 18272 s illustrated in figure A.11. The lines connecting
1) and the illuminated receivers should have an intersection with the line from

B1-F2-F1

(x(E”f_;z_Fl,O,—H) to (x(E”lﬁz_Fl,O,H) and have no intersection with the line from
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(x%), .,0,—H) to (x%),,0,H). The x-coordinate x{%),., and x%),. can be

calculated by equations A.40 and A.25 respectively.

Group 13 consists of image sources formed by multiple reflections between the surfaces
I, and T, of the image sources 10¥. They are denoted as,

18 = (x{m), (,.0,24), (A.44)
where n, =1,2,3,--- and n, =12,3,--- . The subscript B2-F1-F2 indicates the
multiple reflections involved. After the last reflection by the surface I';,, among the
n, times multiple reflections between the surfaces I';,, and Iy, , there would be n,
times multiple reflections between the surfaces I, and I, . For odd n,, the image
sources 1§3:2"D  where m,=012,..., are reflected m,+1 times by the surface I';, and m,
times by the surface I',. For even n,, the image sources 1032")  where m,=123,...,

they are reflected m, times by both surfaces I, and T,. The x-coordinate x{.72 _, of

the image source is calculated by,

() _
- —Xem —L-(n,=1) forn,=135,...
Xé—éﬁz-zlz)l-Fz = (ns) . ( ’ ) ? . (A.45)
x +L-(n,) forn, =2,4,6,...
The pressure contribution of 1032 is calculated by,
p(mn;) :V(nl,nn(,(nl,nz) |m), P (, (., |‘ﬁ) (A.46)
113 113 B2-F1-F2 direct \" B2-F1-F2 ' '

The factor V2™ (1|R), which accounts for the effects of the multiple reflections

between the surfaces I';,,, I's,,, I and I, is given by,

Vi@ (HR)-[Q(LR, A )™ [Q(L R, B, )™ forn, =2m, +1
Vi (1 R) = . (A4T)

ViR (1 R)-[Q(LR, B.,)-Q(LR, B, )™ forn, =2m,
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The illuminated zone of 1§72, is illustrated in figure A.13. The lines connecting
1(:%) and the illuminated receivers should have no intersection with the line from
(x(E”ﬁ;l_Fz, 0, O) to ( (El g H) and have an intersection with the line from ( Xerr1ros 0, O)
to ( (EZ ) e O, H ) The x-coordinate x(El ll £, can be calculated by equation A.24.

Meanwhile, the x-coordinate x(%), ., can be calculated by,

(n2)
Xe2'Frr2 =

{ |_1_W_|_.(n2—1) forn, =135,... (A.48)

L +W +L-(n,) forn, =2,46,...

Group 14 consists of image sources formed by multiple reflections between the surfaces

I}, and I, of the image sources 153’. They are denoted as,
155 = (022,025, (A49)
where n, =1,2,3,--- and n, =1,2,3,--- . The subscript B2-F1-F2 indicates the

multiple reflections involved and the underline in the subscript indicates the ground

reflection. After the last reflection by the surface I, among the n, times multiple

reflections between the surfaces Iy,, and I5,,, there would be n, times multiple
reflections between the surfaces I, and I';,. For odd n,, the image sources I3y2re"
where m,=012,..., are reflected m,+1 times by the surface I';; and m, times by the
surface T, . For even n,, the image sources 1532 , where m,=123,..., they are
reflected m, times by both facade surfaces T, and T, . The x-coordinate x{".72) _, of the

image source is calculated by equation A.45. The pressure contribution of 1), is

calculated by,

(n,ny) vy (nny) (1 (ny) (ny)
F):l.l41 ? V:|.141 ? ( BZ2 F1-F2 |9{) dll‘eCt (I BZZ-Fl-FZ |§R)' (A'SO)
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The factor V,{*"(I|9R), which accounts for the effects of the multiple reflections

between the surfaces I';,,, I's,, I, I5 and I, is given by,

Vlggsl)(l |2R) [Q(I’m’ﬂm)]m2+1 ) [Q(I’m’ﬂFZ )]mz for n, = 2mz +1
Vi (1 ) = . (A51)
Vi’ (11R)-[Q(L R, 5 )- QUL R, B, )™ forn, =2m,

The illuminated zone of 15272, is illustrated in figure A.14. The lines connecting

I1r) and the illuminated receivers should have no intersection with the line from

(X(E”ﬁgl_Fz,O,—H) to (X(E”fgl_Fz,O,H) and have an intersection with the line from

(x(E“;_)Fl_FZ,O,—H) to (X(E”Z%)Fl_FZ,O,H). The x-coordinate x"2) ., and x) _ can be

calculated by equations A.24 and A.48 respectively.
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A.3 Secondary Contribution from Edge of Diffraction E1

In the previous section, we have discussed in details the formation and calculation with
primary contributions. We now change our concentration to the secondary contributions.
As mentioned before, the secondary image sources are not observed by the receiver in
straight line of sight in the transmission paths with secondary contributions. The sound
wave is transmitted to the receiver with diffraction involved. The edges of diffraction are
considered as the secondary sources which form series of images due to reflection
afterwards. In this section, we first concentrate on the diffraction at the edge E1. The
primary image sources I, , I, , {I O, 1) } and {|g;|<;; g } can
contribute the pressure with diffraction at E1. For the convenience in the upcoming

explanation, we represent them into two series {I (an)} and {Ig} where n =0,1,2, ...,
in which 15) =1, and 1§ =1,. Similar to the primary image sources, we categorize

the contribution of the secondary image sources of E1 into 13 groups based on various

combinations of reflections.

Group 1 is the image source of E1 with contribution through direct transmission. The

image source is actually at the original location of the edge E1 and is denoted by,
El, =E1=(L,,0,H). (A.52)

The pressure contribution of E1, is calculated by,

= Vlg;l)( o | El) ( o | El El |9{ ﬂBlZ’BR)

Poror = z
N

- +vlgg>( 0| E1)-T (‘”1)|E1 EL, | R, fop.Ba )| (A53)

where the term B, used for calculation of diffraction is dependent on the location of the

receivers as follows,
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ﬂBZl if Xg < L1
Pr = : (A.54)

ﬁBZZ If XR > L:L
The illuminated zone of E1, is illustrated in figure A.15. The lines connecting E1, and
the illuminated receivers should have no intersection with the line from (L, +W,0,0) to

(L, +W,0,H).

Group 2 is the image source with one ground reflection and is denoted as,
=(L,,0,-H). (A.55)
The underline in the subscript indicates ground reflection. The pressure contribution of

E1, is calculated by,

; zvlé?;”(I("l’lEl) Voo (EL, |R)-T(15) | ELEL, |R, Basy . Br )
25 V(18 [EL)V, 0 (EL [R)- TS | ELEL R, Beu.Ba )|

(A.56)
where the term B, is calculated using equation (A.54) and the reflection factor
V,10,(T| R) accounts for the ground reflection as follows,

Voo (1| R) = QL R, B ). (A57)

Again, the term B is dependent on the location of the receiver and can be expressed as,

B if xg <Ly
Be = : (A.58)

e ifxe > L
The illuminated Zone of E1, is illustrated in figure A.17. The lines connecting I, and

the illuminated receivers should have no intersection with the line from (L, +W,0,—H)

o (L, +W,0,H).
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Group 3 comprises of the image sources formed by multiple reflections between the

surfaces I, and I';;,. They are denoted as,

Elfih, = (XI(ET-)FLBM'Q H )’ (A.59)
where g, =1,2,3,--- . The subscript F1-B11l indicates the surfaces of reflections

involved and the superscript g, in bracket denotes the total number of reflections from
the surfaces T, and I',,,. For odd order image sources E1CP D | where p =012,...,
they are reflected p,+1 times by the facade surface I';; and p, times by the barrier
surface T, . For even order image sources E1@") | where p =123..., they are

reflected p, times by both surfaces T, and T'y,,. The x-coordinate x{*., ... of the image

source is determined as,

—q, X forg, =3,5,7,...
Stien = b ' (A.60)
(0, +)xL, forg,=2,4,6,--
The contribution of E1 (), is calculated by,
p(@) _ ZOO: V1E>Tsl)( b | El) Vz(fés) (El(qu)Bn | ‘R) ( b |E1, El(Fqll)Bll |§R,,5312,,3511) (A.61)
2103 — n n h i n 1 ) '
24| v (1 R VAREL S 1) T | EL ELSh 198 B )

The factor V2 (1| %), which accounts for the effects of the multiple reflections between

the surfacesT, and I7y,,, is given by,

[QULR, B )" [Q(LR, Beyy )| forg, =2p, +1
ViR (1R)= . (A.62)

[Q(I’SRUBH)'Q(I'mvﬂan)]pl forg, =2p,
The illuminated zone of E1 (. . is illustrated in figure A.17. Receivers having a height
lower than H and located between the fagade surface I';; and the barrier B1 should be

illuminated by all E1{) . . Especially for E1Y ..., receivers located higher than H

are also illuminated.
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Group 4 contains the ground reflected image sources formed by multiple reflections

between the surfaces I';; and I';;;. They are similar to the image sources in group 3 but
involve a one additional reflection with the ground surface I';,. They are denoted as,

Elf:qll)sn = (Xl(:(il)Bn'O H )7 (A.63)
where q, =1,2,3,--- . The subscript F1-B11l indicates the surfaces of reflections

involved and the underline in the subscript indicates the ground reflection. The

superscript g, in bracket denotes the total number of reflections from the surfaces I,
and T'y,,. For odd order image sources E1 3%, where p,=012...., they are reflected
once by the ground surface I';,, p,+1times by the fagade surface I';; and p, times by
the barrier surface Ty ,. For even order image sources E1 %%  where p =123..., they
are reflected once by the ground surface I';, and p, times by both surfaces I, and Ty;.
The x-coordinate x{) .., of the image source is determined by equation A.60. The

contribution of E1{3} | is calculated by,

P % Vi (167 |EL VAR (E10 1 R) T8 1ELESL, 1R Sz, o) | As)
n =0 +Vl(0%1)( o | El) VZ(J.quz( 15:[?1.1)811 |€R) (I o I El Ell(:[?l.l)Bll |m1ﬂ8121ﬂ811)
The factor V52 (1| %), which accounts for the effects of the multiple reflections between

the surfaces I';,, I, and Iy, is given by,

Q(I R, ﬂGl)' [Q(I R, ﬂFl)]pﬁl ’ [Q(Ivm’ﬂsn)]pl for 0, = 2 Py +1
Vis(1|R)= . (A6Y)

QL% fe)-[QUL R B2.)- QUL R, B ))*  forg =2p,
The illuminated zone of E1{%} , is illustrated in figure A.18. For image sources E1{%} |

with odd order q,, the lines connecting the illuminated receivers with E1{3}, should
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have an intersection with the line from (- L,,0,-H) to (- L,,0,H ) and have no

intersection with the line from (L,,0,—H ) to(L,,0,H ). For the E1{,, with even g,
the lines connecting the illuminated receivers with E1{},, should have an intersection

with the line from (L,,0,—H ) to(L,,0,H ).

