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Propagation of sound in long enclosures

K. M. Li¥ and K. K. lu
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Hong Kong

(Received 21 February 2004; revised 22 July 2004; accepted 4 August 2004

The propagation of sound in long enclosures is addressed theoretically and experimentally. In many
previous studies, the image source method is frequently used. However, these early theoretical
models are somewhat inadequate because the effect of multiple reflections in long enclosures is
often modeled by the incoherent summation of contributions from all image sources. Ignoring the
phase effect, these numerical models are unlikely to be satisfactory for use in predicting intricate
patterns of interference due to contributions from each image source. In the present paper, the effect
of interference is incorporated by coherently summing the contributions from the image sources. To
develop a simple numerical model, the walls of long rectangular enclosures are represented by either
geometrically reflecting or impedance boundaries. Measurements in a one-tenth-scale model are
conducted to validate the numerical model. In some of the scale-model experiments, the enclosure
walls are lined with a carpet to simulate the impedance boundary condition. It has been shown that
the proposed numerical model agrees reasonably well with experimental da200£Acoustical
Society of America.[DOI: 10.1121/1.1798351

PACS numbers: 43.20.Fn, 43.20.Mv, 43.2835W] Pages: 2759-2770

I. INTRODUCTION computer model for the detailed investigation of sound fields
in long enclosures.

Based on the assumption of a diffuse sound field, the  The effects of interference due to multiple reflections of
classic room acoustics theory has been developed and usedund rays from boundary walls were generally ignored in
for more than a centuryln long enclosures, such as corri- all of the previous studies mentioned above. It is important to
dors and tunnels, the classic formulas are unsatisfactory, awint out that in the late 70s Gensane and Santoansid-
the assumption of a diffuse field does not necessarily holéred the wave nature of sound in their study of sound fields
due to the extreme dimensions. Karmpnducted measure- in bounded and arbitrarily shaped spaces. Lemire and
ments showing that classical room acoustics was not appliNicolas? extended this approach by using a spherical-wave
cable in a long enclosure. In general, it would be rather difeflection coefficient instead of a plane-wave reflection coef-
ficult to determine the reverberant levels in a long enclosurgicient to model the propagation of waves in a bounded
because the sound field is inhomogeneous and the level @pace. In particular, they investigated the sound fields in a
sound will not be constant throughout. rectangular enclosure and in the region bounded by two in-

We note that a number of investigations relating to thefinite parallel planes. Their predicted results agreed very well
reverberation in long enclosures have been carried out sinGgith the standard normal-mode solutions, but no experimen-
the 1960s. Yamamotowas among the first to study the ta| validations were presented. It is also notable that the
propagation of sound in corridors. Davieand Redmore  Acoustical Society of Japan published a simple numerical
were also interested in the subject in the 1970s and 1980§cheme to predict the propagation of road traffic noise in
respectively. The ray-tracing technique and image sourc@innels'® This numerical scheme is referred as the ASJ
method were used to predict the attenuation of sound in longhodel in the following discussions and analysis.
corridors. In the late 70s, Sergéevsed an image source The current study is motivated by the need to reduce the
model to derive simple formulas to estimate the propagatiofevels of noise inside a road traffic tunnel. A simple yet ac-
of sound in city streets and long tunnels. A point source wWagyrate model for prediction is required to assess the propa-
considered in his study and the total sound field was eVa'“gation of sound in tunnels with absorptive lining. In this
ated by summing contributions from all rays incoherently.paper' we wish to investigate the propagation of sound in
However, he offered no measurement results to support higng enclosures both theoretically and experimentally. A nu-
model. In the 1990s, Kari§ proposed theoretical expres- merical scheme is developed using a complex image source
sions derived from the image source method to calculate '&heory according to Lemire and Nicol¥&Scale-model ex-
verberation times in long rectangular rooms with geomet“'periments are conducted to validate their theory. This pre-

