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Recently, due taapid urban development and incrsiag population in
modern cities, main traffic roads are closdd residential regions and lead to
seriows noise pollution. Thannoyancerom traffic noisebrings health problems
to citizens such as sleep disturbance, hypertension, and even ischemic heart
diseass. Thus, road traffic noise becomes onelwé critical problems in modern
cities.

Many acoustical researchers, environmergalgineersand scientiss pay
more concernsn traffic noise problens and seek relatedsolutions. One of the
commonsolutionsis to locate an obstacle betweertraffic road and residendl
region, which is saealled noise barrier. Based on the physical phenomenon of
soundpropagation noise barrier can achieve high noise attenuatainshadow
zone by blocking the direct propagation path from noise source to receiver
However,noise barrie has its limitation orlow frequency noise due tthe high
diffractive efficiency of the latter Low frequencynoise attenuation leveis thus
poor. Improvement ofthe noise attenuatiorof noise barriethasthen become a

main researchfocus Theoreticaland experimentalinvestigationshave been



conducted forhalf a century. It is found that barrier dimensionand shape of
barrier top edge would affect noise attenuaticefficiency Because ofspace
limitation in densdy populated cities, increasg the sizeof noise barrier is not a
good solutiorto improvenoise reductiorperformance of noise barrieDifferent
barrier top edgedesigns ar¢hen considered to achieve highnoise attenuation

From recentresearches NMaekawa,1968)(Seznec,1980)Watts,1996)
(Ishizuka and Fujiwara,20Q4jumerical ancexperimentalresults alscshowthat
the general Ishape, ¥Yshape and cranked barrier can provide gondise
attenuation the same asthat of a higherand thicler barrier. If absorption
material is added othe top edge of thesbarriers,noise reductiorperformance
can befurther improved. However, the performance of absorption materisl
alwaysdependson atmospheric conditionsind decreas dramatically ina short
period afterexposngto bad atmospherienvironment Diffusivebarrier is then
proposedto reduce noise by sound diffraction at barrier leading edge instead of
absorption by absorption materialDifferent diffusive barrier designs are
proposed in recent researchegsuch asLam 1994 to optimize the noise
reductionperformance.

Moreover, studies orresonator (Ingard 1953 (Tang 1973 have been
conducted fordecades. Although the noise attenuation level of resonator is
frequency dependentthe effective frequencyrange can be enlarged by using
multiple resonatorgogether (Doria 1995 (Griffin,2001) (XU,20107Therefore, a

noise barrier associated wittesonatoris thenbeingconsidered in this study.



Themajor objectives of this study are to investigate tbpatial behavior
of sound behind barrier andoise atenuation performance ohoise barrier with
acoustic cavities on its top edge this researchmeasurementsare carried out
to indicate the relation of niseattenuationto the following parameterswhich
are dimensionof cavity,arrangement of cavitigsnumberof cavities usednd
location of cavig. Numerical omputations aredone in Chapter 4 The results
show thatthe noise attenuation performance afconventional verticabarrieris
improved byadding asingle acoustic cavitgn its top edgeespeciallyat the
resonance frequenciesf acousticcavity.In addition,the resultsalsoshowthat
the magnitude of Insertion Losdependson the location of acousticavity.
When the distance between barrier leading edge and acoustic cavityis
decreased the magnitude of Insertion Losds increasedwithout influendng
resonance frequency

Analysis of experimemi results is shownin Chapter 5. The noise
attenuation performance by different cavity arrangementstign investigated
Transfer function is used irthese analysesto obtain the insertion loss
Conclusion can be drawfrom overallexperimenal resultsthat the separation
from the cavity to the leading edge affectthe magnitude of Insertion Loss
significantly Moreover, the resonance frequencgf noise barrier is controlled

by cavitydepth especiallyat low frequency.
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Chapter 1: Introduction and Outlines

1.1 Objectives and background

Noise is regarded as unwanted souiihffic noisehas always been one
of the main environmentalproblems in the communities because of its
psychological effects on humdiving quality Kryter, 1985. In Ancient Rome
and Medieval Europe, there were rules to prevent noeuitted by horse
carriages and any ironed wheels battered the stones on pavendening
nighttime. Nowadays,Noise Control Ordinance is proposedin many higly
populated cities such as Hongong to reducetransportation noise. From
OSpatial Distribution of Traffic Noise Problem in Hong Kopgblished by the
Hong Kong Environmental Protection Departman015 there are still nearly
1 million residents suffering fronexcess trafficnoise bove 70dBAIn Laio
within 1 hour) inHongKong Due to the poor planning in the past in old town
and lack ofavailable land spacien Hong Kong, main roadnd highwaysare
built closed to residential buildirsg People are exposed thigh noise level
which causs interference with day activities and even dgades sleep quality
of people.Kin 012) found that 26.260f Hong Kongpopulationsare exposed
to a noise higher tha®5 dBAat their dwellingswith a further7.9 % andother
4.13% highly anayed and highly sleep disturbe@ihe conclusion indicated that
Hong Kong is one of th&siancitiessufferingfrom serious transportation noise.

Traffic noisecontrol has been studieéxtensively(Rathe,1969)(Delany,

1972) (Sandberd,979) (Hothersalll992).There areseveralways to attenuate



traffic noise In new developing area, a more careful design on city planning and
a complete public transportation system caeduce traffic noise effectively.
Other than that, noise attenuatiomeasures areused tolimit the spread of
noise. The easiestway is to blockdirect sound propagationpath from noise
source to receiveto reducethe noise levelt receiverside Construction of
roadside noisebarriers between sound sourceand noise sensiive receives
are then proposed foruse in Hong KongNoise barrier attenuate noise by
extendng the propagation path forsound wavetravelling from source to
receiverand seting up a shadow zone behind b&r by blockingthe direct
propagation pathlt can be seenhat a higher barrier can provide better noise
attenuation by extending the sound propagation path ancenlarging the
shadow zone. However, it ispossible to buildan infinite barrier. Balance
should bemade between construction requiremestand acoustic concerns.
Therefore different types of roadside noise barriesre developedsuch as
curved edge barriex inclined barriers,louvered barriers, cylindrical edge
barriers and raltiple-edge barriers

In recent studies (Yamamoto,1989) (Yamashital990) (Watts,1994)
(Ishizuka and Fujiwar2004),different mitigation measuressuch as absorbing
materials,were added on the barrietop edgeto improvenoiseattenuation. It
is found thataddingabsobing materiak canimprovethe noise attenuatiorof
barrier by 3-5 dBat low frequency. However, abdwing materiak are unreliable

in practical use Hficiency of the materias will decrease rapidly in a short



period since they ardighly sensitive torain, mist and othemir contaminants
such asdust. Therefore, people are looking fol barrier design which can
provide high attenuationat low frequency and is less environmenta
dependence

The major objectivesof this research areto investigate thenoise
attenuation performance of barrier withdifferent acoustic cavities on its top
edgeand the spatial behavior of sound behind barriddumericalstudies and
scalemodel experiments are carried out tdetermine the performance of
different barrier designsPerformance of noise barrier can be indicated by
Insertion Loss (IL)To determine the effelc of acoustic cavitiesonly, the
experiments are conducted inan anechoic chamber to maintai a
homogeneous atmosphere so thatvironmental effectssuch as atmosphere
reflection and turbulence scattering on the resuyltan be ignored
Environmentaleffects arediscussed in Chapter 2but not in the laer part of

this thesis in detail.



1.2 Structure of thesis

There are six chaptsrin this thesis. The outline of this thesis as
follows:

In Chapter 1, a briefdescriptionon the background otraffic noise
problem in Hong Konig presenéd. Althoughnoise barrier is commonly used to
solve road traffic noiseproblem it has poor noise attenuation atlow
frequencies Therefore,the main objective ofthis study is to investigate the
noise attenuationperformance of barriewith acoustic cavitylt is expected
that acoustic cavity can improvaoise attenuation performancen low
frequencyrange, whichs the weakst link of existing barries. The findings of
presentresearchshow that acoustic cavities give a significamprovement -

6 dB) on noise attenuatiorat their resonance frequencie#t the last part of
this chapter, a summary of the outline thiis thesis igprovided.