Group 5 comprises of the image sources formed by multiple reflections between the

barrier surfaces I';;, and I, . They are denoted as,

1) o1 = (X3h060,.0.H), (A.66)
where g, =1,2,3,--- . The subscript B21-B12 indicates the surfaces of reflections
involved and the superscript g, in bracket denotes the total number of reflections from
the surfaces I'y,, and T,,. For odd order image sources E10%:Y | where p,=012,...,
they are reflected p, times by the surface I';;, and p,+1 times by the surface I',,,. For
even order image sources E12%). ., where p =123..., they are reflected p, times by

both surfaces Iy, and T, . The x-coordinate x{*., .., of the image source is

determined as,

(@) {L1+(q1+1) for q,=1,3,5,... (A.67)

X .
EL-B21-B12 — L, —q,-W forg,=2,4,6,---

The contribution of E1%) . is calculated by,

Pam =20 o fee i .
V@ (19 | EL)- VR (E1Y oy [R)-T ( 0 | ELELY o1y | R, Boss Bors)

n, =0

- {vléf;”( 19 |E1)- V8 (E19) 50 |R) T | ELELS) oo | R, Boss Bose)

(A.68)

The factor V,%(1|9), which accounts for the effects of the multiple reflections between

the surfaces Iy, and Iy, , is given by,
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[QULR, Beyy )] -[QULR, By, )] forg, =2p, +1
V(I R)= . (A.69)

[QLR, Bay)- QUL R, By, )™ forg, =2p,

The illuminated zone of E1) ., is illustrated in figure A.19. The illuminated receiver

should be located between the two barriers B1 and B2 and have a height lower than H .

Group 6 contains the ground reflected image sources formed by multiple reflections

between the surfaces I'y,, and I, . They are similar to the image sources in group 5 but
involve an additonal reflection with the ground surface T, . They are denoted as,

ELH oo = (8 e 0-H), (A70)
where g, =1,2,3,--- . The subscript B21-B12 indicates the surfaces of reflections

involved and the underline in the subscript indicates the ground reflection from the

surfaces I';;, and I, . The superscript g, in bracket denotes the total number of
reflections. For odd order image sources Elgz';lg?z, where p,=012,..., they are reflected
once by the surface I';,, p, times by the surface I'y,, and p,+1 times by the surface I',,.
For even order image sources E13%) ,, where p,=123..., they are reflected once by the
surface 'y, and p, times by both surfaces Ty, and T,,. The x-coordinate x{*), .., of
the image source is determined by equation A.67. The contribution of E1%) ., is

calculated by,

P(ql) _ i Vlggl)( o | El) V2(Zl.q016) (El(Bq21]). B12 |€‘R) ( o | El El(Bq21]). B12 |ER ﬁBlZ’ﬂBlZ)
2106 —

S V@08 |E1) VS (E1S) 0, |R) T (I 0 |ELELS oy |R, Boss, Boss)

(A.71)
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The factor V2 (1| %), which accounts for the effects of the multiple reflections between

the surfaces I',,, Iz, and Iy, , is given by,

Q(Ivm’ﬁez)' [Q(I"R'ﬂszl)]pﬁl '[Q(LSR,,BBH )]pl for G, = 2p1 +1
Vz(fée) (I |§R)=
Q(Ivm’ﬂez)' [Q(I’mlﬁBZI)'Q(Lm!ﬂBlZ )]pl for g, = 2p1

(A72)
The illuminated zone of E1%:) , is illustrated in figure A.20. For the E1%3) ., with odd
g, . the lines connecting the illuminated receivers with E13);, should have no
intersection with the line from (L,,0,-H ) to (L,,0,H ) and have an intersection with

the line from (L, +W,0,-H ) to (L, +W ,0,H ). For the E13}) ., with even q,, the
lines connecting the illuminated receivers with Elg‘gl) s> Should have an intersection with

the line from (L,,0,-H ) to(L,,0,H ) and have no intersection with the line from

(L, +W,0,-H) to (L, +W,0,H).

Group 7 comprises of the image sources formed by multiple reflections between the

surfaces I, and I, . They are denoted as,

Elf:qﬁllz = (XI(E?LZI):l k2,0, H )’ (A.73)
where g, =2,3,4,--- . The subscript F1-F2 indicates the surfaces of reflections
involved and the superscript g, in bracket denotes the total number of reflections from
the surfaces I';; and I, . The starting number of reflection is 2 to avoid duplication with
E19.,,. For odd order image sources E1%%"  where p,=123..., they are reflected
p,+1 times by the fagade surface I';; and p, times by the surface I'.,. For even order

image sources E1GR2), where p,=123..., they are reflected p, times by both surfaces

Appendix 149



Image Source Modeling for Parallel Barriers

I, and T, . The x-coordinate x{%, ., of the image source can be determined by
equation A.24. The contribution of E1{%), is calculated by,

o o[V (e 1E1) v (E16, %) T(1Y |ELELS, |R, for, fon)
P2107 = Z

N ) . (A74)
SV (19 1BV B2 1R) TS [ELEL, 1R, Bess o)
The factor V,%)(1|R), which accounts for the effects of the multiple reflections between

the surfacesI;, and I+, , is given by,

[QLR, B-)I* ™ [QULR, )" forq, =2p,+1
Vi (1 R)= . (A.75)
[Q(LR, 5.,)-Q(LR. B, )] for g, = 2p,

The illuminated zone of E1%), is illustrated in figure A.21. The illuminated receiver

should have a height higher than H .

Group 8 contains the ground reflected image sources formed by multiple reflections

between the surfaces I, and I',. They are similar to the image sources in group 7 but
involve an additional reflection with the ground surface I';,. They are denoted as,

E1%), = (x%), 1,,0-H), (A.76)
where g, =2,3,4,--- . The subscript F1-F2 indicates the surfaces of reflections

involved and the underline in the subscript indicates the ground reflection. The

superscript g, in bracket denotes the total number of reflections from the surfaces I,
and T, . Again, the starting number of reflection is 2 to avoid duplication with E1%) ;.
For odd order image sources E1 5%, ", where p,=123..., they are reflected once by the
ground surface I';,, p,+1 times by the fagade surface Iz, and p, times by the facade

surface I, . For even order image sources E1 &%), where p,=123..., they are reflected
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once by the ground surface I';, and p, times by both surfaces Iy, and I';,. The x-
coordinate x{%), ., of the image source is determined by equation A.24. The contribution

of E1{¥), is calculated by,

oy _ 5[V 08 B VAR L 1R TOE | LB 190 ) |
2108 — n) (1 (0 , , n, , . .

=0 +V1E)6)( b |E1) Vz(lqos)( 191 I):2 |‘R) ( b |E1, El(Fcl l):2 |2R:/8512’ﬁ311)

The factor V&) (1|R), which accounts for the effects of the multiple reflections between

the surfaces I';,, Iy, and I3, , is given by,

Q(LR, Bs) [Q(LR, B [Q(LR, B, )" fora,=2p,+1
Vi (1 R)= . (AT8)
Q(LR, B ) [Q(LR, B-)-Q(1LR, B, )| forg, =2p,

The illuminated zone of El& is illustrated in figure A.22. The lines connecting the
illuminated receivers with El% should have no intersection with the line from

(@2 ,0-H ) to (x99, ,0, H ). The x-coordinate x%2, ., is calculated by equation

A.40.

Group 9 comprises of the image sources formed by multiple reflections between the

surfaces I, and I, . They are denoted as,

E1%), = (X% 0.H), (A.79)
where g, =1,2,3,--- . The subscript F1-F2 indicates the surfaces of reflections involved
and the superscript g, in bracket denotes the total number of reflections from the
surfaces I, and T,. For odd order image sources E1%%" , where p,=012,..., they are
reflected p, times by the fagade surface I';; and p,+1 times by the surface I, . For even

order image sources E1%P2), where p =123..., they are reflected p, times by both
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surfaces T, and T, . The x-coordinate x{%), ., of the image source is determined by
equation A.40.

The contribution of E1{%), is calculated by,

o o[V 1E) v E1%), %) T(Y |ELELSL) | R, for. o)
P2109 = Z

Y ) . (A.80)
SV 19 1B VR 181 1R) TS | ELELEL IR, Beps, faro)
The factor V,%)(1|R), which accounts for the effects of the multiple reflections between

the surfacesI;, and I+, , is given by,

QLR B, -[Q(LR, B, forq,=2p,+1
VSR (1 R)= . (A.81)
[Q(LR, 5..)-Q(L R, B, )] forg, =2p,

The illuminated zone of E1%), is illustrated in figure A.23. The illuminated receiver

should have a height higher than H .

Group 10 contains the ground reflected image sources formed by multiple reflections

between the surfaces I';; and I';,. They are similar to the image sources in group 9 but
involve an additional reflection with the ground surface I, . They are denoted as,

E1%), = (x%, 1,0-H), (A.82)
where g, =1,2,3,--- . The subscript F2-F1 indicates the surfaces of reflections involved
and the underline in the subscript indicates the ground reflection. The superscript g, in
bracket denotes the total number of reflections from the surfaces I';; and I+, . For odd
order image sources E1 (Fzzp,zfl’ where p,=012,..., they are reflected once by the ground
surface I';,, p, times by the facade surface I';; and p,+1 times by the barrier surface

. For even order image sources El(ﬁz",zl’, where p,=123,..., they are reflected once
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by the ground surface I';, and p, times by both surfaces I';, and I';,. The x-coordinate
x%). . of the image source is determined by equation A.40. The contribution of E1),

is calculated by,

S Z Vlggl)( o) | El) Vz(quo)( 1%231'9:{) ( o |ELELZ), |§R,ﬂ312,ﬁ812) (A83)
2110 — n n 2 2 n1 2 . .

S 18 1B VIR LS. 1R) TS |ELELEL IR, o, faso)
The factor V,.%)(1|R), which accounts for the effects of the multiple reflections between

the surfaces I';,, I, and T5,, is given by,

Q(I’m'ﬁez)' [Q(I’m’ﬂm)]pz -[Q(l,iR,ﬁFz)]pﬁl for g, = 2 P, +1
Vi (1 R) = . (A84)

Q(I’m'ﬂez)'[Q(I’m’ﬂFl)'Q(l'ERHBFZ)]DZ forq, =2p,
The illuminated zone of Elg;.)m is illustrated in figure A.24. The lines connecting the
illuminated receivers with E1{. should have no intersection with the line from

(x9), ,,0-H) to (x%),,0,H) and. The x-coordinate x%, ., is calculated by

equation A.25.