. ; inl 9
cally r_eflec'ung walls. In the Ia_lte 19903., Imaizuatial” used liminary study will provide a basis for assessing the propa-
a conical beam method, which combined the advantages ‘aation of sound in tunnels.

the ray-tracing technique and the image source method, © | gec. |1, we describe three models frequently used to
predict the propagation of sound along a “T"-shaped tunnel.yqel the propagation of sound in long enclosures: the inco-
In a recent study, Yang and Shi&ldieveloped a ray-tracing herent model, the complex image source madio known

as the coherent modeland the ASJ model. Section Il pre-
dElectronic mail: mmkmli@polyu.edu.hk sents experimental results as well as theoretical predictions
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ations. The reflection coefficient for each interaction with a
boundary surface is simply given by

Ryv=1-qj, 2

------ where «; (j=1,2,3,4) is the respective absorption coeffi-
cients of the walls of the rectangular enclosure. The reflec-
tion factor Ry is the combined reflection coefficient associ-
ated with the image sourca. The amplitude ofRy is
reduced by a factor (2 «;) for each interaction with the
corresponding boundary surface. An implicit assumption of
the model given in Eq(l) is that the mutual effects of the
interference of direct and all reflected waves are ignored. We
refer to this model as the incoherent model.

The absorption coefficients of the boundaries of long
enclosures vary from case to case depending on the surface
finish. Kang® and Yang and Shietdl conducted field mea-
surements in an underground station, the surfaces along the
length of which were all of concrete. They assumed in their
models that the absorption coefficients of all boundaries
were the same, ranging from 0.03 to 0.07 at octave bands of
125 to 4000 Hz. In our study, these parameters for absorption
FIG. 1. Rows of image sources formed in a tunnel by reflections of fourCoeffICIentS ar_e used in our subsequent numerical analyses,
boundaries. unless otherwise stated.
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) ) ) . B. Complex image source theory—Coherent model
according to coherent and incoherent models for various im-

pedance boundary conditions. Finally, conclusions are drawn Although the wave nature of sound fields in enclosed
in Sec. IV. spaces was studied by Gensane and Safitand by Lemire
and Nicolast? they presented no experimental validations of
their theoretical formulations. In a recent study, Dance
et all* have developed an interference model for calculating
Il. THEORETICAL MODELS the total sound fields in an industrial space. However, their
A. Ray model—Incoherent summation model is only accurate at receivers located close to the re-
In studying the effects of interference due to the direct]gecrt]mﬁJ surfgce”s. W;—) plan _to explllore Fhese _earlleL m(;?lels
ray and its reflected rays from the boundaries of long enclo- Ot. t. eo_reﬂca y and experimentally to mves_tlgate_t e effect
O,I;l finite impedance on the overall sound fields in a long

sures, the propagation model reviewed here was based on
enclosure.

typical case of rectangular long enclosures with geometri- In previous publications. 1u and 15 derived an expres-
cally reflecting boundarietsee Fig. 1 Diffusion is ignored . P P ) ' . =Xp
jon for the propagation of sound in a narrow city street.

and the absorption coefficient of the boundaries is assum O mire and Nicola2 formulated a solution for the propada-
to be independent of the incident angle. tion of sound in a bounded space. These two Fi[heporgetical
According to the acoustic ray models developed by pace. ) :
models are based on an analytic Green’s function that was

Yamamotd in the 1960s, by Davidsin the 1970s, by I oy del. A spherical q
Redmoré in the 1980s, and by KaAgin the 1990s, the also a compieximage source mocet. A spnerical wave refiec:
tion coefficient was included in their numerical models to

sound field at a particular receiver position is considered to . )

be a summation of the intensities from the direct and eac ccount for the reflection from the surface of an |mped_ance

image source. Taking into consideration the absorption of th ou.ndary. In th? current study, we fOHO.W Lemire and N'CO'.

