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Abstract	

Abstract of thesis entitled: Performance of Ventilation-enabled Noise Barrier for

Residential Development

Submitted by          : Yuen Ka Chun

For the degree of   : Doctor of Philosophy

at The Hong Kong Polytechnic University in August 2019.

In order to enhance the ventilation in the shadow zone of typical barrier

design in residential development, new noise barrier design named “Ventilation-

enabled Noise Barrier” (VNB) is proposed. The design of a VNB similar to that of a

plenum window: consisting of two rigid walls, with an inlet at top of source side

and an outlet at bottom of receiver side, such that a passage with overlapping is

created. By creating inner passage for air movement and sound transmission, the

VNB modules achieve in balancing its acoustical performance and ventilation

performance. This study focuses on the VNB acoustical performance. Laboratory

measurement is used to assess the performance of the VNB modules, regarding

the insertion loss of the measurement array behind the 1:4 barrier model. Cases

of singular-modules of different overlapping, combinations of different singular-

modules of same overlapping and different overlapping are put into test. The

relative insertion loss of a VNB is the comparison between the insertion loss of

VNB to that of a typical noise barrier design. Providing that the performance of

the VNB modules  is  expected to  be worse  than the typical  noise  barrier  design

because of the additional opening, result shows that the performance of the VNB
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modules are generally better with increasing module overlapping. In the shadow

zone of the barrier model, a large negative relative insertion loss zone created by

the module outlets dominates the performance of the noise barrier model. In

cases with twin- and dual- modules, a significant positive relative insertion loss

zone is found, topped on the dominant negative relative insertion loss zone. By

changing the overlapping length of the modules, the interference pattern behind

the barrier model changes and thus affecting the location of insertion loss zones.

The scaled-down modelling result is coherent with the computational simulation

of the barrier model, which supported that in near field the increase of sound

pressure  level  would  not  be  greater  than  1  dB(A).  Numerical  modelling  by

computational simulation is done to investigate the acoustic properties of the

individual VNB modules and the combination of them. In low frequency range of

100 – 500Hz, peaks of radiated energy transmission from the outlets of the VNB

modules are found. The number of peaks and the frequency which the peaks are

located different for different VNB combination of various overlapping length. In

the  aim  of  a  feasibility  study  of  the  VNB,  further  on-site  validation  of  the  VNB

prototype has been carried out, where results matched the above-mentioned

assessment results. The above collection of research proved that the VNB design

has succeeded in taking good balance between its acoustical and ventilation

performance, by sacrificing its acoustical performance in a small scale. The VNB

can be a reference design in the barrier application of development with sensitive

receivers in urban cities to provide better and sustainable living environment.
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1

Chapter	1:	Introduction	

1.1	Objectives	and	background	

Traffic noise has been regarded as one of the main sources of noise pollution in

urban cities nowadays due to its psychological effects on human living quality

(Kryter, 1985) (Hashmi & Zaman, 1982) (Davies, 1968) (Hahad et al., 2019). Being

one of the most populated cities in the world, Hong Kong Government has

proposed Noise Control Ordinance in the aim of reducing traffic noise impact to

maintain citizens’ living standard. According to “Spatial Distribution of Traffic

Noise Problem in Hong Kong”, published by the Hong Kong Environmental

Protection Department in 2019, nearly 1 million residents are suffering from

excess traffic noise. In Hong Kong, main roads and highways are built closely to

residential area due to poor urban planning in the past and lack of available land

supply. The high noise level cause interference to citizens’ daily activities, even

their sleep quality of the nearby residents (Aparicio-Ramon et al., 1993) (Joshi &

Osada, 1997) (Kura et al., 1999). Over a quarter of Hong Kong citizens exposed

to noise over 65 dB(A) at their residence, with around 8% and 4% of them are

highly annoyed by the noise and highly disturbed in sleep respectively (Lam,

2012). Other researches have suggested that exposure to noise would even

cause harm to individual’s health (Münzel et al., 2014) (Tobías et al., 2015) (Recio

et al., 2018) (Amoatey et al., 2020).

Various methods of traffic noise control (Herman, 1998) (Kurt et al., 2016) and

noise mitigation measures (Isei, T., 1980) (Yamamoto, 1989) (Lee et al., 2013)
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(Ishizuka and Fujiwara, 2013) have been studied extensively and been proposed

to combat the traffic noise issue (Rathe, 1969) (Sandberg, 1979) (Hothersall,

1992). Traffic noise pollution can be reduced effectively by careful city planning

design and complete public transportation system. Regarding the sound

transmission path from the traffic noise source to the noise sensitive receiver,

noise mitigation measures are proposed at source side, in middle of transmission

path and at receiver side. Acoustic window and acoustic balcony are applied on

building facade at receiver side to shield noise transmission into the indoor

environment (Tang et al., 2014) (Tong et al., 2015). However, these receiver-side

measures occupy living space of residents. Considering the limited living space in

Hong Kong, these measures are always regarded as the last favorable solution to

the traffic noise issue in residential development. Mitigation measures which

applied at source side and/or in the middle of the sound transmission path is an

alternative solution to the traffic noise issue. One example of this kind of

mitigation measures which is commonly used in Hong Kong is noise barrier.

Traffic noise can be attenuated by the application of noise barrier through

extending the propagation path for sound wave travelling from source to

receiver (Kuby et al., 2003). A shadow zone is set up behind the noise barrier by

blocking the direct sound propagation path. It is obvious that a higher noise

barrier can extend the sound propagation path and enlarge the shadow zone,

such that much noise can be attenuated. However, due to structural and

strategical issues, there is always height limit for noise barrier. There are
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proposals to improve the performance of noise barriers using different barrier

edge designs, such as using porous and sound-absorptive materials, for instance,

May & Osman (1980), Watts et al. (1994) and Watts (1996). Sloped and sound-

absorbing barriers are long used to solve problem of performance degradation

due to reverberant build-up of traffic noise in parallel barrier configurations or

multiple reflections from high-sided vehicles, yet their long-term performance

and applicability to locations with existence of high–rise buildings are doubted.

Dispersive barriers without the said disadvantages are much applicable as

solution, with an additional benefit of being aesthetical. Reactive barrier has

been shown to provide stronger noise reduction than conventional barriers (van

der Heijden & Martens, 1982) (Fujiwara et al., 1998) (Okubo & Fujiwara, 1998),

while  adding  a  series  of  rib-like  structure  on  top  of  a  T-shape  barrier  would

provide an increase of around 8 dB in the mean insertion loss compared to a

plane rigid screen of the same overall height (Fujiwara et al., 1998).

Apart from its performance in acoustic field, some may worry the impact of its

presence to the local ventilation-related issues. Many researches on the

interference between local ventilation and roadside noise barrier have been

done nowadays, as more simulation models are applicable for the research on

the sound propagation, ventilation, turbulence and air dispersion of a noise

barrier (Baldauf et al., 1970) (Rasmussen, 1998) (Hagler, 2011 &2012). Moreover,

the developed models are used as prediction tools for the solution to mitigate
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the targeted problem related to the barrier and area adjacent to it, and

enhancing the search for the best one to apply for various situations in reality.

In common setting, various public utilities such as jogging trails, children

playgrounds, sport fields and related human activities are usually found in the

shadow zone of noise barrier. Apart from influencing the noise-sensitive

receivers living in adjacent buildings, installing a noise barrier would also greatly

affect the soundscape (Hong et al., 2012), outdoor air quality (Baldauf, 2008) (Li

et al., 2016) and air movement (Schulte et al., 2014) (Steffens et al., 2014) of the

local environment and thus nearby human activities, especially sports-related

one. Research on noise barrier in acoustic and ventilation aspect, and the

interference between them is needed for developing guidelines and suggesting

design configurations of noise barrier in the future.

In this study, a newly-design barrier called “ventilation-enabled” noise barrier

(VNB for short), which allows both sound propagation and air movement through

its structure, is proposed to mitigate the said problem. The design principle of

VNB is actually the same as that of a plenum window. Plenum window is a

partially opened double glazing window, which is used for both sound insulation

and natural ventilation-enabling, especially in high-rise urban environment

where multiple noise sensitive receivers exist (Tang, 2017). The design concept

of this window was first proposed by Ford & Kerry (1973), in which the sound

transmission index of plenum window was investigated. Related laboratory test

result showed that the performance of plenum window was 10 dB(A) higher than
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that of the ordinary window. On site research has been carried out by Tang

(2012), where acoustical insertion loss of conventional side hung window and

plenum window were compared under the existence of a busy trunk road with

75 – 80 dB(A) noise level. Compared to conventional side hung windows, under

this strong noise level, ventilation window provides an additional noise reduction

of 8 dB. Result from the full-scale field measurement by Tong et al. (2015) has

strengthened the findings. Performance of plenum window installed in the

targeted housing estate is found to be better than that of ordinary window for

around 8 dB traffic noise reduction.

Compared to the conventional noise barrier which consists of a plain rigid wall,

VNB is supposed to be less efficient in noise reduction as openings exist on

receiver side, especially for sensitive receivers in the shadow zone of the barrier.

The key principles of VNB design is the balance between the “sacrifice” of certain

degree of noise reduction and the improvement of the ventilation rate at

receiver side of the barrier.

Regardless of the performance of VNB, the mechanisms of the sound

propagation inside the cavity of VNB module and how the sound field behind the

VNB is affected are unknown. In this study, noise aspects including the frequency

responses of VNB, the performance of VNB at particular frequency band and the

sound propagation throughout the VNB is investigated and discussed. Studying

the acoustical properties of the VNB helps understand the relationship of the
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VNB configuration and its acoustical performance, so as to provide improved

solutions to mitigate the traffic noise problem.

1.2	Structure	of	thesis	

The arrangement of this thesis are as follows:

A brief introduction of the road traffic noise situation in developed area

especially in Hong Kong is given. Noise barrier has been the mitigation measures

for road traffic noise pollution problems for a long period of time. As the land

supply in Hong Kong is limited, it is unavoidable to locate residential

developments alongside road with heavy traffic. The noise barrier at the

boundary of residential development podium which provide noise screening for

road traffic noise sensitive receivers in the barrier shadow zone is more often

found in Hong Kong, due to scarce space for barrier installation alongside the

traffic noise source. The noise barrier elevation would block the natural

ventilation at the podium level, affecting adversely the local micro-climate. A

newly proposed ventilation-enabled noise barrier (VNB) design is introduced to

mitigate the problem.

In chapter 2, a thorough literature review is done on past researches focusing on

road traffic noise problem via different modelling methods of the barrier and the

difference in the insertion loss between different types of methodologies.

Environmental parameters such as ground surface and atmospheric effects

which affect the barrier noise attenuation performance are also reviewed in this

chapter.
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Chapter 3 introduces terminologies which are commonly used in researches for

determining the noise attenuation performance of the noise barrier. The basic

mechanisms on noise attenuation of the noise barrier are also mentioned. In the

last part of this chapter, general indexes for assessing the noise barrier

attenuation  performance  are  introduced.  Insertion  loss  (IL)  is  the  major

assessment descriptor for the noise attenuation performance of the barrier

design. Traffic weighting is applied to insertion loss as a correction for the white

noise from artificial source in the laboratory measurement, in order to minimize

the difference between the experiment and real scenarios.

Chapter 4 presents the measurement data and result analysis of the scaled-down

modelling of the VNB modules installed on the barrier model. At the beginning

of  the  chapter,  an  introduction  on  the  VNB  design  is  given  to  present  its

mechanism of allowing natural ventilation and the resulting sound propagation

in the local sound field. Three VNB modules categories, namely the singular-

module, twin-module and dual-module were tested. It is expected that the

existence of the module outlets will decrease the noise attenuation and this

attenuation will be fluctuated by changing the overlapping length of the VNB

module. The presentation of setup of the scaled-down modelling measurement

follows, including the model dimension, line source and receiver positions, the

instrument connecting network and the instrument used in the experiment.

Measurements on different combinations of singular-module of different

overlapping are carried out. Result analysis on the measurement data with
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respect to different parameters of the barrier module such as barrier zoning,

module overlapping length, measurement distance is done in the later part of

this chapter.

Chapter 5 presents the numerical modelling results of the VNB modules. VNB

modules are put into a three-dimensional finite element computational

simulation by using commercial software COMSOL Multiphysics 5.1. The sound

pressure level distribution and the radiated power transmission of the VNB

modules is presented and discussed by using the simulation result. Investigation

of the relationship between the module structure and the radiated power

pattern in the frequency range of 100 – 500Hz is done. Observation on radiated

power transmission from the VNB modules outlet is also discussed.

Chapter 6 focuses on the numerical modelling of the VNB for near-field receiver.

The combined methodology of using finite-element method together with

empirical acoustical formulation is introduced. Two-dimensional finite-element

method  (FEM)  is  used  with  the  aid  of  the  commercial  software  MatLab.  The

settings of boundary conditions, testing domain and the derivation of the

empirical acoustical formulation is reviewed. Results show that the predicted

sound pressure level at the interested noise sensitive receivers in the barrier

shadow zone of the designated residential development increase of around 0.5

dB(A) with the replacement of the original barrier by the VNB.

Chapter 7 is the review of the full-scale modelling for noise attenuation

performance of the VNB installed at a local housing estate. The measurement
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domain is originally the reference of model of the numerical modelling discussed

in the Chapter 7. The measurement instrumentation and the procedure are

introduced. The on-site measurement results are in a good agreement with the

numerical modelling prediction of the noise level at particular noise receivers.

Chapter 8 is the last chapter of this thesis. Conclusion of the findings within this

study would be summarized the importance of this study to the development of

barrier design against the road traffic noise problems in the future is discussed.

This is followed by some suggestions and the recommendations on the future

researches on noise barrier attenuation performance.
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Chapter	2:	Literature	Review	

Many researches and studies concerning the noise generated from the traffic

source have been carried out in countries all over the world because of its

increasing importance on the living standard of local citizens. (Canelli, 1974, Ko,

1978, Chakrabarty et.al. 1997, Onuu, 2000, Sommerhoff et. Al., 2004). Excessive

exposure to traffic noise source can lead to disturbance to hearing (Banerjee,

2012) and even permanent damage to human’s hearing threshold (Kryter, 1985)

(Suskovic 2012). Mitigation measures on traffic noise is essential for securing

human activity. One of the solutions is installing noise barrier in between the

noise source and the noise recipients.

2.1	Key	contributors	of	road	traffic	noise	

There are totally four elements which contributed to road traffic noise, including

vehicle engine noise, exhaust pipe noise, tire noise and aerodynamic noise.

Among these elements, engine noise, exhaust pipe noise and tire noise are put

into review as they are the main contributors to road traffic noise.

In between a series of vehicle operation processes, the fuel explosion process

generates engine noise, whose noise level depends on the operation loading. The

difference of the noise level generated between full load mode and no-load

mode can reach 10dB. The frequency range of the engine noise is commonly

around 100-500 Hz, which is categorized into low frequency range. The variance

of the frequency range and the noise level of engine noise generated from the

vehicle engine mostly depends on the type and design of the car engine.
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Another main contributor of road traffic noise is tire noise. The mechanisms of

generating tire noise is mainly related to the vibration of tire in the vehicle

operation process and the contact between the vehicle tires and the road surface.

It is found that tire noise would be the dominant contributor of the whole road

traffic noise when the vehicle speed reaches 40-50 km/h (Sandberg, 1979), as

the relationship between the tire noise level and the vehicle speed is in direct

proportion. The frequency range covered by tire noise depends on the size of the

vehicles. For normal small vehicles, the covered frequency range of tire noise is

around 800-1000Hz, while for large vehicles such as trucks and buses, the range

is around 500Hz.

Exhaust pipe noise is partly generated by the exhaust air from the explosion

chamber of the vehicle engine. The running speed of the engine is the key factor

of the exhaust pipe noise level. It is possible for the exhaust pipe noise level to

be increased for about 45 dB for a 10 times increase in the engine speed. Other

than engine speed, Priede (1971) found that the engine operating loading is also

a factor of the exhaust pipe noise. However, the proportional relationship

between the exhaust pipe noise level and the engine operating loading is only

found in petrol engines, but absent in diesel engine cases.

The last important factor which affect the exhaust pipe noise level is the vehicle

engine capacity. A larger engine capacity would generate a higher exhaust pipe

noise level. This phenomenon is supported by the fact that exhaust pipe noise

level is always higher in truck cases than that in the normal vehicle cases, as the
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engine  capacity  of  a  truck  is  larger  than  that  of  those  normal  vehicles.  The

following equation present an estimation on the exhaust pipe noise level

generated by petrol and diesel engine respectively:

 ( ) = 30 + 17.5 +   (1)

 ( ) = 50 + 17.5 + (2)

Where L0 = constant,

v = displacement volume of engine (cm3),

Nr = real speed of engine (rpm).

The above-mentioned key contributors of the road traffic noise mainly cover the

low frequency range of around 100 - 1000Hz. Though road traffic noise

experienced by the noise receivers is broad-banded, mitigating road traffic noise

level at low frequency range would be much efficient.
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2.2	Methods	used	for	assessing	the	noise	attenuation	of	the	noise	

barrier		

From approximately a century ago, study on the noise attenuation performance

of noise barrier has been started in human civilization. In the evolution of noise

barrier research, a couple of methodologies has been used by researchers and

scientists to assess the noise barrier prototypes and invent different noise barrier

design for mitigating road traffic noise. Review on both the theoretical and

experimental  methodologies  suggested  and  used  by  the  researchers  and

scientists are presented in this section.

There  are  two  main  categories  of  methodologies  for  assessing  the  noise

attenuation of the noise barrier, including numerical modelling computation and

physical scale modelling measurement. Numerical modelling computation uses

basic acoustical theory and related formulae to predict the noise level behind the

noise barrier, while physical scale modelling measurement focuses on the noise

level measurement of a scale model which is put in a laboratory or an on-site full-

scale noise barrier to assess its noise attenuation performance.

Within the two categories of methodologies on assessing the noise barrier

attenuation performance, totally six commonly used methods are reviewed in

the following sections.
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2.2.1	Numerical	modelling	computation		

2.2.1.1	Analytical	solutions	

At the first beginning of the study on noise barrier attenuation performance,

researchers focused on the study of wave diffraction over the edge of a thin half

plane. These include diffraction of plane wave, cylindrical waves and spherical

waves.

A rigorous mathematical solution is developed by Sommerfeld (1896) to solve

the diffraction problem. For a scenario of a two-dimensional diffraction problem

of the propagation of an incident plane wave over a thin reflecting semi-infinite

screen, partial differential equations are solved. Two terms in the solution which

are expressed by the principle of geometrical acoustics and in terms of Fresnel

integrals is presented to reveal the contributions of direct wave and diffracted

wave respectively. Later researches (Carslaw (1899), Carlas (1920), MacDonald

(1915)) extends Sommerfeld’s approach by presenting other solutions for the

diffraction phenomenon created by cylindrical and spherical incident wave over

the thin half plane edge.
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Figure 2.1 Sound diffraction in a semi-infinite plane case

The locations of sound sources and receivers are described by cylindrical polar

coordinate to simplify the complexity of the diffraction problem. There are

totally three sound waves by geometrical acoustics principle. These include pd

the diffracted sound wave, pi the incident sound wave and pr the reflected sound

wave. Figure 2.1 shows the region definition regarding the sound diffraction in a

semi-infinite plane case. A point source is located in the left side of the figure,

while  a  receiver  is  located  at  the  right  side.  In  between  the  source  and  the

receiver, a thin plane of zero thickness is placed at the middle of the figure.

Within the describing domain of the figure, it is divided into three regions. Region

I  is  regarded  as  a  reflected  region  which  entire  reflected  sound  wave  will  be

confined. Region III is defined as the shadow zone of a barrier, where only

diffracted sound wave can be found. Propagation path of the incident sound
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wave is blocked by the thin plane and thus the wave cannot be found in this

region. Region II is located in between Region I and Region II. In this region, both

incident and diffracted sound wave can be found. The total sound field pT can

thus be expressed by the following equations, such that:

= + +   for Region I, (3)

= + for Region II, and; (4)

= for Region III. (5)

Figure 2.2 The geometry of source, receiver and image source location

In order to find out the total sound field in spherical polar coordinate system, A

solution was developed by MacDonald (1915), which is presented by the

following equations as the sum of two contour integrals as:
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= ∫
( )( ) + ∫

( )( ) (6)

where k = wavenumber of incident sound wave,

H1
(1) = Hankel function of first kind,

R1  = distance between source and receiver,

R2 = distance between image source and receiver,

  = sine function of angleθand distance R for 1st integral, and;

 = sine function of angleθand distance R for 2nd integral.

Derived from the above equation, the incident wave pi,  reflected wave pr and

diffracted wave pd in Region I, II and III can then be expressed as:

= (7)

= (8)

= ∫
( )( ) + ∫

( )( )
| || | (9)

The solution can further represent the total sound field for the case that the

receiver  is  located  at  the  shadow  zone  of  the  thin  plane,  by  the  following

equation:

= + ∫
( )( )

( ) (10)

A new approach by solving the diffraction problems directly as an integral

formulation via the Wiener-Hopf method is used by Copson (1946) and Levine

and Schwinger (1948) to develop a new solution to the diffraction problem of a

thin barrier. Wiener-Hopf method (Crighton, Dowling, Williams, Heckl and
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Leppington (1996), Wright, (2005)) is a technique to solve linear partial

differential equation with mixed boundary conditions and semi-infinite

geometries. An explicit solution for the sound wave diffraction in a wedge case

is developed by Tolstoy (1989). Edge diffraction can be calculated without the

presence  of  asymptotic  approximation  of  integrals  as  the  solution  of  the

diffraction sound field is expressed in sum of infinite series.

Figure 2.3 Diffraction of spherical sound wave by wedge

At either one surface of the wedge shows in Figure 2.3, the solution of the

diffracted sound field is the combination of the incident sound wave and

reflected sound wave. The incident wave is however unaccountable since the

receiver is in the shadow zone of the wedge. The contribution of the reflected

sound wave to the total sound field is eliminated as reflected sound wave can be

found at either side of the wedges. Thus,

= ∑ ( ) (11)
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where  = sound path between source S0, image source, S’0 receiver  R0 and

image receiver R’0

The location of the mentioned sources and receivers are shown in the Figure 2.4.

Figure 2.4 Source, image source, receiver and image receiver of wedge

A series of calculation shown below can eventually find the diffracted field of

each path:

( ) = − ( ) (12)

where

= ( ) = (− − + )+ ( − ), and; (13)

( ) = ∫ (1 + ) (14)

For the calculation of ( ),

=
| |

tan (tan| | tanh( )) (15)

providing that

Receiver, R0

Image receiver, R’0

Image source S’0

Source, S0
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sinh = − ,, (16)

= , and; (17)

= | − |. (18)

where ′   = shortest distance from source to receiver across wedge top edge,

H(u) = Heaviside step function,

= wedge index, and;

Β = constant.

Though, limitation arises when concerning high frequency, due to the series’

slow convergence.
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2.2.1.2	Analytical	formulations	in	approximation	

It is somehow difficult to solve noise barrier diffraction problems by analytical

solutions. To ease the solving process, much simplified methods is essential to

predict  the  noise  barrier  noise  attenuation  performance.  Solutions  in

approximation for the diffraction problem of a thin half plane with physical

interpretation of diffraction is suggested by Young and Fresnel. Compared to the

barrier itself, the wavelength of high frequency sound is insignificantly small. The

wave property of the concerned sound is similar to the propagation of an optical

wave over a barrier. Fresnel-Kirchhoff approximation (Hecht (1998), Born and

Wolfm (1975)) is thus developed for being a mathematical representation of the

Huygens-Fresnel principle. Sound field behind the noise barrier can be expressed

in surface integral in solving the Helmholtz Equation by using the solution of

Green’s theorem.

Figure 2.5  Geometry and notation of Fresnel-Kirchhoff approximation

In between the sound source and the receiver, a semi-infinite thin screen is

placed at the middle of them, as shown in Figure 2.5. Γ  and Γ represent the
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surface of aperture above the screen and the surface of thin screen respectively.

Thus, equation can represent the sound pressure obtained at the receiver

location, such that

= ∬ ( ) [ ( + )] (18)

Extending the Kirchhoff’s solution into Rubinowics-Young formula in order to

express the diffraction sound field behind noise barrier in line integral rather

than surface integrals is done by Skudrzyk (1975). In the development of his new

solution, diffraction sound field is also decomposed into direct sound field and

scattered sound field by both the plane and spherical incident waves of the

Kirchhoff’s solution.

Embleton  (1980)  further  develop  another  formula  to  express  the  sound

diffraction problem of a two-dimensional barrier based on two assumptions on

the Rubinowics-Young formula. The first assumption states that the line integral

is along the barrier edge and the second one assumes that the two barrier edge

endings are connected by a semi-circular arc. For an more convenient numerical

implementation, the integration variable is reduced into one-dimensional.

Provided that the barrier location is in between the sound source and the

receivers, the simplified line integral is shown by the following equation:

Ψ(R, t) = − ∫  ( )

( )
(19)
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2.2.1.3	Empirical	formulations	

Redfearn (1940) and Fehr (1951) developed the engineering chart for predicting

the noise attenuation performance of a noise barrier regarding a point source. A

function with two key parameters is used for his chart for the sound attenuation

calculation process, including the diffraction angle of the sound wave and the

barrier effective height which is normalized by the wavelength. The ground effect

and atmospheric effect are however not considered.

A  design  chart  is  proposed  by  Maekawa  (1965)  (1968)  based  on  the

measurement data of numerous experiments carried out for predicting the noise

attenuation performance of a thin barrier. His experiments used pulsed tone in

short duration as a sound source and sources and receivers are placed at

different positions. In order to express the thin barrier’s shadowing effect, sound

attenuation is plotted against Fresnel number in the chart. A correction of 2 dB

is  suggested  to  account  for  the  existence  of  ground  effect.  Based  on

measurement data, Rathe (1969) also presented a chart, which differs from the

Maekawa’s chart as the sound attenuation obtained from Rathe’s chart is in

octave bands. Later years onwards, new engineering formulaes have been

proposed  to  represent  Maekawa’s  chart  (Delany  (1972),  Tatge  (1973),

Yamamoto (1992)).

In the empirical formula of Maekawa’s chart, one important parameter used is

the path difference . Path difference represents the difference in the length

between the direct path from the sound source to the receivers and the
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diffracted path from the source to the receiver over the barrier top edge. The

formula represents the path difference is given as below:

= ( − )− (20)

Another important parameter which the Maekawa’s chart comprises of is the

sound wave wavelength, .  The diffraction of  the sound wave is  larger  with  a

longer wavelength.

The two key parameters of the Maekawa’s chart are then combined into a

Fresnel Number, such that:

= (21)

The function well fits the Maekawa’s curve is:

= 10 log (3 + 20 ) (22)

where Att = noise attenuation level.

Empirical formulas for noise barrier noise attenuation is derived by Kurze and

Anderson (1971). The empirical formulas are done by comparing the noise

attenuation of the noise barrier in the existence of point source and line source.