In Chapter 2, literature reviewn related studiesof road traffic noise,
modeling methods ofnoise barrier andhe performanceof noise barries in
different top edge desigmre presented Aso, environmental factorssuch as
ground effect and meteorological effe¢teon barrier noise attenuatiorare
reviewed in this chapter.In order to investigate the noise attenuation
performance of acoustic cavities on noise barrier, scabelel experimentand
numericalsimulationare carried out in a fully anechoic environment to avoid

any atmospheric effects on the results in this study.



Chapter 3 introduceshe theories usedin presentstudy to determine
the resonance frequencyf acoustic cavity angherformance ofnoise barrier
The basicmechanism on noise attenuation by barrier nigentioned in this
chapter. The generahnalyticalformula for calculatingesonance frequencpf
acoustic cavities isgiven to validate the result obtained from both
compuations and experimens. At the las part of this chapterjndexes used to
analyzenoise attenuatiorperformance of barriem this studyare presented.

Chapter 4 givesin introductionof the presentnumericalstudy which
includes the settingof boundary conditions, testing domain and nosaurce.
A series of simulatios has beenconducted using two-dimensional Finite
Element Method (FEM) bthe software ComsoMultiphysic Investigation on
the effect of different acoustic cavityparameters is done Significant
improvements at specific frequency which match the acoustic mode number of
cavities can be obtaineffom results In addition, the relationship between
cavity parameterssuch agavity depth, location of cavity and arrangements of
acoustc cavitiesandnoise attenuation performance of barriare investigated
in detail. Theseresults are alsousedto compare with experimentalresults
presented inChapter5 for further analysis

In Chapter 5, a detaikd introduction of scale modelexperimentsis
presented which include thelimension of tested models, configuration of
scalemodel experiments instruments connecting network and the detail of

instruments used in this studySeveral experiments are conducted to



investigatethe relationship between barrier noise attenuation and different
acoustic cavity parameters, and also the spatial behavior of sound by capturing
the total sound field behind barrieResultsare thenanalyzed andrerified with
the numerical result presented inChapter 4.A summary ofnoise attenuation
level and spatial behavioof barrier with acoustiacavitiesis given inthe last
sectionin thischapter.

Chapter 6is the last part of this thesi€onclusionof the whole study is
made. All the findings during this studye summarized and the suggest®n

andrecommendatios on further worksare discussed



Chapter 2: Literature Review

In recent years, traffic noise bemes an important concern in most
countries andstudies about traffic noise haveeen carried out by many
researchers (Canelli, 1974, Ko, 1978, Chakrabetgl. 1997, Onuu, 2000,
Sommerhoff et. Al., 2004)t is found that &cessive noise exposure can affect
the human hearing and even permanent damage the hearing threshold (Kryter,
1985). Therefore, studies on barrier are needed to reduce the influence on
human being by traffic noise.

2.1 Studies on road traffic noise

In general, road traffic noise is thembination noise of vehicle engine
noise exhaust pipenoise tire noise and aerodynamic noise. In tBisction the
detail of engine noise, tire noise and noise from exhaust @ipediscussed
since they are the main sourcoé generalroad traffic noise.

Engine noise is generated by thabration at explosion process of
vehicle engine during operatioffhe variation of noise level from engine noise
is dependingon the operationloading. It can be 10dBhigher from full load
mode to neload condition. Although the noise generated by different engine is
not same due to various design of engine structure. The common frequency
rangeof engine noise is low frequengyhicharound 1060500 Hz.

Tire noise is another nge source whichmakesa high contribution to
generalroad traffic noise. It is generated by tire vibration and the contact

between tire and road surface. The noise level of tire noise is then dyrect



proportional to the speed of carTire noise is foundo be dominant at car
speed around 460 km/h. (Sandbergl979. The frequency range of tire noise
for normal smallvehicleis in the region around 800 to 100z and about 500
Hz for trucks due to the size differemof thesevehicles.

The noise form xhaust pipe isgenerated by the exhaust air from
explosion chamber of engine. Thus, the noise is highly dependent to engine
speed. The increase in noise level is aroundd8when the engine speed
increase by 10 time®riede (971) found that the noise gerated from petrol
engine is not onlyproportion to engine speed, but also engine operating
loading where diesel engine is not dependent on the loading condition. Other
than that, engine size is also found that to &eother important factor to the
noise level. When engine size increase, the exhaust noisealsitl increase.
That is why noise from truck is always higher than normal vehicle since the
engine sizef truckis much larger than others. The estimation on noise level of

petrol and diesel engine can follow tl&uationas below:

SPL , =30log,, N, +17.5log,, v+ L,

501 N +17.51 L - [dB] 0
=50lo +17.51log,, v+
SRR €10 0 D

(diesel engine

SPL

( petrol engine at no load condiiion)

where lpis constant, representsthe displacement volume of engine (&nand
N: is the real engine speed(rpm). It can be observed that exhaust noise is
dominated by speed of engine more than size of engine and petrol engine will
generate a higher noise level when both petrol atidselengine areoperating

in same engine speed.



It is clear thatgeneral road traffic noise @ board band noise which is
dominated in 1000000Hz. And the noise levekceivedat residential area in
modern cities from traffic noise is always up to-8@dB. When people expose
to high noise level for a long time, negeat impact on human being is found.
Thus,studies on noise mitigation by noise barrier dhen started in research
field.

2.2  Studies on thin barrier

Studieson noise attenuationperformance of noise barrier have been
carried out for around 100 years. The reviews on research studies include
theoreticaland experimental works of previous researchen different noise
barrier will be presented in this chapter.

By summarizingthe works of previous researcheréMaekawa,1965)
(May,1980) (Yamshita,1990) (Yamamoto,1993) (Muradali,1998) (Ishizukag,2004)
there are two general methods to undertake studies paise attenuation
performance of noise barriers. One is full scale s the oher is modelling
techniques. Physical scale modelling test in laboraamynumericalmodelling
computationare the most common methato determinenoise attenuatiorof
noise barrier. Other ultimate test is esite measuremens with realisticground
and atmospheric condition to asses$le actual performance of noise barrier.

Thesemethods will bereviewedin the following paragraph



2.2.1 General Modelling Method s
Studies on noise attenuation performance of noise barriers have been

carried out for a long time. Thus, differemodelling methodshave been
establishedto find out the performance of noise barriefn this Section six
commonlyused methods in research field are listed out and discussed in detail.
2.2.1.1Analytical solut ions

The diffraction of planegylindricaland spherical waves over the edge of
thin half plane has been highigterested anchas been studied since the end of
eighteenth century. It was suggested that the diffraction of sound over thin
half plane can bealetermined as an optics problem due to the similar wave
properties. Therefore, the diffraction pattern behind thin screen is based on the
coupling between superposition of wave over the edge of thin screen and
incident wave inside the line of sight region

Sommerfeld (1986} evelopeda rigorous mathematical solutioof this
diffraction problem. The partial differentidquatiors are solved to express a
two-dimensionaldiffraction problem of an incident plane way@opagateover
a thin reflecting seminfinite screen The solution contains two terms which
expressed the contribution of direct wave and diffracted wave alternately. For
the first term, it is expressed by the principle of geometrical acoustics. And the
second term is expressed in terms of Fresnel integraléew years later,