boundaries, the total intensity, can be obtained by incoher- asin represent_lng a long enclosure using two paraI_IeI verti-
cal inwalls of infinite extent and two parallel horizontal

ently summing all contributory components to yield planes, namely, the ground and ceiling. The width of the long
5 Ry enclosure i8N, with the left vertical wall located at a plane
|=|refdref§N: 2 (1) of x=0. The height of the long enclosure I, with the
N ground situated at a plane @=0. Both the ground and
wherel . is the free-field sound intensity of the source at aceiling are assumed to be perpendicular to the vertical walls.
reference distance af; from the sourcedy is the length of The schematic diagram in Fig. 1 shows a view of the plan of
the path from the image source to the receiver, BQds the  the posed problem, and illustrates formation of the first- and
reflection factor which represents the fraction of sound ensecond-order image sources. The source and receiver are lo-
ergy reflected from the boundaries. We remark that the ateated at %s,0,z) and (,y,z), respectively. As the sound
tenuation due to the absorption of sound in air has beefield is symmetrical at about thg=0 plane, we are inter-
ignored in Eq.(1). The path lengthdy can be determined in ested in the region wher&e[O0W], ye[0,»®), and z
a straightforward manner by simple geometrical consider<[0H].
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As can be seen from Fig. 1, the total sound field isor two. However, at present, there is no validated theoretical
composed of contributions from the direct source, and a semodel that takes into account the effects of mutual interfer-
ries of image sources is produced by reflections of the twance from all image sources for predicting the propagation of
parallel walls from the source located at0.z5). In addi- sound in a long enclosure with impedance boundary condi-
tion, the total sound field is augmented by infinite rows oftions.
image sources due to the presence of a reflecting ceiling and
the reflecting ground. The total sound field due to a mono-

. . C. The ASJ prediction model
pole of unit strength can be computed by summing all con- predict

tributions coherently to yield The Research Committee on Road Traffic Noise of the
" ikl Acoustical Society of Japan published a Prediction Model
P 1 S 0 e (3 1998 for Road Traffi¢? Hereafter, we refer to this numerical
Ao SN dy scheme as the ASJ model. The model is used to predict the

propagation of road traffic noise in tunnels. It is based on a
sound energy balance inside the tunnel. Numerically, it is a
simple model for the calculation of noise radiation in the
tunnels, as two imaginary sources are assumed in the model.
Mhe first imaginary source represents the direct sound field in
the tunnel. The residual sound field due to the effect of mul-
Qn=Q(dN,Bi,0n)=Rp+(1-Rp)F(wy), (4)  tiple reflections between the tunnel walls is calculated by the
second imaginary source, which represents a distribution of
surface sources.
oSOy — B3] The ASJ model was adopted by Kobayashial?® to
P cosfy+B;’ (5) preqm noise propagatlon_m a road tunnel. Attenuation gt fche
) o straight and curved sections of the tunnel showed similar

where 6y is the incident angle of the reflected wave of the reqyction characteristics, with a reduction rate of 4 dB per
image source, andB; (j=1, 2, 3, and 4 for the four bound- goypling of distance, up to a distance of 250 m. It was ob-
ary surfaces of the long enclosuiie the specific normalized ggryed that the measured data over a distance of 300 m
admittance of the corresponding boundary surface. The tergyowed a greater reduction than predicted. The effect due to
F(wy) is known as the boundary loss factor, which can beyj, absorption was ignored in the ASJ model.
determined by Although the predicted tunnel attenuation agreed quite

wheredy is the distance of the image sounseand the re-
ceiver, andQgy is the combined complex wave reflection
coefficient associated with the image souncét each inter-
action with a boundary plane, the complex wave reflectio
coefficient,Qy, is determined according ¥

with the plane-wave reflection coefficieR,,, given by

g —uw? . well with the experimental data, the measured decay rates at
Flwy)=1+imwye "Nerfe —iwy), ©®)  the 63-Hz and 125-Hz octave bands were rather irregular: no
with the parametew, which is also known as the numerical clear attenuation was observed. Kobayashal. indicated
distance, defined by that this was possibly due to mode resonance at particular
. sections of the tunnel, or reflections at the open ends of the
Wiy = VKO/2(1+1)(costy+ ;). @ el P