The effect of different diffraction angle at source and receiver sides were also

studied.  It  was  eventually  found  that  there  is  consistency  for  some  of  the

common features with Maekawa’s chart and Rathe’s chart. The sound

attenuation can be expressed as a function of relative source and receiver

positions with the aid of Keller’s diffraction theory. Simplified empirical

formulaes derived by Kurze and Anderson (1971) is given in the following as:

= 5 + 20 log (22)
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A  modelling  method  presented  by  Isei  et  al.  (1980)  is  used  to  estimate  the

combination effect of barrier effect and ground effect of a noise barrier. The path

of reflected sound wave from ground is considered in his modelling method. In

the existence of a line source, the Isei’s model sound attenuation is presented as:

= 10log (∑ 10
∆

) (23)

where Li = sound level at receiver by ith source

∆  = sound attenuation of barrier calculated by ith point source

The Isei’s model made a great influence on the later researches on the analytical

methods for calculating the insertion loss of the noise barrier with ground effect

(Koers (1983), L’esperance, Nicolas, Daigle (1989), L’esperance (1989), Leang,

Yamashita, Matsui (1990), Lam (1993) (1994)).

The Makekawa’s chart is further modified by Menounou (2001). There are two

Fresnel number in the modified equation. The first Fresnel number is traditional,

describing the sound source and receiver locations to the noise barrier. The

difference of the second Fresnel number to the first one is its association with

the image source but not the real one. Kurze-Anderson formula and Kirchhoff

solution is also considered in the modification such that the three mentioned

waves, including the plane, the cylindrical and the spherical incident are all put

into consideration for the modification process. By using the resulting enhanced

Kurze-Anderson formula which includes the consideration of the image source

effect to the total sound field, the noise attenuation performance of the barrier
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can be determined by a much thorough method. The enhanced Kurze-Anderson

formula is shown as:

= + + + (24)

providing that

= 20 − 1 (25)

= 20 1 + ℎ 0.6 (26)

= 6 ℎ − 2 − 1 − ℎ 10 (27)

= −10 (28)

where  = attenuation measure of position from receiver to source,

 = attenuation measure of the proximity of source or receiver from

half plane,

 =  attenuation  measure  of  proximity  of  receiver  to  shadow

boundary, and;

 = attenuation from the diffraction effect of spherical incident wave
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2.2.1.4	Numerical	Methods	

The discussed methods for the prediction of noise attenuation performance of

the noise barrier is specified to certain type of barrier design. The problem

encountered for users of these methods is the difficulty in comparing barrier with

different top edge design regarding their noise attenuation performance. To

cope with this situation, numerical methods provide a higher flexibility for users

to compare the noise attenuation performance of different barrier design. The

atmospheric effect on the barrier noise attenuation is excluded.

To predict the noise attenuation of a barrier using the numerical methods, two

methods are commonly used in past researches. Finite Element Method (FEM) is

one of them. It is based on the mechanisms of discretizing the whole domain to

solve the sound field inside it. The other one, called the numerical wave-based

Boundary Element Method (BEM), only discretize the model boundaries. By

comparing the BEM methods with the other traditional diffraction-based

methods, Muradali and Fyfe (1998) found that the predictions of these methods

agreed well with each other.

Salomons (1997) compared the BEM method to a ray-based model, which

concerned a traffic noise situation with multiple diffractions and reflections of

the incident sound. Among the researches of the comparison between different

numerical computations on predicting the noise barrier attenuation

performance, the most thorough research is done by Seznec (1980). His research

confirmed the application of the numerical model to various noise situation with
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particular top edge design, shape and also boundary conditions for noise barrier

attenuation performance prediction.

The main disadvantage of the numerical method is the large requirement on

resources in terms of time and computational resources to achieve the case

study.

2.2.1.5	Scale	Modelling		

The other common method for investigating the noise attenuation performance

of the noise barrier is the scale modelling. Compared to theoretical solution on

the  diffraction  problems  of  noise  barrier,  scale  modelling  mainly  focuses  on

actual measurement of noise attenuation of the noise barrier. Barrier prototype

is scaled down with certain proportion with regards to physical dimensions and

wavelengths. The scale factor is the key parameter to be concerned in the scale

modelling, as it would affect the frequency response of the barrier model put

into the measurement. The frequency range of a scaled-down barrier model is

higher than the original. Sometimes it becomes difficult for the measurement to

be carried out as the frequency response might go even further to the ultrasonic

range which is hardly detected or generated. One of the disadvantages of scale-

down  modelling  is  the  difficulty  on  carrying  out  measurement  with

environmental effects encountered as their effects are very difficult to scale

properly.

A well-designed anechoic or semi-anechoic chamber should be secured for the

scaled-down modelling method. The chamber should provide a sound field which
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is free of reverberation to eliminate the sound reflection by the all chamber

surface (Andersib, 1993). Fujiara (1998) first suggested the scale-down modelling

methods in a two-dimensional form anechoic chamber to fulfill the requirement

on carrying out measurements of an infinite long barrier with uniform profile and

study its noise attenuation performance. To ensure minimal sound reflection

from the chamber boundaries, an impulsive sound source with short duration

and fast  sampling  time should  be used (Maekawa (1965),  May (1980)).  A  few

noise sources including air jet (Lyon (1974), Takagi (1994), Yamashita (1990)),

spark source (Koers, 1983), ultrasonic whistle (Hutchins, 1984) and tweeter of

small size (Maekawa (1965), Leang (1990), Lam (1993)) are used as a point source

in the scaled-down modelling measurement. Apart from point source, line source

which comprises of a closely continuous alignment of point sources in a straight

line was also used for scaled-down modelling measurement.

 There  were  researches  on  the  material  appropriate  for  the  scaled-down

modelling measurement which can provide similar acoustical properties

compared  to  the  real  material  used  in  the  real  situation.  Because  of  its  high

impedance, aluminum was used by Hutchins (1984) and Takagi (1994) as the

reflective surface model. Material such as plywood (Koyashu and Yamashita

(1973), Hayek (1985)), pressboard (Lam, 1993), wool (Leang, 1990) and fiberglass

(Lam, 1994) were also used in the scaled-down modelling measurement with

different scale factor to assess the noise attenuation performance of a noise

barrier prototype.
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Few parameters are essential to be considered when choosing the appropriate

material for model of scaled-down modelling measurement. These include the

transmission loss (TL), effective length and weak point of the material. General

requirement on the transmission loss of material chosen for scaled-down

modelling measurement is ensuring a 10 dB higher of the top diffraction than the

noise level passing through. A sufficient long barrier length can reduce the

interference created by the diffraction at both the top edge and the side edges

of the barrier model. Weak point of the material such as connecting location of

counterparts of the material should be sealed or enhanced in order to reduce

the sound leakage through the barrier model itself. Errors or inaccuracy of results

might be resulted for an inappropriate application of the materials for the tested

barrier model.

	



31

2.2.1.6	Full	Scale	modelling	

Physical modelling measurement with a full-scale noise barrier model is the most

direct way to assess the on-site barrier noise attenuation performance with

regards to the actual appearance of the model and actual traffic noise situation

(Watts (1996), Yamamoto (1989)). In a full-scale modelling measurement, the

influence of environmental factors to the results gathered would be crucial.

These external environmental factors include the traffic conditions, atmospheric

conditions and ground conditions. Those factors should be monitored closely and

recorded for further consideration of their effect on the measurement result in

order to ensure the results is representable. The cost and time consumed for a

full-scale modelling measurement is generally higher than a scaled-down

modelling measurement.
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2.2.2	Factors	affected	barrier	performance	

Noise barrier performance on the noise shielding of the receivers from noise

source would be influenced by many factors. Among these factors, the two most

common encountered effects, namely ground effect and atmospheric effect, will

be discussed in this section.

2.2.2.1 Ground Effect

Sound wave penetrating the shadow zone of the noise barrier before and after

its propagation over the barrier top edge hits the ground and create a reflection

sound wave and thus affecting the total sound field in the domain. Therefore,

ground effect is crucial to the noise barrier attenuation performance. Absorption

characteristics of the ground and ground shape cause difference in the sound

propagation paths and also the sound wave scattering and reflection properties.

It is confirmed by Jonasson (1972) that the effusiveness of the noise attenuation

performance of barrier reaches its maximum when the barrier is proposed to a

location with a strong ground reflection. Acoustically hard ground between the

barrier and receivers is a good example of a strong ground effect.

Hutchins (1984) had carried out measurement in scale modelling to investigate

how different ground surface affect the noise attenuation performance of a

barrier. In an acoustically hard ground situation, the insertion loss of the barrier

is enhanced in specific frequencies. The frequency which the insertion loss is

enhanced is determined by the odd multiples of half of the wavelength of the

path difference between the direct incident sound and the reflect sound wave
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from ground surface. For those frequencies, the insertion loss of the barrier has

a significant increase. This increased insertion loss is due to the destructive

interference between the direct incident sound and the strong reflected sound

created by the presence of a tested ground surface.

In situation of an acoustically soft ground which noise attenuation lies on the

frequency of around 500Hz, the barrier insertion loss would not be benefited by

the presence of the ground surface. The expected noise attenuation at low

frequency range of the ground surface shifts when barrier is inserted into the

measurement domain. Though at high frequency range, destructive interference

at frequency of even multiples of half wavelength of the path difference between

the direct incident sound and reflected sound from ground can still be found.

Apart from the acoustical properties of the ground surface, surface roughness is

also an important factor that affecting the total noise attenuation performance

of a barrier model. Surface roughness represent a complex impedance ground

surface. Boulanger (1998) and Attenborough (2000) suggested that in situation

of  acoustically  hard  surface,  the  near-grazing  sound  propagation  at  low

frequency is mainly affected by the surface roughness. The barrier insertion

caused the maximum ground effect, or even the sound attenuation shifts to

other frequency due to interference. Results from these researches suggested

that a careful consideration of the acoustical properties of the ground surface in

the barrier design stage should be made to ensure the interference behind the
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barrier model and the frequency shift of the insertion loss created by the barrier

insertion is needed.

2.2.2.2	Meteorological	Effects	

Despite  of  the assumption of  the inertia  of  atmospheric  conditions  during  the

scale modelling measurement of noise barrier, atmospheric factors are still

crucial in affecting the noise attenuation performance of a barrier.

The wind direction can determine the barrier noise attenuation. In a downwind

direction situation, the barrier noise attenuation decreases. The effect on the

barrier noise attenuation comes into opposite when it is in an upwind direction.

Indeed, the refraction and scattering properties of the sound wave given by the

atmospheric turbulence are the main factors influencing the actual performance

of the noise barrier.

It is found that the actual performance of a noise barrier from an on-site

measurement  would  be  lower  than  the  expected  one  predicted  from  the

theoretical and numerical modelling. The reasons behind such difference is due

to the energy scattering of the sound wave from direct sound propagation path

brought by the atmospheric disturbance (Dalgle, 1982). This leads to an increase

in sound pressure level behind the barrier than expected value from the

modelling. The value of sound pressure level increased can range from 15 – 25

dB(A) (Scholes, 1971) in various frequency ranges and leads to a decrease of

insertion loss of 15 – 25 dB (Sutherland, 1998).
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The sound propagation path is often assumed to be straight in order to simplify

the diffraction problems encountered in assessing the barrier noise attenuation

performance. However, in real situation, as the atmospheric environment is

always changing from time to time in various locations, difference might appear

between the real noise attenuation and the expected one from the modelling

stage. Refraction caused by air turbulence, which due to temperature variation

and wind velocity fluctuation, affect the travelling path of sound rays from

straight into curved ones. Compared to the case of straight sound propagation

path, the curved sound propagation path reduces the shadow zone area and, in

some cases, leads to a direct sound transmission from barrier top edge to certain

receiver locations, thus lower the insertion loss of the noise barrier (Sutherland,

1998). This phenomenon is easy to be found in a temperature inversions and

downwind propagation condition. Despite some barrier design targeted on

special usage in certain atmospheric condition, a homogenous atmospheric

condition should be set for the noise barrier to present the relative performance

of various barrier types.
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Chapter	3.	Terminologies	for	Noise	Barriers	

3.1	Introduction	

Few parameters or theoretical terms which related to the study of a typical noise

barrier design is reviewed in this chapter. These include the diffraction of a noise

barrier and its general solution and the indexes which describe the noise

attenuation performance of the noise barrier.

3.2	Diffraction	over	noise	barrier		

Noise barrier physically acts as a solid obstacle which blocks the direct line of

sight from the sound source to the receiver behind the barrier. The area which

shielded by the barrier from the line of sight is called the shadow zone. Sound

wave can only reach the receivers in shadow zone by diffraction at the top edge

and side edges of the barrier. For a barrier of infinite span length, the diffraction

occurred in the domain only appears at the top edge of the barrier model.

Figure 3.1 Schematic diagram of a roadside barrier
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By  using  Maekawa’s  formula  with  the  aid  of  figure  which  considering  the

geometric of the diffraction pattern, the diffracted sound pressure level

associated with the sound propagation paths can be calculated. Figure 3.2 shows

the geometric diffraction pattern of a finite barrier set up on ground. Totally eight

sound diffraction paths are considered.

Figure 3.2 Diffraction paths geometry

In this study, as ground effect is not considered and the barrier length is long

enough to eliminate the sound diffraction at the side edges of the barrier model,

the sound diffraction occurred at the barrier top edge is the only interest

diffraction in this study. Thus, in the calculation of diffraction, the diffraction

paths at the barrier side edges and from ground surface is neglected. The only

considered sound path regarding the diffraction effect of the barrier top edge is
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the combination of the direct path from the sound source to the barrier top edge

and the diffracted path from the barrier top edge to the receivers.

3.3	Index	for	noise	barrier	performance	

Barrier noise attenuation is needed to be quantified to achieve meaningful

comparison between performance among different noise barrier types on a fair

ground. Lots of indexes were used by researchers to present the barrier noise

attenuation in their studies. Two indexes which are used in this study to assess

the noise attenuation performance of the noise barrier are introduced in this

section, including the insertion loss (IL) and relative insertion loss (RIL).

3.3.1	Insertion	Loss	(IL)	

Insertion loss is a commonly used parameters for presenting the barrier noise

attenuation performance in many researches. The meaning behind the insertion

loss of a barrier is to present the difference between the sound pressure levels

at the receivers point with and without the barrier.

Insertion loss is generally expressed in logarithmic scale as:

= −20 (29)

In this study, the insertion loss is presented in both broadband frequency and

1/3 octave frequency bands. However, direct usage of the insertion loss cannot

reflect the actual performance of the noise barrier against the road traffic noise,

as the emitted noise from the sound source in the scaled-down modelling is

white noise. Traffic weighting suggested by the British Standards BS EN 1793-3 is

applied as a correction of sound pressure level regarding the whole spectrum at
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receivers in order to consider the contribution of each 1/3 octave frequency

bands.  Table  3.1  shows  the  normalized  traffic  noise  spectrum  used  for  the

correction suggested by the BS EN 1793-3,

fi, Hz Li, dB
100 -20
125 -20
160 -18
200 -16
250 -15
315 -14
400 -13
500 -12
630 -11
800 -9

1000 -8
1250 -9
1600 -10
2000 -11
2500 -13
3150 -15
4000 -16
5000 -18

Table 3.1 Normalized traffic noise spectrum
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such that the traffic weighted insertion loss is calculated as:

= −10log∑ . × .

∑ . (30)

where ILtw  = traffic weighted insertion loss,

            Ri = noise barrier insertion loss in the ith one-third octave band, and;

            Li = normalized sound pressure level of traffic noise in the ith one-

third octave band

3.3.2	Relative	Insertion	Loss	(RIL)	

The relative insertion loss represents the comparison of the acoustical

performance of two barrier design. In this study, the relative insertion loss of VNB

designs are presented in order to show the additional performance of installing

the VNB modules, comparatively to a typical barrier design. The relative insertion

loss of a VNB design is given by:

= − (31)

where RILVNB = Relative Insertion Loss of VNB design;

ILVNB = Insertion Loss of VNB design, and;

ILTBD = Insertion Loss of typical barrier design.

The  insertion  loss  of  a  design  is  defined  as  the  difference  of  noise  level  at

particular location at the receiver side before and after the placement of the

design, in between the sound source and that location.
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Chapter	 4:	 Scaled-down	 modelling	 of	 the	 VNB	

modules	

4.1	Introduction	

Scaled-down modelling measurement is carried out to assess the noise

attenuation performance of a barrier model. At the beginning of this chapter,

instrumentations and experimental setup are introduced. The measurement

result analysis is presented afterwards.

4.2	Instrumentations	and	experimental	setup	

4.2.1	Test	chamber	

All measurements were conducted inside a fully anechoic chamber, which has a

background noise level of lower than 15dB(A). The chamber size is 6m x 6m x 4m

(Height). The chamber is designed to have a cut-off frequency of 75 Hz and a

noise criterion rating of NC-25.

4.2.2	Barrier	model	setup	

Fig. 4.1 shows the model setup of the scale model experiment. The VNB was

placed at the center of chamber, such that the chamber can be divided into

source and receiver side. The scale down ratio of the barrier case is 1:4. The VNB

is basically formed by two 1:4 modules installed next to each other. Each module

was composed of two fixed layers of 18 mm plywood with an inlet at the front

top, and an outlet at the back bottom. The real dimension of the barrier makes

reference to the common dimension of barrier installed in local residential

development. The height of each VNB module was 1500mm high with a length
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of 600mm and a width of 200mm. The height of the inlets was approximately

375mm. In assessing the noise attenuation performance of twin-module cases or

dual-module cases, by putting two VNB modules side-by-side, the combining

effect of the VNB modules when putting in real situation could be studied. Barrier

wings were installed on two sides of the VNB to eliminate the effect of sound

diffraction near the module extreme edges. Inlets of two modules were installed

at the same height during the measurement to receive identical sound excitation

(in term of power and phase).

Figure 4.1 Experimental setup of the VNB module

4.2.3	Instrumentations	and	setup	

Brüel & Kjær 1405 Noise Generator is responsible for the noise signal generation,

while the signal is amplified by an amplifier before emitted by single moving

loudspeaker, acting as a line source which mimic the road traffic noise in real

Left Module

Right Module
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situation. The generated white noise is in the frequency range of 400Hz to

20000Hz. The inclination angle of the loudspeaker to the VNB module inlet is

kept at 30° to mimic common inclination angle of road traffic noise source to the

noise sensitive receivers in real situation. The line source is placed in parallel with

the barrier model surface.

¼” Brüel & Kjær 4951 microphones and ½” Brüel & Kjær 4912 microphones are

used  for  recording  the  pressure  level  at  desired  locations.  Both  types  of

microphone have the capability for recording pressure level in frequency range

of 20Hz – 20kHz. Table 4.1 states the locations of the microphone in the

experimental domain with microphone code for easier further illustration.

Microphone Microphone type Installing Position
M1 Brüel & Kjær 4951 In front of the loudspeaker
M2 Brüel & Kjær 4951 One  meter  in  front  of  the  VNB  along  the

sound incident ray
M3 – M10 Brüel & Kjær 4912 In microphone array behind the VNB

Table 4.1 Microphone with code and their installed position

Figures 4.2 and 4.3 illustrate the microphone setup in the scaled-down modelling

experiment in back view and side view respectively. The emitted sound pressure

from the loudspeaker is recorded by Microphone M1 which is located close

enough to the loudspeaker to ensure the consistency of uniform sound power

transmission from it to the barrier model in each measurement. Apart from being

a monitor to the sound source consistency, the recorded data by this microphone

might be used as a correction to the result if the emitted strength of sound field

between cases is found to be different. M2 was located in between the

loudspeaker and the barrier model, along the line of sight. M2 is used to record
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the sound level before the sound wave penetrating the barrier model, which is

useful  when  assessing  the  insertion  loss  of  the  VNB  modules.  M3  –  M10  are

microphones responsible for the sound level recording in the microphone array

placed behind the barrier model. The pink dots in Figures 4.2 and 4.3 represent

the measurement locations covered by M3 – M10. There are totally 2208

measurement points behind the barrier model, which forms a 3D microphone

array covering both the shadow and illuminated zone behind the barrier model.

The dimension of the 3D array was 2.3 m (L) X 4 m (W) X 2.4 m (H), with spacings

between measurement points of 100mm along height and width of the barrier

model and 120mm along the barrier model length. In the side view illustrated by

Figure 4.3, it can be said that the 3D microphone array comprises of four vertical

measurement planes, such that the one which is the nearest to the barrier model

is  defined  as  the  1st measurement plane and the farthest one as the 4th

measurement plane. M3 measured the transmitted sound pressure levels behind

the barrier model. Figure 4.4 shows the real experimental setup.
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Figure 4.2 Setup of microphones (back view of VNB)

Figure 4.3 Setup of microphones (side view of VNB)

Left Module
Right Module
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Figure 4.4 Model setup in testing chamber

A Brüel & Kjær Type 3560D PULSE system which is capable of simultaneous data

recording for 47 signal channels in 32768Hz sampling frequency is used with

Pulse Analysis Software to record the time signal data at various measurement

points.

4.2.4	Line	Source	Validation	

Validation tests are carried out for the moving loudspeaker array, in the aim of

investigating its properties including uniformity, directivity and sound decay with

distance. Same tests of investigating different source properties were applied to

the moving sound source and also a stationary line source, which consists of 113

sound signals from the loudspeakers located along the transverse mechanism

with same separation distances. The test results of the moving sound sources can

then be compared to that of the stationary sound source which acts as a line
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source, to see if the properties of the moving sound source can match with that

of a line source.

In this study, a loudspeaker on a 2.8m transverse mechanism which have a

velocity of 100mm/s is used to mimic the road traffic noise source in real

situation in the scale-down modelling experiment. The 6-inch aperture

loudspeaker was set to move parallelly to the barrier model in one direction. In

real situation, the road traffic noise sources are always treated as a line source,

as it is comparatively long when compared to the perpendicular distance

between the receivers and itself. In the aim of mimic the road traffic noise

sources in real situation, the moving source used in the scale-down modelling

should have the line source properties in the concerned frequency range of 400

– 20000 Hz. The below sub-sections describe the validation methodologies and

corresponding results analysis of different sound source properties put into the

test.

4.2.4.1	Uniformity	

A 1m microphone array was set up in front of the moving sound source parallelly.

The array consists of 21 microphones, having 50mm separation distances

between each of them. The microphone array was put at perpendicular distances

of 1m, 2m and 3m away from the moving sound source in view of testifying the

uniformity of the sound source at different distances. For a line source, the sound

pressure levels retrieved by the 21 microphones at particular distance away from

the  moving  sound  source  should  be  the  same  in  perfect  scenario.  Figure  4.5
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shows the sound pressure levels retrieved from microphones at different

locations with the microphone array placed at different perpendicular distances

of the two sound sources of different one-third frequency bands.

a) 400Hz b) 500Hz

c) 630Hz d) 800Hz

e) 1000Hz f) 1250Hz
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g) 1600Hz h) 2000Hz

i) 2500Hz j) 3150Hz

k) 4000Hz l) 5000Hz



50

m) 6300Hz n) 8000Hz

o) 10000Hz p) 12500Hz

q) 16000Hz r) 20000Hz

Figure 4.5 Sound pressure levels distribution graph of both moving and

stationary sound source at different perpendicular distances at various one-

third frequency bands
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It can be observed from the figures that the deviation between the sound

pressure levels of the microphones with same perpendicular distances in both

moving and stationary sound source scenarios are small, with a maximum of only

1 dB(A). Moreover, the distribution of sound pressure levels at different locations

in the moving sound source scenario matches with that in the stationary sound

source scenario, which can suggest from the results that the moving sound

source has the line source properties in term of uniformity.

4.2.4.2	Directivity	

A test which aims to testify the moving sound source for its directivity is carried

out. By assuming the transverse mechanism as the center point, microphone

were put at different elevations angles, while keeping a distance of 1m and 2m

away from the two sound sources, to retrieve the corresponding sound pressure

levels. The tested elevation angles ranged from 0˚ to 60˚, with the separation of

degree between the data retrieving point kept as 5˚. The sound pressure levels

data in the moving sound source scenario are compared to that in the stationary

sound source scenario, to check if it can be regarded as a line source in the

viewpoint of directivity. Figure 4.6 shows the graph of sound pressure levels

against different elevation angles at different one-third frequency bands.
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a) 400Hz b) 500Hz

c) 630Hz d) 800Hz

e) 1000Hz f) 1250Hz

g) 1600Hz h) 2000Hz
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i) 2500Hz j) 3150Hz

k) 4000Hz l) 5000Hz

m) 6300Hz n) 8000Hz

o) 10000Hz p) 12500Hz



54

q) 16000Hz r) 20000Hz

Figure 4.6 Sound pressure levels distribution graph of both moving and

stationary sound source with respect to different elevation angles at

various one-third frequency bands

From the collection of figures, it is observed that the sound pressure levels

decrease with a higher elevation in the testing range of elevation angle of 0˚ to

60˚. The sound pressure is generally at its maximum at the elevation angle 0˚. By

comparing the data in the moving sound source scenario and that in the

stationary sound source scenario, it is found that the data set were well matched

across different one-third frequency bands. It can be concluded that in terms of

directivity, the moving sound source can be said as a line source.

4.2.4.3	Sound	Decay	Over	Distance	

With increasing distance from the sound source, the sound pressure levels

experience at the receivers will be decreased. For a line source, the property of

sound decay over distance is unique. Theoretically, the sound pressure at a

particular receiver point caused by a point source, as shown in Figure 4.7, is:
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= (32)

while the total mean square pressure of all point sources which located in

between x = L/2 and x = -L/2 is:

, = ∫
/
/ (33)

, = (34)

and thus,

, =
√

(35)

where K is a constant. From equation (36), for a line source, the sound pressure

with distance depends on
√

.

Figure 4.7 Relationship between sound source and receiver in terms of

distance dimension
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In this validation test, microphones are set up at distances of ranges between

0.5m and 2.5m,  with  an interval  of  0.5m away from sound source in  both the

moving and stationary sound source scenarios. By taking the 1m sound pressure

levels data as a reference point, the sound pressure levels retrieved from the two

scenarios and from the prediction based on the sound decay theory mentioned

before  are  put  into  comparison.  Figure  4.8  is  the  figure  collection  of  the

relationship between sound pressure levels at receivers and distance from sound

source of all three data sets at different one-third frequency bands.

a) 400Hz b) 500Hz

c) 630Hz d) 800Hz
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e) 1000Hz f) 1250Hz

g) 1600Hz h) 2000Hz

i) 2500Hz j) 3150Hz

k) 4000Hz l) 5000Hz
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m) 6300Hz n) 8000Hz

o) 10000Hz p) 12500Hz

q) 16000Hz r) 20000Hz

Figure 4.8 Relationship between sound pressure levels at receivers and

distance from sound source at various one-third frequency bands

From the above figures, it can be observed that the trends in sound decay over

distances between the data sets of the moving sound source, stationary sound
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source and the prediction from theory are all matched. Thus, in view of the sound

decay over distance, the moving sound source can be regarded as a line source.

4.2.5	Measurement	procedures	and	data	gathering	

The cases were tested under the same equipment setup. There were 2208

measurement points for each case.  Brüel & Kjær 3560D PULSE system with data

acquisition system is adopted. By simply sealing the inlets and outlets of VNB

module on either the left or right side of the barrier with plywood plates of the

same dimension as those of the VNB inlets, singular-module is then applied.

Sound pressure levels in one-third octave band frequency were captured by

microphones.  As  this  was  a  1:4  scale-down  model  experiment,  instead  of

capturing 100 – 5000 Hz one-third octave frequency bands which represents the

critical frequency range of traffic noise, the sound in the frequency range of 400

– 20000Hz was captured.