Group 11 consists of image sources formed by multiple reflections between the surfaces

I}, and T, of the image sources E15) , with odd g,. They are denoted as,
El(BqZIi(—]éiZ—Fl—FZ - (XF(ETB?;% B12-F1-F2 ’O’ H )’ (A85)

where g, =1,3,5,--- and g, =1,2,3,---. The subscript B21-B12-F1-F2 indicates the

surfaces of reflections involved and the underline in the subscript indicates the ground

reflection. After the last reflection by I;,, among the g, times multiple reflections
between the surfaces Iy, and I5,, , there would be g, times multiple reflections

between the surfaces T, and T,. For odd q,, the image sources E1{&:2% _  where
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p,=012,..., are reflected p,+1 times by the surface I';, and p, times by the surface T,
For even g, , the image sources E1(::2%) where p,=123,..., they are reflected p,

times by both surfaces T, and T,. The x-coordinate x{3%) . _ of the image source

is calculated by,

(01.92) - Xl(ztil)szl B12 (qz _1)' L forg,=1,3,5,... A 86
XEl B21-B12-F1-F2 — () . ( . )
X1321512+(q2) forq2=2,4,6,...
The pressure contribution of E153:%), - ., is calculated by,
V(19 1BV E18S, s, | 9)
F)(q1 qz) ZOO: T (I (anl) | El El(Bqulqé?LZ F1-F2 | ER ﬂBlZ ] ﬂBlZ) (A 87)
2111 .

(ng) (y(na) (a1,02) (d,92) '

n=0| +Vige I ( y |E1) Vorri (Elh |§R)
(ny) (%.9)

( ) |E1 E18211é12 F1-F2 |£R ﬂBlszBlZ) i

The factor V,%%)(1|R), which accounts for the effects of the multiple reflections

between the surfaces I';,, I, [y, [F and I, is given by,

Viee (1 %)-[Q(1 . £ )" -[QUL R, 5 )1
forg,=2p, +1landqg, =2p, +1

V(1| R) = . (A.88)
106 ( |m) [ (I ER,,BH)-Q(I,ER,ﬂFZ)]pZ
forg, =2p,+1landqg, =2p,

The illuminated zone of E1{:%) _ . is illustrated in figure A.25. The lines connecting
the illuminated receivers with E1{%) _ _ should have no intersection with the line

from (x{%2, ,,0,—H ) to (x{%2, ,,0,H ) and have an intersection with the line from
(x(), .,,0—H ) to (x(92, .,,0,H ) The x-coordinate x{z), ., can be calculated by

equation A.24 while the x-coordinate x{32), ., can be calculated by equation A.48.
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Group 12 consists of image sources formed by multiple reflections between the surfaces

I}, and T, of the image sources E133) ;;, with even g,. They are denoted as,

(0,92) (t,92)
E15211 élz F2-F1 — (XEl B21-B12-F2- F11O’ H )! (A-89)

where g, = 2,4,6,--- and g, =1,2,3,--- . The subscript B21-B12-F2-F1 indicates the

surfaces of reflections involved and the underline in the subscript indicates the ground

reflection. After the last reflection by I';;,, among the g, times multiple reflections
between the surfaces Iy, and I5,,, there would be g, times multiple reflections
between the surfaces T, and T,. For odd q,, the image sources E1{&::2P22) where
p,=0212,..., are reflected p, times by the surface I';; and p,+1 times by the surface I, .
For even q,, the image sources E1{%:2%) _ _  where p,=123,..., they are reflected p,
times by both surfaces T, and T,. The x-coordinate x{3%) . . of the image source

is calculated by,

(0.9) — X, Blz+(Qz+1)'|— forg,=1,3,5,... A.90
XEl B21-B12-F2- Fl () ' ( ' )
Xg1-B21-B12 _(qz)' L for d,=2,4,6,-
The pressure contribution of E1(.%) _ _ is calculated by,
V(19 |EL) V8 (E1S %) 0y |R) |
Pz(lqllqu) i (l & |EL Elngllqé)lz ror1 | R ;3512':3512) (A.91)

(n) (1 (ny) (a1.92) (£ 1 (0.92) '

n =0 +\/102l ( 4 | El) V. 10‘112OIZ (EquleqélZ F2-F1 | m)
() (01,02)

(l , |E1 E18211 B12-F2- F1|ER ﬁBlZ'/BBIZ) |

The factor V%% (1|R), which accounts for the effects of the multiple reflections

between the surfaces I';,, I;,, sy, 5 and I, is given by,
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Vit (1 %R)-[Q(L R, 42, )" -[Q1L R, 5, )]

forg,=2p,andqg, =2p, +1
Vi (1 R) = . (A.92)
Vlg)qé)(l |m)'[Q(I’miﬂFl)'Q(l’m’ﬂFz )]p2

forg, =2p,andq, =2p,

The illuminated zone of E1{L%). . is illustrated in figure A.26. The lines connecting
the illuminated receivers with E1{%) _ _ should have an intersection with the line
from (xéj%;Z_Fl,O,—H ) to (xgegz_m,o, H ) and have no intersection with the line from
(XSZ_’FZ_H,O,—H ) to (xg%’pz_m,o, H ) The x-coordinate x{’2), .. can be calculated by

equation A.40 while the x-coordinate x{32), ., can be calculated by equation A.25.

Group 13 consists of image sources formed by multiple reflections between the surfaces

I, and T, of the image sources E1%).,, with odd g,. They are denoted as,

(01,92) — (y(.92)
ElFll—Bil—FZ—Fl = (XEll—Flz—Bll-FZ—Fl’O’_H )' (A'93)

where ¢, =3,5,7,--- and ¢, =1,2,3,--- . The subscript F1-B11-F2-F1 indicates the

surfaces of reflections involved and the underline in the subscript indicates the ground
reflection. The order of reflections q, is starts from 3 as the image sources E1 &%)
are already considered as E1 (qu_;zl) already. After the last reflection by I';; among the
q, times multiple reflections between I';, and I5,,, there would be g, times multiple
reflections between T, and T, . For odd g, , the image sources E1{:2P=) | where
p,=012,..., are reflected p, times by the surface I';; and p,+1 times by the surface I, .

For even q,, the image sources E1(2P) _  where p,=123..., they are reflected p,
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times by both surfaces T, and T, . The x-coordinate x(%%). . . .. of the image source is

given by,
(01.92) X(ql)Fl Bn"‘(% ) L for q, =1,3,5,... A04
XEl F1-B11-F2-F1 — (a) . ( ' )
XEl—Fl—Bll_(qZ)' for Q, =2,4,6,--
The pressure contribution of E1(:%) _ _ is calculated by,
Vl(Ogl)( o | El) V (qu3q2) (El(qlgi]). F2-F1 | m)
o () |E1 El((h 102) |m '[)) ,ﬂ
P2(1q113q2) z ( F1-B11-F2-F1 B12 BlZ) (A.95)

) VR 018 B v E18 g | )
(ny) (%,92)
( Y |E1 EqulllgilFZFllm ﬂBlZ’ﬂBlZ) i

The factor V%% (1|R), which accounts for the effects of the multiple reflections

between the surfaces I';,, I;,, sy, 5 and I, is given by,

Q(I’m’ﬁel)'[Q(I’m’ﬁsll)]pz '[Q(I'mvﬂm)]pﬁpﬁl'[Q(Iim!ﬂFz)]pz
forq, =2p,+landq, =2p, +1

Vz(lqlléqZ)(l |ER):

Q(I’m’ﬂGl)'[Q(I’in’ﬂBll)]pz '[Q(I'm’ﬂFl)]p1+p2 '[Q(I’m'ﬁFz)]p2
forq, =2p,+1landqg, =2p,

(A.96)

The illuminated zone of E1{%2) _ _ is illustrated in figure A.27. The lines connecting
the illuminated receivers with E1(:%)  _ should have no intersection with the line from

( ), 1.0,- H) (xg?F2 1,0, H) and have an intersection with the line from
(x9D . 0,-H ) to (x99,,0,H ). The x-coordinate x{%), ., can be calculated b
E1-F1-F21 E1-F1-F2? ) E1-F2-F1 y

equation A.40 while the x-coordinate x{%2), ., can be calculated by equation A.24.
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A.4 Secondary Contribution from Edge of Diffraction E2

In section A.3, we have discussed in details the secondary contribution of the diffraction
at the edge E1. In this section, we put our attention to the diffraction at the edge E2. The

primary image sources that can contribute to the pressure with diffraction at E2 are I,

Iy, {I(Bll),l(le),---,lgj)} and {|g,|gj,---,|gj>}. Similar to the diffraction at E1, we

represent these primary image sources into two series {I ‘B"l)} and {I ‘Bi)} where
n=012, ..., The image sources I, and I, are represented by 13’ and I
respectively. Similar to our previous analysis, we categorize the contribution of the

secondary image sources of E2 into 13 groups based on various combinations of

reflections.

Group 1 is the image source of E2 with contribution through direct transmission. The

image source is actually at the original location of the edge E2 and is denoted by,

E2,=E2=(L,+W,0,H). (A.97)
The pressure contribution of E2; is calculated by,

= V(10 |E2)- T(19) | E2,E2, | R, By, Br )

Pooor = z

o [y o . : (A.98)
S V(8 | E2) T8 [E2,E2, | R, BanBr)

where the term B, used for the calculation of diffraction is dependent on the location of

the receivers as follows,

Pren if xg <L +W
B, = . (A.99)
Bezr  iTXg > L +W
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The illuminated zone of E2, is illustrated in figure A.28. The lines connecting E2, and

the illuminated receivers should have no intersection with the line from (L,,0,0) to

(L, 0, H).

Group 2 is the image source with one ground reflection and it is denoted as,
E2,=(L +W,0,-H). (A.100)
The underline in the subscript indicates ground reflection. The pressure contribution of

E2, is calculated by,

e [V (1900 | E2)-V ey (B2, | R)- T(162) | E2,E2, | R, Bars Br)

Pzzoz = Z

S V(191 E2) V0, (B2, | R)- T(16Y | E2,E2, | R, BosssBr )| (A101
where the term B is calculated by equation (A.99) and the reflection factor V2202(I|2R)
accounts for the ground reflection as follows,

Voo (11 9) = Q(L R, B ). (A102)

Again, the term B is dependent on the location of the receiver and can be expressed as,

Be, 1 Xg <L +W

Be = : (A.103)
Bos  1fXg >L +W

The illuminated Zone of E2; is illustrated in figure A.29. The lines connecting E2, and

the illuminated receivers should have no intersection with the line from (L,,0,—H) to

(L,0.H).