Carslaw(1899, Carlas1920)and MacDonald1915)presentedother solutions
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for the problems on diffraction of cylindrical and spherical incident wawer

edgeof thin half planeby extending Sommerfef@ approach.
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To simplify the complexity of the problem, cylindrical polar coordinate is
used to describe thelocation of sources and receiver®8y principle of
geometrical acoustics, the sounfield in a thin plane problem includes
diffracted sound p, incident sound pand reflected sound p As shown in
Figure 2.1a point source is located at tHeft-hand side of thethin plane, the
thin plane at themiddleis of zero thickness and receiver is located at thght-
hand side of thethin plane. And the domain is divided into three regions.
Region | is the reflected region whettee entirereflected wave will confined in
region |. Region Il ihe combinedregion whee diffracted wave and incident

wave areoccurredin this region Lastlyregion Il is the diffracted region which
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is sacalled shadow zone of a barriéncident sound wave cannot penetrate in
this region since th@ropagatepath is blocked by thénin plate. Therefore, the

total sound field pin these regiongan be expressed as below:

wS3A2) b b b b 9lj KD
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MacDonald developed a solution to find out the total soundldfiin

S

spherical polar coordinate system. The total sound field is expressed as the sum

of two contour integrals as:

12

NJ



EE 2 O .. EE 2 O . . o
TA O cB T A O B

b

where Kk is the wavenumber of incident sound wafe, is the Hankel function
of first kind, R1 and R&re the distancebetween source and image source to
receiver respectivelyy andy are the sign functiorwhich corresponding to

angley and distance RThe incident wavereflectedwave and diffracted wave

in Region I, 1l,litan then be expressedas below
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b
TR
A 9 ljH b
b
TR
EE ( B2 O ..
b —AO
Thss O ¢E
9 ljHy
EE ( B2 0 . .
——AO
TAss O ¢BE

If the receiver is located at shadow zone, #$@utionis then expressed

as below
A EE E2 O . . .
p — — ( ——AO 9 ljnd
YR TA O ¢k

Copson(1946) Levine and Schwing¢l948)used a newapproach,solve
diffraction problems directly like an inggal formulation, and also appd the
WienerHopf method(Crighton, Doling, Williams, Heckl and Leppington, 1996)
(Wright, 2005) which is a technique to solve linear partial differenEgjuation

with mixed boundary condition and sesmfinite geometriesto find out the
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exact solution on diffraction problems. Recently, Tolst#%989) obtained an
explicit and exact solution for sound waves diffracted by wedges. Since the
solution of diffraction soud field is expressed in the sumiafinite series, edge
diffractions can be obtained without the need of asymptotic approximation of
integrals. However, there is a limitation of this approach due to the slow

convergence ofhe seriesat high frequency.

f Receiver

@
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Source

From the geometry as shown kgure 2.3the solution of diffracted sound
field is the combination of incident sound wave and reflected wave of either
one surfaces of wedge. However, the incidemve becomeszero since
receiveris not directlyilluminated to source. And the reflectediave alsgpays

no contribution since thereflected wave can be constructed on either side of
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the edge to the receiver. Then the diffraction of sound can be expressed in four

terms:

o) 6 v 9 IjH M 0

wherey corresponding to the sound path between souregifagesource, &

receiver Rand image receiver@as shown in below figure.
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The diffracted field of each path can then be calculated as:
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where 2ags the shortest distance from source to receiver through the top edge
of wedge and H(u) is the Heaviside step function. The paramatethe wedge
indexwy A& I Oeiggiulfysd I yR
2.2.1.2 Approximation analytical formulation s

Other than solving thaliffraction problems of noise barrier by analytical
solutions, more simplified methods fopredicting noise attenuation of noise
barrier ispreferred Young and Fresnel suggested mapproximate solutions
for the diffraction problems of a half plane witphysical interpretation of
diffraction. Sincethe wavelengthof highfrequencynoise compare with barrier
is very small, the wave property will be similar to optical light propagate over
an obstacle. Thus, a mathematical representation of the Huygeesrel
principle, FresneKirchhoff approximation(Hecht, 1998) (Born and Wolfm,
1975) is developedBy using the solutionf Greer® theorem, the sound field
behind noise barrier can be expressau surface integral by solving the

HelmholtzEquation
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A semiinfinite thin screen is locatedt the middle of source and receiver
as shown irFigure 2.53 representthe surface of aperture above the screen
and3 represent the surface of thin screen. Thus, gwndpressureobtained

at receiverpoint can bedeterminedas below:
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Skudrzyk(1975)extended the Kirchho® solution into Rubinowie¥oung
formula. The diffraction sound field behind noise barrier is then expressed in
line integral rather than surface integral which used in KirciBo$blution.
Besides that, he alsdecomposedhe diffraction sound field into direct sound
filed and scattered sound field by the plane and spherical incident wave of

Kirchhoff solution.
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Another formula expressesthe sound diffraction problemof a two-
dimensionalbarrier was derived by Embleto1980) Two assumptions are
made on the Rubinowiegsoung formula, the first one is tHae integralwas
along the barrier edge and the second one is that the two ends of barrier edges
are connected by a sergircular arc.The integrationvariable isthen reducing
to one dimension so that it becomes more convenient for numerical
implementation The simplified line integral when thHwarrier islocated at the

midway between source aneceiveris shown below:

W 2F0 !—A O\EI‘/—\QE)QOE)A(AN
OAf oe%
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2.2.1.3 Empirical formulations

Engineering chart for predicting the sound attenuation behind noise
barrier by a point source lthbeen developed by Redfea(1940)and Fehr
(1951) The sound attenuatiorstimatedin his chart is based on a function with
two parameters which are the angle of diffraction and termalizedeffective
height of barriers by wavelength. However, ground effect and atmospheric
effectare not considered or ignoreah this chart.

Around 30years later, Maekaw§l96b) (19@8) carried out a large amount
of measurements to measure thperformance of a thin barrier on noise
attenuation by using pulsed tone in short duration as@ndsource and place
the source and receives at different positons. Based on theneasurement

data, he proposed a design chart, which is plotted by sound attenuation against
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Fresnel number, teexpressthe shadowing effect of a thin barrier. Ground
effect hasalsobeen considered in this chart by a correction af2 h the same
period, Rathg1969) also presented a chart based on his experimdata.
Different from Maekawa chart, the sound attenuatiobtainedin Rathe& chart

is in octavebands. Inthe following few years, researchers developedfew
numbersof engineering formulas to represent Maekawa chart (Delany,1972)
(Tatge, 1973) (Yamamoto, 1992).

There are Wwo important parametersused in the empirical formula of

al S1 I éhlarhe firstone is path differencg which is the difference
between direct path from source to receiver and the path from source to
receiver via the top edge of barridt.is given by:
1 O O 2 9 ljH Miih
And the other parameter is theavelengthof soundwave,} . Fora sound wave
with longer wavelength, thaliffraction efficiencybecomeslarger. These two
parameters will then beombined into Fresnel Number:

Q) 9 |jH HiD

]

The function which well fits the Maeka®@acurve is shown below:
1 OO0l Co ¢m. 9 ljH i
where Attrepresentthe attenuation level of noise

Kurze andAnderson (1971)erived empirical formulas for the excess
attenuation of barrier. By comparing the difference between the sound

attenuation of a point source and line soureecludingthe diffraction ange at
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source andreceiverside, some common featurevas found to be consistent

with Maekawa chart and Ratl@& chart.With the aid of diffraction theory from
Keller, the sound attenuation can then be expressed as a function of relative
source and receiver psitions. Thesimple formula derived by Kurze and

Anderson is shown as below:

A A Lo CA .
(;OAI E

Isei et al. (1980) presented a modelling method to estimate the
combination effect of barrier andround whichdiscused in previousSection
Paths of gound reflected ray have been taken into account in his approach.
After that, researchers explored many other analytic&thods to calculate the
d2dzyR AyaSNIAzy f2aa 2F oFNNASN 2y 3N
bAO2flas WwWoezr 5FA3IESE D! & mMpypd 6] Q
YAMASHITA, Y., MATSUI, M., 1990) (Lam, 1993) (Lam, T8&@4)sound

attenuation for theline source of Is& model is:

1 Ol T @m ¥V 7 9 ljH HlED

where I is the sound level at receiver by ith source afdis the sound
attenuation of barrier calculated by ith point source.