4.3	Singular-modules	

At the first stage of assessing the VNB performance on acoustical protection,

results from the cases of barrier model with single VNB module installed

(singular-module hereafter) should be reviewed. Through analysis on the

frequency response of the module, performance of the module at various 1/3

octave  frequency  bands  and  its  resulting  overall  performance,  the  sound

transmission mechanism behind VNB modules and the interaction between VNB

overlapping length and its performance can be studied.
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There are totally 10 singular-modules tested in the study. They are distinguished

by  their  difference  in  the  overlapping  length,  which  are  750  mm,  500  mm,

375mm, 250 mm, and 0 mm (i.e. no overlapping between VNB module inlet and

outlet) respectively, and their installation side with respect to the barrier model.

Five singular-modules are installed on the left side of the model centerline. The

remaining five modules are installed the right side, which are the mirrored cases

of the five previously mentioned. Denotation “L” and “R” are given to the case

code to identified the installation side of singular-modules as left-side and right-

side respectively. For example, case code “750OR” represents a case of singular-

module of 750mm overlapping, installing at the right side of the model centerline.

4.3.1	Overall	acoustical	performance	of	singular-modules	

4.3.1.1	 Total	 averaged	 traffic-weighted	 insertion	 loss	 of	 singular-

module	

Table 4.2 shows the RILtw,avg of each plane of the singular-modules, as well as the

total RILtw,avg from averaging the RILtw,avg of the four planes. For all the singular-

modules, the total RILtw,avg for the whole 3D measurement array are negative,

implies a worse noise protective performance of the cases, though the absolute

value  of  the  RILtw,avg are  small  which  ranged  from  0.34  to  0.66  dB(A).  For  all

singular-modules, with a greater distance from the barrier model to the vertical

measurement plane, approaching from 1st plane  to  4th plane, the RILtw,avg

experiences a gradually drop.
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Case

Averaged Traffic-weighted Relative Insertion Loss, ILtw,avg

dB(A)

Total Plane1 Plane2 Plane3 Plane4

750OR -0.34 -0.50 -0.37 -0.27 -0.23

500OR -0.41 -0.57 -0.44 -0.34 -0.27

375OR -0.49 -0.66 -0.54 -0.43 -0.33

250OR -0.51 -0.70 -0.54 -0.45 -0.38

zeroOR -0.66 -0.80 -0.69 -0.59 -0.54

750OL -0.40 -0.56 -0.44 -0.33 -0.28

500OL -0.40 -0.53 -0.43 -0.36 -0.30

375OL -0.48 -0.63 -0.52 -0.43 -0.35

250OL -0.50 -0.66 -0.52 -0.45 -0.39

zeroOL -0.64 -0.76 -0.66 -0.58 -0.55

Table 4.2 Averaged traffic-weighted relative insertion loss, RILtw,avg,

dB(A) of each plane of different singular-modules

The other finding from Table 4.2 is the interaction between the module

overlapping length and the resulting overall relative insertion loss. Among the

singular-modules, 750OR has the highest overall relative insertion loss of -0.34

dB(A),  zeroOR  achieved  the  lowest  of  -0.66  dB(A).  Figure  4.9  shows  a  linear

relationship between the overall relative insertion loss (RILtw,avg) and the module

overlapping length. The longer the overlapping length of a singular-module, the

higher the overall relative insertion loss of the model. The same observation can

also  be found in  modules  installed  on the left  side,  where the overall  relative

insertion loss ranged from -0.4 to -0.64 dB(A).
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Figure 4.9 Relationship between module overlapping length and overall

relative insertion loss of singular-modules
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4.3.1.2	Traffic	weighted	insertion	loss	plane	map	of	singular	modules	

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 4.10 RILtw of singular-modules of different overlapping, installed at

the left side of the barrier model

Figure 4.10a to 4.10e show the RILtw of the singular-modules of different

overlapping length. In general, one can observe a circular zone appears on the

1st plane of all cases. The dull color of the circular zone indicates a negative RILtw

of the singular-modules. This implies a worse acoustical protection of the VNB

model than the original noise barrier design. The elevation of the zone is located

just behind the outlet, indicating the sound energy transmission from the

singular-module outlet.
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The circular shape comes from the sound wave radiation from the outlet, which

covered  an  area  larger  than  that  of  the  outlet  itself.  The  area  of  the  zone  is

enlarged from the center of the outlet. In all cases, the enlargements of the

circular  zone  compared  to  the  outlet  area  are  not  much  for  the  top  part  but

extends downwards all the way to the barrier model bottom. This phenomenon

is obvious especially in the figure of the zeroO, which outlet opening is located

at a higher level. The width of the captioned area is also larger than that of the

outlet, but with a lesser extent compared to its extension in height.

Another general observation is the change of the circular zone across the

measurement planes. As the distance of sound transmission increases, it can be

observed that this circular zone gradually relocated downwards from the 1st

plane  to  the  4th plane  in  all  cases.  The  color  of  the  zone  becomes  brighter

gradually when the sound transmission distance increase, indicates that the RILtw

of  the  VNB  case  increases  when  the  distance  between  the  outlet  of  singular-

module and the measurement locations increases. This regards to the energy

decay from sound transmission.
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4.3.2	Acoustical	performance	of	 singular-modules	 in	 illuminated	and	

shadow	zone	

The created circular zone lies in the shadow zone of VNB. It is understandable

that RILtw,avg in the shadow zone of the singular-modules would probably be

negative because of the outlet. Tables 4.3 and 4.4 is the breakdown of Table 4.2,

summarizing the RILtw,avg of  illuminated  zone  (RILtw,ill,avg) and shadow zone

(RILtw,shad,avg) of the singular-modules respectively.

Case

Averaged Traffic-weighted Relative Insertion Loss in the

illuminated zone, ILtw,ill,avg, dB(A)

Total Plane1 Plane2 Plane3 Plane4

750OR 0.12 0.13 0.13 0.12 0.11

500OR 0.04 0.05 0.04 0.03 0.02

375OR -0.07 -0.05 -0.07 -0.09 -0.08

250OR -0.07 -0.05 -0.05 -0.07 -0.10

zeroOR -0.04 -0.05 -0.06 -0.04 -0.02

750OL 0.09 0.09 0.08 0.07 0.11

500OL -0.02 0.01 -0.01 -0.03 -0.05

375OL -0.12 -0.09 -0.12 -0.15 -0.14

250OL -0.12 -0.09 -0.10 -0.12 -0.16

zeroOL -0.09 -0.09 -0.11 -0.09 -0.08

Table 4.3 Averaged traffic-weighted relative insertion loss (dB(A)) in

illuminated zone of each plane of different cases with singular-modules

Within the singular module cases, the range of RILtw,ill,avg are from -0.12 to 0.12,

which can say that there is no difference of the barrier performance in the

illuminated zone behind the barrier model when compared to the typical barrier

design. There is no sufficient data supporting any relationship between the
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module overlapping length and the RILtw,ill,avg. Among the cases, only 750O

slightly enhanced the acoustical protection of the barrier in the illuminated zone.

Case

Averaged Traffic-weighted Relative Insertion Loss in the

shadow zone, ILtw,shad,avg, dB(A)

Total Plane1 Plane2 Plane3 Plane4

750OR -0.49 -0.79 -0.54 -0.35 -0.28

500OR -0.55 -0.85 -0.61 -0.42 -0.32

375OR -0.62 -0.95 -0.70 -0.50 -0.37

250OR -0.66 -0.99 -0.73 -0.53 -0.42

zeroOR -0.85 -1.16 -0.92 -0.71 -0.62

750OL -0.56 -0.86 -0.63 -0.42 -0.34

500OL -0.52 -0.78 -0.58 -0.42 -0.33

375OL -0.60 -0.87 -0.66 -0.49 -0.38

250OL -0.63 -0.91 -0.68 -0.52 -0.43

zeroOL -0.81 -1.07 -0.86 -0.69 -0.62

Table 4.4 Averaged traffic-weighted relative insertion loss (dB(A)) in

shadow zone of each plane of different cases with singular-modules

The contribution to the overall RILtw,avg of the singular-modules is mainly from

the barrier shadow zone, as shown in Table 4.4. The RILtw,shad,avg of the singular-

modules are ranged from -0.49 to -0.85 dB(A). Same as the trend found in the

overall RILtw,avg, the RILtw,shad,avg becomes more negative when the overlapping

length of the singular-modules increases.

4.3.3	Relative	Insertion	loss	plane	map	of	singular-modules	at	selected	

1/3	octave	bands	

As the image created by the relative insertion loss (RIL) is mirrored when the

installation of the singular-modules is changed from the left side to the right side,
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in this section, the analysis on the image will be covered for both positions of the

installation.

4.3.3.1	400Hz	1/3	octave	band	

At 400Hz, for 750O cases, a negative RIL zone appears at the position where the

VNB model  outlet  is  located,  similar  to  the region found in  the RILtw,avg figure.

With decreasing overlapping length, the zone enlarges, and its area become

around three times of the model outlet when the overlapping length diminishes

to zero. Starting from 500O cases, the zone on the measurement plane created

from the VNB module outlet does not only include measurement points with

negative RIL, but also positive one. Regions with both positive and negative RIL

spread out in the zone and create a geometric pattern on the measurement

plane.  Regions  for  both  sign  of  RIL  are  distributed  evenly  in  the  zone  have  a

greater difference in RIL with a shorter overlapping length. In cases with no

overlapping length, the distinction between the positive and negative RIL region

is the largest in terms of amplitude. The number of positive and negative RIL

regions is also the largest. For all cases, the created pattern fades out with the

sound wave travels along the measurement plane, implies a weakened sound

energy recorded with a farther distance from the VNB module outlets.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 4.11 RIL at 400Hz 1/3 octave frequency band of singular modules of

different overlapping

4.3.3.2	630Hz	1/3	octave	band	

A circular zone can also be found on the 1st measurement plane of 750O cases at

the 630Hz 1/3 octave bands. Positive and negative RIL regions alternately

appears along the elevation in the zone area. This is probably caused by the

interference between the sound waves with path difference after travelling in

the core of VNB module with several reflections and refraction at the outlet. In

terms of amplitude, the negative RIL, which can reach to a maximum absolute

value of 10 dB, dominate the total effect of the captioned zone. When the
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overlapping length of the singular-module decreases, the zone area increases

with  the  number  of  alternating  layers  of  opposite  sign  RIL.  In  the  absence  of

overlapping length, a pattern of an inverted parabola can be observed on the

measurement planes. This is noticeable that for cases with 500mm, 375mm,

250mm and no overlapping length, observable circular zones of positive RIL are

located on the 3rd and 4th measurement planes. The zones move upwards when

the overlapping length decreases. The amplitude of these zone can have a

maximum absolute value of around 4 dB, and its size are comparable to the

outlet size of the VNB module.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 4.12 RIL at 630Hz 1/3 octave frequency band of singular-modules of

different overlapping
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4.3.3.3	1000Hz	1/3	octave	band	

The transitional change of the pattern created by positive and negative RIL in

1000Hz band is similar to that found in the 630Hz band. However, more numbers

of alternative opposite signs RIL within the same zone area are captured on the

measurement planes. The wavelength of sound wave in 1000Hz band is shorter

than that in 630Hz band. The number of created interferences from the VNB

outlets to the measurement plane in 1000Hz band is higher than that in 630Hz

band, and thus the concerned insertion loss patterns. A comparably high

negative RIL zone can be found in the 1st and 2nd measurement plane of 250O

and 500O cases, which have a maximum amplitude of around 12 dB. Generally,

these negative RIL zone found in the measurement plane at the 1000Hz band

have a higher amplitude than that at the 630Hz band. Regarding the positive RIL

zone  found  in  630Hz  band,  it  can  only  be  observed  at  the  3rd and 4th

measurement plane of zeroO cases in 1000Hz band. The difference between

values of RIL at the measurement points diminished when the measurement is

taken place at a farther location from the VNB module outlet, probably due to

the energy decay of transmitted sound waves.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 4.13 RIL at 1000Hz 1/3 octave frequency band of singular-modules of

different overlapping

4.3.3.4	1600Hz	1/3	octave	band	

Alternating pattern of RIL on the measurement plane can barely be observed at

1600Hz band. The zeroO cases are the only cases that the negative RIL zone with

the alternating patterns of RIL are obviously seen on all the four measurement

planes. Recalling that the separation between each measurement points on each

measurement plane is 100mm, interference at 1/3 octave band that represent

sound wave with a wavelength smaller than that cannot be showed in the plotted

figures. Within 1600Hz band, the negative RIL with the highest amplitude is
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found on the 1st plane of zeroO cases, which reaches 12 dB. The zone with the

positive  RIL  still  appears  on the 3rd and 4th measurement planes of the zeroO

cases, however, with a smaller area than that at the previously mentioned 1/3

octave bands.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 4.14 RIL at 1600Hz 1/3 octave frequency band of singular-modules of

different overlapping
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4.3.3.5	2500Hz	1/3	octave	band	

At 2500Hz band in 250O, 375O, 500O and 750O cases, interference pattern

cannot be seen on the figures, due to the relatively larger separation distance

between measurement points compared to the wavelength. Negative RIL zone

can  be  found  in  the  first  three  measurement  planes  in  those  cases,  with

diminished area and amplitude from the first to the third, and nearly disappear

in the last plane. For the zeroO cases, the constructive interference pattern can

still observable and the negative RIL zone extends from the 1st plane to the last

one.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 4.15 RIL at 2500Hz 1/3 octave frequency band of singular-modules of

different overlapping
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4.3.3.6	5000Hz	1/3	octave	band	

The pattern created by the RIL on the measurement planes at 5000Hz band is

much similar to the observation in the plotted figures of the RILtw,avg of the VNB

cases than those from the lower frequency bands. No obvious interference

pattern or positive RIL zone appears on the measurement planes for all cases. A

negative  RIL  zone  is  captured  on  the  first  measurement  plane  for  all  cases,

located  at  the  same  height  as  the  VNB  module  outlets.  The  mentioned  zone

moves downwards across the measurement planes, with slightly enlargement of

its area. The value of the negative RIL zone is around -8 dB.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 4.16 RIL at 5000Hz 1/3 octave frequency band of singular-modules of

different overlapping
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4.4	Twin-modules	

In the literature review, noise barrier installation has been reviewed. In most

cases, the noise barrier does not only consist of one segment, but many in order

to mitigate noise problems. The noise sensitive area which needs to be shielded

is also the reason for a continuous noise barrier of a long span. To mimic practical

cases, design of twin-module is put into measurement. The twin-modules consist

of two identical singular-modules with same overlapping length, being put side-

by-side at the same elevation.

It is understandable that the twin-modules should have different shielding

performance when compared to the singular-modules. The sound wave radiation

from the two outlets should create interference along the sound transmission

path. By analyzing the interference pattern between the cases, the mechanisms

of  how  interference  patterns  affecting  the  RIL  of  the  twin-modules  can  be

studied.

In the previous section, the performance of the singular-modules is reviewed.

The overall RIL, the RIL in the illuminated zone and the shadow zone of the barrier

model, and the RIL map in different 1/3 octave frequency bands, has been used

to assess the module performance. In this chapter, same approach with the

above-mentioned views is used to compare the performance of singular-

modules and the twin-modules.

Though, a direct comparison between measurement data of singular-module

and twin-module cases seems meaningless, it is undoubtedly that the RIL of a
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twin-module is lower than that of singular-module, given that the outlet area is

doubled, and thus higher sound pressure level in the shadow zone of the barrier

should be expected.

In the aim of providing a fair base to compare the performance of singular-

module and twin-module with the same overlapping, the results of singular-

module installed at left and right side of barrier is combined by summing up the

sound pressure level. The resultant RIL and insertion loss map in different 1/3

octave frequency bands of these combined cases is used to compare with the

twin-module of same overlapping.

4.4.1	Overall	acoustical	performance	of	twin-modules	

4.4.1.1	Total	averaged	traffic-weighted	relative	insertion	loss	of	twin-

modules	

Table 4.5 shows the overall RILtw,avg of  cases  with  twin  module.  The  range  of

RILtw,avg of the modules are from -0.54 to -0.76 dB(A).
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Case

Averaged Traffic-weighted Relative Insertion Loss, ILtw,avg

dB(A)

Total Plane1 Plane2 Plane3 Plane4

750OL&750OR -0.54 -0.82 -0.63 -0.43 -0.29

500OL&500OR -0.64 -0.84 -0.69 -0.59 -0.45

375OL&375OR -0.62 -0.82 -0.69 -0.54 -0.43

250OL&250OR -0.71 -0.95 -0.79 -0.64 -0.49

zeroOL&zeroOR -0.76 -0.98 -0.79 -0.68 -0.60

Table 4.5 Averaged traffic-weighted relative insertion loss, RILtw,avg,

dB(A) of each plane of different twin-modules

Table 4.6 shows the overall RILtw,avg of combined twin-module which are created

by combining the two measured singular-modules of same overlapping. The

range of RILtw,avg of the combined twin-modules are from -0.58 to -0.74 dB(A).

Similar to the RILtw,avg of the measured twin-modules, the negative sign indicates

a worse acoustical protection than the typical barrier design.

Combined Case

Averaged Traffic-weighted Relative Insertion Loss, ILtw,avg

dB(A)

Total Plane1 Plane2 Plane3 Plane4

750OL&750OR -0.58 -0.41 -0.29 -0.25 -0.58

500OL&500OR -0.68 -0.50 -0.38 -0.30 -0.68

375OL&375OR -0.78 -0.60 -0.47 -0.36 -0.78

250OL&250OR -0.82 -0.62 -0.49 -0.41 -0.82

zeroOL&zeroOR -0.74 -0.95 -0.78 -0.66 -0.59

Table 4.6 Averaged traffic-weighted relative insertion loss, ILtw,avg,

dB(A) of each plane of different combined twin-modules

Relationship between the module overlapping length and the overall averaged

relative insertion loss of measured twin-modules and combined twin-modules
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are revealed in Figure 4.17. In general, the relationship between module

overlapping length and the resulting RILtw,avg follows the trends found in

combined twin-module test results. When the twin-modules overlapping length

increases,  the  value  of  RIL  becomes  less  negative,  demonstrating  a  better

acoustical protection of the barrier model. Twin-modules with 750mm

overlapping length has the highest RILtw,avg among the group of -0.54 dB(A), while

the one with no overlapping has the lowest RILtw,avg of -0.76 dB(A). In comparison

with the RIL of the combined twin-modules, the RILtw,avg of the measured twin-

modules with 375mm overlapping length is slightly higher than the estimated

value on the trendline of RILtw,avg among the same testing group.

Generally, the overall performance of the measured twin-modules is lower than

that of the combined twin-modules. It is indicated by the higher relative insertion

loss of combined twin-module than that of that measured twin-module. The

difference in terms of relative insertion loss between combined and measured

twin-modules is larger with increasing overlapping length.



79

Figure 4.17 Relationship between module overlapping length and overall

relative insertion loss of measured and combined twin-modules
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4.4.1.2	Traffic	weighted	relative	insertion	loss	plane	map	of	measured	

twin-modules	

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 4.18 RILtw of measured twin-modules of different overlapping

Figure  4.18  is  the  collection  of  plotted  figures  showing  the  value  of  RILtw

distributed in the measurement array for the measured twin-modules. The

plotted figures are similar to those of the singular-modules. In all measured twin-

modules, a zone with negative RIL is found on the 1st plane of the measurement

array and to be extended to the 4th plane. The color in the plotted figures implies

a worse acoustical protection of the twin-modules when compared to the

original barrier design.
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The  zone  is  of  a  larger  area  when  compared  to  the  singular-module  of  same

overlapping length, because of the double outlets of the barrier model. The

covered area of the induced RIL zone is larger than the outlets themselves, which

is enlarged from their center. In view of the elevation, the enlargements take

much places under the outlets than in the locations above them. This feature is

more obvious in the case of modules of no overlapping as its outlet location is

much higher than the others. Width of the RIL zone is also enlarged, but with a

less extent compared to the enlargement along the elevation.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 4.19 RILtw of combined twin-modules of different overlapping
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Figure  4.19  shows  the  collection  of  plotted  figures  showing  the  value  of  RILtw

distributed in the measurement array for the combined twin-modules. The

behavior of the negative RIL zone across the measurement plane in the combined

twin-modules are similar to that of measured twin-modules, which the zone

relocates downward in the transition from the 1st plane to the 4th plane. The zone

becomes less negative at increased distance of the measurement plane from the

outlets, indicated by the brighter color in the last plane compared to the first one.

This implies a less difference in relative insertion loss of the modules compared

to typical barrier design when measurement is taken at a farther location from

the barrier model.

4.4.2	 Acoustical	 performance	 of	 twin	 modules	 in	 illuminated	 and	

shadow	zone	

Averaged traffic-weighted insertion loss in the illuminated zone of measured and

combined twin-modules are presented in Table 4.7 and 4.8 respectively. The

RILtw,ill,avg of combined twin-modules are ranged from -0.08 dB(A) to 0.11 dB(A),

while  the  RILtw,ill,avg of modules of 500mm and 750 mm overlapping length is

positive.
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Case

Averaged Traffic-weighted Relative Insertion Loss in the

illuminated zone, ILtw,ill,avg, dB(A)

Total Plane1 Plane2 Plane3 Plane4

750OL&750OR 0.12 0.14 0.12 0.09 0.13

500OL&500OR 0.13 0.39 0.28 0.01 -0.18

375OL&375OR 0.27 0.59 0.41 0.12 -0.07

250OL&250OR 0.23 0.40 0.30 0.09 0.14

zeroOL&zeroOR 0.29 0.44 0.40 0.23 0.10

Table 4.7 Averaged traffic-weighted relative insertion loss (dB(A)) in

illuminated zone of each plane of different measured twin-modules

Combined Case

Averaged Traffic-weighted Relative Insertion Loss in the

illuminated zone, ILtw,ill,avg, dB(A)

Total Plane1 Plane2 Plane3 Plane4

750OL&750OR 0.11 0.12 0.12 0.11 0.10

500OL&500OR 0.03 0.04 0.03 0.02 0.01

375OL&375OR -0.08 -0.06 -0.08 -0.10 -0.09

250OL&250OR -0.08 -0.06 -0.06 -0.08 -0.11

zeroOL&zeroOR -0.05 -0.06 -0.07 -0.05 -0.03

Table 4.8 Averaged traffic-weighted relative insertion loss (dB(A)) in

illuminated zone of each plane of different combined twin-modules

A large difference in RILtw,ill,avg between measured and combined twin-modules

can be observed. All measured twin-modules have a positive RILtw,ill,avg which

ranged from 0.12 to 0.29 dB(A). The RILtw,ill,avg of measured twin-modules

increases with decreasing overlapping length. Figure 4.20 shows the relationship

between overlapping length and RIL in illuminated zone of measured and

combined twin-modules.
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Figure 4.20 Relationship between module overlapping length and relative

insertion loss in illuminated zone of measured and combined twin-modules

Similar to the findings in previous section, the RILtw,shad,avg contribute the most to

the relative insertion loss difference when compared to typical barrier design.

The RILtw,shad,avg of measured twin-modules ranges from -0.76 to -1.13 dB(A). The

relationship between the overlapping length and the RILtw,shad,avg is the same as

that in the overall case, where an increasing overlapping length leads to a better

RILtw,shad,avg.



85

Case

Averaged Traffic-weighted Relative Insertion Loss in the

shadow zone, ILtw,shad,avg, dB(A)

Total Plane1 Plane2 Plane3 Plane4

750OL&750OR -0.76 -1.29 -0.90 -0.54 -0.35

500OL&500OR -0.92 -1.47 -1.07 -0.73 -0.49

375OL&375OR -0.95 -1.57 -1.13 -0.69 -0.48

250OL&250OR -1.05 -1.66 -1.23 -0.80 -0.59

zeroOL&zeroOR -1.13 -1.73 -1.27 -0.89 -0.71

Table 4.9 Averaged traffic-weighted relative insertion loss (dB(A)) in

shadow zone of each plane of different measured twin-modules

Combined Case

Averaged Traffic-weighted Relative Insertion Loss in the

shadow zone, ILtw,shad,avg, dB(A)

Total Plane1 Plane2 Plane3 Plane4

750OL&750OR -0.54 -0.91 -0.60 -0.37 -0.30

500OL&500OR -0.62 -1.01 -0.69 -0.47 -0.35

375OL&375OR -0.71 -1.12 -0.79 -0.55 -0.40

250OL&250OR -0.75 -1.18 -0.82 -0.58 -0.45

zeroOL&zeroOR -0.97 -1.38 -1.04 -0.79 -0.68

Table 4.10 Averaged traffic-weighted relative insertion loss (dB(A)) in

shadow zone of each plane of different combined twin-modules

The RILtw,avg,shad of the combined twin-modules is higher than that of the

measured twin-modules. The RILtw,avg,shad of combined twin-modules are ranged

from -0.54 to -0.97 dB(A). The difference between the RILtw,avg,shad of measured

and combined twin-modules ranges from 0.17 to 0.3 dB(A). Generally, the

relationship between module overlapping length and RILtw,avg,shad of measured

twin-modules follows with that of the combined twin-modules, such that

increasing overlapping length results in a higher RILtw,avg,shad.
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Figure 4.21 Relationship between module overlapping length and relative

insertion loss in shadow zone of measured and combined twin-modules

Large difference in averaged traffic-weighted relative insertion loss between

combined and measured twin-modules can be found in both illuminated and

shadow zone. The RILtw,avg,ill of the measured twin-modules changes with the

module overlapping length. The RILtw,avg,ill of the measured twin-module are

positive,  reveals  a  better  acoustical  protection  of  these  twin-modules  in

illuminated zone when compared to the typical barrier design. Figure 4.21

suggests that with longer overlapping, the RILtw,avg,ill decreases. The highest

RILtw,avg,ill among the twin-modules is 0.29 dB(A), resulting from the twin-module

of no overlapping. The lowest one is from the twin-module of 750mm

overlapping length. The corresponding RILtw,avg,ill is  0.12  dB(A).  The  combined
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twin-modules have a different behavior in RILtw,avg,ill than the measured twin-

modules do. The RILtw,avg,ill of the combined twin-modules is generally negative

or only slightly positive. The relationship between the twin-module overlapping

and the relative insertion loss in illuminated zone is also different from that of

the measured twin-modules. The RILtw,avg,ill of combined twin-modules decreases

with increasing module overlapping length. In the shadow zone, the relative

insertion loss of measured twin-modules is much lower than that of combined

twin-modules. Despite the difference in value of RILtw,avg,shad, the relationship

between the relative insertion loss in shadow zone and module overlapping is

similar when comparing the data of the measured and combined twin-modules.

The RILtw,avg,shad of twin-modules is higher when the overlapping of the modules

is longer. The possible reason behind the different behavior of RIL in both

illuminated and shadow zone between the combined and measured twin-

modules is the interference of incident sound waves from the outlets of the twin-

modules, which is not mimicking by the combined results of two singular-

modules.
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4.4.3	Relative	Insertion	loss	plane	map	of	twin	modules	at	selected	1/3	

octave	bands	

4.4.3.1	400Hz	1/3	octave	band	

For twin-module of 750mm overlapping length, a negative RIL zone can be found

in the first measurement plane at the 400Hz frequency band, possibly because

of the sound radiated out from the two outlets. The shape of the zone is basically

an ellipse, but with some shrinking at its edge, replaced by positive RIL

measurement  result.  Inside  this  zone,  the  center  area  has  the  lowest  RIL  of

around -14 dB. The RIL becomes larger when approaching to the zone boundary.