The successive reflections of a spherical wave due to an im- Tachibanaet al?! carried out experimental measure-
age source are then modeled by the product of the sphericalments in a 1:40 scale-model tunnel to validate the ASJ
wave reflection coefficien®y pertaining to each reflection model. Their experimental results showed that the propaga-
in the sequence. This product, the overall complex wavetion of sound was dependent on the source frequency. They
reflection coefficient, is labeled &) in Eq.(3). As pointed  concluded that the ASJ model could only be used as a first-
out by Lemire and Nicolas, Eq3) represents a first-order order approximation for estimating the noise attenuation in
approximate solution, but Allen and Berketéynave shown tunnels.

that this solution is an exact one when all of the boundary  In a recent study, Takagit al*?> demonstrated that the
walls are rigid, i.e.,8j=0 and henc&sy=1. In this case, ASJ model was a simple and useful numerical scheme appli-

the solution can be written simply as cable to the prediction of road traffic noise in tunnels. To
kd predict the road traffic noise in tunnels of a rectangular cross
_ i e section, they derived a simple expression for the attenuation
= (8) Yy p p
4mi=o dy of sound energy as follows:
Hodgsonet al'® revealed that the introduction of porous 2dr2ef L wH
absorbers into a scale model of a factory led to unexpected |=lrer—tan , 9
¢ ’ “'wH Va @)™+ (W2 HP)(a,d)?

effects. He found that the absorptive effect of boundaries was
dependent on the shape of the enclosure and could not lweherel is the predicted sound intensity at a horizontal dis-
measured in the usual way in a reverberation chamber. Reéanced from the sourcel, is the reference sound intensity
cently, Kand® studied the effect of architectural acoustic at a reference distance @f.; from the source in the free-field
treatments to improve the intelligibility of speech in a long condition,H is the height of the tunnel, anda2is the width
enclosure. He pointed out that the attenuation of sound alongf the tunnel. The absorption parametey,is an empirical

the length of the enclosure is greater when the sound absorkactor used to account for the acoustical characteristics of the
ers are along three or four boundaries rather than along ortennel walls. It vanishes when the tunnel has a perfectly
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reflecting boundary. The absorption parameter was normallgefined as the ratio of the total intensity levklto the free-
obtained by experimental measurements and a value of 0.G#ld intensity level measured & m from the source. It is
was determined for the concrete wafsTakagiet al?? pro-  simply given by

posed an empirical formula for the determination af as EA=10log 1), (12)

follows:
where the total intensity level can be obtained from &o.
1-a=(1- )% (10 Y &
wherea is the sound absorption coefficient of the material. g scale-model experiments

It is worth pointing out that the ASJ model offers a o ]
simpler formula than the incoherent model proposed by 10 study the sound field in nondiffuse spaces, Hodgson

Redmoré and Kang for predicting the sound field. Results et al'® used a 1:50 scale model to investigate factory sound
of sound measurements in a highway tunnel showed gOO@elds with considerable success. However, it was found that

agreement with the ASJ model where discrepancies of ledbe introduction of porous absorbers into the model resulted
i unexpected effects. In the 1990s, OrloviSkiuilt a model

than 2 dB were reported between measured data arl =t :
predictions? of an existing factory at a scale of 1:16. Comparisons of the
measurements of field and scale models showed good agree-
I1l. NUMERICAL SIMULATIONS AND EXPERIMENTAL ment. In the late 90s, OrlowsKi used scale modeling to
RESULTS study the intelligibility of speech in underground stations.
Tachibanaet al?! used a 1:40 scale model to predict the
radiation of sound from the mouths of tunnels. K&hde-