Group 3 comprises of the image sources formed by multiple reflections between the

surfaces I, and I, . They are denoted as,

EZ(qul-)Bzz = (Xl(zgl-)Fz-Bzz ,0,H )' (A-104)
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where q, =1,2,3,--- . The subscript F2-B22 indicates the surfaces of reflections
involved and the superscript g, in bracket denotes the total number of reflections from
the surfaces T, and Iy, . For odd order image sources E20:Y  where p, =012,..., they
are reflected p,+1 times by the facade surface I';, and p, times by the barrier surface
I,,,. For even order image sources E2%%) , where p =123..., they are reflected p,
times by both surfaces I',, and I'y,,. The x-coordinate x{%), .., of the image source is

determined as,

(a1) _
XEZ—FZ—BZZ -

{L1+W +(q+)xL,  forg,=1,3,5,... (A.105)

L +W —-q,xL, forq,=2,4,6, -

The contribution of E2{%)., is calculated by,

P =3 : -
V(1 | E2) V8 (B2, R)- T(15) | E2,E2%),, |R, Bast, Bao)

n =0

2 {vlézﬂ(l o | E2).v 8 (E2%,, 1R )-T(19) | E2,E2%,,, | R, Basn: oz

(A.106)

The factor V2 (1| %), which accounts for the effects of the multiple reflections between

the surfaces I';, and I,,, is given by,

[QLR, B, )" [QULR, By, )|*  fora, =2p, +1
V(1| R)= . (A.107)

[Q(I’m'ﬂFz)'Q(I'mvﬂszz)]pl forg, =2p,
The illuminated zone of E2{%)., is illustrated in figure A.30. Receivers having a height
lower than H and located between the fagade surface I', and the barrier B2 should be

illuminated by all E2{%),,,. Especially for E2Y) ., receivers located higher than H are

also illuminated.
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Group 4 contains the ground reflected image sources formed by multiple reflections

between the surfaces I, and I'y,,. They are similar to the image sources in group 3 but
involve an additional reflection with the ground surface I';,. They are denoted as,

B2, = (Xgl)szwo H )’ (A-108)
where @, =1,2,3,--- . The subscript F2-B22 indicates the surfaces of reflections

involved and the underline in the subscript indicates the ground reflection. The

superscript g, in bracket denotes the total number of reflections from the surfaces I,
and T,,. For odd order image sources E2%%;), where p,=012..., they are reflected
once by the ground surface I'y;, p,+1times by the facade surface I, and p, times by
the barrier surface I,,. For even order image sources E25%),, where p,=123...., they
are reflected once by the ground surface I';, and p, times by both surfaces I, and I5,,.
The x-coordinate x(%), .., of the image source is determined by equation A.105. The

contribution of E2%) , is calculated by,

) - $° V(16 1E2) Vi) (E2% s, | %) T(1SY | E2 E2%0s0 | R, s, o)
2204 ™ n ny i i ny 1 ’
S v 1E2) v (B2, 1R)- T(15) | E2,E2%),, |R, B, Bax)

(A.109)
The factor V2 (1|%R), which accounts for the effects of the multiple reflections between

the surfaces I';,, I, and I,,, is given by,

QLR Be)-[Q(LR, B,)I* ™ [Q(LR, Bo )] Forg, =2p, +1
Vz(zqéi(l |§R):
Q(I’m'ﬂes)' [Q(I’m’ﬁFz)‘Q(I’m'ﬂszz)]pl for G, = 2 P

(A.110)
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The illuminated zone of E2{}),, is illustrated in figure A.31. For image sources E2{%%,,
with odd order g,, the lines connecting the illuminated receivers with E2{3%,, should

have an intersection with the line from (L + L,,0,—H ) to (L + L,,0, H ) and have no

intersection with the line from (L, +W,0,—H ) to(L, +W ,0, H ). For the E2{}},, with

even g, the lines connecting the illuminated receivers with E2{3),, should have an

intersection with the line from (L, +W ,0,—H ) to(L, +W ,0,H ).

Group 5 comprises of the image sources formed by multiple reflections between the

barrier surfaces I';;, and I, . They are denoted as,

E283 o = (¢ hiz00 0, H ), (A111)
where g, =1,2,3,--- . The subscript B12-B21 indicates the surfaces of reflections
involved and the superscript g, in bracket denotes the total number of reflections from
the surfaces Iy, and T,,. For odd order image sources E2C%) | where p, =012,...,
they are reflected p,+1 times by the surface I;,, and p, times by the surface I',,,. For
even order image sources E22%). | where p,=123,..., they are reflected p, times by

both surfaces I'y,, and T, . The x-coordinate x{%L ... of the image source is

determined as,

(a1) {Li ql for ql:l’3’5"" (A.112)

X :
E2-B12-B21 — L1+(q1+l)W forq1:214161...
The contribution of E2§) .., is calculated by,

p@) _ i{vlgg)( (nl) | E2) Vz(zqég (Ezfsqll% B2t | ER) ( oy |E2, E2(Bqll% B21 |m1ﬁ321vﬂ321)
2205 —

= +V (19| E2) VR (E29) 0 |R)-T ( () | E2,E2) 1 | R, Boons Bont)

(A.113)
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The factor V2 (1| %), which accounts for the effects of the multiple reflections between

the surfaces I'y;, and Ty, , is given by,

[Q(LR, 8o, )" [Q(LR, Beyy ) fora, =2p, +1
V(1| R)= . (A.114)

[Q(ILR, Bey,)- Q(LR, Be)]” forg, =2p,

The illuminated zone of E2() . is illustrated in figure A.32. The illuminated receivers

should be located between the two barriers B1 and B2 and have a height lower than H .

Group 6 contains the ground reflected image sources formed by multiple reflections

between the surfaces Iy, and I, . They are similar to the image sources in group 5 but
involve an additional reflection with the ground surface T, . They are denoted as,

E28% 001 = (Earz 0. 0—H), (A115)
where g, =1,2,3,--- . The subscript B12-B21 indicates the surfaces of reflections

involved and the underline in the subscript indicates the ground reflection. The

superscript g, in bracket denotes the total number of reflections from the surfaces I';,,
and I',,,. For odd order image sources Ezglglglgl, where p,=012,..., they are reflected
once by the surface I';,, p,+1times by the surface I';,, and p, times by the surface I',,.
For even order image sources E255%, , where p, =123..., they are reflected once by the
surface 'y, and p, times by both surfaces I'y,, and T,,. The x-coordinate x% , .., of
the image source is determined by equation A.112. The contribution of E2{) ., is

calculated by,

Appendix 163



Image Source Modeling for Parallel Barriers

s _ Vi (160 1 E2) Vi) (B2, 1) T(152 | E2, E25 000 | R, By, o)
2206 L] L} i h L} h )
m=0 +V1(O4)( o | E2) Vz(zqog(Ez(Bqlg B21 | iR) ( o | E2, Ezéqlg—BﬂlSRlﬂBZl’ﬂBZl)

(A.116)

The factor V52 (1| %), which accounts for the effects of the multiple reflections between

the surfaces I',,, Iy, and Iy, , is given by,

QLR B,)-[QMLR, Boy, )" [Q(LR, Boy ) forg, =2p, +1
Vz(zqég(l |5R):
Q(I R, ﬂez)' [Q(I R, ﬂBlz)'Q(I R, ﬁszl)]pl for 0, = 2 Py

(A.117)
The illuminated zone of E2{) ., is illustrated in figure A.33. For the E28%) . with odd
g, , the lines connecting the illuminated receivers with E2‘E§11§ 21 Should have an
intersection with the line from (L,,0,—H ) to (L,,0, H ) and have no intersection with

the line from (L, +W,0,—H ) to (L, +W,0,H ). For the E2%:) ., with even g, the
lines connecting the illuminated receivers with E2{) . should have no intersection with

the line from (L,,0,-H ) to(L,,0,H ) and have an intersection with the line from

(L, +W,0,-H ) to (L, +W ,0,H).

Group 7 comprises of the image sources formed by multiple reflections between the

surfaces I, and I, . They are denoted as,

E2(37, = (K 0. H), (A118)
where g, =1,2,3,--- . The subscript F1-F2 indicates the surfaces of reflections involved
and the superscript g, in bracket denotes the total number of reflections from the

surfaces T, and T,. For odd order image sources E2%™ , where p,=012,..., they are
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reflected p,+1 times by the surface I';; and p, times by the surface I';,. For even order
image sources E2%2), where p,=123,..., they are reflected p, times by both surfaces
I, and I, . The x-coordinate x{%) ., of the image source can be determined by

equation A.48. The contribution of E2{%), is calculated by,

) ¥ v (191 E2)- v (B2, 1) (19 [E2, E29, |R, o Beas)
2207 —

2 v 1) E2) Vi) €250 1) T 12,6282 1, B )
(A.119)
The factor V%) (1|R), which accounts for the effects of the multiple reflections between

the surfaces I';; and I, , is given by,

(%, A ) [Q(L %, 5, )" forg,=2p, +1
V2(2q027)(| |§R)= . (A.120)

[Q(l,iR,,BFl)‘Q(l,iR,,BFZ)]pZ forq, =2p,

The illuminated zone of E2{%), is illustrated in figure A.34. The illuminated receivers

should have a height higher than H .

Group 8 contains the ground reflected image sources formed by multiple reflections

between the surfaces I'y; and I,. They are similar to the image sources in group 7 but
involve an additional reflection with the ground surface I';, . They are denoted as,

B2, = (Xhir 0-H), (A.121)
where g, =2,3,4,--- . The subscript F1-F2 indicates the surfaces of reflections

involved and the underline in the subscript indicates the ground reflection. The

superscript g, in bracket denotes the total number of reflections from the surfaces I,

and I;,. For odd order image sources E23%,", where p,=012,..., they are reflected
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once by the ground surface I';,, p,+1 times by the surface I';; and p, times by the
surface I, For even order image sources E2%) , where p,=123,..., they are reflected
once by the ground surface I';, and p, times by both surfaces I, and I,. The x-
coordinate x{%), ., of the image source is determined by equation A.48. The contribution

of E2{%), is calculated by,

(d2) C Vlggl)( by | EZ) VZ(qug(EZ(FiZ%Z |m) (I(nl) | E2 EZ(Fqlzl)fz |m’ﬁ521lﬁ521)
Poos = Z

S 06 1 E2) vl (B2, 1) T( 1 B2, B2, IR, ooy, o)
(A.122)
The factor V&) (1|R), which accounts for the effects of the multiple reflections between

the surfaces I',,, I'+; and I, is given by,

Q(I’m'ﬁez)' [Q(I’m’ﬂm)]pﬁl'[Q(Iim!ﬂFz)]pz for g, = 2 P, +1
Vz(zqozs)(l |5R):
Q(ILR, B, )-[QULR, B,)- QL R, B, )|* for g, = 2p,

(A.123)

The illuminated zone of E2{?}, is illustrated in figure A.35. The lines connecting the
illuminated receivers with EZ% should have no intersection with the line from

(x), ,,0-H ) to (x{%, .,,0,H ). The x-coordinate x%,, is calculated by equation

A.24.