Menounou (2001) modified Makekaw&@ Chart from one parameter in a
single curve into two Fresnel number in a family of curve. The first one is the

traditional Fresnel Number which is assded with the location of source and
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receiverto barrier. The other one is similar to the first one that the Fresnel
number is associated with the location of image source and receiver to barrier.
Modification has alsdbeen done which basel on the KurzeAnderson formula

and Kirchhoff solution by considering ttsuation of plane wave cylindrical
waveand alsospherical incident wavelhe performancef barrier can then be
well determined by the improved Kurzendersonformula which includeshe
effect ofimage sourcedo the total sound field.The improved KurzAnderson

formulais shownasbelow:

1 OO0 00! 66! 6O ! 60 9 IfH 4PN
6 KSNB
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C =
OAIl & P
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2 2

where the term! O the measure of position from receiver to source. The
second term O 8 the measure of theroximity of source or receiver from
half plane. The Third term the measure of proximity of receiver to shadow
boundary and the fourth term is the diffraction effect of spherical incident

wave.
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2.2.1.4 Numerical Method s

Other than geometricaliffraction, a method which isspecific to a
certain type of noise barrier design and cannot cope with athearrier in
different top edgedesign, numerical method can provide a higher flexibility to
model any shaped noise barrier and aksecludethe atmosphere effect on
noise attenuation of barrier.

There are two general methods to solve the acougtioblems of a
noise barrier in the existed research. The first one is Finite Eleietiod
(FEM) whiclsolvesthe sound field byiscretizng the whole dormain. The other
is numerical wawdased Boundary Element Method (BEM). In this method,
only boundaries of the modebre discretized Muradali and Fyfe(1998)
compared the traditionaldiffraction-based methods to BEM andofind that
they are in good agreemen®Other than that, Salomongl997)use a traffic
noise situation with multi diffraction and reflectionof incident soundto
compare a raypased model to numerical method based on BEM. miiestone
on numerical modelling of noise barrier is presented byn®e(1980) It was
shown that the numerical model can la@pliedto a noise barrier problem with
arbitrary top edge, shape and also boundary conditions. However, a significant
disadvantageof this model is time consuming and a large amount of

computationd resourcesis required.
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2.2.1.5 Scale Modelling

Other thantheoreticalsolution on thediffraction problems of noise batrrier,
scale modelling is the most common method to investigate the noise
attenuation of noise barrier. ie mainconcept of scale modkng in acoustical
problems includeshe scaling of physical dimens®im the testing environment,
wavelengths and other acoustical properties. Scale factor becomes a main
concern inscale modelingnethod since it is related to theesonance frequency
of tested modelin the measurement For a smaller scale factor, thesonance
frequency will become higher even further into ultrasonic range which is
difficult to detect and generateOther than that the environmental effects
which affect noise attenuation of barrier are difficult to investigateby this
method since the relationship between various environmental effects is
complex andurther tests are required.

The testing room for scale modelling method should beel-designed
anechoic or seni-anechoic chamber which can provide a reverberation free
sound field toneglectthe reflection of sound(Andersib, 1993)In order to
study noise attenuationof an infinite long barrier with uniform profile, awo-
dimensionalform anechoic chamber is nded (Fujiara, 1998)An impulsive
short duration sound source with fast enough sampling time should be used to
ensure only the direct sound is takénto account by reducing the reflecticof
sound from room boundaries(Maekawa, 1965 May 1980) Different noise

source such as spark sour¢koers, 1983) (Hajek, 1984)ltrasonic whistle
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(Hutchins, 1984)air jet(Lyon, 1974) (Takagi, 1994) (Yamashita, 1888small
sized tweeter(Maekawa, 1965) (Leang, 1990) (Lam, 1988)e beenused to
model ageneral pint source.Other than that, line source will be uséd scale
modeling methodoy a series of point soursaligned in a straight line closely.

Different materials have been used &zt assimilaracoustical properties
of model surface in real cas@lumnumwasused to model a reflective surface
because of its high impedan¢glutchins, 1984) (Takagi, 199@ther materials,
such as acryl, wodlLeang, 1990)plywood (Koyashu and Yamashita, 1973)
(Hayek, 1985)fiberglass (Lam, 1994and pressboard (Lam, 1993jave been
used fortested modek with different scale factor to determine the acoustic
nature of model surface in actual cas&he most important parametersfor
selectingan appropriatematerial are transmissionloss (TL) length andweak
point of that material. Sufficient transmission loss is needed to ensure the top
diffraction at least 1@B higher tharthe noise passing through modeh long
enough barrier can highly reduce the interference between top edge diffraction
and side ede diffraction. Enhancement should be added on the weak point of
the material to reduce sound leakageccurred Inappropriate material
selection in scale modeling method will lead to inaccurate determination on
acoustics nature of actual model.
2.2.1.6 Full Scale modelling

Besides scale modelling method, full scale modelling method is also used

to determine the field performance of a noise barrier with a real traffic noise
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(Watts, 1996) (Yamamoto, 1989piffer from scale modelling testing, all
external fictor in the environment such as traffic conditions, atmosphere
conditions and also ground condition during theeasurementperiod should
be monitored and their effect should also be considered in datalyzeprocess
to obtain a more meaningful result. &v though exceed cost and monitoring
systems are needed in fall-scalefield test, it is the most ultimate test to
determine the actual performance of a noise barrier.
2.2.2 Factors affected barrier Performance

Although there are many effects that affect the barrier performance
from shieldingthe receiverform noise source, two main effects will be pointed
out in thisSection They are ground effect and atmosphere effect.
2.2.2.1Ground Effect

As mentioned in the previouSection ground playsan important on
determining the noise attenuation of a noise barriddifferent absorption
characteristics and shapes of the ground will lead to a different propagation
paths and even different scatterirand reflection properties of sound.
Jonasson(1972) showed that theeffusivenessof the performance of noise
barrier becomes maxima when the noise barrier is located in a place with high
ground reflection before the insertion of barrier. For example, teerier is
constructed in a place wheran acousticallyhard ground located between

barrier and receiver.
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In previousresearchesscale modellingnethod iscommonly used tstudy
the performance of barrier witthe presenceof different ground surfaces
(Huchins, 1984) If thereis an acoustically hard ground, the insertion loss of
the barrier will mainly correspond to specific frequenciébe frequencies can
be determined as the odd multiples of 1/2 wavelength of the path differences
between the direct tansfer sound and ground reflected sound. In the result, an
increase of insertion loss in specific frequencies is found. Because of high
ground reflection, the increase of insertion loss can be explained as the
destructive interference between direct andeftfected sound due to the
configuration ofmeasuremens.

For ameasurementabove an acousticlgl soft ground, which haveoise
attenuation around 500Hz, the beneficial grouneffect disappeared in a result
of the insertion of barrier. Result showed thitte attenuation ofacousticdly
soft ground at low frequency shifted when the barrier existed. However,
destructive interference still existed at the frequencies which is the even
multiples of 1/2 wavelendt of path length differencédetween direct sound
and groundreflectedsound at high frequency. Surface roughness also becomes
a significant parameter to represent a complex impedance ground surface.

For acoustically hardurface surface roughness will mainly affect the near
grazing soungropagation at low frequenc{Boulanger, 1998) (Attenborough,
2000) When noise barrieexisted,the maximum ground effect will then shift to

other frequency due to interference. From both resulise presence of noise
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barrier lead to the interference cfoundbehind the barrier and even frequency
shift of sound attenuation.Thus, A careful decisionincludes the shift of
frequency take place should be made before the design stage of barrier
performance testing.

2.2.2.2 Meteorological Effects

Although atmopheric conditions aressumedto be unchangedin the
barrier modellingestsmentioned inpreviousSection it still plays anmportant
role to determinenoiseattenuation of barrierin actual caseFor example, the
noise attenuation of barrier will decrea at downwind direction but increase in
upwind direction. In fact, refraction and scattering due #&mospheric
turbulence are the mainenvironmental effects which influence the
performance of noise barrier.