Some slightly negative insertion loss zones were also found at the edge of the

barrier lower part inside the shadow zone. There is also a zone with positive RIL

above the mentioned negative RIL zone, at the middle of the first measurement

plane. For all the RIL zones, the difference between their RIL values is much

smaller across the first to the last measurement plane. The sizes of those zones

are also the smallest on the last measurement plane.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 4.22 RIL at 400Hz 1/3 octave frequency band of twin-modules of

different overlapping

The collection of plotted figures shows that when the overlapping length of the

twin-module decreases, the number of both negative and positive RIL regions

increases. Along both the elevation and width of the measurement plane, the

negative and positive RIL zones appear in alternating pattern. This pattern is

most obvious in the twin-modules of no overlapping. The area which covered the

alternating pattern has an inverse relationship with the module overlapping

length. A radiation pattern can be clearly seen in the cases of modules with

smaller overlapping length or even no overlapping. The amplitude of the positive

and negative zone in the shadow zone of the barrier also changes with the
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overlapping length. The lowest RIL is also recorded at the center locations with

an elevation near ground in all twin-modules. The amplitude of the negative RIL

zone is smaller when the overlapping length decrease. On the contrary, the

amplitude of the positive ones becomes larger with decreasing overlapping

length. For all twin-modules at 400 Hz band, the alternating pattern created by

the positive and negative RIL zones fade out when approaching the last plane,

with a decreasing difference in terms of insertion loss value between

measurement points of the RIL zones.

4.4.3.2	630Hz	1/3	octave	band	

Compared to the radiation pattern found in the 400Hz 1/3 frequency band, the

pattern probably brought by the interference between the two outlets at the

630Hz band is much regular. In the twin-modules of 750mm overlapping length,

the induced alternating pattern of opposite sign RIL zones is observable in the

lower part of the first measurement plane, presented by clear lining of strong

contrast.  A  slightly  positive  RIL  zone  of  +2dB  covered  most  of  the  area  in  the

upper part of the first measurement plane. With increasing transmission distance

till the last measurement plane, the entire pattern changes with decreasing

number of alternating pattern and also the difference of RIL between the positive

and negative RIL zones.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 4.23 RIL at 630Hz 1/3 octave frequency band of twin-modules of

different overlapping

With increasing module overlapping length, the RIL pattern changes accordingly.

The shape of the alternating pattern changes from horizontal lines into inverted

parabola gradually through the changing of the overlapping length. Starting from

twin-module of 500mm overlapping length to that of no overlapping at all, the

number of alternations between the positive and negative RIL zone decreases

with increasing distance of the measurement plane from the barrier, with the

area of each zone enlarges at the same time. A much obvious contrasting color

can be seen on the 3rd and 4th measurement plane of the cases of overlapping

length of  500m,  375mm and 250mm. It  is  also  observed that  with  decreasing
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overlapping length, the negative RIL zones become more dominant in the whole

measurement array, with smaller area of measurement planes highlighted by the

positive RIL data.

4.4.3.3	1000Hz	1/3	octave	band	

Alternating patterns between opposite signs of positive and negative RIL can still

be found in all twin-modules at the 1000Hz 1/3 octave frequency bands.

Compared this pattern to that at the 630Hz band, the number of alternating

patterns shown in those measurement planes of the twin-modules increases

with their separation decreases. This is probably due to the higher frequency of

interference occurrence created by the sound wave transmission from the two

outlets of the modules. The alternating pattern is much blurred than that in the

previously mentioned frequency band.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 4.24 RIL at 1000Hz 1/3 octave frequency band of twin modules of

different overlapping

For all twin-modules in the 1000Hz 1/3 octave frequency band, the negative RIL

dominates all the four measurement planes area. The lowest RIL at 1000Hz band

is recorded in the twin-modules of 500mm overlapping length, with a value of

around -13 dB. Significant positive RIL zone can only be identified in cases with

no overlapping, with area much smaller than that found in the 630Hz band in the

same case.
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4.4.3.4	1600Hz	1/3	octave	band	

The alternating pattern cannot be identified anymore in most twin-modules at

the 1600Hz 1/3 octave frequency band, except the one of no overlapping. In that

special case, a negative RIL zone dominates the lower part of the measurement

planes. At the top part of this zone, a few positive RIL zones can be found. The

whole pattern extends from the first measurement plane to the last one with an

enlargement. At the last two measurement planes, the alternating pattern which

covered the whole measurement plane area can be observed.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 4.25 RIL at 1600Hz 1/3 octave frequency band of twin modules of

different overlapping
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The only RIL zone which can be identified in the remaining four twin-modules in

the 1600Hz band is of negative RIL. With distance between module outlets and

measurement  location  increases,  the  zone  moves  downwards  with  a  value

approaching positive. This lies with the behavior of the negative traffic-weighted

RIL  zone  discussion  in  the  previous  section.  In  cases  of  500mm  and  750mm

overlapping length, the zone even disappears in the last two measurement

planes.

4.4.3.5	2500Hz	1/3	octave	band	

In average, the differentiation of RIL on the measurement planes at 2500Hz 1/3

octave frequency bands is lower than that in the previous bands, as indicated by

the plotted figures. Still, a large RIL zone can be observed on the first three

measurement plane at this band, covering the shadow zone of the barrier model.

The size of the RIL zone diminishes with increasing measurement distance. For

most twin-modules, the zone disappears in the last measurement plane.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 4.26 IL at 2500Hz 1/3 octave frequency band of twin-modules of

different overlapping

There is no significant positive RIL found on the measurement planes, except the

one found in the 750mm overlapping length case. Alternating pattern of RIL can

only be observed in the twin-module of 750mm overlapping length. The

maximum value of positive RIL in the alternating pattern is only 1 dB, which is

much lower than those found in lower frequency bands. The alternating pattern

is found in the middle part of the measurement planes, starting from the first

plane to the third one. The pattern fades with increasing measurement distance

from the module outlet.
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4.4.3.6	5000Hz	1/3	octave	band	

The RIL map of twin-modules at 5000Hz band is the most similar one to the map

of traffic-weighted RIL than the other frequency bands. Negative RIL zone in the

first measurement plane is located at the same elevation as the module outlets

do,  with  size  larger  than the outlets.  The lowest  RIL  is  found in  the case  with

750mm overlapping length, with a value of around -10 dB. The negative RIL zone

relocated downwards as the measurement distance from the outlets increase. In

the twin-module of 750mm overlapping length, the zone nearly disappears in the

last measurement plane. There is no alternating pattern of opposite sign RIL in

the plotted figures in this 1/3 frequency bands. Significant positive RIL zone is

also not found in this band for all twin-modules.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 4.27 RIL at 5000Hz 1/3 octave frequency band of cases with twin-

modules of different overlapping

4.4.3.7	Comparison	of	RIL	plane	map	between	measured	and	combined	

twin-modules	at	selected	1/3	octave	band	

The difference in sound pattern between the measured and combined twin-

modules mostly found in the low 1/3 octave bands of 400 and 500Hz. Figure 4.28

and Figure 4.29 shows the RIL plane map of both the measured and combined

twin-modules at 400 and 500Hz respectively. For higher 1/3 octave bands

starting from 630Hz, the sound pattern of both the measured and combined

twin-modules are similar to each other.
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a) Measured twin-modules b) Combined twin-modules

a) 750mm overlapping

b) 500mm overlapping

c) 375mm overlapping

d) 250mm overlapping

e) no overlapping
Figure 4.28 RIL at 400Hz 1/3 octave frequency band of measured and

combined twin-modules
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a) Measured twin-modules b) Combined twin-modules

a) 750mm overlapping

b) 500mm overlapping

c) 375mm overlapping

d) 250mm overlapping

e) no overlapping
Figure 4.29 RIL at 500Hz 1/3 octave frequency band of measured and

combined twin-modules
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4.5	Dual-modules	

In the previous sections, the acoustical performance and the noise insulation

mechanisms of singular-modules and twin-modules have been presented. By

comparing the measurement result of twin-modules to the singular-modules, it

is revealed that the interference of sound transmission from the two outlets of

the twin-modules makes difference to the singular- and twin-modules in terms

of their relative insertion loss. The sound interference which is created by outlets

of two identical modules amplifies the sound wave at specific locations, creating

positive and negative relative insertion loss, and thus alternating pattern of the

opposite sign of relative insertion loss on the measurement array. This results in

significant relative insertion loss zones behind the barrier model, affecting the

twin-modules acoustical performance.

In this section, combinations of singular-modules with different overlapping

lengths are studied. The phase of the wave propagation is expected to be

different at the outlets of the two singular-modules of different overlapping. The

change of the sound interference behind the barrier model follows. This could

affect the barrier acoustical performance at particular locations or frequency

bands.



102

Similar to the previous sections, few perspectives are used to assess the

acoustical performance of dual modules. This includes the overall relative

insertion loss, the relative insertion loss in the barrier illuminated and shadow

zone, and the relative insertion loss in different 1/3 octave frequency bands. For

easier comparison and completeness of the data collection, data from twin-

modules cases are also presented in this section.

4.5.1	Overall	acoustical	performance	of	dual-modules	

4.5.1.1	Total	averaged	traffic-weighted	relative	 insertion	 loss	of	dual-

modules	

Table 4.11 shows the RILtw,avg of each plane of the dual-modules. Same as the

singular-modules, the dual-modules have a worse noise protection performance

than the typical noise barrier, as implicated by the negative RILtw,avg in the whole

measurement array. The absolute value of the traffic-weighted relative insertion

loss ranged from 0.43 to 0.93 dB(A). Also, the RILtw,avg gradually increases while

distance between measurement plane and the VNB module outlets increases.

Unlike the results from singular- and twin-modules, there seems no clear trend

on the change of the RILtw,avg when singular modules of different overlapping

lengths are applied to one side of the barrier model with another one fixed by

observing the relative insertion loss. The factor that leads to different

performance behavior between the singular- and dual-modules application is the

interaction between the changing VNB module and the fixed VNB module within

the same case group. This interaction may cause interference between the sound
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wave radiated from the two outlets and create different interaction behavior

across different frequency when dual modules are applied. Detailed analysis on

this interaction in different 1/3 frequency bands is given in the next section.

Case
Group Case

Averaged Traffic-weighted Relative Insertion Loss, RILtw,avg,
dB(A)

Total Plane1 Plane2 Plane3 Plane4

750O

750OL&750OR -0.54 -0.82 -0.63 -0.43 -0.29
750OL&500OR -0.43 -0.63 -0.49 -0.37 -0.23
750OL&375OR -0.64 -0.86 -0.72 -0.57 -0.43
750OL&250OR -0.55 -0.73 -0.63 -0.48 -0.37
750OL&zeroOR -0.81 -1.03 -0.87 -0.74 -0.61

500O

500OL&750OR -0.48 -0.74 -0.55 -0.38 -0.28
500OL&500OR -0.64 -0.84 -0.69 -0.59 -0.45
500OL&375OR -0.51 -0.82 -0.59 -0.41 -0.24
500OL&250OR -0.72 -0.94 -0.79 -0.63 -0.53
500OL&zeroOR -0.93 -1.19 -0.99 -0.84 -0.71

375O

375OL&750OR -0.64 -0.95 -0.75 -0.52 -0.37
375OL&500OR -0.74 -0.99 -0.81 -0.66 -0.52
375OL&375OR -0.62 -0.82 -0.69 -0.54 -0.43
375OL&250OR -0.66 -0.91 -0.72 -0.57 -0.46
375OL&zeroOR -0.86 -1.10 -0.92 -0.78 -0.64

250O

250OL&750OR -0.71 -1.00 -0.80 -0.59 -0.45
250OL&500OR -0.75 -1.01 -0.81 -0.67 -0.53
250OL&375OR -0.51 -0.77 -0.57 -0.41 -0.28
250OL&250OR -0.71 -0.95 -0.79 -0.64 -0.49
250OL&zeroOR -0.79 -0.96 -0.85 -0.72 -0.62

zeroO

zeroOL&750OR -0.74 -1.00 -0.82 -0.63 -0.53
zeroOL&500OR -0.76 -1.01 -0.82 -0.68 -0.56
zeroOL&375OR -0.66 -0.91 -0.71 -0.57 -0.47
zeroOL&250OR -0.89 -1.12 -0.92 -0.80 -0.74
zeroOL&zeroOR -0.76 -0.98 -0.79 -0.68 -0.60

Table 4.11 Averaged traffic-weighted relative insertion loss, RILtw,avg,

dB(A) of each plane of different dual-modules

Figure 4.30 shows the relationship between different combination of module

overlapping lengths and the resulting overall relative insertion loss. For the

horizontal axis of the graph, the five singular-modules with specific overlapping

lengths installed on the left side of the barrier is listed. Another five singular

modules which are installed on the right side are represented by lines of different

colors.
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Figure 4.30 Relationship between combination of dual-modules of different

overlapping and the corresponding overall relative insertion loss

The response regarding the overall insertion loss by changing the combination of

the modules of different overlapping is different from those of the singular- and

twin-modules. Generally speaking, when modules with larger overlapping length

are installed, the overall relative insertion loss is larger.

At this point,  no explanation can be made for the relative insertion loss of the

dual-modules. The overall relative insertion loss can only present a whole picture

of how the cases perform and the potential trend. The reason of specific modules

may be found in the further investigation on the performance of them at

different representive 1/3 octave frequencies.
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4.5.1.2	 Traffic	 weighted	 relative	 insertion	 loss	 plane	 map	 of	 dual-

modules	

a) 500OL&zeroOR b) 375OL&750OR

c) 250OL&375OR d) 750OL&500OR

Figure 4.31 Examples of RILtw of dual-modules of different overlapping

Behavior of relative insertion loss of dual-modules follows the trend found in the

plotted figure of the twin-modules. Negative relative insertion loss zones appear

on the first measurement plane. Its center is at the same elevation of the center

of the module outlets. The size of the zone is larger than the outlets area,

enlarged from the center of the zone. Much extension is found at the bottom

part of the zone than the upper part.

As the measurement distance increases, one can observe that the negative

relative insertion loss zone moves downwards with an increasing relative

insertion loss value. There is no significant positive relative insertion loss found

on the measurement planes, and no obvious interference pattern can be found.

In view of overall relative insertion loss pattern on the measurement plane, there

is no significant specialty of the relative insertion loss distribution observed by
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changing the overlapping length of the dual-modules. As mentioned before,

overall relative insertion loss can only assess the overall acoustical performance

of the VNB module. A detailed investigation on the relative insertion loss

behavior in different zones of the barrier model and at different 1/3 octave

frequency bands should be made to assess the effect of changing overlapping

length of dual-modules on its acoustical performance.
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4.5.2	 Acoustical	 performance	 of	 dual-modules	 in	 illuminated	 and	

shadow	zone	

Similar to the finding in the singular-modules, the main contribution to the

RILtw,avg of the dual-module comes from the barrier shadow zone. The range of

the averaged traffic-weighted relative insertion loss of the dual-module in the

barrier shadow zone are from -0.71 to -1.29 dB(A). An interesting observation is

indicated by the RILtw,ill,avg of the dual-modules. The mentioned parameter of all

cases ranges positively from 0.05 to 0.66 dB(A). The RILtw,ill,avg with positive values

indicates that the performance of the dual-modules are better in the illuminated

zone than the typical barrier design. A possible cause for this phenomenon is the

interaction between the sound refraction on the barrier model top and the one

coming out from the barrier outlets. Though, there is no obvious correlation

between the enhancement of acoustical performance in the illuminated zone

and the installed VNB module overlapping length.
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Case

Group
Case

Averaged Traffic-weighted Relative Insertion Loss

in the illuminated zone, ILtw,ill,avg, dB(A)

Total Plane1 Plane2 Plane3 Plane4

750O

750OL&750OR 0.12 0.14 0.12 0.09 0.13

750OL&500OR 0.42 0.71 0.56 0.29 0.10

750OL&375OR 0.11 0.36 0.24 0.00 -0.19

750OL&250OR 0.33 0.60 0.47 0.21 0.03

750OL&zeroOR 0.08 0.28 0.20 -0.02 -0.16

500O

500OL&750OR 0.21 0.24 0.22 0.21 0.18

500OL&500OR 0.13 0.39 0.28 0.01 -0.18

500OL&375OR 0.48 0.57 0.56 0.45 0.35

500OL&250OR 0.38 0.56 0.49 0.31 0.14

500OL&zeroOR 0.07 0.26 0.17 -0.01 -0.14

375O

375OL&750OR 0.09 0.12 0.10 0.09 0.07

375OL&500OR 0.28 0.49 0.41 0.20 0.03

375OL&375OR 0.27 0.59 0.41 0.12 -0.07

375OL&250OR 0.41 0.56 0.53 0.37 0.17

375OL&zeroOR 0.12 0.31 0.23 0.02 -0.10

250O

250OL&750OR 0.05 0.09 0.07 0.05 -0.01

250OL&500OR 0.19 0.40 0.32 0.12 -0.08

250OL&375OR 0.66 0.79 0.74 0.62 0.50

250OL&250OR 0.23 0.40 0.30 0.09 0.14

250OL&zeroOR 0.27 0.45 0.36 0.19 0.06

zeroO

zeroOL&750OR 0.13 0.18 0.10 0.13 0.11

zeroOL&500OR 0.41 0.54 0.49 0.35 0.25

zeroOL&375OR 0.45 0.58 0.52 0.39 0.29

zeroOL&250OR 0.23 0.40 0.34 0.16 0.02

zeroOL&zeroOR 0.29 0.44 0.40 0.23 0.10

Table 4.12 Averaged traffic-weighted relative insertion loss (dB(A)) in

illuminated zone of each plane of dual-modules
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Case

Grou

p

Case

Averaged Traffic-weighted Insertion Loss in the

shadow zone, ILtw,shad,avg, dB(A)

Total Plane1 Plane2 Plane3 Plane4

750O

750OL&750OR -0.76 -1.29 -0.90 -0.54 -0.35

750OL&500OR -0.74 -1.33 -0.90 -0.52 -0.28

750OL&375OR -0.92 -1.49 -1.09 -0.70 -0.47

750OL&250OR -0.87 -1.42 -1.07 -0.63 -0.43

750OL&zeroOR -1.13 -1.71 -1.29 -0.90 -0.68

500O

500OL&750OR -0.71 -1.22 -0.84 -0.50 -0.35

500OL&500OR -0.92 -1.47 -1.07 -0.73 -0.49

500OL&375OR -0.86 -1.56 -1.06 -0.60 -0.33

500OL&250OR -1.11 -1.74 -1.32 -0.85 -0.63

500OL&zeroOR -1.29 -1.97 -1.45 -1.03 -0.79

375O

375OL&750OR -0.89 -1.48 -1.07 -0.65 -0.43

375OL&500OR -1.11 -1.78 -1.30 -0.85 -0.61

375OL&375OR -0.95 -1.57 -1.13 -0.69 -0.48

375OL&250OR -1.05 -1.70 -1.24 -0.79 -0.56

375OL&zeroOR -1.21 -1.85 -1.38 -0.95 -0.73

250O

250OL&750OR -0.96 -1.54 -1.14 -0.73 -0.52

250OL&500OR -1.09 -1.75 -1.27 -0.84 -0.60

250OL&375OR -0.92 -1.61 -1.12 -0.65 -0.41

250OL&250OR -1.05 -1.66 -1.23 -0.80 -0.59

250OL&zeroOR -1.16 -1.72 -1.34 -0.93 -0.73

zeroO

zeroOL&750OR -1.03 -1.60 -1.17 -0.80 -0.62

zeroOL&500OR -1.18 -1.85 -1.36 -0.92 -0.69

zeroOL&375OR -1.06 -1.71 -1.21 -0.80 -0.59

zeroOL&250OR -1.29 -1.94 -1.44 -1.02 -0.86

zeroOL&zeroOR -1.13 -1.73 -1.27 -0.89 -0.71

Table 4.13 Averaged traffic-weighted relative insertion loss (dB(A)) in

shadow zone of each plane of dual-modules



110

The difference between Tables 4.12 and 4.13 and Table 4.11 is the separated

presentation of relative insertion loss which in the illuminated and shadow zone

behind the noise barrier model respectively. For the outstanding performance of

the case 250OL&375OR among the 375mm group, it can be concluded from the

tables that the contribution mainly come from the illuminated zone. The

RILtw,avg,ill for  this  case  reaches  0.66dB(A),  while  the  range  of  RILtw,avg,ill of the

other cases in the same group only ranges from 0.05 – 0.29 dB(A).

For 500OL&zeroOR, the exceptionally low relative insertion loss is mainly

contributed by measurement data from the shadow zone behind the barrier

model. The RILtw,avg,shad for  this  case  reaches  -1.29  dB(A),  while  the  range  of

RILtw,avg,shad of the other cases in the same group only ranges from -0.71 – -1.11

dB(A).

These findings help to suggest the location of the measurement array where

attention is needed for the two dual-modules in the following section discussing

performance of the dual-modules at different 1/3 octave frequency bands.
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Figure 4.32 Relationship between combination of dual-modules of different

overlapping lengths and the corresponding relative insertion loss in

illuminated and shadow zone
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4.5.3	Relative	Insertion	loss	plane	map	of	dual-modules	at	selected	1/3	

octave	bands	

As number of plotted figures of relative insertion loss for the 25 dual-modules at

each 1/3 octave frequency bands is too large to be discussed one by one,

selected figures which present special conditions of relative insertion loss

distribution at particular frequency bands in particular cases will be covered in

this section.

4.5.3.1	400Hz	1/3	octave	band	

Interference pattern can be found at 400Hz 1/3 octave frequency band. For all

dual-modules, alternating pattern of positive and negative relative insertion loss

zone are observed in the measurement planes. Though, in general, the negative

relative insertion loss zones dominate the bottom part of measurement planes,

where the two outlets of the dual-modules are located. For the upper part of the

measurement planes, a positive relative insertion loss zone can be found at the

top center location. It is much obvious on the first two measurement plane. The

distinction between the positive and negative relative insertion loss zone

diminishes with increasing measurement distances.
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a) 500OL&zeroOR

b) 375OL&750OR

Figure 4.33 RIL at 400Hz 1/3 octave frequency band of dual-modules of

different overlapping

One can observe that with modules of shorter overlapping lengths, the covered

area of the negative relative insertion loss zone is larger. The alternating pattern

number of relative insertion loss zone is also larger with shorter module

overlapping lengths. Figure 4.33 shows the comparison of the RIL patterns for

the cases of zeroOL&500OR and 750OL&500OR at 400Hz 1/3 octave frequency

band. With same module installed on the left side of the noise barrier model, the

difference of relative insertion loss distribution between them comes from their

difference in right module overlapping lengths. For the case of 750OL&500OR,

the negative relative insertion loss zone occupied the first 7 rows of the

measurement plane, counting from the bottom to the top. Just on top of this

zone, a positive relative insertion loss zone which is located at the center of the

measurement plane can be found. Those zones sizes and locations changes with

the overlapping length of the right-sided module of the dual-modules. For the
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case of zeroOL&500OR, the negative relative insertion loss zone occupies the

bottom half of the measurement plane, and the positive relative insertion loss

zone  moves  upwards  and  relocate  at  the  center  top  of  the  plane.  This

phenomenon applies to other dual-module case groups.

4.5.3.2	630Hz	1/3	octave	band	

Alternating pattern of relative insertion loss zone in dual-modules has dramatic

difference at 630Hz frequency band than the previous band. The alternating

pattern number of relative insertion loss zones is much higher at this band.

Instead of irregular form, the alternating pattern of relative insertion loss zone

becomes line form on the first two measurement planes. Though in all dual-

modules, negative relative insertion loss zones occupy the half bottom part of

the first two planes. Across the measurement planes, the relative insertion loss

pattern changes with significant positive relative insertion loss zone appear on

the third and fourth planes.



115

a) 500OL&zeroOR

b) 375OL&750OR

Figure 4.34 RIL at 630Hz 1/3 octave frequency band of dual-modules of

different overlapping

By changing the right-sided module with a shorter overlapping length, the

position  of  positive  relative  insertion  loss  zones  on  the  third  and  fourth

measurement planes are relocated along the elevation. The positive relative

insertion loss zones move upwards with a shorter overlapping length for all dual-

modules. For cases with singular module of no overlapping installed, the

significant positive relative insertion loss zone appears at middle part of the third

and fourth measurement planes. A negative relative insertion loss zone can still

be found at the bottom part of the planes. For other dual-modules, the relative

insertion loss zone is located at the bottom part of the planes. Several small

negative relative insertion loss zones can be found all along the elevation of the

measurement plane in these cases.
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4.5.3.3	1000Hz	1/3	octave	band	

The alternating pattern of the relative insertion loss zones of the dual-modules

becomes blurred at the 1000Hz frequency band. Trace of alternating pattern of

the zones can also be observed on the measurement planes, but it is hard to

identify the actual location of the zone. For all dual-modules, a large negative

relative insertion loss zone is located at the bottom part of all the measurement

planes.  A  few positive  relative  insertion loss  zones  of  small  area  can be found

alongside with the negative relative insertion loss zone. For cases with singular

module of no overlapping installed onto the barrier model, a significant positive

relative insertion loss zone can be found at the top of the large negative relative

insertion loss zone, with relative insertion loss value especially large on the third

and fourth planes. Though the changing of the modules overlapping exerts an

effect on the relative insertion loss pattern on the measurement planes, there is

no significant changes on the overall distribution of the relative insertion loss

zones.
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a) 500OL&zeroOR

b) 375OL&750OR

Figure 4.35 RIL at 1000Hz 1/3 octave frequency band of dual-modules of

different overlapping

4.5.3.4	1600Hz	1/3	octave	band	

Similar to the frequency bands mentioned before, a large negative relative

insertion loss zone occupies the bottom half of the first two measurement planes

for all dual-modules at the 1600Hz 1/3 octave frequency bands. The negative

relative insertion loss zones are still observable on the last two measurement

planes in most cases. Across the measurement plane, the negative relative

insertion loss zone move slightly downwards as the measurement distance

increases. For the cases with singular modules of longer overlapping, the zones

blur with unclear boundary. Clear alternating pattern of relative insertion loss

zone can only be found for the cases with singular module of no overlapping,

which is located at the top of the negative relative insertion loss zone. Significant

positive relative insertion loss can still be found on the last two measurement
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planes at this frequency band, but of a much smaller covered area than those

found at the previously mentioned 1/3 octave frequency bands.

a) 500OL&zeroOR

b) 375OL&750OR
Figure 4.36 RIL at 1600Hz 1/3 octave frequency band of dual-modules of

different overlapping

4.5.3.5	2500Hz	1/3	octave	band	

The relative insertion loss distribution of the dual-modules at 2500Hz frequency

band is similar to that at the 1600Hz frequency band. A large negative relative

insertion loss zone can be found at the bottom half of the measurement planes.