Group 9 comprises of the image sources formed by multiple reflections between the

surfaces I, and I, . They are denoted as,

EZ(F(;Z)H = (Xégz-)Fz-Flloi H )’ (A.124)
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where g, =2,3,4,--- . The subscript F2-F1 indicates the surfaces of reflections
involved and the superscript g, in bracket denotes the total number of reflections from
the surfaces I'; and I, . The starting number of reflection is 2 to avoid duplication with
image source E2% ... For odd order image sources E2%%™ | where p,=012,..., they
are reflected p, times by the facade surface I'; and p,+1 times by the facade surface
I, . For even order image sources E2%%) where p,=123,..., they are reflected p, times
by both fagade surfaces T, and I',,. The x-coordinate x{%), ., of the image source is
determined by equation A.25.

The contribution of E2{%). is calculated by,

o o[V 12} v (2, %) TG | E2 E2%L | R, fonr, fen)
Pogo = z

|+ (1 1E2) v (B85, |9)- T(S | B2, B2 | R, B, )|
(A.125)
The factor V,5&)(1|R), which accounts for the effects of the multiple reflections between

the surfacesI';, and I+, , is given by,

QLR B, -[Q(LR, B, forq,=2p,+1
VS (11R)= . (A.126)
[Q(1L%R, B,)-Q(LR, B, )] forq, =2p,

The illuminated zone of E2{%) is illustrated in figure A.36. The illuminated receiver

should have a height higher than H .

Group 10 contains the ground reflected image sources formed by multiple reflections

between the surfaces I'y; and I, . They are similar to the image sources in group 9 but

involve an additional reflection with the ground surface I';,. They are denoted as,
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E2%), = (X52,r1 0-H), (A.127)
where g, =2,3,4,--- . The subscript F2-F1 indicates the surfaces of reflections

involved and the underline in the subscript indicates the ground reflection. The

superscript g, in bracket denotes the total number of reflections from the surfaces I,
and I, . Again, the starting number of reflection is 2 to avoid duplication with the image
source Ezﬁg_ﬁ. For odd order image sources E2 ‘Fi;f” , where p,=012,..., they are
reflected once by the ground surface I';;, p, times by the facade surface I';; and p,+1
times by the fagcade surface I, . For even order image sources E2 ‘Fzngl) , Where

=123,..., they are reflected once by the ground surface I';, and p, times by both
facade surfaces I, and I'.,. The x-coordinate x{%), ., of the image source is determined

by equation A.25. The contribution of EZ% is calculated by,

o S V08 1 E2) v (E2), 1) T(1SY | E2,E2%) | R, foor, fora)
Pzzlzo = z

S (8 1E2) viR (B2, | ) TG 1E2, B2 1R, oy feze)
(A.128)
The factor V%) (1|R), which accounts for the effects of the multiple reflections between

the surfaces I'y,, I';; and I, is given by,

QLR fe;) QUL R, A I -[QULR, 5, )J* ™ forg, =2p, +1
V(1 R)=
Q(I!m'ﬂea)' [Q(I’mlﬂFl)'Q(l’SR’IBFZ)]pZ for q, =2p,

(A.129)

The illuminated zone of EZI(:qZZFl is illustrated in figure A.37. The lines connecting the

illuminated receivers with EZ% should have no intersection with the line connecting

Appendix 168



Image Source Modeling for Parallel Barriers

(xéngi)Fz,O—H) and (x{%:2;, 0, H). The x-coordinate x{%), ., is calculated by

equation A.48.

Group 11 consists of image sources formed by multiple reflections between the surfaces

I}, and T, of the image sources E2{%) ., with even g,. They are denoted as,
E2(Bq112q28)21 F1-F2 — (XF(Egl Bql; B21-F1-F2 ’O’_H )7 (A130)

where q, = 2,4,6,--- and q, =1,2,3,--- . The subscript B12-B21-F1-F2 indicates the

surfaces of reflections involved and the underline in the subscript indicates the ground

reflection. After the last reflection by I,, among the g, times multiple reflections
between the surfaces Iy, and I5,,, there would be g, times multiple reflections
between the surfaces T, and T,. For odd q,, the image sources E2{{2"+) _ where
p,=012,..., are reflected p,+1 times by the surface I';; and p, times by the surface I,
For even g, , the image sources E2{%%) | where p,=123,..., they are reflected p,

times by both surfaces T, and T,. The x-coordinate x{%:%) . .. of the image source

is calculated by,

(0.0) Xg )812 B21 (qz _1)- L forg,=1,3,5,... A131
XEZ B12-B21-F1-F2 — (@) ' ( ' )
Xez-B12-go1 T (qz ) L forg,=2,4,6,--
The pressure contribution of E2{:%) . _is calculated by,
Vi (15 1E2) V5 (B2 e | B)
» (ny) E2, E2(q1 0y) R, ,
Pz(qull,qz) _ z ( | B12-B21-F1-F2 | R, Ben 13321) (A132)

() [y (o) (0.0,) (61,05) '

n—o| + Vi (I ( ! |E2) Vo ? (Ezsfz B21-F1F2 |2R)
(n) (91,92)

T(lm1 |E2,E251 %0 1 | R, /8521'/8521) |

The factor V%% (1|R), which accounts for the effects of the multiple reflections

between the surfaces I';,, I;;,, [sy, IF and I, is given by,
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Vet (11%)[Q(L%, 42, ) -[Q(L&, 5, )

forg,=2p,andq, =2p, +1
Vi (1) =
Vet (11%)[Q(L %, 4:,)-Q(L %K, 5, )]

forgq, =2p,andqg, =2p,

(A.133)

The illuminated zone of E2{:%) _ . is illustrated in figure A.38. The lines connecting
the illuminated receivers with E2{k%) _  should have no intersection with the line
from (xé‘j%@l_Fz,O,—H ) to (xgggl_Fz,o, H ) and have an intersection with the line from
(XSZ_’H_FZ,O,—H ) to (xg%’pl_pz,o, H ) The x-coordinate x{%), ., can be calculated by

equation A.24 while the x-coordinate x{%), ., can be calculated by equation A.48.

Group 12 consists of image sources formed by multiple reflections between the surfaces

I, and T, of the image sources E2{%) ... with odd g,. They are denoted as,

(01,92) — [y (%.92)
E28112-2821—F2—F1 = (XEzl-Biz-BZLFz-Fl’O’_H )’ (A-134)

where g, =1,3,5,--- and g, =1,2,3,---. The subscript B12-B21-F2-F1 indicates the

surfaces of reflections involved and the underline in the subscript indicates the ground

reflection. After the last reflection by I';,, among the g, times multiple reflections
between the surfaces Iy, and I5,, , there would be g, times multiple reflections
between the surfaces I, and T,. For odd q,, the image sources E2{%.2=") _ . where
p,=012,..., are reflected p, times by the surface I';; and p,+1 times by the surface I, .
For even g, , the image sources E2{%%) | where p,=123,..., they are reflected p,

times by both surfaces T, and T, . The x-coordinate x{3%) . of the image source

is calculated by,
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(%.92) - Xégl)slz B21 T (qz +1)' L forqg,=1,3,5,... A 135
XE2-B12.B2LF2-FL = | (4 : (A.135)
Xe2'B12-B21 ~ (qz)' L forq,=2,4,6,--
The pressure contribution of E2{:%) _ _ is calculated by,
V(15 1 B2V S (B2 e | )]
P2(2q112q2) Zw: (|(n1) |E2, Ezfaqllzqé)zl roe1 | R /BBZl’IBBZl) . (A.136)

SV (1901 E2)V 2(E295%), 1 o 1 | R)
T |E2,E295) o IR s, o)

The factor V%) (1|R), which accounts for the effects of the multiple reflections

between the surfaces T, , Iy, Is,y, I5 and Ty, is given by,

Vit (11 %)-1Q(L %, 5 )" [Q(1. &, 5., )"

forq, =2p,+1landqg, =2p,+1
V2(2q112q2)( IER)_
o (H9R)- [0 %, 5 )- QL R, B )]

forg,=2p,+1landqg, =2p,

(A.137)

The illuminated zone of E2{%%) _ _ is illustrated in figure A.39. The lines connecting
the illuminated receivers with E24b%) . should have an intersection with the line
from (xé‘jzgz ,0,—H ) to (xéi%éz_m,o, H ) and have no intersection with the line from
(x9), ,,0—H ) to (x, ,,0,H ). The x-coordinate x{), ., can be calculated by

equation A.40 while the x-coordinate x{%), ., can be calculated by equation A.25.