By comparing the resudfrom theory and orsite measuremens, itcan
be found that the performanceof noise barrier becomes less effectitlean
expected valueThe reasoris clearthat the soundpressure levebehind barrier
is higher than predicted valu@algle, 1982pecause atmospheriturbulence
scattersthe sound energy from direct sound propagation path. It carease
the sound pressure level for 325 dB @) (Scholes, 1971in different frequency
and lead to the reduction on insertion loss for-25dB (Sutherand, 1998)

In most of previous researels an assumption that the sound rays
travel in astraight path is made tosimplify the sounddiffraction problems of

noise barrier. In fact, thimsssumptionis not valid in actual environment since
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uniform atmosphee is not existed. Sound rays travel in a curved path rather
than a straight path due to theariation of temperatureor fluctuation of wind
velocity which is saalled refraction due to aiturbulence Shadow Zone of a
barrier isgenerally known as the aa that is notilluminated to sound rays
which propagate in a straight path. Therefore, the curved propagation path of
sound rays wilfeducethe size ofshadow zone and even the insertion loss of
noise barrier since sound cdaransmitto receiver by curvig over the barrier

top edge(Sutherland, 1998)vhich alwaysoccursin a temperature inversions
and downwind propagation condition. Thus homogenous atmospheric
conditionis needed to determine the relative performanoa different types

of noise barrierunless the noise barrier is specifically designed to use under a
certain atmospheric conditian

2.2.3 Noise Barrier Types

Many previougesearchesvere focused on straight barrier or a wedge.
In fact, the top edge ofoise barrier can also enhanceoise attenuationof
barrier significantly. In order to increase noise attenuation without increasing
the height ofbarrier, differentbarrier top edged designadded on a normal
thin barrier have been developed by researchekéoreover, costeffective
design, specificesonance frequencylesign and also the materials used for
construction are well investigatedhesedesignswill be reviewed with their

physicalprinciples in thisSection
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2.2.3.1 Multiple edged Barrier types

Multiple edgedbarriersrepresent a noise barrier with more than one
top edge. The first BEM approach to the study suchbarriers theoretically
was done by Hothersal(1991). T-profile, Y-profile and arrowprofile noise
barriers were interested in ths study. Theresults from numerical simulation
showed that these three types of barrieprovide a better noise attenuation
than normal straight thin barrier in same heigMoreover,the T-profile barrier
performs much better than other twbarriersby higher attenuation closed to
barrier and ground. A fewearslater, Watts(1994)conducted afull-scaletest
of multi edged barriers which shad the averageimprovement on noise
attenuation is around 2.81B(@). More tests havéhen been done by Watts on
multiple edged barriers under favorable conditions in the following year
Theseresults double confirned that the improvement of multiple edged
barriers carachieve abov& dB(A)YWatts, 1996)

The other multiple edgedarriers used in high rise cities igracked
barrier. It is acosteffective design basé on Y-profile by increasingthe
effective height of barrier. Besides that, many barrier top edge desago
benefit to noise attenuationas shown in Figre 2.6. However, when the
receiver is far away from noise barri@giseattenuation bybarrier top edges
less effective and the height of barrier becomes the dominant factor of barrier

performance again
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2.2.3.2 Absorptive Batrriers

To further enhance the performance of multiple eddsatriers absorptive
treatment was found to apply on the top edge of barrier to reduce the
diffraction of sound. Recd researclkes showed thatthere is a significant
improvementon noise attenuation when absorption treatment is applied on
barrier. The effective height of a 4.2 m high noise barrier with absorption
material on its tops found as 0.46 r{Gharabegian, 1995)

Onsite and modelling testwere carried out to determine the noise
shielding effect of noise barrier with differeabsorptivetreatments on its top.
The average improvemenbn noise attenuation ofthese designs can be
possibly up to 3B (Fujiwara, 1991) (Yamamato, 1993) numerical modeling
test was carried outto determine the acoustical performance ofpfofile
barrier with absorptive material on its top surfacResults indicate that
around 2 dBimprovementon noise attenuation due to the use of absorption
material (Horthersal] 1991). An on-site full-scaletesting was conducted and
found that the significant effect on insertion loss of a 1m widerdfile barrier
by adding absorptive material is@amd 0.6 dB (Watts,1994) Besides that,
different multiple edged barriers associated widtibsorption materials shows
positive effecton the performance of barrier. Some of them are shown in

Figure 2.7.
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2.2.3.3 Reactive Barrier/Diffusive Barrier

In fact, absorptionmateriak are not always practical on outdoor noise
barrier because ofariableenvironmengl corditions at roadside. The efficiency
of absorption materials willecreaseimmediatelyin a short period because
porous absorption materials are highdgnsitive to traffic contaminations such
as duct, rain mist and fog. Sintleese traffic contaminations Wl reduce the
effectivenesof absorptionmateriak in a short period, researchers are seeking
another design to keep similar noiseattenuation enhancementwith less
sensitive to environmental factors.

Recently, reactive surface owaterwheel and TFprofile barrier was
presented. Okubq1992)investigated a noise barrier with waterwheel on its
top whichprovided similar acoustic propertielke an acoustical softylindrical
edge. Waterwheel barrier lthan average improvement on noise attenuation
around 10dB in the frequency range it intended for. Fujiwgi®98)conducted
a numerical study on noise attenuation of normal rectangulaprdfile and

cylindrical edged noise barrier with hard, soft and abswgpttop surface.lt
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found that Fprofile noise barrier associate with soft upper surfaza achieve
higher noise attenuationlt also found that Iprofile noise barrier with uniform
series of wells on its upper surface can provide sinpkEformanceto a soft
surface in specific frequency range.

Basel on above studies, Monazzaf2005)improved the design of uniform
wells into wells in different depths1 pseudestochastic number sequence or
pattern to reducethe sound reflection by scattering the incidesound wave in
a wide range of directionThe incident wave will excite a wave in each @ell
opening and propagate to the bottom of the weliSince the bottom of wedl
are acoustically hard, the travelling wave will reflect back to dipeningof the
wells, different phase shifbccurred of these waves are then depends on
different path length they travelledSattering occur when the phase shift is
large enouglcorrespondingo the depth ofthesewells. Results show that the
T-profile barrier with quadatic residue diffuser (QRD) providés9 dB more
attenuation than noise barrier with absorgin materials with same barrier
height.

2.2.4 Summary

In this chapter, the components of general road traffic noise are
discussed The frequency range of road traffic noise @®minated atlow
frequency. Common modelling methodsused by researchersand two main
factors related to barrier performance arereviewed. Lastly, the evolution of

roadside noise barrieand its noise attenuation performancéom traditional
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conventional vertical barrier, top edged modified barrier, barrier with
absorption materials and diffusive barrier apeesented In this study, brrier

with finite acoustic cavities are proposed to achigmodnoise attenuation as a
QRD barriern addition it is expected that the effective noise attenuation
frequency range can be enlarged by additional acoustic cavities. Efforts are paid
on the noise attenuation performance and spatial behavafrsound onboth

finite and infinite acoustic cavities in this study.
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Chapter 3. Theory

3.1 Introduction

In this chapter, the general solution ofsound diffraction by a
conventional verticabarrier is shown. Besidesat, the procedure to find out
the resonance frequencyf an acoustic cavity is also presented. Then, the
indexes which can indicate thenoise attenuation performance of a noise
barrierused in thisstudy, are listed in the last part of this chapter.
3.2 Diffraction over noise barrier

Noise barrier can be defined as a solid obstacle which is opaque to
sound wave, that blocks the line of sight from sound source to receiver, and a
sound shadowzone is then created behind noise barrier. In shadow zone,
sound wave can only reach receiver fosoundsource by diffraction athe top
edge and side edge®f barrier. For considering an infinite long barrier, the

diffraction of sound is then only occurred at the tedge of noise barrier.