For dual-modules of larger overlapping lengths, the negative relative insertion

loss  zone is  only  found on the first  two measurement  planes.  The area of  the

zones is larger in other cases and the image can be further extended onto the

third and fourth measurement plane. For most of the cases, alternating pattern

cannot be found on the measurement planes, except the ones with modules of

no overlapping. The alternating pattern of the relative insertion loss zone locates
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at the top of the dominant negative relative insertion loss zone in the exceptional

cases. For all dual-modules, the dominant negative relative insertion loss zone is

found downwards across the measurement planes than it does at the 1600Hz

frequency band.

a) 500OL&zeroOR

b) 375OL&750OR
Figure 4.37 RIL at 2500Hz 1/3 octave frequency band of dual-modules of

different overlapping

4.5.3.6	5000Hz	1/3	octave	band	

The relative insertion loss distribution of the dual-modules at the 5000Hz

frequency band resembles very much the traffic-weighted relative insertion loss

map. The enlargement of the dominant negative relative insertion loss zone is

smaller than those found in the lower 1/3 octave frequency bands. The location

on this zone in the first measurement plane is just located behind the outlets of

the dual-modules. For increasing measurement distance from the barrier model,

the negative relative insertion loss zone moves downwards. This phenomenon is
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much obvious for the cases with dual-modules of shorter overlapping. For the

third and fourth measurement planes in all cases, the image of the negative

relative insertion loss zone becomes blurred. There is no significant positive

relative insertion loss zone in all measurement planes at this frequency band for

all dual-modules tested, neither do any alternating patterns of relative insertion

loss zones.

a) 500OL&zeroOR

b) 375OL&750OR
Figure 4.38 RIL at 5000Hz 1/3 octave frequency band of dual-modules of

different overlapping

4.6	Summary	

VNB modules have been assessed through different methodologies. Singular-

modules, twin-modules and dual-modules are tested in scaled-down modelling.

Generally speaking, by means of the averaged traffic-weighted relative insertion

loss, the difference between VNB modules and typical noise barrier design were

not higher than 1dB(A), providing that all VNB modules have a worse acoustical

performance than the typical design. Among the three VNB modules categories,
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barrier installed with singular-modules perform better than with twin-modules

and dual-modules installation, though twin- and dual-modules would be much

closer to the realistic installation scenarios.

In the near-field shadow zone of the barrier, a significant negative relative

insertion loss zone is always found at broadband frequency for the VNB modules

as expected, due to the existence of the modules outlets as being an additional

noise source, implied a decrease of acoustical protection of the VNB in this zone.

It is however found that in cases installed with twin- and dual-modules, the noise

shielding performance of VNB in the illuminated zone behind the barrier is better

than that of typical barrier for a small value of around 0.05 – 0.66 dB(A), by means

of relative insertion loss. This phenomenon is not found in cases with singular-

modules installation.

The overlapping of VNB modules has a direct relationship with the noise

attenuation  performance  of  the  barrier.  In  all  VNB  modules  cases,  a  greater

overlapping length of the modules leads to a higher value of the relative insertion

loss of the barrier model, reducing the area of the negative relative insertion loss

zone in the shadow zone behind the barrier. The total traffic-weighted relative

insertion  loss  in  the  illuminated  zone  behind  the  noise  barrier  remains

unchanged regardless of the change of the module overlapping length.

The interference pattern created by the two outlets of twin-modules and dual-

modules are much clearly observed in the low frequency bands. Interference

pattern becomes less distinctive as frequency increases and it totally disappears
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at around 2500Hz frequency bands. This phenomenon is obvious for cases with

modules of shorter overlapping length.
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Chapter	5:	Numerical	Modelling	of	the	VNB		

5.1	Introduction	

In the previous chapter, the result of scaled-down modelling measurement of

the VNB modules is discussed. It is concluded that the sound attenuation

performance of the VNB is influenced by different combinations of VNB modules

installed onto the barrier model. The difference of sound attenuation

performance in aspects such as frequency response, vertical profiles, illuminated

and shadow zone has been investigated.

By means of scale-down modelling study, the sound data captured by the

microphone array set up in the domain behind the VNB helps analyze the

resulting sound field by the sound propagation through the VNB. However, the

mechanisms of how the sound field changes in the VNB and the sole sound

propagation brought by the VNB modules without the contribution of the top-

down diffraction created by the VNB top is not clear.

A numerical modelling is thus carried out to help analyze the sound propagation

inside the VNB modules.

5.2	Setting	up	of	Numerical	Modelling	

In the numerical modelling study, finite element computational scheme is used

to analyze the sound field and sound attenuation performance of the VNB with

different installed modules. The finite element computation and post-data

analysis is done using the commercial software COMSOL Multiphysics 5.1.
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Figure 5.1 shows the general configuration of the numerical model built-up for

numerical computation. The computation is built-up in three-dimension, such

that sound propagation from the inlet of VNB modules to the far-field of the VNB

can be well demonstrated.

Figure 5.1 Sample Configuration of Numerical Model

Inhomogeneous Helmholtz Equation is used to solve the numerical model in the

frequency domain such that the frequency response can be captured in the

targeted frequency range. The equation used is stated below:

∇ ∙ − (∇p − q) − p = Q (36)

where  ρ0  = the density;

cs = the speed of sound in air;
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q = dipole source, equals to zero in this study, and;

Q = monopole source.

The aim of the numerical model is to investigate the projected sound field from

the outlet of the VNB module, without the top-down diffraction from the barrier

top. As seen from Figure 5.1, the computational domain is built up by connecting

the VNB modules to a hemispheric domain.

The size of the whole numerical model follows the dimension used in the scale-

down measurement,  such that  the proportion of  the model  is  kept  1:4  to  the

barrier model in real situation. The VNB modules are of 200mm depth, where

the inlet and outlet of the modules are maintained 600mm as width and 375mm

as height for all modules. The total length of VNB modules varies, depending the

overlapping length of each VNB module.

The size of the hemispheric computational domain varies in different cases and

kept at least one wavelength between the boundaries of the VNB modules’

outlet boundaries and the computational domain.

The outer domain surrounding the computational domain is a Perfect Match

Layer domain, which is applied to avoid the reflection of sound energy from the

outer boundary back into the domain.

5.3	Boundary	conditions	

In the numerical model, various boundary conditions are set to mimic the

acoustic properties in different part of the model. In this study, three boundary
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conditions namely rigid wall condition, outgoing condition and Perfectly

Matched Layer (PML) have been set.

5.3.1	 Rigid	wall	condition	

Assuming there is no leakage exists on the VNB barrier, interior surface of VNB

modules and the surface the outlet of VNB modules lies on (mimicking back of

VNB barrier) are set as acoustically rigid. The normal velocity on the surface is

always equal to the normal particle velocity of air. For rigid boundary setting of

VNB modules and barrier back surface, vˑn = 0, where v is the par cle velocity of

surrounding air, and n is the normal velocity of the surface.

The rigid boundary condition is described as:

( ) = 0 (37)

where r = distance from barrier center to barrier surface.

In COMSOL Multiphysics 5.1, the governing equation is:

∙ (∇ − ) = 0 (38)

where = density of fluid, and;

q = term of dipole source with dimension of force per volume.

5.3.2	 Outgoing	boundary	condition	

The outer boundary of hemispheric domain at the back of VNB is set to be the

outgoing boundary condition. The impedance Z at boundary is equal to ρc, such

that the outgoing boundary is non-reflecting. The surrounding PML and itself

help maintain the sound wave propagation to be all outgoing and dissipated



127

outside the hemispheric domain, such that the sound reflection from outer

boundary is eliminated.

5.3.3	 Perfectly	Matched	Layer	(PML)	

An additional domain named Perfectly Matched Layer (PML) which surrounded

the outer boundary of hemispheric domain is used to “absorb” the sound energy

by means of losing the incident wave energy to eliminate the sound reflection

back to the main computational domain. PML can be applied to wave with a wide

range of incident angle with good performance. PML is also not sensitive to shape

of wave. The principle behind the PML application is the transformation of the

complex valued coordinate to actual coordinate without changing the wave

impedance. The formulation to transform the coordinate  for the incident wave

is:

= ( − )| − | (1− ) (39)

where L = scaled width of PML;

= coordinate of inner PML boundary;

 = actual width of PML, and;

n = scaling exponent of each PML.

The actual width of PML is enlarged by the imaginary coordinate being the buffer

zone during the calculation. The sound energy of incident wave in the buffer zone

is then dissipated and negligible or even no sound wave reflection is produced

by the outer boundary.
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5.4	Mesh	grids	size	

Tetrahedral-shaped mesh grid is used in the numerical model. For each

frequency simulated, there are at least six elements in a wavelength. A higher

number of elements inside the VNB modules cavity is set in the aim of a clearer

sound pattern. The total mesh grid elements in the whole computational domain

is around 2000000. Table 5.1 is the summary of the mesh quality.

Mesh Type Mesh Data
Frequency Range

100 –
150Hz 210 – 400Hz 410 – 500Hz 630 - 800Hz 1000Hz

Tetrahedral

Number of
elements 789845 622199 650985 448626 1063963

Minimum
element quality 0.0642 0.0197 0.3157 0.1617 0.166

Average
element quality 0.7622 0.7701 0.7687 0.771 0.7718

Maximum
growth 3.997 3.765 4.977 4.343 3.715

Average growth
rate 1.632 1.617 1.62 1.616 1.61

Element volume
ratio

7.203 X10-

10 3.12 X10-4 4.448 X10-3 1.142 X10-2 4.041 X10-2

Triangular

Number of
elements 40278 24689 26871 18952 35033

Minimum
element quality 0.4522 0.2411 0.2368 0.3465 0.495

Average
element quality 0.9518 0.9693 0.9734 0.9701 0.9763

Element area
ratio 4.995X10-7 2.713X10-3 1.139 X10-2 2.25 X10-2 7.564 X10-2

Edge

Number of
elements 1774 539 563 496 718

Element length
ratio 1.664 X10-3 8.392 X10-2 0.1412 0.2107 0.345

Vertex Number of
elements 41 41 41 38 38

Table 5.1 Summary of Mesh Quality

5.5	Frequency	range	

In the previous chapter, the scale-down measurement result showed that the

significant positive insertion loss brought by the VNB modules is mainly found in

low frequency range. With the additional constraints in the computational power
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and thus limited mesh size and number, a low frequency range from 100Hz to

1000Hz is set for the computational simulation. The center frequency of one-

third octave band of 400Hz to 1000Hz is put into the simulation in the purpose

of comparison to the barrier back-side array sound field of the scale-down

modelling measurement. A frequency range with narrower frequency separation

of 10Hz from 100Hz to 500Hz is set for further investigation of the changes of

acoustical behavior of VNB modules by means of low frequency changes.

5.6	Result	Analysis	

In chapter 4, we have discussed the result from the scale-down model

measurement  of  the  performance  of  the  VNB  modules.  In  this  chapter,  by

studying the results of computational simulation of the VNB modules, a different

angle of view could be provided in the investigation of the sound field

contributed by the VNB modules behind the barrier.

It should be reminded that when analyzing the data from the computational

simulation,  it  is  not  the  aim  of  rebuilding  the  VNB  module  and  repeating  the

modelling in a computational simulation way for validation. It is aimed at

completing the analysis of the acoustical behavior of VNB modules which cannot

be done using scale-down modelling.

5.6.1	Sound	Pressure	level	plane	map	of	VNB	modules	at	selected	1/3	

octave	bands		

Regarding the plane map showing the sound field behind the VNB modules, there

is a slight difference of this section compared to S4.3.3. In the computation, only
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the sound passes through the VNB module is considered. Thus, the presented

plane maps in this section are created based on the data of sound pressure level

from the simulation. The plane maps presented in this way are sufficient for

investigating how VNB modules affect the sound field of the barrier back-side.

5.6.1.1	 SPL	plane	map	of	singular	modules	at	selected	frequencies	

For the plane maps presented in this section, the sound pressure level (SPL) data

from the computational simulation is used. For lighter color showing in the plane

map, a higher SPL is represented. A lower SPL is represented by a darker color

instead.

Figure 5.2 shows the SPL plane map of different singular-modules at 400Hz. It

can be observed that a high SPL zone is appeared at the position where the VNB

modules outlet is located. With the overlapping length changes and thus the

location of outlet changes, the location of the high SPL zone follows. A zone with

relatively lower SPL is also found right at the top of the high SPL zone which is in

a line shape across the x-axis of the model. The line-shaped low SPL zone can be

observed at the easiest in zero overlapping case.

Both the high and low SPL zone becomes indistinct from the first data plane to

the fourth data plane. The area covered by the zone becomes slightly larger when

sound wave continually propagates in the model.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 5.2 SPL at 400Hz of cases with singular module of different

overlapping

Figure 5.3 shows the SPL plane map of different singular-modules at 500Hz. An

obvious low SPL line-shaped zone appeared at the center of VNB modules outlet,

which is more concentrated than that found in 400Hz. There are two high SPL

zones above and under the VNB module outlets, which are separated by the line-

shaped  low  SPL  zone.  Among  the  singular-modules,  the  described  SPL

distribution can be clearly seen behind VNB modules with overlapping. In cases

of singular-module without overlapping, a funnel-shaped high SPL zone can be

seen instead, centered at the module outlet location.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 5.3 SPL at 500Hz of singular-modules of different overlapping

SPL plane map of singular VNB module cases at 630Hz, 800Hz and 1000Hz are

shown in Figure 5.4, Figure 5.5 and Figure 5.6 respectively. As constrained by the

computation resources, a relatively smaller computational domain in size is set

for these octave band center frequencies. A red line is shown in the figures to

outline the outer boundary of the computational domain, such that the area lies

beyond the red line at the top left and top right corner of each plane map is the

PML and the non-modelling space.

For the plane maps of 630Hz and 800Hz, the sound pattern behind the VNB

modules are similar to that found in 500Hz. A funnel-shaped high SPL zone
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radiated from the center of VNB modules outlet, and becomes spread and

indistinct when distance between the modules and data plane increase.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 5.4 SPL at 630Hz of singular-modules of different overlapping
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 5.5 SPL at 800Hz of singular-modules of different overlapping

In 1000Hz, the distinction of high SPL zone and low SPL zone becomes blurry,

even in the first plane map. Though, a high SPL zone is located at the outlet center,

and two low SPL zones are found, radiated from the top-left and top-right corner

of the outlet to the domain boundary. This sound pattern is more obvious in

cases for the cases of VNB modules which have shorter overlapping, and even no

overlapping at all.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 5.6 SPL at 1000Hz of singular-modules of different overlapping

5.6.1.2	 SPL	plane	map	of	twin-modules	at	selected	frequencies	

Figure  5.7  shows  the  SPL  plane  map  of  different  twin-modules  at  400Hz.  The

sound pattern of twin-modules at 400Hz is similar to that of singular-modules.

With additional contribution by the other VNB module, the high SPL zone and

low SPL zone found in twin-modules covered a larger area than those in singular-

modules. High SPL zone is found at the VNB modules outlet. Two low SPL zones

can be found radiated out from the top left and right corner of the outlet. The

sound pattern moves with the location of modules outlet which related to the

overlapping length of the VNB modules.
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Another difference between the sound pattern of twin-modules and singular-

modules at 400Hz is the magnitude of SPL zone. The difference between the SPL

in high SPL zone and low SPL zone is larger in twin-modules than in singular-

modules, supported by the in the SPL plane maps.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 5.7 SPL at 400Hz of twin-modules of different overlapping

Sound pattern maps of twin-modules of different overlapping at 500Hz can be

found  in  Figure  5.8.  The  line-shaped  low  SPL  zone  located  at  the  center  of

modules outlet radiated along the x-axis can also be observed in twin-modules.

The distinction between the high and low SPL zones become obvious in twin-

modules than in the singular-modules. A higher resulting sound pressure level is

experienced behind the modules, indicating by the lighter color of the SPL plane
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map of twin-modules at 500Hz than in singular-modules, which is brought by the

existence of additional VNB module.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 5.8 SPL at 500Hz of twin-modules of different overlapping

The sound pattern behavior in SPL plane map of twin-modules at both 630Hz and

800Hz generally follows that found in singular-modules. The locations of high and

low  SPL  zones  change  with  the  outlet  location  in  modules  of  different

overlapping, with similar relative locations to the module outlets.

At a certain radiating distance away from the module outlets on the SPL plane,

alternating sound pattern comprises of several high and low SPL zones can be

found. The alternating pattern is probably brought by the combine effect of the

two singular-modules.  Sound wave interference occurs  at  certain  area  behind
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the VNB modules. This sound pattern fades away with increasing distance away

from the outlets for both 630Hz and 800Hz.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 5.9 SPL at 630Hz of twin-modules of different overlapping
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 5.10 SPL at 800Hz of twin-modules of different overlapping

The alternating sound pattern behavior between high and low SPL zones of twin-

modules is emphasized at 1000Hz. Compared to the sound pattern found in

singular-modules, the alternating sound pattern found in the SPL plane map in

twin-modules is more. This implies a larger number of sound wave interference

occurs behind the VNB modules, brought by the interaction between the two

singular-modules when sound wave propagates out of the module outlets. The

alternating sound pattern becomes less obvious when distance away from the

outlet is larger as shown in the four plane maps of each case.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping

Figure 5.11 SPL at 1000Hz of twin-modules of different overlapping

5.6.1.3	 SPL	plane	map	of	dual	modules	at	selected	frequencies	

The SPL plane map of dual-modules at 400Hz are shown at Figure 5.12 – 5.16,

which  the  SPL  plane  maps  are  categorized  into  five  groups  according  to  the

overlapping  length  of  modules  installed  on  the  left  side.  From  Figure  5.12

showing the SPL plane map of which zeroOL, clear sound pattern can be observed.

While fixing the overlapping length of the left-sided module, the locations of the

low and high SPL zones are slightly changed among the cases with different

overlapping of right-sided modules. The low SPL zones are in line-shaped form,
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with magnitude decreases with increasing distance between the outlet and SPL

planes.

a) zeroOL&750OR b) zeroOL&500OR

c) zeroOL&375OR d) zeroOL&250OR

Figure 5.12 SPL at 400Hz of dual-modules of different overlapping (with

zeroOL)

An obvious declining of number, magnitude and size of the low SPL zones can be

found  for  the  cases  with  250OL,  compared  to  those  found  for  the  cases  with

zeroOL. Figure 5.13 shows the SPL plane map of the dual-modules of different

right-sided modules overlapping. Despite the case of right-sided module with no

overlapping, there is only one low SPL zone located on the side of the right-sided

module among the dual-modules case group with 250OL. The location of the

zone shifts upwards with shorter right-sided module overlapping, and fades out

with increasing distance between the SPL plane and outlets.
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a) 250OL&750OR b) 250OL&500OR

c) 250OL&375OR d) 250OL&zeroOR

Figure 5.13 SPL at 400Hz of dual-modules of different overlapping (with

250OL)

Compared to the sound pattern of the cases with fixed 250OL modules, similar

sound pattern can be found for the cases with fixed 375OL modules (Figure 5.14).

For the case in which the right-sided module consists of 250mm overlapping, the

low SPL zone occurs on the side of the left-sided module. It is worthy to point out

that a line-shaped low SPL zone can be seen lying at the middle of the two outlets.
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a) 375OL&750OR b) 375OL&500OR

c) 375OL&250OR d) 375OL&zeroOR

Figure 5.14 SPL at 400Hz of dual-modules of different overlapping (with

375OL)

Figure  5.15  shows  the  SPL  plane  map  of  the  dual-modules  with  fixed  500OL

module and different right-sided modules overlapping. The distinct line-shaped

low SPL zone are blurred in dual-modules with fixed 500OL, expect the dual-

module 500OL&zeroOR. The low SPL zone covered an area starting from the

outlet and extend upwards. The magnitude of the low SPL zones slightly lower

than those found in the dual-modules case group with 250OL and 375OL. The

line-shaped low SPL zone lying in the middle of the outlets and extend till the

boundary can also be observed in these cases.
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a) 500OL&750OR b) 500OL&375OR

c) 500OL&250OR d) 500OL&zeroOR

Figure 5.15 SPL at 400Hz of dual-modules of different overlapping (with

500OL)

Figure  5.16  shows  the  SPL  plane  map  of  the  dual-modules  with  fixed  750OL

module and different right-sided modules overlapping. The sound pattern

behavior  for  dual-modules  with  750OL  is  similar  to  that  found  in  those  with

500OL. Obvious line-shaped low SPL zones are generally located on the side of

right-sided modules, which are all modules with less overlapping length,

compared to the fixed 750OL.



145

a) 750OL&500OR b) 750OL&375OR

c) 750OL&250OR d) 750OL&zeroOR
Figure 5.16 SPL at 400Hz of dual-modules of different overlapping (with

750OL)

For 500Hz, the sound pattern behavior is different from the observed at 400Hz

for all dual-modules. Figure 5.17 shows the SPL plane map of dual-modules with

zeroOL. Line-shaped low SPL zone can also be found at 500Hz. A less distinction

in SPL of the zone is observed compared to other plane area. The extent of the

line-shaped zone is much shorter than that found in 400Hz for this case group.

The low SPL zones are mainly located on the side of module with less overlapping

length.
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a) zeroOL&750OR b) zeroOL&500OR

c) zeroOL&375OR d) zeroOL&250OR

Figure 5.17 SPL at 500Hz of dual-modules of different overlapping (with

zeroOL)

For dual-modules with 250OL, the sound pattern in the SPL plane map are much

clear at 500Hz than at 400Hz. Low SPL zones can be found on the centerline

between the outlets and on the side of the left-sided modules. Another low SPL

zone shift upwards with right-sided modules with decreasing overlapping. When

the overlapping of the two modules becomes similar, the low SPL zones on the

two sides begins to combine and form a line-shaped low SPL zone located at the

center of the outlet, lies along the x-axis of the model. This trend can be further

confirmed by the mentioned line-shaped low SPL zone in the previous section of

twin-modules at 500Hz. When the overlapping length of the right-sided module

vanishes, the zones becomes tilted and deformed, and lies on the side of the

250OL module.
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a) 250OL&750OR b) 250OL&500OR

c) 250OL&375OR d) 250OL&zeroOR
Figure 5.18 SPL at 500Hz of dual-modules of different overlapping (with

250OL)

Figure 5.19 shows the SPL plane map of the dual-modules with 375OL at 500Hz.

The sound pattern found in the SPL plane map of dual-modules with 375OL at

500Hz is similar to those with 250OL. With the right-sided modules’ overlapping

length changing, the low SPL zone at the right side of the map moves up and

eventually joins the low SPL zone at the left side to form a line-shaped low SPL

zone, lying along the x-axis. The main difference between the two dual-modules

case groups  is  the  existence of  the low SPL  zone at  the centerline  of  the two

modules. In dual-modules with 375OL, the stated zone can only be observed

when 250O module in installed at the right side.
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a) 375OL&750OR b) 375OL&500OR

c) 375OL&250OR d) 375OL&zeroOR

Figure 5.19 SPL at 500Hz of dual-modules of different overlapping (with

375OL)

Similar sound pattern can be found for dual-modules with 500OL. The line-

shaped low SPL zone which lies between the two outlets tilts when the

overlapping of the right-sided modules changes. When the overlapping of the

right-side  VNB  module  reach  750mm,  which  is  higher  than  that  of  left-side

module (500mm), the low SPL zone lies and extends towards the right side of the

plane map.



149

a) 500OL&750OR b) 500OL&375OR

c) 500OL&250OR d) 500OL&zeroOR
Figure 5.20 SPL at 500Hz of dual-modules of different overlapping (with

500OL)

Figure 5.21 shows the SPL plane maps of the dual-modules with fixed 750OL at

500Hz. With the largest overlapping of fixed left-side module, the long line-

shaped low SPL zone extend towards to the side of the left-side modules. The

general behavior of the sound pattern follows the observed in the other

mentioned case groups.



150

a) 750OL&500OR b) 750OL&375OR

c) 750OL&250OR d) 750OL&zeroOR

Figure 5.21 SPL at 500Hz of dual-modules of different overlapping (with

750OL)

Figure  5.22  to  Figure  5.26  shows  the  SPL  plane  maps  of  the  dual-modules  at

630Hz. Compared the plane maps to those at 500Hz, there are some significant

differences worthy to be noted. The number of the line-shaped low SPL zones is

higher at 630Hz than at 400Hz and 500Hz, but the magnitude difference of the

zone to the other area on the plane map is smaller, implying a low SPL zone with

lower magnitude at 630Hz. The line-shaped low SPL zones become shattered and

are not continuous as those at 400Hz and 500Hz do. The covered area of each

low SPL zone has decreased at this frequency. All these changes on the sound

pattern makes it difficult to locate the low SPL zones.

The SPL plane map of the dual-modules with zeroOL shown in Figure 5.22 have

well demonstrated the increase of the number of line-shaped low SPL zones,

compared to the former analyzed result at lower frequencies. Though the
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number of zones increases, the magnitudes and the continuity of the zones has

been decreased. Other fore-mentioned behaviors including the extension of the

line-shaped low SPL zone towards the side of modules with larger overlapping

are still observed.

a) zeroOL&750OR b) zeroOL&500OR

c) zeroOL&375OR d) zeroOL&250OR
Figure 5.22 SPL at 630Hz of dual-modules of different overlapping (with

zeroOL)

Compared to the SPL plane maps at 400Hz and 500Hz, the sound pattern

observed with dual-modules with fixed left-sided modules of 250mm, 375mm,

500mm and 750mm overlapping follow the findings of those with fixed zeroOL.

The covered area of the line-shaped low SPL zone diminished in size. The

magnitude difference of the zone to the other area on the plane map is lower

with the image of the zone becomes difficult to be identified.
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a) 250OL&750OR b) 250OL&500OR

c) 250OL&375OR d) 250OL&zeroOR
Figure 5.23 SPL at 630Hz of dual-modules of different overlapping (with

250OL)

a) 375OL&750OR b) 375OL&500OR

c) 375OL&250OR d) 375OL&zeroOR

Figure 5.24 SPL at 630Hz of dual-modules of different overlapping (with

375OL)
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a) 500OL&750OR b) 500OL&375OR

c) 500OL&250OR d) 500OL&zeroOR
Figure 5.25 SPL at 630Hz of dual-modules of different overlapping (with

500OL)

a) 750OL&500OR b) 750OL&375OR

c) 750OL&250OR d) 750OL&zeroOR
Figure 5.26 SPL at 630Hz of dual-modules of different overlapping (with

750OL)
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The abovementioned changes of the SPL plane maps across different frequencies

of all dual-modules continue at higher frequencies. Figure 5.27 to Figure 5.31

shows the SPL plane maps of dual-modules with fixed left-side modules of

different overlapping at 800Hz, while Figure 5.32 to Figure 5.36 shows those at

1000Hz. At both 800Hz and 1000Hz, the low SPL zone becomes much difficult to

be located as the magnitude difference between the zone and nearby area

becomes much lower. The zones are still observable, but not as clearly seen as

at lower frequencies. The number of low SPL zones appeared at these two

frequencies increases compared to the cases of 400-630Hz. However, the line-

shaped low SPL zones are further shattered and lack of continuity. The low SPL

zones are mainly distributed far away from the center of the plane map where

the outlets are located.

a) zeroOL&750OR b) zeroOL&500OR

c) zeroOL&375OR d) zeroOL&250OR

Figure 5.27 SPL at 800Hz of dual-modules of different overlapping (with
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zeroOL)

a) 250OL&750OR b) 250OL&500OR

c) 250OL&375OR d) 250OL&zeroOR
Figure 5.28 SPL at 800Hz of dual-modules of different overlapping (with

250OL)

a) 375OL&750OR b) 375OL&500OR

c) 375OL&250OR d) 375OL&zeroOR
Figure 5.29 SPL at 800Hz of dual-modules of different overlapping (with

375OL)
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a) 500OL&750OR b) 500OL&375OR

c) 500OL&250OR d) 500OL&zeroOR
Figure 5.30 SPL at 800Hz of dual-modules of different overlapping (with

500OL)

a) 750OL&500OR b) 750OL&375OR

c) 750OL&250OR d) 750OL&zeroOR

Figure 5.31 SPL at 800Hz of dual-modules of different overlapping (with

750OL)
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One of the characteristics of sound pattern found on the plane maps of dual-

modules at 1000Hz is located at the center of the maps, where the two outlets

lie. Apart from the obvious high SPL zone which is brought by the direct sound

propagation out from the outlets, low SPL zone can also be observed inside the

high SPL zone. This may be the result of the interference between the sound

propagation from the different outlets. Though, the area of these embedded low

SPL zone is small, which only occupies for area of only 100mm2.

a) zeroOL&750OR b) zeroOL&500OR

c) zeroOL&375OR d) zeroOL&250OR
Figure 5.32 SPL at 1000Hz of dual-modules of different overlapping (with

zeroOL)
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a) 250OL&750OR b) 250OL&500OR

c) 250OL&375OR d) 250OL&zeroOR
Figure 5.33 SPL at 1000Hz of dual-modules of different overlapping (with

250OL)

a) 375OL&750OR b) 375OL&500OR

c) 375OL&250OR d) 375OL&zeroOR
Figure 5.34 SPL at 1000Hz of dual-modules of different overlapping (with

375OL)



159

a) 500OL&750OR b) 500OL&375OR

c) 500OL&250OR d) 500OL&zeroOR
Figure 5.35 SPL at 1000Hz of dual-modules of different overlapping (with

500OL)

a) 750OL&500OR b) 750OL&375OR

c) 750OL&250OR d) 750OL&zeroOR
Figure 5.36 SPL at 1000Hz of dual-modules of different overlapping (with

750OL)
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5.6.1.4	 Summary	 of	 SPL	 plane	 map	 from	 Computational	

Simulation	

A few important sound pattern behaviors have been observed from the SPL

plane maps obtained by the computational simulation. The low SPL zones vary in

location and shape at different frequencies. At low frequencies of 400Hz and

500Hz, low SPL zones can be easily located. At higher simulated frequencies, the

low SPL zone on the plane map for singular-modules are difficult to be observed.