Group 13 consists of image sources formed by multiple reflections between the surfaces

I}, and T, of the image sources E2{%),, with odd q,. They are denoted as,

Ezfqul gg% F1-F2 — (XI(EC%1 IEZZ)BZZ F1-F2 '0’ H )’ (A138)
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where ¢, =3,5,7,--- and g, =1,2,3,--- . The subscript F2-B22-F1-F2 indicates the

surfaces of reflections involved and the underline in the subscript indicates the ground

reflection. The order of reflections is starts from 3 as the image sources E25%) . . are
already considered as E2(Fq;glz)2 already. After the last reflection by I';, among the
g, times multiple reflections between I';, and I5,,, there would be g, times multiple
reflections between T, and T,. For odd q, , the image sources E2{%:2%*)  where
p,=0212,..., are reflected p,+1 times by the surface I'; and p, times by the surface I, .
For even (,, the image sources E2{%:2%) . where p,=123,..., they are reflected p,

times by both surfaces T, and T}, . The x-coordinate x\%:%) . _ of the image source is

given by,

(01.92) XI(Egl)FZ B22 (qz _1)' L for Q, =1,3,5,... A 139
XE2 F2-B22-F1-F2 — (%) ' ( ' )

Xz F2B22 + (qz)' L for q,=2,4,6,--
The pressure contribution of E2%%) _ _is calculated by,
V(19 1 E2) Vi (B2 8 e | )
S (m) E2 EZ(% 4y) ER ’

Pz(qulsqz) Z ( | F2-B22-F1-F2 | /3321 /3522) (A.140)

= +V1g})( 5 | E2) V(zqfqu)(Ez(ql gé% F1-F2 |iR)
TS |E2,E29%) 0.y IR, Bon Bo) |

>
=

|

o

The factor V%) (1|R), which accounts for the effects of the multiple reflections

between the surfaces T, , Iy, Is,y, Iy and Ty, is given by,

QUL R, feo)- [QULR, By )I” - [QULR, 5 )™ - [QULR, 5 )7
forg, =2p, +1andqg, =2p, +1

Vz(qulqu)( IER):

QLR B2 ) [QULR, Bzo )™ -[QULR, B ) -[QL R, B, )™
forq, =2p, +1landqg, =2p,

(A.141)
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The illuminated zone of E2!%:%) _ _ is illustrated in figure A.40. The lines connecting
the illuminated receivers with E2{%:%) _ _ should have no intersection with the line from
(xé‘gé’pl_Fz,O,—H) to (xé‘;%)Fl_Fz,O,H) and have an intersection with the line from
(x @D 0-H ) to (x&2,,,0,H ). The x-coordinate x&), ., can be calculated by

equation A.48 while the x-coordinate x{%), ., can be calculated by equation A.25.
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A.5 Overall Sound Pressure Level

In this section, we summarize the determination of the overall sound pressure by the
image source model. The overall sound pressure at a particular receiver position would
be the coherence summation of all the contribution from primary and secondary image
sources which are illuminating the receiver. The cases with the parallel barriers in front
of a fagade surface would be a simplification of the case with the parallel barriers along a
street canyon. In both cases, the overall sound pressure can be expressed as,

P(S ' 9:{) = F)Primary + I:)Secondary,El + PSecondary,EZ ! (A142)

where, P, is the overall primary contribution,

rimary

P

secondary, £1 15 the overall secondary contribution from E1,

P

secondary,£2 1S the overall secondary contribution from E2.

P

Secondary, E1

and P

Secondary, E2 wou I d be

The details of the calculation of the terms B, ..,

different for the two cases.

We first present the case with the parallel barriers in front of a facade surface discussed
in Chapter 3. We denote it as case | to avoid confusion. The three terms of contribution

P

Primary (casel) ?

PSecondary,El(case 1) and I:)Secondary, E2 (casel) are determined respeCtiver byv

_ " p) L N pw L N p) | N pn)
I:)Primary(casel) - 101+P102+2P1031 +2P1041 +2P1051 +ZP1061

n,=1 n,=1 n,=1 n,=1
S o) ll() L& (1) 1°°1( ) (A-143)
n n n,,n n,,n
+ Y P A PR DY R £ N R
n,=1 n,=1 n, n=1 n, n=1

_ N p@) L N p@) L N p@) | N pla)
PSecondary,El(case ) I32101 + I:)2102 + Z P21(§3 + Z I:’21014 + z P2165 + Z I:>21016

L. =1 0y =1 =1 4=l y and (A 144)
+ Z Z Pz(flliqZ)

0p=1q,=1
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0 0
— (%) ()
PSecondary,EZ (casel) P2201 + I:)2202 + z I:)2265 + Z I322016

=i -1
S @) 11() L (@) (A-149)
q q 41,9
+ Z Py + z Poags + Z Z Poti -
g,=1 g,=1 0=l =2

The case with the parallel barriers along a street canyon discussed in Chapter 4 is denoted

as case Il. The three terms of contribution P and

Primary (case I1)

, P

Secondary, E1(case I1)

P

Secondary, E2 (case II

, are calculated respectively by,

_ S p) L N p) L N p) L N p)
I:)Primelry (casell) PlOl + P102 + Z I:)1031 + Z I:)1041 + Z I:)21.051 + Z I:)21.061

n=1 m=1 n=1 n=1

IR LRI DI . (Al46)

n,=1 n,=1 n,=1 n,=1

£ IREM LY RGN ¢ 3 RN 3y R

n,=ln;=1 n,=1n;=1 n,=ln;=1 n,=ln;=1

_ N p@) L N p@) L N p@) L N p @)
PSecondary,El(case 1m = "2101 + PZlOZ + z PZl(;S + Z I:)2164 + Z I:)2165 + z I:)21016
¢ =1 0 =1 0, =1 ¢ =1
N p@) L N p@) L N p@) . N p)
+ z Py + Z Poios + z P + Z Poito , and (A.147)
q=2 =2 gp=1 q,=1

DN R I I AR I W

0p=10,=1 Op=10;=2 0p=10,=3

_ N p@) L N p@) L N p@) L N p @)
PSecondary,EZ (casell) = I:)2201 + I:’2202 + Z P2263 + z P2264 + Z I322(;5 + Z I:,22016
0 =1 o =1 =1 0;=1
P L N p@) . N p@) L N pl)
+ Z Por + Z Poxs + Z Py + Z Pouto . (A.148)
gp=1 q,=1 gp=2 q,=2

£ RIS LY S PG £ 3T P

0=l =2 0=l =1 Op=10y=3
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[lluminated zone of |, / Facade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

Ground Surfaces G1, G2, and G3

Figure A.1 Ilustration of the secondary contribution from image source 1. The lines connecting 1,
with the illuminated receivers should have no intersection with the line from (L,,0,0) to
(L,,0,H) and the line from (L, +W,0,0) to (L, +W,0,H).
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Illuminated zone of I, / Facade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

\E)l/z{
sV

N

(0,0,0)

Ground Surfaces G1, G2, and G3

Figure A.2 Illustration of the secondary contribution from image source 1,. The lines connecting 1,
with the illuminated receivers should have no intersection with the line from (L,,0,— H)
to (L,,0,H) and the line from (L, +W,0,—H) to (L, +W,0,H).
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[lluminated zone of |© / Facade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

El E
1S
|(3)
s (0,0,0)
Ground Surfaces G1, G2, and G3
Figure A.3 Illustration of the secondary contribution from image sources 13, where n, =1,2,3,-- .

The lines connecting 1 with the illuminated receivers should have an intersection with
the line from (L,,0,0) to (L,,0,H) and have no intersection with the line from
(L, +W,0,0) to (L, +W,0,H).
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Hluminated zone of 1¢ / Facade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

El a
== - .‘I’
"if (0,0,0)
Ground Surfaces G1, G2, and G3
Figure A4 Illustration of secondary the contribution from image sources 1§, where n, =1,2,3,--- .

The lines connecting 15 with the illuminated receivers should have no intersection with
the line from (L,,0,—H) to (L,,0,H) and have an intersection with the line from
(L, +W,0,—H) to (L, +W,0,H).
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[lluminated zone of |© / Facade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

~E1l
~ :Ig: -
< I(.S)
(0,0,0) ”
Ground Surfaces G1, G2, and G3
Figure A5 [llustration of the secondary contribution from image sources 1%, where n, =1,2,3,--- .

The lines connecting 15 with the illuminated receivers should have no intersection with
the line from (L,,0,0) to (L,,0,H) and have an intersection with the line from

(L, +W,0,0) to (L, +W,0,H).

Appendix 180



Image Source Modeling for Parallel Barriers

Hluminated zone of 1© / Facade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

=t

(0,0,0) 15

Ground Surfaces G1, G2, and G3

Figure A.6 Illustration of the secondary contribution from image sources 182, where n, =1,2,3,--- .

The lines connecting 13 with the illuminated receivers should have no intersection with
the line from (L,,0,—H) to (L,,0,H) and have an intersection with the line from
(L, +W,0,—H) to (L, +W,0,H).
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[lluminated zone of 1©

. [lluminated zone of 1® and 1©

Facade Surface F1

/ Facade Surface F2

Figure A.7

’ o ’
’ e
/ -’
S A Barriers B1 and B2
///
’
7 /I
// /
. ’
/, /
@3 -7 IZI)
EJ}FI)-FZ E F2-F1 El/Eé
S
-1 | 2]
|(3) |(2)
F1 F1 (0,0,0)

Ground Surfaces G1, G2, and G3

[llustration of the secondary contribution from image sources 1%, where n, =1,2,3,--- .
For image sources 1¥ with odd order n, , the lines connecting 11 with the illuminated
receivers should have no intersection with the line from (x2),,,0,0) to (x,.,,0,H).

For image sources 1"’ with even order n,, the lines connecting 1©” with the
illuminated receivers should have no intersection with the line from (xé";_lm,o, 0) to
(Xn(zgz-lzw 0' H )
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Illuminated zone of 1©

Figure A.8

Facade Surface F1
/ Facade Surface F2
. Hluminated zone of 12 and 19 //
II ,//
/ /7
U v
1 ,/
/I X
1 7
I//
/I&
71
) Barriers B1 and B2
// 1
// II
// U
/ 1
1
el e, E%
A 3|
o N (0,0,0)

Ground Surfaces G1, G2, and G3

Ilustration of the secondary contribution from image sources |

For image sources I{ with odd order n,

receivers should have no intersection with the line from (

" where n, =1,2,3,--- .

, the lines connectlng I%¥" with the illuminated
0,-H)to 0,H).

E1F1F2’ ( ElFlFZ’

For image sources I{?’ with even order n, , the lines connecting If? with the

illuminated receivers should have no intersection with the line from ( Xezorys 0y — H)

( E2F2F1’0 H)
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[lluminated zone of 19

Facade Surface F1

Facade Surface F2
. [lluminated zone of 1®

. [lluminated zone of 15 and 1%

Barriers B1 and B2

E% 200 EL,
I 3 I r\ 1 (1)
"F2

o~ l(Z)
"R2

Figure A.9

Ground Surfaces G1, G2, and G3

[llustration of the secondary contribution from image sources 1%, where n, =1,2,3,--- .

For image sources 12 with odd order n, , the lines connectmg 11 with the illuminated
receivers should have no intersection with the line from ( Xerrye1s 0, O) to ( Xerrye1s 0, H)
For image sources 1% with even order n, , the lines connecting 1% with the

illuminated receivers should have no intersection with the line from ( xtm) 0, O)
( E1F1F2’O H)
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[lluminated zone of |®

Facade Surface F1

Facade Surface F2
. [lluminated zone of 1

B 11uminated zone of 15 and 12

Barriers B1 and B2

Ell SI/ Zgz)m E]'E:zl)n

\ \

Figure A.10

AN

1Y »
(0,0,0) N 1

Ground Surfaces G1, G2, and G3

Ilustration of the secondary contribution from image sources 1{3’, where n, =1,2,3,--- .