CAIaeNROKSYFGAO RAIFIANIY 2F | NRI
The diffracted pressurat different sound propagation paths can be

RSGSNNAYSR o0& OFtOdAFdAy3 al $11 41 Q&

35

T



diffraction considerations. In this approach, sound diffraction dheredges of
noise barrier is calculated by the sum different diffracted paths ove the
edges of noise barrier. In general casefinite barrieris placedon ground, the

eight diffracted pathsre considered a§igure3.2

CAJa2MB FTFTNI OGAZ2Y LI GK&a 3IS2YSiNR
However,only the effectof sound diffraction by thdop edge ofnoise
barrier is interested in this research. The diffraction paths from side ®dgé
ground are not considered in calculation. Only path 8, the direct path from
source to the top edge of barrier and then to the receivecassidered Then

the diffraction sound field of the shadow zone can be determined.
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3.3 Resonance frequency of cavity

In this thesis the proposed barrier can be defineas an improved
reactive barrier which is mentioned iGhapter 2. By comparing to a
conventional verticabarrier, the advantage ofin improved reactivearrier is
the high noise attenuation ia specific frequency rangdhis specific frequency
range is depended on the depth and widththe acoustic cavityWhensound
waves pass over a cavity, the pressure fluctwatilue to the incident sound
wave will excite a sound wave toward the cavity bottom. Since the cavity
bottom surface is acoustically hard, the mechanism of this problem is similar to
a planewave propagate inside an opatose tube andesult in theformation
of standing waveat certain frequenes When the excited frequency matches
the nature frequency of cavity, impedan@d cavity openingoecomes very
small and the excitation become maximum and standing wave (acoustic mode)
will be formed irside cavity. The high excitation of sound will cause absorption
and reradiationwhich interfere withthe incident wave By solving the wave
Equation the resonancefrequency ofproposedbarriers can be estimated as

below.
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In Cartesian reference systemlafjure3.3, HelmholtZquationbecomes:

h h . o
_— _ |- :
= T E 0@dU 9 lpab

wherek is the wavenumber and P is the pressure perturbation.

Equation 3.1 is then solved by separation of variables approach. Let

P(x,y)=Kx)R(y) and substituting inEquation 3.1 and dividing by #®, it

becomes:
p h . p h o
0w’ £t ow? Ol o

Theleft-hand side ofEquation3.2 is independent from y while the right hand
side is independent from x. Therefore, this leads to the two coupled ordinary

Equationwith a separation constant/k

h N

— 9 |j @u
=y E 0O m | ©uw
h . N
— E E O 9 |j ®
0 m ’

The basis solutions &quation3.3 andEquation3.4 is
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whereE E E andk, kxand k is not equal to O.

The boundary conditions ¢figure3.3 are

T%omau n 9 |j dio
1:—T‘;jo,m n 9 Ij dp
_F—-T\JOQH Tt 9 |j duh

_0 T o
%Oﬂh 9 ljp &b

By substitutingequation3.5 into Equation3.7 and Equation3.8, we get
I ATEOm " OEIn ™ 9 ljo Gbuv
I ATEO, " OHEl, Tt 9 ljo Gbuv

FromEquation39, A becomes 0, therefore

" ORT T 9 ljp &Pl
£ — xEADATDRDES 9 Ip &viv

. 1AQ N &b
0 " OB 9 ljp &bl

Analogously, by substitutingquation3.6 into Equation3.9 and 310, we get
#OEIn $AITEON

#AIEOT SOEA m ? lpdbw
# A TEO, $ OEH |, T 9 ljo &b
FromEquation3.17, we get

# $OAE , 9 lpabwv

By substitutingequation3.18into Equation3.16,
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P 9 lpabi

~ s e -’-[
OAE ,
Therefore,
OAE , Ho 9 lp &bbi
. T pa s e 9 ljp Gbu
g S PR L e ADAmpRivs o
.. ¢l paU .. 1 paU 9 ljp Gbu
0 #Al é% $0 Efcip o
And the natural mode wavenumber of tlaeoustic cavity becomes:
ETR E E — —— .
9 lp &b
GKSWNBIyffZMIHI0XD
Since k=2Af/c
The natural mode frequencies of acoustic cavity are
- A Ta i A
mi - L S PR L
CA C, 9 lp b

x EADR rmipltiv88

Based on the above solution, thesonancefrequencyf(n, m) of different
acousticcavitescan be determined.
3.4 Index for noise barrier performance

To compare the noise attenuatioperformance of different noise
barriers, a quantification o the noise attenuation of noise barrier is required.
In the past studies, researchers used different index goantify the
performance of noise barriern thisSection introductiors of three common

indexesusedto indicate thebarrier noise attenuation perfanance arenade
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3.4.1 Insertion Loss (IL)

Insertion Loss L) iscommonlyused toindicate the noise attenuation
performance of noise barrieiThedefinition of Insertion Loss at geceiverpoint
is the sound pressure level difference before aradter the barrier is

constructed. In general, it is expressed in logarithmic scale as:

sound received with barrier 9 lpabw
IL = -20logy, | | P

sound received without barrier

The Insertion Loss is definedsound of board band frequency and 1/3
octave frequency in this studysince white noise is generateabs the noise
source in scale model testing, the Insertion Lassinot reflect the actual
performance of tle noisebarrier totraffic noise. Traffiaveighting (BS EN 1793
3) should be considered on the resulis access the amistics performance of
noise barrierto general traffic noise The normalized traffic noise spectrum

given by BS EN 173s showrin Table 3.1

¢ClLoftmd 20N I f AT SR GNIFFAO y2Aas8s
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Table 1. Normalized traffic noise spectrum
Ji L;
Hz 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

And the traffic weightednsertion Loss can be calculatedes45

B pr® pm?® 9 lp &bk
]
) prl-—&g p T8

Where Ik is the traffic weighted Insertion Loss,iRthe Insertion Loss of noise
barrier in the " one third octave band and; is the normalized Aveighted
sound pressure level of traffic noise in tifedne third otave band defined in
BS EN 1793.

3.4.2 Effective Height

Effective Height is also called equivalent effective heigihtich is
another index forindicatingthe performance of noise barrier&ince it is simply

found that the performanceof noise barrier is mainly affected by the path
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difference which isthe difference ofdiffraction path and direct path from
source to receiverand results showhat increasing the path difference can
increase the performance of noise barriefherefore, he easiest way to
improve the noise attenuation of barrier i increase the height of barrier.
However, it is not a&osteffective solution to increase the heightfdarrier to
achieve the desired performance of noise barrier. Thusdification ontop
edge of noise barrier iseing consideredo increase the diffracting edgalong
the sound propagating path. By increasing the number of diffracting edges, the
noise dtenuation of barrier can be improved. The effective height of a barrier is
an index to find out the increase of height of a reference barrier to achieve the
same acoustic attenuationnothe tested barrier with same height to reference
barrier. For exampleif the tested barrier performs 2IB better than the
reference barrier and the reference barrier should increase its height fortd
achieve 3B more noise attenuation improvement. The effective height of the
tested barrier is In. The noise attenuatia performance of different top edge
design can bebtainedby effective height.
3.4.3 Diffraction angle

Diffraction is the capacity of sound waves to bend at the sdge
barrier and it is also the important wave phenomentanexplain theshadow
area behnd barrier. Thus, it can be one of the indexes to indicate the
performance of noise barrier. For the noise barrier with same height, the

performance of noise barrier becomes much better when the diffraction angle
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is smaller. Piechowic2011) provides a diraction index which is the ratio
between pressure of incident wave and diffracted waltendicates the noise
attenuation performance in the total sound field ofnoise barrier. The
disadvantage of this method tkat a number of receivers aneeeded to obtain
a more accurate sound field behind barrier. Therefore, diffraction angle is a
need to predict the performance of barrier in a simpler way. For the diffraction
at the shadow zone, the diffraction angle should be smaller for a better
performance of barrier. Then, diffraction angle becomes one of the indexes
used to compare the performance of noise barrier in this study.
3.5 Transfer function