An outstanding line-shaped low SPL zone can be found at the center of the outlet

and lying on the x-axis of the simulation model at 500Hz. Even though the zones

have no significant different with other areas in magnitude, low SPL zone is

located at a certain distance away from the outlet, and is radiated out from the

outlet itself to the model boundary, creating the line-shaped form.

The location and extents  of  low SPL  zones  of  the twin-modules  are  similar  to

those found in singular-modules. At 400Hz, the low SPL zone extends further to

the side on which the second modules are added. At 500Hz, the location of line-

shaped low SPL zone remained the same, but with a greater magnitude

difference from the other area, compared to singular-modules. This implies that

additional modules with same overlapping contribute to create a low SPL zone,

possibly by creating interference of sound wave with another modules. At higher

frequencies, the number of low SPL zones and high SPL zones are generally

increased, compared to that found at low frequencies. This is due to the

wavelength difference between particular frequencies, which leads to different
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number of interferences occurs at a certain distance, and creating the alternating

sound pattern of high and low SPL zones. The alternating pattern is mainly

located above the outlet, and radiate from the outlet towards the model

boundary.

For dual-modules, a line-shaped low SPL zone are found between the two

modules’ outlets and radiate from the centerline of the two outlets to the model

boundary. For the cases of two singular-modules of different overlapping, this

low  SPL  zone  lies  towards  to  the  side  of  the  module  which  has  a  larger

overlapping. This phenomenon is emphasized at low frequencies such as 400Hz

and 500Hz. With increasing frequencies, the number of the line-shaped low SPL

zone appeared on the plane map is higher, but with a decreasing magnitude

difference compared to the nearby area. The zoning becomes much difficult to

be observed at high frequencies. The continuity of keeping the line-shaped form

of the low SPL zone decreases with increasing frequency, thus making the image

of the zoning much shattered. Most of the low SPL zones found at 800Hz and

1000Hz were located at a certain distance away from the outlets at locations

which are occupied by a high SPL zone. Dual-modules with zeroOL has the

greatest number of low SPL zones found in the plane map among all the case

groups.

5.6.2	Radiated	Power	Transmission	of	VNB	modules	

In the computational simulation, to further investigate the performance of the

VNB modules, the radiated power transmission of the VNB modules is studied.
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Insertion loss of a referencing barrier case cannot be simulated under the

applying computational simulation setting. Though, the study of the radiated

power transmission can provide insight on the performance of the VNB modules.

The less the power is, the better the performance of the VNB modules.

The frequency range which the radiated power transmission being studied is set

within  100  to  500Hz.  The  upper  limit  is  set  as  the  performance  of  the  VNB

modules are expected to be insignificant, as supported by the measurement

from the scale-down modelling. Compared to the scale-down modelling

measurement, the lowest studied frequency range is extended further to 100Hz

in the computational simulation. This aims to study the frequency range which

has not covered by the scale-down modelling due to equipment limitation.

The  radiated  power  transmission  of  the  VNB  modules  with  10Hz  interval  is

studied. Similar to the previous section, the VNB modules are categorized into

three groups, namely singular- modules, twin- modules and dual- modules to

discuss their frequency responses.

5.6.2.1	 Power	Transmission	of	Singular-Modules	

Figure 5.37 shows the radiated power transmission of all singular-modules by

analyzing the results from the computational simulation.
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Figure 5.37 Radiated Power Transmission of singular-modules of different

overlapping

In the figure, the y-axis is the radiated power in W and the x-axis is the frequency

range that the simulation covered, from 100Hz to 500Hz. In the frequency range

between 100Hz to 230Hz, a large difference in power can be located between

cases  of  singular-modules.  At  240Hz,  the  power  of  all  the  singular-modules  is

almost experienced the same power transmission. At a higher frequency range

starting from 250Hz to 500Hz, the power difference between the singular-

modules in this frequency range is enlarged. From the figure, it can be observed

that the power is at the minimum at the frequency of around 400 to 500Hz, varies

with different singular-modules. This implies that the performance of singular-

modules is of the best in the frequency range of 400 to 500Hz, which further

proved the conclusion drawn from the scale-down modelling section.
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Power peaks can be found in the simulated frequency range of each singular-

modules, implying that the performance of the singular-modules is diminished.

The frequencies where the peaks appeared vary with different singular-modules.

The number of peaks which can be found in between 100Hz to 500Hz for each

singular-modules are different too.

5.6.2.2	 Power	Transmission	of	Twin-Modules	

Figure 5.38 Radiated Power Transmission of twin-modules of different

overlapping

The behavior of radiated power transmission of twin-modules is similar to that

of singular-modules. Figure 5.38 shows the radiated power transmission of twin-

modules. Compared the graph of the twin-modules to that of the singular-

modules of the same overlapping, the behavior of power transmission is similar.

The frequency at which the power peaks are located are the same for singular-
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and twin-modules of same overlapping. The power between the twin-modules

have  a  relatively  larger  difference  within  the  frequency  range  from  100Hz  to

230Hz. The power difference becomes smaller among the cases at 240 Hz. Then

from 250Hz, the difference between the twin-module is enlarged again. Various

power peaks appear at different frequencies for twin-modules of different

overlapping. The transmitted power of the twin-modules drops with increasing

frequencies and is very low at the frequencies above 400Hz, indicating a

relatively better performance in this frequency range. This phenomenon has also

been found in the singular-modules.

In terms of the radiated power transmission, the overall difference between

singular- and twin-modules are the magnitude of power contributed by the VNB

modules. Generally speaking, the power of the twin-modules is on average twice

of that of singular-modules. This level difference is justifiable as an additional

opening is applied in the simulation model such that roughly speaking the power

coming out from the VNB module is doubled.
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5.6.2.3	 Radiated	Power	Transmission	of	Dual-Modules	

Figure 5.39 Radiated Power Transmission of dual-modules of different

overlapping (with zeroOL)

Figure  5.39 shows the radiated power  transmission of  the case  group of  dual-

modules with a zeroOL singular-module. Among cases of this dual-module case

group, there is considerable difference in the radiated power transmission. The

difference  in  power  reaches  its  lowest  at  200Hz  for  all  cases.  The  power

difference between cases is enlarged again gradually with increasing frequency,

whereas the power difference reaches its top at 280Hz. Similar to what have

observed in singular- and twin-modules, dual-modules in this case group have

power peaks at different frequencies.
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Figure 5.40 Radiated Power Transmission of dual-modules of different

overlapping (with 250OL)

The radiated power transmission of dual-modules with fixed 250OL module are

shown in Figure 5.40. The radiated power transmission of 250OL singular-module

is also shown in the figure for comparison. A small difference in power between

the dual-modules in this case group can be found in frequency range of 100 -

200Hz. The captioned difference becomes larger as frequency increases. Though,

tendency of decreasing in power is noted beyond this point, indicating that a

better performance of the dual-modules in a higher frequency range of 210 –

500Hz. From 400 to 500Hz, the difference in power among the dual-modules

vanishes that a steady power output from the dual-modules to the simulation

domain is noted.
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Figure 5.41 Radiated Power Transmission of dual-modules of different

overlapping (with 375OL)

The power difference between dual-modules with fixed 375OL module is small

at  the  lower  frequency  range  from  100  to  150Hz,  and  gradually  increases  as

frequency increases. The greatest power difference among the case group is at

around 300 Hz. The difference in power of this dual-modules vanishes in the

frequency range of 410 – 500Hz.
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Figure 5.42 Radiated Power Transmission of dual-modules of different

overlapping (with 500OL)

There is a relatively small power difference among the dual-module case group

with fixed 500OL modules from 100 to 150Hz. The power difference enlarges for

the higher frequency from 160Hz. Similar to the previous discussed dual-modules

case group, the captioned difference vanishes in the frequency range of 400 to

500Hz.
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Figure 5.43 Radiated Power Transmission of dual-modules of different

overlapping (with 750OL)

The radiated power transmission of dual-modules with fixed 750OL module is

shown in Figure 5.43. In frequency range of 100-150Hz, the power of the dual-

modules in this case group gradually increases. There is a small difference in

power between the dual-modules. The power keeps rising up with increasing

frequency and reach its top at around 210 to 250Hz. The difference in power

between the dual-modules enlarges from 150Hz to 240Hz. The captioned

difference becomes larger again at higher frequency with a decreasing power for

all dual-modules in this case group. The performance of dual module cases with

fixed 750OL module is relatively higher at frequencies above 400Hz, similar to

those in other case group. The difference between the dual-modules also

becomes insignificantly small in this frequency range.
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5.6.2.4	 Summary	 of	 Radiated	 Power	 Transmission	 from	

Computational	Simulation	

Generally speaking, from 100 to 500Hz, the performance of all VNB modules

varies  with  frequency.  In  a  lower  frequency range of  100 to  about  150Hz,  the

power contributed by the VNB module gradually increase with the frequency. At

around 240 – 260 Hz, the transmitted powers for all cases are at its maximum.

After this point of frequency, the magnitude of power decreases gradually with

the frequency. The transmitted power becomes insignificant around 400 to

500Hz.

Within the whole simulated frequency range, the transmitted power of the

singular-modules is roughly a half lower than those of the twin- and dual-

modules. This power difference is justifiable as with double energy input from

additional outlets in the simulation model provided in the twin- and dual-

modules.

Apart from the above-mentioned power difference, the behavior of power

transmission of singular- and twin-module is similar. The changes of power in

both singular- and twin-modules, by means of peaks and troughs, appeared at

same particular frequencies.

Various power peaks can be located in the radiated power transmission graph of

all cases.



172

5.6.3	 Power	Peaks	of	VNB	Module	in	Low	Frequency	Range	

In the previous section, power peaks can be found in the radiated power

transmission of the VNB modules in the simulated frequency range of 100 –

500Hz. For different singular-, twin- and dual-modules, power peaks appeared at

different frequencies. This section aims to investigate this phenomenon and to

study the relationship between the power peaks and the inner cavity structure

of the modules.

Data of radiated power on the hemispheric plane with a certain distance from

the  module  outlets  are  retrieved  from  the  computational  simulation.  The

following  sections  show  the  data  of  radiated  power  of  the  modules  and

summarized the findings among each case group.

5.6.3.1	 Power	Peaks	of	singular-modules	

Frequency
(Hz)

Total Power (W)
zeroOL 250OL 375OL 500OL 750OL

100 9.16E-05 5.97E-05 5.12E-05 4.69E-05 4.87E-05
110 1.03E-04 6.70E-05 5.88E-05 5.61E-05 6.57E-05
120 1.14E-04 7.50E-05 6.80E-05 6.81E-05 9.19E-05
130 1.24E-04 8.40E-05 7.95E-05 8.43E-05 1.32E-04
140 1.34E-04 9.46E-05 9.40E-05 1.06E-04 1.91E-04
150 1.43E-04 1.07E-04 1.13E-04 1.37E-04 2.61E-04
160 1.49E-04 1.20E-04 1.35E-04 1.75E-04 3.07E-04
170 1.58E-04 1.39E-04 1.66E-04 2.26E-04 3.12E-04
180 1.68E-04 1.62E-04 2.03E-04 2.80E-04 2.84E-04
190 1.78E-04 1.89E-04 2.45E-04 3.23E-04 2.53E-04
200 1.90E-04 2.20E-04 2.84E-04 3.37E-04 2.31E-04
210 2.02E-04 2.43E-04 3.02E-04 3.23E-04 2.24E-04
220 2.17E-04 2.65E-04 3.04E-04 2.98E-04 2.26E-04
230 2.33E-04 2.74E-04 2.86E-04 2.72E-04 2.40E-04
240 2.51E-04 2.64E-04 2.60E-04 2.54E-04 2.60E-04
250 2.67E-04 2.39E-04 2.32E-04 2.48E-04 2.72E-04
260 2.79E-04 2.07E-04 2.11E-04 2.54E-04 2.58E-04
270 2.80E-04 1.76E-04 1.98E-04 2.72E-04 2.17E-04
280 2.62E-04 1.50E-04 1.95E-04 2.99E-04 1.68E-04
290 2.26E-04 1.29E-04 2.02E-04 3.16E-04 1.29E-04
300 1.78E-04 1.15E-04 2.21E-04 2.87E-04 1.02E-04
310 1.27E-04 1.03E-04 2.47E-04 2.06E-04 8.51E-05
320 8.83E-05 9.86E-05 2.74E-04 1.30E-04 8.00E-05
330 5.98E-05 9.98E-05 2.51E-04 7.92E-05 8.43E-05
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340 4.01E-05 1.07E-04 1.70E-04 4.99E-05 1.02E-04
350 2.70E-05 1.20E-04 9.49E-05 3.32E-05 1.38E-04
360 1.84E-05 1.34E-04 5.13E-05 2.35E-05 1.59E-04
370 1.29E-05 1.25E-04 2.90E-05 1.78E-05 9.55E-05
380 9.41E-06 8.46E-05 1.74E-05 1.45E-05 4.08E-05
390 7.27E-06 4.53E-05 1.12E-05 1.27E-05 1.87E-05
400 6.01E-06 2.31E-05 7.67E-06 1.21E-05 9.95E-06
410 5.26E-06 1.22E-05 5.53E-06 1.23E-05 5.99E-06
420 4.99E-06 7.00E-06 4.31E-06 1.38E-05 4.15E-06
430 5.00E-06 4.35E-06 3.61E-06 1.52E-05 3.26E-06
440 5.21E-06 2.95E-06 3.29E-06 1.35E-05 2.94E-06
450 5.63E-06 2.19E-06 3.30E-06 8.80E-06 3.07E-06
460 6.28E-06 1.82E-06 3.68E-06 5.21E-06 3.75E-06
470 7.25E-06 1.69E-06 4.49E-06 3.39E-06 5.10E-06
480 8.66E-06 1.77E-06 5.64E-06 2.56E-06 6.47E-06
490 1.06E-05 2.06E-06 6.57E-06 2.23E-06 6.22E-06
500 1.30E-05 2.60E-06 6.64E-06 2.20E-06 4.95E-06

Table 5.2 Total Power (W) of Singular-Modules in Frequency Range of

100-500Hz

Table 5.2 shows the total power retrieved from the hemispheric plane of

singular-modules of different overlapping in the low frequency range of 100 –

500Hz. In the table, cell which power peaks are found is highlighted with colors,

which the first peak is highlighted in yellow, the second peak in green and the

third one in orange.

For singular-modules of no overlapping, in the frequency range of 100 -150Hz,

only one power peak is located. Two peaks can be found in singular-modules of

250mm  and  375mm  overlapping,  and  three  peaks  can  be  found  in  those  of

500mm and 750mm overlapping. A trend is observed that with increasing

overlapping length, the number of power peaks increases. With increasing

overlapping length, the peaks are found to appear at lower frequency.

To investigate the relationship between the power peaks and the module

structure, pressure field inside the module cavity are the key elements to study.
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Figure 5.44 and 5.45 shows the pressure field distribution along cross-sectional

cut plane of the outlet plane and the entire inner cavity of singular-module of no

overlapping respectively at 270Hz.

Figure 5.44 Acoustic Pressure Field on Outlet Plane of Singular-Module with

No Overlapping at 270Hz
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Figure 5.45 Acoustic Pressure Field in Inner Cavity of Singular-Module of No

Overlapping at 270Hz

From the above two figures, a low-pressure field can be located at the outlet

plane location. At the inlet opening of the module, which is the top half part of

Figure 5.45, a high-pressure field can be observed. In a confined space, high- and

low-pressure  fields  occurs  with  the  spatial  repetition  along  the  sound

propagation direction, such that the distance between two high pressure fields

or two low pressure fields should be equal to a wavelength at a certain frequency.

From Figure 5.45, it can be observed that the length of inner cavity is equal to

around half wavelength at 270Hz, supported by the high-pressure field at the

inlet and low-pressure field at the outlet location of the module.

Same observation can be drawn for the other singular-modules that a high-

pressure field and a low-pressure field are located at inlet and outlet location of
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the module respectively at the frequency which the first power peak is found.

Figure 5.46 shows the collection of the acoustic pressure field in inner cavity of

singular-modules at the frequency which the first power peak is found.

a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping

e) no overlapping
Figure 5.46 Acoustic Pressure Field in Inner Cavity of Singular-Modules at

frequency which first power peak is found

Figure 5.47 shows the acoustic pressure field in inner cavity of the singular-

modules at the frequency where the second power peak is found.
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a) 750mm overlapping b) 500mm overlapping

c) 375mm overlapping d) 250mm overlapping
Figure 5.47 Acoustic Pressure Field in Inner Cavity of Singular-Modules at

frequency which second power peak is found

For the second power peak, high-pressure field can be found at both the inlet

and outlet location of the module, while a low-pressure field can be found in the

middle of the inner cavity of the module. This indicates the second power peaks

is found at a frequency when the corresponding full wavelength is equal to the

inner cavity length of a singular-modules.

Similar relationship between the wavelength and third power peaks are found in

the singular-modules of 500mm and 750mm overlapping. The third power peaks

at frequency which the inner cavity length of the module is equal to 1.5

corresponding wavelength. Figure 5.48 shows the acoustic pressure field in inner

cavity of singular-modules at the frequency where the third power peak is found.
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a) 750mm overlapping b) 500mm overlapping

Figure 5.48 Acoustic Pressure Field in Inner Cavity of Singular-Modules at

frequency which third power peak is found

Frequency that the first power peak located can be predicted by calculation.

Singular-module of 750mm overlapping is taken here as an example. Assuming

the x-axis and y-axis lies along the width and height of the module respectively.

The propagation of sound wave entering the inner cavity from the inlet can be

separated along the x-axis and y-axis direction. The distance where sound

propagation along the y-axis should be the hypotenuse from the inlet to the

outlet, which is (1500) + (200)  ≈ 1513mm. The distance where sound

propagation along the y-axis is the width of the module, which is 200mm.

Theoretically, to create resonance in a confined space and thus a power peak,

the length of the cavity should be in a 0.5 multiple of the wavelength which the

power peaks are found at the corresponding frequencies. The resonance

frequency, , can be found by the following equation:

= (40)

where n = harmonic number, 1 in this case for the first power peak;

v = sound wave velocity, ≈343m/s;
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L = length of cavity, mm.

By putting the corresponding value into the equation, the resonance frequency

of the sound propagation along the x-axis and y-axis are around 120Hz and 114Hz.

The resultant frequency which combining the effect from the two sound

propagation directions should be (120) + (114)  ≈ 166Hz.

By using the above calculation, resultant frequency of singular-modules of

different overlapping can be worked out. Table 5.3 shows the simulated and

calculated frequency of singular-modules which the first power peak is located.

Singular-modules Simulated Frequency
(Hz)

Calculated Frequency
(Hz)

zeroOL 270 257
250OL 230 221
375OL 220 213
500OL 200 196
750OL 170 166

Table 5.3 Simulated and calculated frequency of singular-modules

which the first power peak is located

The table shows that the calculated resonance frequencies of the singular-

modules is close to the simulated frequency where the first peak is located. The

largest difference between the calculated and simulated frequency is only

around 13Hz.

Though, this calculation is not able to estimate the frequency at which the

second and third power peaks are found. The estimated frequency would be

much higher than that of the simulated frequency in those cases.
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5.6.3.2	 Power	peaks	of	twin-modules	

Frequency
(Hz)

Total Power (W)
zeroOL&
zeroOR

250OL&
250OR

375OL&
375OR

500OL&
500OR

750OL&
750OR

100 2.76E-04 1.92E-04 1.68E-04 1.57E-04 1.66E-04
110 3.02E-04 2.11E-04 1.89E-04 1.83E-04 2.16E-04
120 3.25E-04 2.30E-04 2.13E-04 2.16E-04 2.85E-04
130 3.46E-04 2.52E-04 2.42E-04 2.56E-04 3.76E-04
140 3.65E-04 2.76E-04 2.75E-04 3.06E-04 4.85E-04
150 3.83E-04 3.03E-04 3.14E-04 3.66E-04 5.89E-04
160 3.91E-04 3.25E-04 3.51E-04 4.28E-04 6.40E-04
170 4.07E-04 3.58E-04 4.01E-04 4.99E-04 6.45E-04
180 4.24E-04 3.92E-04 4.51E-04 5.60E-04 6.13E-04
190 4.40E-04 4.26E-04 4.96E-04 6.01E-04 5.73E-04
200 4.59E-04 4.60E-04 5.31E-04 6.15E-04 5.43E-04
210 4.75E-04 4.75E-04 5.37E-04 6.01E-04 5.29E-04
220 4.96E-04 4.84E-04 5.31E-04 5.82E-04 5.26E-04
230 5.13E-04 4.76E-04 5.11E-04 5.63E-04 5.30E-04
240 5.28E-04 4.54E-04 4.86E-04 5.53E-04 5.29E-04
250 5.37E-04 4.18E-04 4.58E-04 5.55E-04 5.05E-04
260 5.32E-04 3.75E-04 4.36E-04 5.75E-04 4.51E-04
270 5.07E-04 3.34E-04 4.28E-04 6.08E-04 3.77E-04
280 4.62E-04 2.98E-04 4.32E-04 6.34E-04 3.05E-04
290 3.95E-04 2.67E-04 4.53E-04 6.17E-04 2.48E-04
300 3.16E-04 2.45E-04 4.94E-04 5.22E-04 2.10E-04
310 2.35E-04 2.26E-04 5.33E-04 3.71E-04 1.83E-04
320 1.71E-04 2.21E-04 5.50E-04 2.45E-04 1.75E-04
330 1.20E-04 2.24E-04 4.74E-04 1.58E-04 1.84E-04
340 8.27E-05 2.37E-04 3.23E-04 1.03E-04 2.22E-04
350 5.71E-05 2.60E-04 1.88E-04 6.95E-05 2.93E-04
360 4.00E-05 2.77E-04 1.04E-04 4.97E-05 3.16E-04
370 2.84E-05 2.50E-04 6.01E-05 3.81E-05 1.89E-04
380 2.09E-05 1.68E-04 3.68E-05 3.13E-05 8.40E-05
390 1.62E-05 9.12E-05 2.40E-05 2.77E-05 3.94E-05
400 1.35E-05 4.75E-05 1.66E-05 2.64E-05 2.12E-05
410 1.17E-05 2.55E-05 1.20E-05 2.68E-05 1.28E-05
420 1.11E-05 1.48E-05 9.33E-06 2.96E-05 8.97E-06
430 1.10E-05 9.30E-06 7.80E-06 3.21E-05 7.10E-06
440 1.14E-05 6.35E-06 7.08E-06 2.79E-05 6.42E-06
450 1.22E-05 4.76E-06 7.09E-06 1.82E-05 6.70E-06
460 1.36E-05 3.95E-06 7.89E-06 1.09E-05 8.10E-06
470 1.56E-05 3.67E-06 9.57E-06 7.17E-06 1.09E-05
480 1.85E-05 3.82E-06 1.19E-05 5.46E-06 1.36E-05
490 2.25E-05 4.43E-06 1.37E-05 4.79E-06 1.30E-05
500 2.73E-05 5.57E-06 1.37E-05 4.72E-06 1.04E-05

Table 5.4 Total Power (W) of Twin-Modules in Frequency Range of

100-500Hz

Table 5.4 shows the total power retrieved from the hemispheric plane of twin-

modules of different overlapping in the low frequency range of 100 – 500Hz.

From the table, it can be observed that the frequency at which the power peaks

occur in twin-modules is similar to that of singular-modules of same overlapping.
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The phenomenon is understandable as the inner cavity length are the same of

the two modules, such that the change of pressure field should be very similar.

Figure 5.48 shows a sample collection of the acoustic pressure field in inner cavity

and at outlets of twin-module of 750mm overlapping at the frequency where the

transmitted power peaks are found.

i) In inner cavity ii) At outlet
a) First Power peaks at 170Hz

i) In inner cavity ii) At outlet
b) Second Power peaks at 230Hz

i) In inner cavity ii) At outlet
c) Third Power peaks at 360Hz
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Figure 5.49 Acoustic Pressure Field in Inner Cavity and at Outlet of Twin-

Module of 750mm overlapping at frequency which power peaks are found

Compared to the acoustic pressure field distribution in inner cavity and outlet of

the singular-module of same overlapping, the one in twin-modules have been

distorted. For singular-modules, the acoustic pressure field in both the inner

cavity and outlet are distributed along the centerline of the inner cavity length.

The distortion of the acoustic pressure field in twin-modules is caused by the

interference of the two singular-modules.
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5.6.3.3	 Power	peaks	of	dual-modules	

The pattern of frequencies of the peaks transmitted power appears in dual-

modules are expected not to be similar with singular- nor twin-modules. Power

peaks of singular-modules have been discussed in previous section, and is found

to be different, causing by the resonance effect in the inner cavity of the module.