For image sources 1% with odd order n,, the lines connecting I1{ with the illuminated
receivers should have no intersection with the line from ( x 0,— H) ( Xetor1s O, H).
For image sources I{’ with even order n,, the lines connecting I{? with the
illuminated receivers should have no intersection with the line from (

E1F1F2'0 H)
( ElFlFZ’O H)
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Illuminated zone of |

. Illuminated zone of 1

. Illuminated zone of |

| (3.3)
B1-F2-F1

| (3.2)
BI-F2F1_
—

(3.2)
BI-F2-F1

(33)
Bl-F2-F1

(3.2)
B1-F2-F1

1(2)

F2-FL

==

and

E2%)

/

Facade Surface F1
? Facade Surface F2

Barriers B1 and B2

1(3)

_________ E20
______ H-F.’L F2-F1 |63
BI1-F2-F1

-

—__~_

Ground Surfaces G1, G2, and G3

Figure A.11

and n,

Illustration of the secondary contribution from image sources
n, =123,
receivers should have an intersection with the line from ( ) 0, 0)

- . The lines connecting I(“l'"ﬁ

I(”l n2)
BI-F2-F1 !

where
with the illuminated

( ElFZFl’O H)

B1-F2-F1

and have an intersection with the line from (x), .,,0,0) to (x{), ..,0,H ).
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llluminated zone of 182 / Facade Surface F1
Facade Surface F2
" 1lluminated zone of 182 //

(3.2)
. [lluminated zone of 157 ., and

| (3.3)
BLF2-F1

Barriers B1 and B2

~

©) o--"__Jel Bl T--- N @ 10
1F2£1E2f2.51’ - Y == :E.Zrz'ﬂ\ 1F2 F1
" | | iy
(3,2) (3,3)
I BI1-F2-F1 (070,0) I BI1-F2-F1
Ground Surfaces G1, G2, and G3
Figure A.12 lllustration of the secondary contribution from image sources 137\ , where
n,=12.3,--- and n, =1,2,3,--- . The lines connecting 18:*’ with the illuminated

receivers should have no intersection with the line from (xmm,o H) to
(xt),.,0,H) and have an intersection with the line from (x{),.,0,H) to
(x&),..,0,H).

E2-F2-F11
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Illuminated zone of 1¢2

B2-F1-F2

. Illuminated zone of 182

B2-F1-F2

(3,2)
. Illuminated zone of 13,7, .,

| (3.3)
B2-F1-F2

-

®)
133 2}:1;,

B2- Fl F2 -
-

B8 -

-

ELY -

and

-
-

/

Facade Surface F1
? Facade Surface F2

Barriers B1 and B2

(2) (2)
L. E20 oo

FI‘FL F1-F2
B2-F1-F2

ST

-
-z

(0,0,0)

Ground Surfaces G1, G2, and G3

Figure A.13
n, =123,

and n,

Illustration of the secondary contribution from image sources
=123,
receivers should have no intersection with the line from (

. The lines connecting 10:™

(ny.nz)
IBZF21F2 ’ where
sarr, With the illuminated

ElFlFZ’OO) (ElFlFZ’O H)

and have an intersection with the line from (xgzF1 0, 0) to (xgzF1 &0, H )
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Hluminated zone of 182, / Facade Surface F1
Facade Surface F2
I llluminated zone of 182, //

(3.2)
. [lluminated zone of 17 ., and

| (3.3)
B2-F1-F2

Barriers B1 and B2

E2(3) 1() _-="

(2)
E ZFLF>™ 2F1F2
\\

~ N

FFT
- -
23]
I

I (3'3)' | | (070,0) | I (3.2)

B2-F1-F2 B2-F1-F2

Ground Surfaces G1, G2, and G3

Figure A.14 lllustration of the secondary contribution from image sources 1" where

B2-F1-F2 !
n,=12.3,--- and n, =1,2,3,--- . The lines connecting 15:*" with the illuminated

receivers should have no intersection with the line from (xEl e 0,— H) to
(xgzm,o H) and have an intersection with the line from (xEz L 0,— H) to

(XézzFl F2 ’0 H )
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[lluminated zone of E1, Facade Surface F1
/? Facade Surface F2

Barriers B1 and B2

E1, | )
(0,0,0)
Ground Surfaces G1, G2, and G3
Figure A.15 Ilustration of the secondary contribution from image sources E1,. The lines connecting

the illuminated receivers with E1, should have no intersection with the line from
(L, +W,0,H) to (L, +W,0,0).
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lluminated zone of 1, / Facade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

Ground Surfaces G1, G2, and G3

Figure A.16 llustration of the secondary contribution from image sources E1,. The lines connecting
the illuminated receivers with E1, should have no intersection with the line from
(L, +W,0,H) to (L, +W,0,—H).
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Hluminated zone of E1¢_ / Facade Surface F1
/ Facade Surface F2
" llluminated zone of all E1® /

F1-B11

Barriers B1 and B2

E1%,, E19,, E19, E1%) E1%)

1 F1-B11 F1-B11 F1-B11 F1-B11 F1-B11

| |

10, 100, 10y, E10,, E19, 10, B, /f
N O i

(0,0,0)

Ground Surfaces G1, G2, and G3

Figure A.17 Illustration of the secondary contribution from image edges E1!). , where
g, =1,2,3,--- . Receivers having a height lower than H and located between the facade
surface T, and the barrier B1 should be illuminated by all E1{) . Especially for

F1-B11

E1®.., . receivers located higher than H are also illuminated.
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[lluminated zone of E1Y), / Fagade Surface F1
Facade Surface F2
I lluminated zone of E1%,, //
and E13),
Barriers B1 and B2
SEH e
.)/ -
L
| Jg’" (0,0,0) N . |
Bl "
Ground Surfaces G1, G2, and G3
Figure A.18 [llustration of the secondary contribution from image sources E1'*. ., where

q,=12,3,--- . For the E1 !

F1-B11

with odd ¢, , the lines connecting the illuminated

() should have an intersection with the line from (- L,,0,—H ) to
(- L,,0,H ) and have no intersection with the line from (L,,0,~H ) to(L,,0,H ). For
the E1{) ~with even g, the lines connecting the illuminated receivers with E1 %) |

F1-B11

should have an intersection with the line from (L,,0,-H ) to(L,,0,H ).

receivers with E1 ()
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Illuminated zone of all E1¢

/? Facade Surface F2

Facade Surface F1

Barriers B1 and B2

®) (6) (4) (2) @) 3) (5) (7
E1521—512 E1521—512 E1521—512 Elszrmz / Elszrmz Elszrmz ElBZLBlZ ElBerBlZ

I I T I

(0,0,0)

Ground Surfaces G1, G2, and G3

Figure A.19 Illustration of the secondary contribution from image sources E1® where

B21-B12 !

g, =1,2,3,--- . The illuminated receivers should be located between the two barriers B1
and B2 and have a height lower than H .
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Illuminated zone of E1% 0,
. Illuminated zone of E1¢

. Illuminated zone of E1%

Facade Surface F1

/? Facade Surface F2

B21-B12

B21-B12 d
E]'SZ)lBlZ
Barriers B1 and B2
=T 000) L
ElBZl B12 ElBZl B12
Ground Surfaces G1, G2, and G3
Figure A.20 llustration of the secondary contribution from image sources E13) ., , where

9, =1,2,3,--- . For the E13}),, with odd q,, the lines connecting the illuminated
receivers with E1()_ . should have no intersection with the line from (L,,0,-H ) to
(L,,0,H) and have an intersection with the line from (L, +W,0,-H) to
(L,+W,0,H ). For the E1%) . with even g, the lines connecting the illuminated

receivers with E13% ., should have an intersection with the line from (L,,0,-H)
to (L,,0,H) and have no intersection with the line from (L, +W,0,-H) to
(L, +W,0,H).
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Illuminated zone of all E1¢

/? Facade Surface F2

Facade Surface F1

Barriers B1 and B2

S */I’ “in it
(0,0,0)
Ground Surfaces G1, G2, and G3
Figure A.21 Illustration of the secondary contribution from image sources E1%, , where

g, =2,3,4,--- . Note that g, starts from 2 as E1?

F1-F2
all 1%, , the illuminated receivers should have a height higher than H .

is already considered as E1®_ . For

F1-B11 °
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[lluminated zone of E19,, Facade Surface F1
Facade Surface F2
I Muminated zone of E19,, & E1Y,
/“\
4 N
4 N
4 N
7/ N
4 N
4 A
4 N
/, \\
S Barriers B1 and B2
4 A
4 N
4 N
4 N
4 A
/7 N
/ N
2 ’ \\ (3)
El(r—ﬁ)ltl // ElFZ-Fl
2 I AN
/ N
| J((3) 0.0.0) ‘l (@ |
ElFl-F2 E1F1-F2
Ground Surfaces G1, G2, and G3
Figure A.22 Illustration of the secondary contribution from image sources E1%, , where

g, =2,3,4,--- . Note that q, starts from 2 as E1%_, is already considered as E1®_ . The

F1-F2 F1B11 "

lines connecting the illuminated receivers with E1¢), should have no intersection with
the line from (xé‘j%;zl?Fl,O,—H ) to (xg%;;_’m,o, H )
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Illuminated zone of E1¢)

F2-F1

/

—

Facade Surface F1
Facade Surface F2

Barriers B1 and B2

£, £12, Y e £,
| [ | | |
(0,0,0)
Ground Surfaces G1, G2, and G3
Figure A.23 Illustration of the secondary contribution from image sources E1%), , where

q, =1,2,3,--- . The illuminated receivers should have a height higher than H .
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[lluminated zone of E1%, Facade Surface F1
Facade Surface F2
. llluminated zone of E12,, & E1%),
7N
7 \
/7 \
/7 N
/7 \
4 AY
4 \
/7 \
4
, © Barriers B1 and B2
4 AY
4 \
/ \
4 \
4 N
/7 \
4 AY
g2 E90
; F2-F1 / 2-F1
|- I .
\
1 00 N
Eler
Ground Surfaces G1, G2, and G3
Figure A.24 Illustration of the secondary contribution from image sources E1%) , where
g, =1,2,3,--- . The lines connecting the illuminated receivers with E1*) should have

no intersection with the line from (x;ge;m ,0,—H ) to (xg%gm ,0,H )
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Hluminated zone of g1¢2, . / Fagade Surface F1
Facade Surface F2

. Illuminated zone of g1¢? / /

B21-B12-F1-F2

. Illuminated zone of g1¢2 and

B21-B12-F1-F2
E18)
B21-B12-F1-F2

Barriers B1 and B2

~
~

Ezﬁﬁqullin: - / 7~ e, gao
= y FLP2 5 CFLR2

- /::[‘ - ,I I r ) \\{. 3

L«’*/ (0,0,0) \+*~J

Elgi)mz-m-rz Elf:zf)Blﬂ
Ground Surfaces G1, G2, and G3

Figure A.25 Illustration of the secondary contribution from image sources E1{:®@ _ . where
q,=135,--- and q, =1,2,3,--- . The lines connecting the illuminated receivers with
E1{®) should have no intersection with the line from (xéifgl_Fz,O,—H) to