The total sound field is composed of contributions fromveloped a computer model to predict the temporal and spatial
the direct source and from a series of image sources prdistribution of train noise in underground stations. In his
duced by multiple reflections of the two parallel walls due tostudy, a 1:16 scale physical model was constructed to vali-
the source located a{,0z;). In addition, the total sound date the prediction model. To compensate for the effect of
field is also augmented by infinite rows of image sources dughe absorption of air at high frequencies, measurements were
to the presence of a reflecting ceiling on the top and a groundarried out in a test tunnel filled with oxygen-free nitrogen at
surface on the bottom. The total sound field can be estimate@ concentration of 97% to 99%.
by summing up the contributions from each of these sources. In the present study, a larger model tunnel at a scale of

In the presentation of numerical and experimental re-one-tenth was built for our experimental measurements. Ex-
sults, we use the term excess attenuatief). EA is defined  perimental data were obtained to validate the theoretical
as the ratio of the total sound field at various receiver locamodels described in Sec. Il In fact, the use of a larger scale
tions, P, to the free-field sound pressure at 1 m from thein the construction of a model tunnel proved to be a rela-
source. Thus, EA is given by tively simple and inexpensive technique, because the mea-

surements can be carried out in normal atmospheric condi-

EA=20logP). (11) tions without the need to fill the test tunnel with oxygen-free
On the other hand, a comparable definition is needed for theitrogen. Sandwich-type steel panels 60 mm thick were used
excess attenuation if the incoherent model is used to predit¢b build the model long duct with acoustically hard bound-
the sound fields. In this case, the excess attenuation can beies. The outer skin of the panel was made of 1.5-mm-thick

A. Numerical simulations

2762 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 K. M. Li and K. K. lu: Sound propagation in long enclosures
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FIG. 3. The normal incidence absorption coefficient of
the carpet measured using the impedance tube method.
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galvanized steel sheet and the infill with 50-mm-thick fiber-of data. The maximum length sequen@dLS) technique
glass. To minimize the effects of vibration from the galva-was chosen in the present study becausdavideret al?®
nized steel sheet, a 9-mm-thick gypsum board was stuck tbad confirmed the validity of applying MLS techniques to
the inside surface of the steel sheet. Due to the size of thmeasure sound in highly reverberant sound fields. Indeed,
model long duct, all measurements were conducted in athe MLS technique was also chosen by K&ng carry out
open space in a factory. During our measurements, the levélis site measurements in an underground train station with a
of background noise was monitored to ensure that it wasunnel having a dimension of 20 m in width, 5.7 m in height,
always below 60 dB, with typical signal levels inside the and 200 m in length.
model long duct well above 75 dB. This precautionary step  In the current study, the MLS technique has the advan-
was necessary for all experimental measurements to mintage that no correction of background noise is necessary for a
mize any effects from the background. signal-to-noise ratio of 0 dB. As MLSSA was operated in the
The steel panels were assembled to have an internéime domain where the impulse response was measured, the
width and height of 1.0 and 0.6 m, respectively. To preventhosen data for processing were based on the time between
the sound waves from reflecting back into the model longhe arrival of the direct and the last order rays. The time-
duct due to the effect of end reflection, an anechoic terminaseries data were converted to spectral data by the fast Fourier
tion was designed according to 1SO 7235-1896The  transform (FFT) technique. Each spectrum level was then
anechoic termination was erected at the end of the test duabrmalized by the prerecorded direct field measurement
on the receiving side for all experimental measurements. Theaken 41 m from the source at the free field. The final output
overall length of the model long duct was 8.5 m. At full was then the required excess attenuation spectrum.
scale, the model represents a cross section of a rectangular In addition to hard duct walls, some measurements were
tunnel 10 m in width ad 6 m in height. In the following conducted to model conditions when the boundary walls
paragraphs, we refer to all dimensions as scaled distancegere covered with sound absorption materials. Carpets were
unless otherwise stated. fixed on one or both vertical panels of the model duct and
A Bruel & Kjeer 1/2-in. condenser microphone and awere used to simulate a soft wall surface. Prior experiments
Tannoy driver were used as a receiver and a point sourceyere performed to characterize the acoustic impedance of the
respectively. A PC-based maximum length sequence systenarpet at the open space of the factory. The MLS technique
analyzer(MLSSA)?” was used both as a signal generator forwas again used for the characterization, with both the source
the source and as an analyzer for the subsequent processiaigd receiver set at a height of 0.065 m above the carpet and