Although the performance of noise barrier can be compared by
measurng the actual noise level agceiver point behind barrier, an important
assumption should be made that the sound souroeitput of each
measurement is consistent. It is not easy to ensure tlintevnoise generated
at each measurement is uniform sinaeardom noise is generatetb perform
a white noise from signal generatorransfer function is then beonsidered to
overcome this problemln general, Transfer function islwaysused for data
analysign signal processindgn aproblemwhich theinput signds and outputis
time continuous the transfer function islefined aghe ratio from output signal
to input signal.By calculating the insertion loss of each barrier by transfer
function, the meaning of transfer function becomes the ratio of sound power at

receives to the sound power of sound sourc&ince the scale modelling
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experimentswere conducted in a fully anechoic chamber, it can dssuned
that no additional sound sourcerastaking into accountluringmeasuremens,
transfer function method can eliminate the error of insertion loss due to the

inconsistent of sound source in each measurement.
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3.6 Summary

In thischapter, different indexesthat commonly used in past researches
for comparingthe performance of nois barrier are presented. Howevezxtra
experiments of barriers in different height should be carried out whising
effective height to indicate the noise attenuation performance of barri€hus,
effective height is not considered in this studyhen, Insertion Loss and
diffraction angle are used to analyze the numerical and experimental results in
the latter part of this thesis

Other than that, the general theory for predictingthe resonance
frequency of tested barrier isntroduced. Based on #se theories the
experiment data andomputationresults carbe comparedwith the calculated
data to make validation. The detsibf computation results and analysiare

presented in the followinghapter.
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Chapter 4. Numerical Study on noise batrrier

4.1 Introduction

Sound diffraction over a noise barrier top edge has bésmoducedin
Chapter 2. In this chaptefurther analyss is doneto determinethe sound field
behind noise barrier. It is welinown thatthe acoustic cavitycan reduce the
soundpower from source to receiver due to impedance discontinuities at the
opening of cavity. The effectiveness of acoustic cavifyeguencydependent
therefore the maximum sound attenuation can be obtained only at specific
frequendes which are theresonancdrequencies of acoustic cavity

In general the advantage of acoustic cavityits high noiseattenuation
at specific frequenes andthese frequencies are dependent to the depth of
acoustic cavityNumerical moded are done frst to compute the performance
of barrier with addition acoustic cavitWwhen the numerical results meet the
target attenuation level, experiment will be done for validatiémthe following
sections, acoustic cavitiesvith different depth are placed orthe top edge of
noisebarrier and thenoise attenuationperformance is computethy using 2D

FEMsimulation

4.2 Configuration of numerical model
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Finite Element Computational Scheme isused to compute the
performance of barriegwith different top edgeshapes and the coupling effect
between acoustic cavities Commercial sftware COMSOL Multiphysids.1
becomes the operatoon computationand even post process the data. The

general configration numericalmodel is shown aBigure4.1:

Perfect Match Layer

Receivers
Domain S

05 Source

Barrier

CAIJueMISY SN} f O2y FAIAdzNF GA2Yy 2F ydzYSN
Figure 4.1shows the detail configuration afumericalmodel. Atwo-
dimensional numerical model is used in this study to reduce time and
computational resurce during the procesg.he numerical model is solved by
inhomogeneous HelmholtEquation in frequency domain and obtains the
resonance frequencin target frequency range.

p - D) 9|jq3l®
no RQDN —bP 1
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wherem refers to the density ands@enotes the speed of sound in medium, q
denotes the dipole source which is zero in this study and Q denotes monopole
source.

In Figure4.1, the rectangle placed at theniddle of the modelis the
computational domainin 4 m x 3 m, the white rectangle at themiddle of
domainimplies thetested barrierin 0.4m x 1.4m, the sound source is placed
at 0.9 m from the barrier center ateft hand side of the barrier and the
receivers are placedt 0.5m, 0.8m, 1.1m and 1.4m form barrier centeiat the
right hand side of the barrieand the height othesereceivers are from 0.tn
to 2.5m with 0.1m interval

The outer domain of thenodel is thePerfectMatch Layer (PML) which
is used toavoid the reflection of sound by the outer boundary. The detail of
PML and boundary conditions of numerical model aimgtroduced in the
following Sectionin this chapter.

4.3 Boundary condition s

In computations,boundary condition is one of the important parts in
modelling. A correct boundary condition can reflect the actual acoustic
properties of the objects in computational domaitn this Section the
boundary conditions used in this study such as rigid wall condition, outgoing
condition and Perfectly Matched Layer will be introduced in detail. The
requirement on mesh grid size 0OSOLWMultiphysics is also presented at the

last part of thisSection
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4.3.1 Rigid wall condition

The surface of noise barrier is assumed to be acoustically rigid in this
study since the mathematical model becomes more difficult if there is a leakage
on the surface of noise barrier. When sound wawgingeson the surface of
noise barrier, the normal velocity of the surface is always same as the normal
particle velocity of the fluid. For a riglmbundaryof noise barrier, the fluid will
be stopped on the surface of noise barrier which shown thatn = Q where v
and narethe particle velocity and normal vector of the surface respectively. By
conservation of momentum, relationship between particle velocity and pressure
gradient is found to be proportional to each other, thus, the rigid boundary
conditioncan be describeaisEquation47:
T O 9 Inédw

= Tt
A

where r representsthe distance fromcenter of barrier to the surface of barrier.
The governindgequationtransferred in COMSOL Multiphysids1is:

9 lndb

~

T:)Bno N T
M

wherem is the density of fluid, g is the term of dipole source with the
dimension of force per volume.
4.3.2 Outgoing boundary condition

Tofocuson the effect of barrier top edge, ground effect is neglected in
all computational moded in this study by applyingn outgoing boundary

conditionto that surface Besides the noneflecting ground surfacethe outer
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boundary of computational domain is sal nonreflecting by applying the
impedance atboundary whereZ=" CHowever, it is not possible to completely
attenuate all the reflection of incident sound wave by usiag outgoing
boundary in most computational method, another settiRgrfectly Matched
Layer (PMLis used to ensure the reflection from outer boundasyeliminated.
4.3.3 Perfectly Matched Layer (PML)

In numericalmodel configuration there is a regiopwhich bounded the
outer boundary of computational domain is the location of PML. A PML is
strictly not a boundary condition but is an additional doman that absorbs or
even known as losing the wave energy of incident wave without producing
reflections. It can provide a good performance for a wide range of incident
angle and is not particularly sensitive to the shape of wave. The principle of
PML is usig a formulation to transform the complesalued coordinatdo the
actual coordinate without affeatgthe wave impedance. For the incident wave
Ad Ay O22NRAYIFGS vy GKS O22NRAYIFGS GNIy
v OEQ@Iv & vs —p E 9 Ip din
where L is the scaled widtbf PMLy is the coordinate of the inner PML
boundaryv. A& (GKS I OQldzrt 6ARGK 2F ta[ YR
PML. The imaginary coordinate becomes a buffer zone that enlarges the actual
width of PML during calculatio The energy ofincident sound is then
dissipated in this buffer zone armhly little or even no reflection is produced by

the outer boundary.
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4.3.4 Size of mesh grids

According to theuser guidelineof COMSOL Multiphysics, tineeshgrid
used in thisnumericalmodelis in tetrahedral shape which includes least six
elements in a wavelengtlof the highestfrequency.To capture the modes
pattern clearlyin the acoustic cavigs, the mesh size insiddéé cavity iswenty
elements in a wavelengtbf highestfrequency. Theaotal meshgridsconsistin
the domain is aroun®2500@® elements
4.4 Model of barrier s

In this study, there are three kinds of noise barrier tested by numerical
method. As described in previo&ection different acousticcavities areadded
on the top edge of barrier. Theonfigurations ofthese barriers are shownas

Figure4.2,Figure4.3 and Figure4.4:

S-Type barrier

m

Model S1 Model S2 Model S3

1t row 0.4m 1t row 0.3m | 2™ row 0.3m
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D-Type barrier

Model D1 Model D2
1t row 0.3m 1 row 0.4m
21d row 0.4m 210d row 0.3m

CAIdIupdB RSt 2F R2dzfS af20a ol NNA
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T-Type barrier

y

Model T1

1t row 0.4m

20d row 0.3m

31 row 0.15m

CAdmedB RSt 2F OGNRLI S &af20a 0 NN
Thewidths oftheseacoustic cavities arm 0.116m and thedepths are
0.4m, 0.3m and 0.15m respectively. The separation betweérese acoustic
cavities are 0.012v which same as thseparationbetween theleadingedge
of barrier to the first slot and theeparationbetween back ede of barrier to
the third slot
4.5 Results and analysis
Before carrying out the numericadtudy on the noise attenuation
performance of barrier with acoustic cavities, agreement should be made with
other studies to confirm the boundary condition is correct to provide an

accurate result.
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4.5.1 Validation

In conventional BEM methods, a large differenceusially found
between the exact solution and conventional BEM method at a variety of
frequency range. It is likely thathese frequencies are close to Eigen
frequencies Ishizuka 2004) proposed an iproved techniqueon BEM by
boundary modifications to reduce the bounded area while keeping the barrier
configurations. The results from BEM with improved technique coincide well
with the exact solution over a wide frequency range. Therefore, it is a vi@uab
reference tovalidate the results from FEMgreement is done bgomparing
the insertion loss results of @onventional verticalbarrier with 3 m high

betweenlIshizuka2004) and FEMare shownasFigure4.5.

3.5 3m

[VE]

.....................................

N
(]

[W%]

—FEM results

=
o

[y

——BEM results by
Ishizuka

Insertion Loss(dB)
o

o

05 0 1000 2000 3000 4000 5000

Frequency (Hz)
CAdubpBwS aa®Fi LAKAT dz] I dzAAy 3 .I2ydR RI NEB
CAYAGS StSYSyld YSiGK2R

55

9 f



It is clear that there is a drop of Insertion Loss from FEM results at
around 100Hz. Afterit reaches the local minimum point around 16{, the
Insertion Loss is gradually increasehnttie increase of frequency. FroRigure
45, IshizukRa . 9 a giMSal similér ¥esult on the Insertion Loss of
conventional verticabarrier. Althoughthere isdifference after 2000Hz, the
trend of both lines is samé&urthermore, the focal frequenagnge in thisstudy
is just 1003000 Hz that a good agreement can be obtained at this frequency
range. Aftervalidatingthe setting of boundary conditionand meshquality,
computation on noise attenuatioperformance of barriewith acoustic cavities

are carried out in the followin&ection

4.5.2 Single slot barrier (S-Type)

At the beginningof numerical model computation, the relationship
between performance of noise barrier andd variables are being investigated.
They arethe depth of acoustic cavity, and the location of acoustic caVibe
noise attenuation of acoustic cavity gemparedto the reference barrier. The
performance is indicated by total Insertion Lde8)pf the receivers which are

located behind the barrier
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4.5.2.1 Effect on the depth of acoustic cavity
The performance of the single slot barrier c@mpared with the
reference barrier which is scalled aconventional verticabarrier with same

height. Theresonance frequencygf both barriers igiven inFigure4.6:

/\lInsertion Loss (dB)
N
T
|

| | | |
100 500 1000 1500 2000 2500 3000
Frequency (Hz)

CAJmpsS f AN A aFRB2A & M2 T

It can beobservel that therelative insertion lossof Model S1 is almost
positive at whole frequency range which means acoustic cavity gives
improvement on the noise attenuatiorMoreover, sudden increase or sharp
peaks are found at specified frequencies. The magnitude of peaks is inversely
proportional to the frequency that it is arounddB at low frequency and only 2
dB at high frequencyThe decay trend ofnsertion Losstops at the 4" peak
and become higher at'5peak. Although the magnitude of"jeak is only 2IB,
it produces a new decay trend for the following peaks after 1728tHz.also
found that sudden drop appeared at thewer frequencyto all resonance
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frequencies When the magnitude of peak is higher, the magnitude of drop is
also higher.According to theproperties of resonator,these sharp peaks are
produced by the acoustic cavity on the top edge of bardee to the sidden
impedance change at cavity opening which cause suction of sound and also
reradiation of sound at resonance frequenci€éBo verify the relationship
between peaks and acoustic cavitgngparison orthe resonance frequencgf
experimentalresultsand cdculation by the formulaslescribedin Chapter 3are

shownin Table4.1:
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It can beobserval from the Table4.1that the resonancerequendes of
numerical resultare similar to the calculated result. A little shift of the
resonancefrequencyto lower frequencyis due to the location of the acoustic

cavity. Since the acoustic cavity is not in zero thickness, there is anb2 thin
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edge formed iy the thickness of acoustavity. It producesa little scattering
point andaffectsthe diffraction of sound wave pass over the acoustic calitty.
becomes aflanged resonatorcasethat a correctionshould be added to the
depth of cavity which scalledeffective length. By adding the effective length
to Equation3.24 the calculated frequencies will shift tower frequencywhich
same as the numerical result®ther than that, from the observed frequency
range, there are two missingesonancefrequency ¥15Hz and 278@z. It is
because the Insertion Loss at 1728 Hz is too high and too close toHE/ 1be
peak maybecombinesor hides by the sudden increase of Insertion Loss.
Another reason fothe missingpeak at high frequency is that the performance
of acoustic cavity becomes weaker when frequency incressee the noise
attenuation performance of aconventional verticalbarrier is good at high
frequency. The relative improvement of acoustic cavity at high frequency
becomes weaker, thus, thpeakstill existsbut cannot be observed clearlyn
conclude,the result showsthat the acousticcavity hasits improvementon
sound attenuation at certain frequencyehind the barrier.

To investigate the relation between the performanceagbustic cavities
and the noise attenuation behind barrier, the absolute pressure of sound wave
inside the acoustic cavity is captured Rigure4.7. It can be indicated thaa
significant high acoustipressure appears aesonancefrequency.At 193 Hz
which is the firsttransverse mode of cavitynearly whole cavity is in high

pressure.At 602 Hz, second mode can be seen clearly at the lower part and
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upper part inside the cavity with high pressufg. 1084 Hz and 1466 Hz, third
and fourth modes can be observedespectivdy. However, the acoustic
pressure of modes becomes weaker which is around thelf magnitude of
second modeAt 1728Hz, a sharp mode can be found, and the mode shape is
not like the firstfour transversemodes. It is because this is thiengitudinal
mode but not the transversemode of cavity The acoustic pressure of this
mode inside the cavity is as high as the firsidmat 193 Hz. At 1823 Hz, a
combined mode appears which form a cross shape at the middle of cavity. The
acoustic pressure keeps its level as 1HZ8BY calculatiorusingthe analytical
solution shown inChapter 3, there should be a peak at 19@. Howeer, it
disappeared at the spectrum presented in previdisction By observing the
acoustic pressure inside the cavitgpde shapeannotbe founddue to the low
pressure.At 1998 Hz,two combined modes are clearly seen. The acoustic
pressure keeps athe same level as the first mode at 17B&. At 2242 Hz,
2526Hz and 291%1z, combinednodes can be found in these frequencigée
mode order increases while thenagnitude ofacoustic pressuranside the
cavity decreaseFor transverse modesthe mode shpe cannot be captured
clearly after the # mode. For the combined mode, since it is still the
combination of the firstongitudinalmode, the pressure is high enough to form
an obviously mode shape for even th#& éombined modeln general, results
show that there is higher order mode inside thacousticcavity atdifferent

resonancerequency When the frequency is low, mode shape is much obvious
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inside acoustic cavity than high frequency since the acoustic pressure inside

cavity is high enough tobserved in lower mode number.
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