B21-B12-F1-F2

(xé‘jfgl_Fz,O,H) and have an intersection with the line from (xégﬁgl_FZ,O,—H) to

(Xégz-g—l-lrz ,0, H )
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; : Facade Surface F1
[lluminated zone of E1%7, ..., / G
/ Facade Surface F2
" Illuminated zone of E182 n /
. [lluminated zone of E1%;> . and
E1(54£12—)BIZ—F2—F1
Barriers B1 and B2
@ o -
E];Ff-sa J‘E]'gﬁpr - E1Y9,

JP(:Z‘)‘I' (0’0’0) #‘\l (4.1)
ElBZl—BlZ-FZ-Fl ElBZl—BlZ-FZ-Fl
Ground Surfaces G1, G2, and G3

Figure A.26 [llustration of the secondary contribution from image sources E1%:%) _ _ where
q,=2,4,6,--- and q, =1,2,3,--- . The lines connecting the illuminated receivers with

E1&) . should have an intersection with the line from (xé‘jfgz_Fl,O,—H) to

(x(qz) O,H) and have no intersection with the line from (xégfgz_Fl,O,—H) to

E1-F2-F11

(Xég%éz-m 0,H )
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(3.2)

Hluminated zone of E1¢2 Facade Surface F1

Facade Surface F2
i (3.3)

. Illuminated zone of E157 ., r
3.2)
. [lluminated zone of E1.7) .., and
(33)
ElFlBllFZ F1
4
7
4
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7/
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S SN
(3.2) (3,3)
ElFl B11-F2-F1 ElFl B11-F2-F1
Ground Surfaces G1, G2, and G3
Figure A.27 Illustration of the secondary contribution from image sources E1'") _ _ , where

q, =35,7,--- and g, =1,2,3,--- . Note that q, starts from 3 as E1%%) _ _ s already

considered as E1*) . The lines connecting the illuminated receivers with E1(%

F1-F2 F1-B11-F2-F1
should have no intersection with the line from ( le) ,0,— H) ( x&) 0, H ) and
have an intersection with the line from (x{:2,,0,—H ) to (x{:2,,0,H ).

E1-F1-F2? E1-F1-F2?
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[lluminated zone of E2, / Facade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

7

(0,0,0)

Ground Surfaces G1, G2, and G3

Figure A.28 Illustration of the secondary contribution from image source E2,. The lines connecting
E2, and the illuminated receivers should have no intersection with the line from
(L,,0,0) to (L,,0,H).
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[lluminated zone of E2, / Facade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

. |
(0,0,0
E2,
Ground Surfaces G1, G2, and G3
Figure A.29 lllustration of the secondary contribution from image source E2,. The lines connecting

E2, and the illuminated receivers should have no intersection with the line from
(L,0,—H) to (L,,0,H).

Appendix 204



Image Source Modeling for Parallel Barriers

Hluminated zone of E2¢,, / Fagade Surface F1
Facade Surface F2
. [lluminated zone of all E2%,, //

Barriers B1 and B2

EZSZS)BZZ E2:=124)822 EZSZO)BZZ E2f=62)822 E2:=22)BZZ SZ)-BZZ EZSZ)BZZ EZSZI)BZZ EZSZE’)BZZ EZSZQ)BZZ
E20,. B2, B2, E20,) Q0 820,V E20, Y 20, f B2 B2
I I
(0,0,0)
Ground Surfaces G1, G2, and G3
Figure A.30 Illustration of the secondary contribution from image sources E2{ ., , where

g, =1,2,3,--- . Receivers having a height lower than H and located between the facade
surface T, and the barrier B2 should be illuminated by all E2'*,,, . Especially for
E29

F2-B22 !

receivers located higher than H are also illuminated.
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Illuminated zone of E29, / Fagade Surface F1
Facade Surface F2
I Mluminated zone of E2%,,, and //
E2F72)522
Barriers B1 and B2
ngz) B22
| Le@o0) N
EZSZ)BZZ E2:=72)822
Ground Surfaces G1, G2, and G3
Figure A.31 llustration of the secondary contribution from image sources E2[%, , where

9, =1,2,3,--- . For image sources E2{}),, with odd order q,, the lines connecting the

illuminated receivers with E2%. ~ should have an intersection with the line from
(L+L,0-H) to (L+L,,0,H) and have no intersection with the line from
(L, +W,0,-H) to(L, +W,0,H ). For the E2%,, with even q,, the lines connecting

the illuminated receivers with E2%)  should have an intersection with the line from
(L, +W,0,-H) to(L, +W,0,H).
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lluminated zone of E2®) / Fagade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

O] ®) @®) (€] @ ) ©) @®)
E2 B12-B21 E2812-B21 E2312-521 E231 B21 / E2812-B21 E2 B12-B21 E2312-521 E2812-B21
I

[ I N I

(0,0,0)

Ground Surfaces G1, G2, and G3

Figure A.32 [lustration of the secondary contribution from image sources E2%% ., where
g, =1,2,3,--- . The illuminated receivers should be located between the two barriers B1

and B2 and have a height lower than H .
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[lluminated zone of E2§), ., / Facade Surface F1
Facade Surface F2
I 1Muminated zone of E2%), //
. [lluminated zone of E2§),, and
EZBAI)Z B21
Barriers B1 and B2
L‘: ” 1 H h §|. ~ ~l
E2f331)2 B21 E2f341)2 B21
Ground Surfaces G1, G2, and G3
Figure A.33 llustration of the secondary contribution from image sources E2g) . , where

9, =123,--- . For the E23) ., with odd q,, the lines connecting the illuminated
receivers with Ezgg ., should have an intersection with the line from (L,,0,—-H ) to
(L,,0,H) and have no intersection with the line from (L, +W,0,-H) to
(L, +W,0,H ). For the E2%),, with even q,, the lines connecting the illuminated

receivers with E2 _ should have no intersection with the line from (L,,0,-H)
to (L,,0,H) and have an intersection with the line from (L, +W,0,-H) to
(L, +W,0,H).
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Illuminated zone of E2(®

F1F2

/

—

Facade Surface F1
Facade Surface F2

Barriers B1 and B2

E20., E20,, / E20,, E2Y,,
[ | [ | 4 | | I
(0,0,0)
Ground Surfaces G1, G2, and G3
Figure A.34 Illustration of the secondary contribution from image sources E2%), , where

q, =1,2,3,--- . The illuminated receivers should have a height higher than H .
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Illuminated zone of E22, / Facade Surface F1

Facade Surface F2

I llluminated zone of £2¢,, and /
E2%,
4\
/ \
4 \
4 \
4 \
/ \
4 \
/ \
/ \

Barriers B1 and B2

(¥ (2)
Ezw E2 FLF2

Ground Surfaces G1, G2, and G3

Figure A.35 Illustration of the secondary contribution from image sources E2%., , where

d, =1,2,3,--- . The lines connecting the illuminated receivers with E2!*), should have

no intersection with the line from (xé‘jfgl,m ,0,—H ) to (xgj?gl_Fz ,0,H )
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lluminated zone of E2(%), / Fagade Surface F1
/ / Facade Surface F2

Barriers B1 and B2

E20 E20 / E29.
L] L] d [ |

(0,0,0)

Ground Surfaces G1, G2, and G3

Figure A.36 Illustration of the secondary contribution from image sources E2%) , where

q, = 2,3,4,--- . The starting number of reflection is 2 to avoid duplication with E2%) .
The illuminated receiver should have a height higher than H .
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Illuminated zone of E2%, Facade Surface F1
Facade Surface F2
I Muminated zone of E2%,, and /
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Ground Surfaces G1, G2, and G3

Figure A.37 lllustration of the secondary contribution from image sources E2{:) , where
g, = 2,3,4,--- . The starting number of reflection is 2 to avoid duplication with E2),, .
The lines connecting the illuminated receivers with E2[%:) should have no intersection

with the line connecting (xggzn .,,0,—H ) and (xégzpf)F2 ,0,H )
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[lluminated zone of E2¢2_ / Facade Surface F1
Facade Surface F2
I Hluminated zone of E252,,.,,., / /
. [lluminated zone of E2%2,, . ., and
E2(Bzi:;)—le—Fl—F2

Barriers B1 and B2

7
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Ground Surfaces G1, G2, and G3
Figure A.38 lllustration of the secondary contribution from image sources E2{.%) where

B12-B21-F1-F2 !

q,=2,4,6,--- and q, =1,2,3,--- . The lines connecting the illuminated receivers with
E2(ue ., should have no intersection with the line from (x“‘” 0,—H) to

E1-F1-F2 !
(xé‘jfgl_Fz,O,H) and have an intersection with the line from (xégfgl_Fz,O,—H) to
(Xég%él-FZ ’0’ H ) "
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[lluminated zone of E282., ..., / Facade Surface F1
Facade Surface F2
I Muminated zone of E282,,,.,., / /
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Ground Surfaces G1, G2, and G3
Figure A.39 Illustration of the secondary contribution from image sources E2®.%
g, =135,--- and q, =1,2,3,--- . The lines connecting the illuminated receivers with
E28%) should have an intersection with the line from (x.%

B12-B21-F2-F1

(az2)
(XEl—FZ—Fl '
(X(qz)

E2-F2-F11

0,H)

O,H) and have no intersection with the line from (

X(Qz)
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[lluminated zone of 26 Facade Surface F1

F2-B22-F1-F2 /
Facade Surface F2
I Muminated zone of E257,,..., / /

. Illuminated zone of E2¢Y and

F2-B22-F1-F2

B2 e
Barriers B1 and B2
® - - ~~ 1 o0 ®
El 1':,2}1"?'2&-&’ = E?Elrm \Efl F2-F1
==t (0,0,0) Sl
31 32)
E2 F2-B22-F1-F2 E2 F2-B22-F1-F2
Ground Surfaces G1, G2, and G3
Figure A.40 Iustration of the secondary contribution from image sources E2%%) _ . where

q, =35,7,-- and g, =1,2,3,--- . Note that ¢, starts from 3 as E25%), . . is already

considered as E2{%.) . The lines connecting the illuminated receivers

H (a1.92)
with E2F21—B§2—F1—F2

should have no intersection with the line from (xg;%gm,o,—H ) to (xéﬂ%;m,O, H ) and
have an intersection with the line from (xg%;;fﬂ ,0,—H ) to (x;;%;;?ﬂ ,0,H )
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