Table 5.5 – 5.9 shows the total power retrieved from the hemispheric plane of

case group of dual-modules in the low frequency range of 100 – 500Hz. From the

table set, it can be observed that the power peaks pattern of the dual-modules

are greatly different from each other.
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Frequency
(Hz)

Total Power (W)
zeroOL&
zeroOR

zeroOL&
250OR

zeroOL&
375OR

zeroOL&
500OR

zeroOL&
750OR

100 2.76E-04 2.25E-04 2.05E-04 1.91E-04 1.75E-04
110 3.02E-04 2.47E-04 2.27E-04 2.14E-04 2.03E-04
120 3.25E-04 2.68E-04 2.50E-04 2.39E-04 2.37E-04
130 3.46E-04 2.89E-04 2.73E-04 2.65E-04 2.79E-04
140 3.65E-04 3.10E-04 2.97E-04 2.94E-04 3.31E-04
150 3.83E-04 3.32E-04 3.23E-04 3.28E-04 3.85E-04
160 3.91E-04 3.46E-04 3.44E-04 3.58E-04 4.15E-04
170 4.07E-04 3.70E-04 3.74E-04 3.98E-04 4.23E-04
180 4.24E-04 3.95E-04 4.05E-04 4.33E-04 4.16E-04
190 4.40E-04 4.19E-04 4.33E-04 4.55E-04 4.14E-04
200 4.59E-04 4.44E-04 4.55E-04 4.61E-04 4.24E-04
210 4.75E-04 4.57E-04 4.59E-04 4.57E-04 4.47E-04
220 4.96E-04 4.67E-04 4.56E-04 4.54E-04 4.81E-04
230 5.13E-04 4.63E-04 4.47E-04 4.61E-04 5.25E-04
240 5.28E-04 4.53E-04 4.45E-04 4.84E-04 5.64E-04
250 5.37E-04 4.40E-04 4.51E-04 5.18E-04 5.72E-04
260 5.32E-04 4.26E-04 4.61E-04 5.58E-04 5.37E-04
270 5.07E-04 4.11E-04 4.71E-04 5.97E-04 4.67E-04
280 4.62E-04 3.88E-04 4.73E-04 6.08E-04 3.92E-04
290 3.95E-04 3.49E-04 4.58E-04 5.63E-04 3.24E-04
300 3.16E-04 2.99E-04 4.34E-04 4.54E-04 2.63E-04
310 2.35E-04 2.44E-04 4.03E-04 3.09E-04 2.05E-04
320 1.71E-04 2.05E-04 3.73E-04 1.97E-04 1.69E-04
330 1.20E-04 1.75E-04 3.03E-04 1.26E-04 1.50E-04
340 8.27E-05 1.58E-04 1.98E-04 8.30E-05 1.50E-04
350 5.71E-05 1.54E-04 1.13E-04 5.73E-05 1.72E-04
360 4.00E-05 1.55E-04 6.41E-05 4.16E-05 1.78E-04
370 2.84E-05 1.36E-04 3.90E-05 3.16E-05 1.05E-04
380 2.09E-05 9.04E-05 2.58E-05 2.52E-05 4.75E-05
390 1.62E-05 4.97E-05 1.84E-05 2.15E-05 2.46E-05
400 1.35E-05 2.75E-05 1.41E-05 1.97E-05 1.54E-05
410 1.17E-05 1.65E-05 1.12E-05 1.90E-05 1.12E-05
420 1.11E-05 1.16E-05 9.83E-06 2.01E-05 9.34E-06
430 1.10E-05 9.18E-06 9.18E-06 2.11E-05 8.64E-06
440 1.14E-05 8.11E-06 9.10E-06 1.88E-05 8.67E-06
450 1.22E-05 7.86E-06 9.56E-06 1.41E-05 9.35E-06
460 1.36E-05 8.21E-06 1.06E-05 1.11E-05 1.08E-05
470 1.56E-05 9.15E-06 1.25E-05 1.03E-05 1.33E-05
480 1.85E-05 1.08E-05 1.51E-05 1.10E-05 1.58E-05
490 2.25E-05 1.31E-05 1.78E-05 1.27E-05 1.71E-05
500 2.73E-05 1.61E-05 2.01E-05 1.52E-05 1.81E-05

Table 5.5 Total Power (W) of Dual-Modules with zeroOL in Frequency

Range of 100-500Hz
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Frequency
(Hz)

Total Power (W)
250OL&
zeroOR

250OL&
250OR

250OL&
375OR

250OL&
500OR

250OL&
750OR

100 2.25E-04 1.92E-04 1.79E-04 1.70E-04 1.61E-04
110 2.47E-04 2.11E-04 1.98E-04 1.91E-04 1.88E-04
120 2.68E-04 2.30E-04 2.20E-04 2.16E-04 2.23E-04
130 2.89E-04 2.52E-04 2.45E-04 2.44E-04 2.67E-04
140 3.10E-04 2.76E-04 2.73E-04 2.78E-04 3.20E-04
150 3.32E-04 3.03E-04 3.05E-04 3.19E-04 3.71E-04
160 3.46E-04 3.25E-04 3.34E-04 3.58E-04 3.89E-04
170 3.70E-04 3.58E-04 3.75E-04 4.07E-04 3.85E-04
180 3.95E-04 3.92E-04 4.17E-04 4.49E-04 3.78E-04
190 4.19E-04 4.26E-04 4.55E-04 4.76E-04 3.92E-04
200 4.44E-04 4.60E-04 4.87E-04 4.86E-04 4.30E-04
210 4.57E-04 4.75E-04 4.93E-04 4.85E-04 4.79E-04
220 4.67E-04 4.84E-04 4.94E-04 4.93E-04 5.37E-04
230 4.63E-04 4.76E-04 4.83E-04 5.04E-04 5.80E-04
240 4.53E-04 4.54E-04 4.66E-04 5.11E-04 5.83E-04
250 4.40E-04 4.18E-04 4.40E-04 5.08E-04 5.35E-04
260 4.26E-04 3.75E-04 4.10E-04 5.03E-04 4.51E-04
270 4.11E-04 3.34E-04 3.86E-04 5.01E-04 3.58E-04
280 3.88E-04 2.98E-04 3.70E-04 4.98E-04 2.80E-04
290 3.49E-04 2.67E-04 3.64E-04 4.75E-04 2.27E-04
300 2.99E-04 2.45E-04 3.73E-04 4.05E-04 1.94E-04
310 2.44E-04 2.26E-04 3.86E-04 2.94E-04 1.73E-04
320 2.05E-04 2.21E-04 3.99E-04 2.09E-04 1.68E-04
330 1.75E-04 2.24E-04 3.57E-04 1.60E-04 1.80E-04
340 1.58E-04 2.37E-04 2.67E-04 1.39E-04 2.12E-04
350 1.54E-04 2.60E-04 1.98E-04 1.37E-04 2.68E-04
360 1.55E-04 2.77E-04 1.68E-04 1.47E-04 2.98E-04
370 1.36E-04 2.50E-04 1.45E-04 1.40E-04 2.16E-04
380 9.04E-05 1.68E-04 1.00E-04 9.94E-05 1.23E-04
390 4.97E-05 9.12E-05 5.69E-05 5.86E-05 6.52E-05
400 2.75E-05 4.75E-05 3.16E-05 3.55E-05 3.52E-05
410 1.65E-05 2.55E-05 1.84E-05 2.43E-05 1.99E-05
420 1.16E-05 1.48E-05 1.18E-05 2.03E-05 1.24E-05
430 9.18E-06 9.30E-06 8.27E-06 1.90E-05 8.49E-06
440 8.11E-06 6.35E-06 6.44E-06 1.60E-05 6.52E-06
450 7.86E-06 4.76E-06 5.66E-06 1.08E-05 5.75E-06
460 8.21E-06 3.95E-06 5.64E-06 7.00E-06 5.91E-06
470 9.15E-06 3.67E-06 6.29E-06 5.13E-06 6.96E-06
480 1.08E-05 3.82E-06 7.45E-06 4.42E-06 8.18E-06
490 1.31E-05 4.43E-06 8.55E-06 4.42E-06 8.04E-06
500 1.61E-05 5.57E-06 9.03E-06 4.98E-06 7.30E-06

Table 5.6 Total Power (W) of Dual-Modules with 250OL in Frequency

Range of 100-500Hz
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Frequency
(Hz)

Total Power (W)
375OL&
zeroOR

375OL&
250OR

375OL&
375OR

375OL&
500OR

375OL&
750OR

100 2.05E-04 1.79E-04 1.68E-04 1.62E-04 1.57E-04
110 2.27E-04 1.98E-04 1.89E-04 1.85E-04 1.88E-04
120 2.50E-04 2.20E-04 2.13E-04 2.12E-04 2.27E-04
130 2.73E-04 2.45E-04 2.42E-04 2.46E-04 2.77E-04
140 2.97E-04 2.73E-04 2.75E-04 2.87E-04 3.37E-04
150 3.23E-04 3.05E-04 3.14E-04 3.35E-04 3.93E-04
160 3.44E-04 3.34E-04 3.51E-04 3.84E-04 4.11E-04
170 3.74E-04 3.75E-04 4.01E-04 4.43E-04 4.08E-04
180 4.05E-04 4.17E-04 4.51E-04 4.95E-04 4.08E-04
190 4.33E-04 4.55E-04 4.96E-04 5.32E-04 4.39E-04
200 4.55E-04 4.87E-04 5.31E-04 5.51E-04 4.95E-04
210 4.59E-04 4.93E-04 5.37E-04 5.50E-04 5.46E-04
220 4.56E-04 4.94E-04 5.31E-04 5.47E-04 5.86E-04
230 4.47E-04 4.83E-04 5.11E-04 5.38E-04 5.98E-04
240 4.45E-04 4.66E-04 4.86E-04 5.26E-04 5.77E-04
250 4.51E-04 4.40E-04 4.58E-04 5.16E-04 5.27E-04
260 4.61E-04 4.10E-04 4.36E-04 5.17E-04 4.55E-04
270 4.71E-04 3.86E-04 4.28E-04 5.31E-04 3.78E-04
280 4.73E-04 3.70E-04 4.32E-04 5.50E-04 3.21E-04
290 4.58E-04 3.64E-04 4.53E-04 5.51E-04 2.92E-04
300 4.34E-04 3.73E-04 4.94E-04 5.06E-04 2.93E-04
310 4.03E-04 3.86E-04 5.33E-04 4.22E-04 3.11E-04
320 3.73E-04 3.99E-04 5.50E-04 3.67E-04 3.44E-04
330 3.03E-04 3.57E-04 4.74E-04 3.10E-04 3.43E-04
340 1.98E-04 2.67E-04 3.23E-04 2.18E-04 2.84E-04
350 1.13E-04 1.98E-04 1.88E-04 1.31E-04 2.37E-04
360 6.41E-05 1.68E-04 1.04E-04 7.74E-05 2.04E-04
370 3.90E-05 1.45E-04 6.01E-05 4.92E-05 1.18E-04
380 2.58E-05 1.00E-04 3.68E-05 3.41E-05 5.59E-05
390 1.84E-05 5.69E-05 2.40E-05 2.57E-05 2.94E-05
400 1.41E-05 3.16E-05 1.66E-05 2.11E-05 1.79E-05
410 1.12E-05 1.84E-05 1.20E-05 1.88E-05 1.20E-05
420 9.83E-06 1.18E-05 9.33E-06 1.87E-05 9.08E-06
430 9.18E-06 8.27E-06 7.80E-06 1.91E-05 7.51E-06
440 9.10E-06 6.44E-06 7.08E-06 1.66E-05 6.86E-06
450 9.56E-06 5.66E-06 7.09E-06 1.17E-05 7.05E-06
460 1.06E-05 5.64E-06 7.89E-06 8.54E-06 8.20E-06
470 1.25E-05 6.29E-06 9.57E-06 7.59E-06 1.04E-05
480 1.51E-05 7.45E-06 1.19E-05 8.01E-06 1.29E-05
490 1.78E-05 8.55E-06 1.37E-05 8.74E-06 1.35E-05
500 2.01E-05 9.03E-06 1.37E-05 8.88E-06 1.23E-05

Table 5.7 Total Power (W) of Dual-Modules with 375OL in Frequency

Range of 100-500Hz
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Frequency
(Hz)

Total Power (W)
500OL&
zeroOR

500OL&
250OR

500OL&
375OR

500OL&
500OR

500OL&
750OR

100 1.91E-04 1.70E-04 1.62E-04 1.57E-04 1.57E-04
110 2.14E-04 1.91E-04 1.85E-04 1.83E-04 1.92E-04
120 2.39E-04 2.16E-04 2.12E-04 2.16E-04 2.38E-04
130 2.65E-04 2.44E-04 2.46E-04 2.56E-04 2.98E-04
140 2.94E-04 2.78E-04 2.87E-04 3.06E-04 3.70E-04
150 3.28E-04 3.19E-04 3.35E-04 3.66E-04 4.38E-04
160 3.58E-04 3.58E-04 3.84E-04 4.28E-04 4.67E-04
170 3.98E-04 4.07E-04 4.43E-04 4.99E-04 4.75E-04
180 4.33E-04 4.49E-04 4.95E-04 5.60E-04 4.95E-04
190 4.55E-04 4.76E-04 5.32E-04 6.01E-04 5.40E-04
200 4.61E-04 4.86E-04 5.51E-04 6.15E-04 5.79E-04
210 4.57E-04 4.85E-04 5.50E-04 6.01E-04 5.94E-04
220 4.54E-04 4.93E-04 5.47E-04 5.82E-04 5.94E-04
230 4.61E-04 5.04E-04 5.38E-04 5.63E-04 5.85E-04
240 4.84E-04 5.11E-04 5.26E-04 5.53E-04 5.69E-04
250 5.18E-04 5.08E-04 5.16E-04 5.55E-04 5.38E-04
260 5.58E-04 5.03E-04 5.17E-04 5.75E-04 4.90E-04
270 5.97E-04 5.01E-04 5.31E-04 6.08E-04 4.42E-04
280 6.08E-04 4.98E-04 5.50E-04 6.34E-04 4.17E-04
290 5.63E-04 4.75E-04 5.51E-04 6.17E-04 4.07E-04
300 4.54E-04 4.05E-04 5.06E-04 5.22E-04 3.74E-04
310 3.09E-04 2.94E-04 4.22E-04 3.71E-04 2.96E-04
320 1.97E-04 2.09E-04 3.67E-04 2.45E-04 2.24E-04
330 1.26E-04 1.60E-04 3.10E-04 1.58E-04 1.76E-04
340 8.30E-05 1.39E-04 2.18E-04 1.03E-04 1.62E-04
350 5.73E-05 1.37E-04 1.31E-04 6.95E-05 1.77E-04
360 4.16E-05 1.47E-04 7.74E-05 4.97E-05 1.81E-04
370 3.16E-05 1.40E-04 4.92E-05 3.81E-05 1.08E-04
380 2.52E-05 9.94E-05 3.41E-05 3.13E-05 5.16E-05
390 2.15E-05 5.86E-05 2.57E-05 2.77E-05 2.90E-05
400 1.97E-05 3.55E-05 2.11E-05 2.64E-05 2.04E-05
410 1.90E-05 2.43E-05 1.88E-05 2.68E-05 1.75E-05
420 2.01E-05 2.03E-05 1.87E-05 2.96E-05 1.77E-05
430 2.11E-05 1.90E-05 1.91E-05 3.21E-05 1.86E-05
440 1.88E-05 1.60E-05 1.66E-05 2.79E-05 1.65E-05
450 1.41E-05 1.08E-05 1.17E-05 1.82E-05 1.18E-05
460 1.11E-05 7.00E-06 8.54E-06 1.09E-05 8.77E-06
470 1.03E-05 5.13E-06 7.59E-06 7.17E-06 8.29E-06
480 1.10E-05 4.42E-06 8.01E-06 5.46E-06 8.89E-06
490 1.27E-05 4.42E-06 8.74E-06 4.79E-06 8.46E-06
500 1.52E-05 4.98E-06 8.88E-06 4.72E-06 7.28E-06

Table 5.8 Total Power (W) of Dual-Modules with 500OL in Frequency

Range of 100-500Hz
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Frequency
(Hz)

Total Power (W)
750OL&
zeroOR

750OL&
250OR

750OL&
375OR

750OL&
500OR

750OL&
750OR

100 1.75E-04 1.61E-04 1.57E-04 1.57E-04 1.66E-04
110 2.03E-04 1.88E-04 1.88E-04 1.92E-04 2.16E-04
120 2.37E-04 2.23E-04 2.27E-04 2.38E-04 2.85E-04
130 2.79E-04 2.67E-04 2.77E-04 2.98E-04 3.76E-04
140 3.31E-04 3.20E-04 3.37E-04 3.70E-04 4.85E-04
150 3.85E-04 3.71E-04 3.93E-04 4.38E-04 5.89E-04
160 4.15E-04 3.89E-04 4.11E-04 4.67E-04 6.40E-04
170 4.23E-04 3.85E-04 4.08E-04 4.75E-04 6.45E-04
180 4.16E-04 3.78E-04 4.08E-04 4.95E-04 6.13E-04
190 4.14E-04 3.92E-04 4.39E-04 5.40E-04 5.73E-04
200 4.24E-04 4.30E-04 4.95E-04 5.79E-04 5.43E-04
210 4.47E-04 4.79E-04 5.46E-04 5.94E-04 5.29E-04
220 4.81E-04 5.37E-04 5.86E-04 5.94E-04 5.26E-04
230 5.25E-04 5.80E-04 5.98E-04 5.85E-04 5.30E-04
240 5.64E-04 5.83E-04 5.77E-04 5.69E-04 5.29E-04
250 5.72E-04 5.35E-04 5.27E-04 5.38E-04 5.05E-04
260 5.37E-04 4.51E-04 4.55E-04 4.90E-04 4.51E-04
270 4.67E-04 3.58E-04 3.78E-04 4.42E-04 3.77E-04
280 3.92E-04 2.80E-04 3.21E-04 4.17E-04 3.05E-04
290 3.24E-04 2.27E-04 2.92E-04 4.07E-04 2.48E-04
300 2.63E-04 1.94E-04 2.93E-04 3.74E-04 2.10E-04
310 2.05E-04 1.73E-04 3.11E-04 2.96E-04 1.83E-04
320 1.69E-04 1.68E-04 3.44E-04 2.24E-04 1.75E-04
330 1.50E-04 1.80E-04 3.43E-04 1.76E-04 1.84E-04
340 1.50E-04 2.12E-04 2.84E-04 1.62E-04 2.22E-04
350 1.72E-04 2.68E-04 2.37E-04 1.77E-04 2.93E-04
360 1.78E-04 2.98E-04 2.04E-04 1.81E-04 3.16E-04
370 1.05E-04 2.16E-04 1.18E-04 1.08E-04 1.89E-04
380 4.75E-05 1.23E-04 5.59E-05 5.16E-05 8.40E-05
390 2.46E-05 6.52E-05 2.94E-05 2.90E-05 3.94E-05
400 1.54E-05 3.52E-05 1.79E-05 2.04E-05 2.12E-05
410 1.12E-05 1.99E-05 1.20E-05 1.75E-05 1.28E-05
420 9.34E-06 1.24E-05 9.08E-06 1.77E-05 8.97E-06
430 8.64E-06 8.49E-06 7.51E-06 1.86E-05 7.10E-06
440 8.67E-06 6.52E-06 6.86E-06 1.65E-05 6.42E-06
450 9.35E-06 5.75E-06 7.05E-06 1.18E-05 6.70E-06
460 1.08E-05 5.91E-06 8.20E-06 8.77E-06 8.10E-06
470 1.33E-05 6.96E-06 1.04E-05 8.29E-06 1.09E-05
480 1.58E-05 8.18E-06 1.29E-05 8.89E-06 1.36E-05
490 1.71E-05 8.04E-06 1.35E-05 8.46E-06 1.30E-05
500 1.81E-05 7.30E-06 1.23E-05 7.28E-06 1.04E-05

Table 5.9 Total Power (W) of Dual-Modules with 750OL in Frequency

Range of 100-500Hz
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In terms of power transmission at a certain frequency and distance away from

the outlets of dual-modules should be the same with the individual power of the

two singular-modules at the same frequency. Any difference in the total power

of a simulated dual-module and from the two relevant singular-modules is

regarded to be caused by the interference between the outlets of the dual-

module. Figure 5.50 – 5.59 shows the power on the hemispheric plane at certain

distance away from the module outlets of simulated and combined dual-modules

in frequency range of 100 – 500Hz. The transmitted power of a combined dual-

module  is  equal  to  the  summation  of  transmitted  power  of  the  two

corresponding singular-modules. The corresponding mirrored dual-modules are

not presented here as the results is very similar to the original.

Figure 5.50 Power of Simulated and Combined Dual-Module

“zeroOL&250OR” in Narrow Band
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Figure 5.51 Power of Simulated and Combined Dual-Module

“zeroOL&375OR” in Narrow Band

Figure 5.52 Power of Simulated and Combined Dual-Module

“zeroOL&500OR” in Narrow Band
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Figure 5.53 Power of Simulated and Combined Dual-Module

“zeroOL&750OR” in Narrow Band

Figure 5.54 Power of Simulated and Combined Dual-Module

“250OL&375OR” in Narrow Band
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Figure 5.55 Power of Simulated and Combined Dual-Module

“250OL&500OR” in Narrow Band

Figure 5.56 Power of Simulated and Combined Dual-Module

“250OL&750OR” in Narrow Band
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Figure 5.57 Power of Simulated and Combined Dual-Module

“375OL&500OR” in Narrow Band

Figure 5.58 Power of Simulated and Combined Dual-Module

“375OL&750OR” in Narrow Band
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Figure 5.59 Power of Simulated and Combined Dual-Module

“500OL&750OR” in Narrow Band

The dashed lines in the figures indicate the power of the relevant individual

singular-modules of different overlapping, while line in green represents the

summation of their radiated power. The solid line is the radiated power of the

simulated dual-modules, comprises of the two singular-modules in the model

setting.

One of the general observations of the difference in power between the

simulated and combined dual-modules is in the low frequency range of around

100  to  210  Hz  before  the  first  power  peaks  appears.  In  this  relatively  low

frequency range, the power of the simulated dual-modules is higher than that of

a combined dual-modules, indicates a lower acoustical performance than

expected in this frequency range. Moreover, when the difference in overlapping
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length of the two singular-modules is smaller, the captioned power difference

becomes larger.

Another observation is from the first and second power peaks. Compared the

simulated dual-modules to the corresponding combined one, the frequency

which the power strikes its first and second peak are similar. Though, the

magnitude of power between the two cases are different. For the first power

peak, the combined dual-modules have a higher power than the simulated one.

However,  the  power  of  the  combined  dual-modules  is  lower  than  that  of  the

simulated dual-modules for the second peaks. The difference in power of the

power peaks have an inverse relationship with the difference of overlapping

length of the singular-modules. The captioned difference in power is larger with

a smaller difference of the overlapping length of the singular-modules.

For higher frequency range of a dual-module after the second power peak

located, there is no significant difference in the power between the simulated

and combined cases.

The above observation is brought by the interference between the outlets of the

two singular-modules. The interference of wave propagation from one singular-

modules to another depends on the spatial distance between the two outlets. To

investigate the above phenomenon, the relationship between the wave

properties at the outlet of VNB modules and the distance of the outlets should

be studied.
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Dual-module “250OL&375OR” is taken as an example to study the difference in

the radiated power between the simulated dual-module and the combined dual-

module. The difference between the simulated and combined “250OL&375OR”

is shown in Figure 5.54. In Figure 5.54, there are totally three intersecting points

between the spectral variation of the radiated power of the simulated and

combined dual-modules. These intersections indicate that same power is found

on the hemispheric plane with certain distance from the module outlets in both

the simulated and combined dual-modules at approximately 200Hz, 270Hz and

330Hz. The difference vanishes at 380Hz where the two curves are merged.

In between the intersections, the radiated power difference shows different

behavior. In a relatively low frequency range of 100-190Hz, the radiated power

of the simulated dual-module is higher than that of the combined dual-module.

Between the first and the second intersections in a frequency range of 210-

260Hz, the radiated power of the simulated dual-module is lower than that of

the combined dual-module. The radiated power of the simulated dual-module is

then higher that of combined dual-module in the frequency range of 280-320Hz.

To investigate the relationship between the power difference behavior and the

characteristics of the wave propagation in the simulation model of the dual-

module “250OL&375OR”, the sectional views of pressure field of the dual-

module “250OL&375OR” and corresponding singular-modules “250OL” and

“375OL” are studied. The frequencies 160Hz, 230Hz and 300Hz are studied.
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Figure  5.60  –  5.62  show  the  sectional  view  of  pressure  field  of  a)  singular-

modules “250OL”, b) singular-module “375OL” c) module “250OL” in dual-

module “250OL&375OR” and d) module “375OR” in dual-module

“250OL&375OR” at 160Hz, 230Hz and 300Hz respectively.

a) singular-module “250OL” b) singular-module “375OL”

c) module “250OL” of dual-module
“250OL&375OR”

d) module “375OR” of dual-module
“250OL&375OR”

Figure 5.60 Sectional View of Different Modules with Pressure Field from

Simulation Model at 160Hz

Pressure field fluctuates along the wave propagation from the module outlets to

the hemispheric plane where the power data is retrieved. From Figure 5.60, at

the location where the hemispheric plane lies, the pressure field of the simulated

dual-module is observed to be much higher than that of the corresponding

singular-modules. This indicates a larger radiated power is induced from the two
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outlets, such that increasing the radiated power at the hemispheric plane. The

strong interaction between the two modules may be brought by the low

radiation resistance of the two outlets, which needs further investigation.

a) singular-module “250OL” b) singular-module “375OL”

c) module “250OL” of dual-module
“250OL&375OR”

d) module “375OR” of dual-module
“250OL&375OR”

Figure 5.61 Sectional View of Different Modules with Pressure Field from

Simulation Model at 230Hz

Compared to the pressure field of the simulated dual-module and corresponding

singular-modules at 160Hz, there is much difference at 230Hz. In the sectional

view of the corresponding singular-modules “250OL”, it can be observed from

Figure 5.61 that the pressure field in simulated dual-modules is lower than that

of a standalone singular-module. This indicates a lower radiated power is

contributed by the “250OL” module in the simulated dual-module. The pressure
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field of a “375OL” singular-module in the simulated dual-module is higher than

in standalone singular-module. This indicates a higher radiated power is

contributed by the “375OL” module in the simulated dual-module. The

difference of pressure field contributed by the two modules in the simulated

dual-module implies an interaction between the two outlets affects the radiated

power from the two outlets.

a) singular-module “250OL” b) singular-module “375OL”

c) module “250OL” of dual-module
“250OL&375OR”

d) module “375OR” of dual-module
“250OL&375OR”

Figure 5.62 Sectional View of Different Modules with Pressure Field from

Simulation Model at 300Hz

The pressure field of the simulated dual-module and the corresponding singular-

module at 300Hz is similar to that at 160Hz. A higher pressure field of the

simulated dual-module than that of the corresponding singular-modules on the
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hemispheric plane can be observed. This indicates a higher radiated power from

the outlets is induced at a short distance of not more than two wavelengths. At

a farther distance, the pressure field between the simulated dual-module and

the corresponding singular-modules are almost the same.

In other simulated dual-modules, similar relationship between the wave

propagation behavior and radiated power at designated location is found. In a

relatively low frequency range below the frequency of the intersections, the

radiated power on the hemispheric plane of the simulated dual-modules is

higher than that of combined dual-modules. In this frequency range, the

pressure field of the simulated dual-modules is much higher or lower than that

of the corresponding singular-modules, implies a higher radiated power induced

by the two wave propagations from the two outlets. This situation turns over in

the frequency range between the first and second intersections of the spectral

variation of the radiated power of the simulated and combined dual-modules,

which the radiated power of the simulated dual-modules is lower than that of

the combined dual-modules, the pressure field on the hemispheric plane tends

to become zero.

The situation keeps turning over in the next frequency ranges in between every

pair of intersections of the spectral variation of the radiated power. The radiated

power difference vanishes when the two power curves merged, due to an

insignificant difference in pressure between the simulated dual-module and

corresponding singular-modules.
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5.7	Summary	

The simulated sound pressure level maps show that the low SPL zones are easier

to find in the low frequency range, saying 400 to 500Hz. The low SPL zone on the

plane map for singular module cases are difficult to be located at higher

frequencies. The location and extents of low SPL zones in twin-modules are

similar to those found in the singular-modules. The low SPL zones are enhanced

by lower magnitude in twin-modules, possibly brought by the interference of

sound radiated out from the two VNB module outlets. Low SPL zone can be found

between the two outlets locations in twin- and dual-module, and the radiation

direction tends to tilt towards the VNB module with a longer overlapping length.

The number of low SPL zones increase with frequency in twin- and dual- module

cases, such that alternating pattern of low and high SPL zones are found in the

high frequency.

Comparison in radiated power between the combined and simulated twin-and

dual-modules is done by means of narrow bandwidth analysis. Generally, the

power of a combined twin- and dual- modules is different at different frequency

range when compared to that of simulated twin- and dual-modules. For all

module cases, it is found that at relatively low frequency range at around 100 to

230Hz, the power of a simulated modules is higher than that of a combined

module. Moreover, the frequency of the power peaks found for the simulated

and combined modules are different. In addition, the power of the simulated and
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combined modules becomes the same in relatively higher frequency range of

above 400Hz.
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Chapter	6:	Numerical	modelling	of	 the	VNB	 for	real	

situation	

6.1	Introduction	

This chapter aimed at an understanding on how the noise condition at the

façades of a building will be affected if the typical noise barrier design is changed

into VNB. The investigation of the noise attenuation performance of VNB is based

on a case study of a local public housing development which suffered from

nearby road traffic noise. Noise barrier with typical design is installed at the site

boundary of the podium level in order to shield the road traffic noise created by

the main road surrounded the housing development from the noise receivers. In

order to enhancing the natural ventilation at the podium garden with regular

human activities, VNB is proposed to be an alternating solution to the site noise

problem.
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6.2	 The	 design	 of	 the	 proposed	 “Ventilation-enabled”	 Noise	

Barrier	(VNB)	

The VNB and that of the original barrier design are shown in Figure 6.1.

(a) Original barrier design (b) VNB (lined in red) design

Figure 6.1 Original and the proposed VNB cross-sections

As the VNB is basically an opening which will allow a certain degree of sound

transmission, it is proposed to install the VNB at a location as far away from the

residential units as possible. Figure 6.2 illustrates the proposed location of VNB.

This VNB will replace three sub-sections of the current noise barrier.
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Figure 6.2 View of Noise Barrier from main road outside the estate

(Proposed location of VNB Circled)

6.3	The	present	noise	assessment	approach	

Finite-element method (FEM) is used to estimate the noise reduction of the VNB

relative to that of the original barrier design. As noise can pass across the VNB

via its two openings, the opening of the VNB on the receiver side is treated as a

noise source, which radiates noise towards the noise sensitive receivers. The

overall noise intensities in the presence of the VNB at the noise sensitive

receivers are then the sum of the diffracted noise intensity (from original barrier

design) and the direct noise intensity radiated out from the receiver-side opening.

The former is obtained from noise levels given in the noise impact assessment

report. Details of the FEM settings and justifications are given in Section 4.

However, owing to the high frequency range of the present study (from 70 Hz up

to 5.7 kHz) and the computer resources available, the computational domain has

to be restricted to within the near-field of the two barriers. The noise source in
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the computation is set at 8 m from the barriers and at ~2 m above the podium

floor level. The angle of incidence of noise at the barrier is kept the same as that

in the building estate design. This difference in the source location relative to the

barrier be-tween the design in former assessment report and present

computation then calls for two corrections – one for the barrier insertion loss

and the other for noise intensity difference at the source-side of the barrier. The

barrier effect correction is required because of the path differences between the

two cases (real scenario and computation), while the source-side noise intensity

is directly affected the noise power transmitted across the VNB. Details of these

corrections and some others and their implementations are further explained in

Section 4.

6.4	Finite-element	methods	(FEM)	and	simulation	results	

Finite-element method is used in this study to simulate the acoustical

performance of the VNB compared with the conventional solid-wall type noise

barrier. It is not effective to carry out a three-dimensional simulation in the traffic

noise frequency range. Therefore, the simulation is done in the near-field at

location relatively close to the barriers, where a 2D approach is acceptable [2].

The source is assumed a line source. Again for computational efficiency, the

distance of the source in the simulation model is chosen to be at 8 m from the

barrier, but with the angle at which the sound incidents on the barrier kept the

same as that in the actual case.
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A perfectly-matched layer is created outside the main computational domain so

as to minimize numerical reflections at the domain boundary [3]. Inside this layer,

the acoustical damping coefficient increases with the square of the distance

away from the main domain of computation. The acoustical damping coefficient

is zero at the interface between this layer and the main computational domain.

About 5,300,000 nodes are used in the computation. The number of node points

within the smallest wavelength considered is large than 8. Figure 6.3 shows the

finite element domains adopted in the present study. It should be noted that the

region on the source-side of the barrier below the height level of the VNB is not

important in this study and thus it is excluded in the analysis.

(a) VNB (b) Original barrier design

Figure 6.3 View of Noise Barrier from main road outside the estate

Computational

Domain

Damping Layer
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(a) Conventional Barrier, 1kHz (b) Conventional Barrier, 2kHz

(c) VNB, 1kHz (d) VNB, 2kHz

Figure 6.4 Sound intensity maps at 1kHz and 2kHz

The finite element simulation is done using the built-in finite element solver and

mesh  generator  of  Matlab  (Langemyr  et.al.,  2009).  Some  examples  of  the

computed sound fields are shown in Figure 6.4. It can be observed that the sound

fields at regions above the barrier tops are not so much affected by the plenum

of the VNB. There will be more noise in the podium garden near to the VNB. The

opening of the VNB adds as an additional source.

The standard BS EN 1793-3 is used to weigh the noise level increase after the

three clusters of conventional noise barrier are replaced by the VNB as that the

result will be more relevant to traffic noise. Figure 6.5 illustrates how the likely

traffic noise level increase will vary with height from podium floor at a horizontal

distance  3.5  m  away  from  the  barrier.  There  will  be  a  19  dBA  increase  in  the
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traffic noise level when the current barrier design is replaced by the proposed

scheme with VNB (Figure 6.2).

Figure 6.5 Vertical profile of traffic noise insertion loss of VNB relative to

that of the conventional barrier (3.5 m from barrier on receiver side)

The worst affected residential units by the VNB should be N2-1b (2-5/F) and N2-

5a (2-7/F) (see Fig. 2 and Appendix (as extracted from Ref.1).  In the foregoing

discussion, the opening of the VNB will be treated as a sound source. A point

source sound propagation model (inverse square law) will be adopted as the

residential units concerned are far away from that opening and the separation

distances are large compared with the width of the VNB opening. The barrier

effect (diffraction) is estimated using Chart 9 of Calculation of Road Traffic Noise,

which published by the local traffic department in London. The simulation

reference point is chosen at the one 3.5 m horizontally away from the barrier on
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the podium floor. Since the sound power in the simulation is arbitrary set to unity,

the differences between the noise levels at the reference point and the facades

of N2-5a are first estimated.

The approach here is that the noise level at the reference point is first estimated

using the data given by Kinsler (2000). Then, the noise level at this point in the

presence of the VNB is calculated after adding in the appropriate corrections

together with the data in Figure 6.5 is used. After that, the noise levels at the

noise sensitive receivers due to the propagation of noise from the VNB opening

are estimated.  Finally, these noise levels are added to those given by Kinsler

(2000) to obtain the overall  traffic noise levels at the noise sensitive receivers

once the VNB is in place. The following paragraphs illustrate and explain how the

calculations are done.

As the diffracted sound intensity at the reference point is negligible (Figures 6.4a

and  6.4b),  it  is  reasonable  to  assume  the  noise  at  the  reference  point  in  the

presence of the VNB is totally due to noise transmission across the VNB. Consider

the conventional barrier case and suppose the traffic noise level at the reference

point is Lr,c and that at the façade is Lf,c. Suffices r, f, c and v hereinafter denote

quantities associated with the reference, façade, conventional barrier and VNB

respectively.  One can observe that, as the sound power of the source should be

fixed,

Lf,c + Df = Lr,c + Dr –10log10(df/ dr) (41)

Þ Lr,c = Lf,c + (Df – Dr) + 10log10(df/ dr), (42)
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where d = distance from the traffic noise source (line source), and;

D = diffraction loss.

For the case of VNB, the noise level at the reference point is increased by ~19

dBA (maximum) as shown in Figure 6.5 for a source distance of 8 m from the VNB,

but the real distance is 24 m and thus the in-crease in noise level should be just

19 – 10log10(24/8) = 14.2 dB(A). Furthermore, a correction for diffraction loss is

required. The diffraction loss under the current simulation setup is 21.9 dB(A).

Thus,

Lr,v = Lr,c + 14.2 + 23.5 – 21.9 = Lr,c + 15.9

The noise level at the façade due to this additional sound source, assuming

simple source radiation at long distance, is

Lf,v,propagation = Lr,v – 20log10(df/dr)

        = Lf,c + (Df – Dr) + 10log10(df/ dr) – 20log10(df/dr) + 15.9, (43)

where d = distance from the VNB.

The overall noise level at the façade in the presence of the VNB, Lf,v, is the sum

of Lf,c and Lf,v,propagation. Lf,c can be obtained from London’s guideline on road traffic

noise. Though the façade noise level in the guideline is not totally due to direct

diffraction, the other mechanisms, such as façade reflections, apply to both

diffracted sound and sound radiated from the opening of the VNB. Therefore,

the latter mechanisms have basically no effect in the present estimation. If other

noise  sources  exist,  the  above  estimation  will  give  the  most  conservative

estimation  of  Lf,v.  Table  6.1  shows  the  estimated  values  of  the  various
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components on the R.H.S. of the above equation. The values of Lf,v in the

presence of the VNB are all not higher than the Hong Kong statutory limit of 70

dB(A).

N2-5a
d

(m)

Path

Difference

(m)

D

(dBA)

Noise Level Difference (dB(A))
Lf,v

(dB(A))
Dr –

Df

20log10(df/dr)
10log10(dr/

df)

Reference 3.5 5.63 23.5 N.A. N.A. N.A. N.A.

2/F 21.3 1.12 15.8 7.7 17.8 2.7 69.8

3/F 22.4 0.64 13.9 9.6 18.1 2.7 69.5

4/F 23.8 0.30 11.7 11.8 18.4 2.8 69.3

5/F 25.3 0.09 9.2 14.4 18.8 2.9 69.2

6/F 27.1 0.00 5.0 18.5 19.2 3.0 69.1

7/F 29.0 0.02 2.8 20.8 19.6 3.1 70.0

Table 6.1 Empirical estimation on traffic noise level at N2-5a in the

presence of VNB

The situation at N2-1b is similar. However, there is a fin which partially screens

the diffracted noise from the traffic together with the noise barrier. This fin has

no effect on the noise propagation from the VNB opening to the façade of N2-

1b.  Let  Db be the fin effect and Db can roughly be estimated by the angular

obstruction of sight which is 1.4 dB(A):

Lf,v,propagation = Lr,v – 20log10(df/dr)

        = Lf,c + (Df – Dr) + 10log10(df/ dr) – 20log10(df/dr) + 15.9 + Db (44)
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The corresponding Lf,vs are summarized in Table 6.2. In Table 6.2, d denotes the

distance  of  observer  points  from  the  VNB  opening.  Again,  all  the  Lf,cs do not

exceed 70 dB(A).
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N2-1b
d

(m)

Path

Difference

(m)

D

(dBA)

Noise Level Difference (dB(A))
Lf,v

(dB(A))
Dr –

Df

20log10(df/dr)
10log10(dr/

df)

Reference 3.5 5.63 23.5 N.A. N.A. N.A. N.A.

2/F 22.4 0.53 13.3 10.2 16.1 1.4 69.7

3/F 23.4 0.09 9.2 14.4 16.5 1.5 69.3

4/F 24.7 0.01 6.2 17.3 17.0 1.6 69.1

5/F 26.2 0.19 0.6 22.9 17.5 1.8 70.0

Table 6.2 Empirical estimation on traffic noise level at N2-1b in the

presence of VNB

6.5	Summary	

This case study investigates the effect of a ventilation-enabled noise barrier on

the traffic noise levels at the façade of the proposed housing estate facing a main

road in Hong Kong. A numerical scheme using finite-element computation and

empirical acoustical formulae are adopted. Results show that the ventilation-

enabled noise barrier increases slightly the traffic noise levels at the façade in its

shadow zone, while those at the façade in the illuminated zone remain basically

unchanged.
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Chapter	7:	On-site	full-scale	modelling	of	VNB	

7.1	Introduction	

On-site measurement of the case study in Chapter 5 is carried out in order to

assess the on-site noise attenuation performance of VNB and its difference with

the traditional barrier design. In the numerical modelling reviewed in Chapter 5,

Results show that there will be less than 0.5 dBA increase in the noise level at the

façade in the shadow zone of the VNB, while those at the façade in the

illuminated zone remain basically unchanged (Yuen and Tang, 2015). The site

validation of the VNB performance simulation results is completed by conducting

an on-site measurement for both cases in this on-site case study.

7.2	The	measurement	setting	

The targeted traffic noise source comes from the main road which parallel to the

noise barrier. The horizontal distance between the center of the road and the

housing estate boundary is approximately 25m. The measurement is taken at the

peak flow of the traffic, at normal day from 6pm to 8pm, suggested by the local

traffic monitoring report.

There  are  totally  four  measurement  points  for  both  cases.  Brüel  &  Kjær  Type

2250, 2260 and 2270 sound level meters are used in this measurement. Two of

them are placed at the barrier side, with one at the height of 1.2m above the top

of the barrier, and another 0.5m under the top of the barrier, which would be

the opening at the source side when it is a VNB design. One measurement point

is set at the playground area on podium, with a height of 1.6m, which near the
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opening of the VNB design at receiver side. The fourth one located on second

floor, 1m from façade of N2-5a, which is in the shadow zone of VNB. The duration

of the measurement is 2 hours for each case, which covers the traffic peak flow.

Noise spectrum which frequency ranged from 16Hz to 20kHz in 1/3 octave band

for 1-second interval are captured during the measurement for further analysis.

Noise generated from sporadic events such as ambulance alarming, vehicles

horning was omitted from the calculation, considering maintaining a normal

traffic  flow.  Figure  7.1  denotes  the  position  of  measurement  points  on

architectural plan and Figure 7.2 shows the on-site setting and the naming of the

points.

Figure 7.1 Position of measurement points on architectural plan (indicating

by red hexagon)
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(a) SLM placed 1.2m above barrier top (NBT) (b) SLM placed 0.5m below barrier top (NBO)

(c) SLM placed at the playground area on podium,

height 1.6m (P)

(d) SLM placed on second floor, 1m from façade of

N2-5a (2F)

Figure 7.2 On-site setting of measurement points (red-circled, name of

points bracketed in description)	

Sound data captured by the sound level meters are then insert into the

application software Evaluator Type 7820 from the same manufacturer in order

to exclude the captured sound data from the sporadic events and calculate the

desired indicators for further analysis. Indicators including LAeq, LA10 and LA90 of

the sound data and induced spectrum are calculated from the software.
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7.3	Measurement	results	analysis	

Before comparing the measurement results between the two designs, it is

needed to ensure the nature of the measured traffic flow, and hence the

captured sound data, are almost the same, or not vitally different with each other,

in order to provide a fair test basis for the site validation.

Table 6.1 shows the summary of LAeq, LA10 and LA90 of the traffic noise captured

for both original barrier design and VNB design. For measurement points NBT

and NBO, it is noted that the differences between LAeq and LA10 are ranged from

1.4 to 2.1 dB(A) for both cases, while that between LAeq and LA90 are ranged from

3.6 to 4.5 dB(A). Such small differences between LAeq and the two indicators

suggest that among the whole measurement period, the fluctuation of the traffic

noise for both cases are small. In other words, it can be said that the traffic noise

level from the main road during the measurement is steady and the traffic flow

is continuous.

Measurement
Point Indicators

Original design VNB design
Indicator

values
(dBA)

Difference
with LAeq

(dBA)

Indicator
values
(dBA)

Difference
with LAeq

(dBA)
2F LAeq 58.7 / 59.5 /
P LAeq 56.2 / 58.5 /

NBO
LAeq 63.7 / 65.2 /
LA10 65.7 2 66.8 1.6
LA90 60 3.7 61.4 3.8

NBT
LAeq 65.9 / 64 /
LA10 68 2.1 65.4 1.4
LA90 61.4 4.5 60.4 3.6

Table 7.1 Summary of LAeq, LA10 and LA90 of the traffic noise

captured for both designs
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Figure 7.3 1/3 octave spectrum from captured sound data for original and

VNB design (dB)

(a) 1/3 octave spectrum for point NBT for both cases (dB for x-axis)

(b) 1/3 octave spectrum for point NBO for both cases (dB for x-axis)
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Another important issue that needed to be considered in order to ensure a nearly

same noise source providing to both cases is the composition of the traffic noise.

Though the traffic noise level may be steady, and the traffic flow is continuous,

the  number  of  small  and  heavy  vehicles  that  drove  by  the  road  in  the

measurement  period  may  not  be  closed  to  each  other  in  both  cases.  The

proportion of small and heavy vehicles drove by might directly affected the

composition of the spectrum of measured traffic noise as heavy vehicles

contributed much at lower frequencies than the small ones do.

Spectrum of captured sound data at points NBT and NBO are used to confirm the

uniqueness of the contribution of the traffic flow. Figure 7.3 shows the graph

plotting the 1/3 octave spectrum of both NBO and NBT for both cases.

The figure shows a similar shape of curves corresponding to the two design for

NBO and NBT, which at the source sides of the barrier. This reveals that the

composition of the two sound data captured from the road by different times

are similar, providing a basis for the comparison of the two cases.

In this measurement, the two measurement points which set on the façade of

the second floor (Point 2F) and that in the playground area at the podium (Point

P)  are  treated  as  the  receiver  points  in  order  to  reveals  the  acoustical

performance of the two barrier designs. In order to eliminate the difference in

the noise level from the traffic flow when carrying out the measurement for the

two cases at different period of time, a reference point at the source side of the

barrier should be selected. NBO would be a better point to use as one rather than
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NBT as it is closer and mainly exposed to the main road and the noise captured

by it would be much dominant by the traffic noise.

Subtraction of the reference points from both cases are done to calculate the

difference between the LAeq of the whole captured traffic noise spectrum. The

difference is then included in the subtraction of the noise level of each receiver

points in order to work out the relative receiving LAeq (RRL) of the VNB design to

the original design of the barrier. Table 7.2 summarizes the calculation steps to

find the RRL.

Measurement Point LAeq (dB(A))
Original design VNB design

NBO 63.7 65.2
Difference: 1.5

2F
58.7 59.5

Difference: 0.8
RRL (VNB to original): -0.7

P
56.2 58.5

Difference: 2.3
RRL (VNB to original): 0.8

Table 7.2 Summary of calculated parameters comparing the original

and VNB design

Performance difference of a VNB design to the original design can be revealed

by  the  RRL  of  the  receiver  point.  From  Table  7.2,  for  measurement  point  2F,

negative RRL indicates that less noise is captured in the VNB design case than the

original design case. It is additionally better than the predicted results in the

shadow zone of the barrier of having a positive RRL of 0.5 dB(A) from the

simulation model which is done previously. A positive RRL valued 0.8 dB(A) for

measurement point P denotes an increase LAeq near the receiver-sided opening



222

of VNB when the original barrier design is changed into a VNB one. The increase

in LAeq matches the prediction of the previous simulation model as suggested

that  the  opening  at  the  receiver  side  of  the  VNB  design  would  be  act  as  an

additional noise source.

7.4	Summary	of	on-site	measurement	

The on-site case study concerns the feasibility study of a VNB design when

applying in a real situation, with a road traffic noise source. The VNB prototype

is installed at the podium level of a public residential development.

Measurement with points located at source and receiver sides has done on-site

for both cases. With eliminating the traffic noise source difference by referencing

measurement point at source side of the barrier, result shows that noise level at

façade of VNB case is lower than that in the original case, revealing a better

performance of the VNB than the predicted one from the simulation. Considering

the weak persuasiveness of a single data set, further site validation should be

done.
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Chapter	8:	Conclusions	

The idea of ventilation-enabled noise barrier is introduced and investigated in

this study. By applying different combinations of VNB modules which consists of

a passage with different overlapping length, by the approach of scale-down

modelling and computational simulation modelling, the acoustical performance

and properties of the VNB modules have been studied.  Findings on assessing the

noise attenuation performance of VNB modules in this study are consolidated in

this chapter. Recommendations and suggestions for future works are also given

in the latter section.

8.1	Summary	of	findings	

VNB modules have been assessed through different methodologies. Singular-

modules, twin-modules and dual-modules are tested in scaled-down modelling.

Generally speaking, by means of the averaged traffic-weighted relative insertion

loss, the difference between VNB modules and typical noise barrier design were

not higher than 1dB(A), providing that all VNB modules have a worse acoustical

performance than the typical design. Among the three VNB modules categories,

barrier installed with singular-modules perform better than with twin-modules

and dual-modules installation, though twin- and dual-modules would be much

closer to the realistic installation scenarios.

In the near-field shadow zone of the barrier, a significant negative relative

insertion loss zone is always found at broadband frequency for the VNB modules

as expected, due to the existence of the modules outlets as being an additional
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noise source, implied a decrease of acoustical protection of the VNB in this zone.

It is however found that in cases installed with twin- and dual-modules, the noise

shielding performance of VNB in the illuminated zone behind the barrier is better

than that of typical barrier for a small value of around 0.05 – 0.66 dB(A), by means

of relative insertion loss. This phenomenon is not found in cases with singular-

modules installation.

The overlapping of VNB modules has a direct relationship with the noise

attenuation performance of the barrier. In all VNB modules cases, a greater

overlapping length of the modules leads to a higher value of the relative insertion

loss of the barrier model, reducing the area of the negative relative insertion loss

zone in the shadow zone behind the barrier. The total traffic-weighted relative

insertion  loss  in  the  illuminated  zone  behind  the  noise  barrier  remains

unchanged regardless of the change of the module overlapping length.

The interference pattern created by the two outlets of twin-modules and dual-

modules are much clearly observed in the low frequency bands. Interference

pattern becomes less distinctive as frequency increases and it totally disappears

at around 2500Hz frequency bands. This phenomenon is obvious for cases with

modules of shorter overlapping length.

The computational simulation modelling has further supported some of the

conclusions and observations of the scale-down measurements. The simulated

sound pressure level maps show that the low SPL zones are easier to find in the

low frequency range, saying 400 to 500Hz. The low SPL zone on the plane map
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for singular module cases are difficult to be located at higher frequencies. The

location and extents of low SPL zones in twin-modules are similar to those found

in the singular-modules. The low SPL zones are enhanced by lower magnitude in

twin-modules, possibly brought by the interference of sound radiated out from

the two VNB module outlets. Low SPL zone can be found between the two outlets

locations in twin- and dual-module, and the radiation direction tends to tilt

towards the VNB module with a longer overlapping length. The number of low

SPL zones increase with frequency in twin- and dual- module cases, such that

alternating pattern of low and high SPL zones are found in the high frequency.

Comparison in radiated power between the combined and simulated twin-and

dual-modules is done by means of narrow bandwidth analysis. Generally, the

power of a combined twin- and dual- modules is different at different frequency

range when compared to that of simulated twin- and dual-modules. For all

module cases, it is found that at relatively low frequency range at around 100 to

230Hz, the power of a simulated modules is higher than that of a combined

module. Moreover, the frequency of the power peaks found for the simulated

and combined modules are different. In addition, the power of the simulated and

combined modules becomes the same in relatively higher frequency range of

above 400Hz.

A case study of VNB noise attenuation performance in a local public housing

estate was done numerically as well as by in-situ measurement. The aim of this

case study is to investigate the feasibility of the VNB to deal with road traffic



226

noise issue in real situation setting. In the numerical study, the noise level at the

nearest noise sensitive receiver 3.5 m horizontally behind the barrier is

compared to that of the conventional solid-wall design using finite-element

method. Results show that there will be less than 0.5 dB(A) increase in the noise

level at the façade in the shadow zone of the VNB, while those at the façade in

the illuminated zone remain basically unchanged. This is in line with scaled-down

modelling experimental results.

In the site measurement, a few measurement points were set up in the affected

façade of the housing estate and measurements have been taken in the traffic

peak hour of the main road beneath the VNB barrier. Both the typical barrier

design and VNB design were included into the measurement. Result reveals that

the noise level increases at those measurement points on the façade are less

than 1 dB(A) after the conventional solid wall barrier was replaced by the VNB,

agreeing with the conclusion from the investigation by other methods.

Suggesting by this feasibility study, the VNB is confirmed to be a solution of

striking a balance between acoustical and ventilation performance, providing

that the acoustical performance are not significantly reduced with openings,

compared to a typical barrier design.

8.2	Limitation	and	Recommendations	

The main limitation of this study is the modelling domain of both the scale-down

modelling and the computational simulation modelling. The modelling domain

of the scale-down modelling measurement depends on the size of the anechoic
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chamber. In the measurement, the longest distance of a data plane from the

barrier model which the microphone array can captured is only 1m. This distance

being  4m if  converted to  an application in  real  situation is  far  away from any

reference of the real distance between noise sensitive receivers and noise barrier,

assuming a podium or playground is in between the two. For assessing the

performance of a noise barrier, it has always been a common approach to study

an area behind the noise barrier with a distance as few times of the noise barrier

height, in order to capture a clear picture of how sound propagates going

through the noise barrier. A larger assessing distance is much important in this

study, as there are two approach of sound propagation. One is the sound

propagation  from  the  top  edge  of  the  noise  barrier,  by  the  refraction

mechanisms. The other one if via the passage created by the application of VNB

modules. The interaction of these two sound propagation approaches in the

illuminated zone and shadow zone would be much clearer if the assessing area

behind the barrier can be enlarged. A larger modelling domain should also be

given for the scale-down modelling in future study.

Same limitation encountered in the computational simulation modelling. Due to

limited computer resource, the modelling domain is constrained to a limited area.

The covered area of the modelling domain radiating from the VNB module outlet

are  not  sufficient.  Only  a  limited  part  of  illuminated  zone  is  covered  by  the

modelling domain. This limitation hinders the behavior of sound propagation in

the  said  area.  A  larger  modelling  domain  should  also  be  given  for  the
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computational simulation modelling in future study in order to further

investigate the theoretical sound propagation with the effect of VNB modules.

Regarding the computational simulation modelling, for the future study, it is also

recommended to put the whole set up of a noise barrier with VNB modules into

the modelling. In this study, only VNB modules are put in the computational

simulation modelling. The sound propagation via the VNB modules is studied.

However, in real situation, sound propagation by refraction from the top edge of

noise barrier would cause interaction with that from the VNB modules outlets.

Neglecting the sound propagation from the top-down refraction of the barrier

help focus the sound propagation mechanism from the VNB modules. However,

the data captured in this setting is difficult to be applied in real situation, as the

interaction of the mentioned two approaches are hindered.

From the results of numerical modelling done by computational simulation, it is

observed that different power peaks appeared at particular frequency higher

than 220 – 240Hz for VNB modules with different overlapping. The mechanism

of how this enhancement of power is not investigated in this study. Further

investigation regarding this observation should be applied in future study. The

mechanism of how sound propagates inside the VNB modules and the wave

configuration on the outlet planes would be the key to the said observation. Data

points should be added inside the modules and on the outlet plane when carrying

out scale-down modelling and computational simulation modelling in the future.
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