Receiver Anechoic
Locations Termination
T /fN o ]
1000 Eﬂg ={=-/ \ db 4 L | FIG. 4. The schematic sketch illustrates the model tun-
l 4F o £ 4 ok Y 500 nel with anechoic termination.
1700 1000 | 1000 { 1000 [ 1000 | 1000 (S
2 2500 r 250
| |
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FIG. 5. Comparison of the measured spectrum of ex-
cess attenuation with the respective predictions by the
coherent, incoherent, and ASJ models. Measurements

-20 were conducted in a model tunnel with hard boundaries.
(a) Both the source and receiver were located at 0.11 m
25 above the ground. The source/receiver geometries are
as follows: (a) source at(0.5,0,0.11 and receiver at
20l (0.25,5,0.11, and (b) source at(0.25,0,0.11 and re-
ceiver at (0.25,5,0.11 (Measurement: dashed-dotted
[\ /\ /\ line with closed circles; Coherent prediction: solid line;
15 AJA 12 A Incoherent prediction: solid line with open circles; dot-
@ 0 /fé V’U«J\ﬂ '\ /1 ted line with crosses
5 ,' l’ 430 i
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E/ o T, b FIG. 6. Comparison of the measured spectrum of ex-
© LT lI i L cess attenuation with the respective predictions by the
§ A coherent, incoherent, and ASJ models. Measurements
g L g were conducted in a model tunnel with hard boundaries.
g | i The source and receiver are located at different heights
@ ¢ k of 0.11 and 0.3 m, respectively. In addition, the source
Q ¢ is situated at the centerline and the receiver at the offset
[;3 line. They are separated by a horizontal distance of 4 m.
The key of this figure is same as Fig. 5.
-20
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. cess attenuation with the respective predictions by the
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their horizontal separation set at between 0.5 and 1.0 m. experimental measurements varies from 0.05 to 0.6 at fre-
A two-parameter modéf with respective best-fit pa- quencies ranging from 500 to 5000 Hz.
rameter values for the effective flow resistivity, and the The excess attenuation was measured experimentally at
effective rate of change of porosity with depth of 250  various receiver locations, with the source located 0.11 m
kPasm? and 300 m?', was used to calculate the imped- above the ground. The height of the source was chosen to
ance. A typical measurement of the excess attenuation spesimulate the approximate locations of noise emitted from
trum with the horizontal separation sdétlam was shown in  heavy vehicles at about 1.1 (full scale above the surface
Fig. 2. In the same figure, we also show the numerical preef tunnel roads. The source and receiver were located either
dictions indicating a reasonably good fit with the experimen-at the centerline or on the side of the tunnel 0.25 m away
tal data for the given parameter values. from the centerline. In all measurements, the receivers were
While the impedance characterized by the two-located at heights of either 0.11 or 0.3 m from the ground.
parameter model is used in the coherent ray model, an alhe horizontal distances between the source and receivers
sorption coefficient at a normal incidence is used in the infanged from 1 to 5 nisee Fig. 4 for the monitoring stations
coherent model. It is determined by means of the impedancef the experimental setup
tube method according to ASTM C384-4Bwhere the data In the numerical simulations, we can show that 30 to 50
acquisition system includes a Baiu& Kjeer two-microphone reflections are generally required to give satisfactory results
impedance measurement tube type 4206, a power amplifién this model long enclosure. The final choice of the number
type 2706, two 1/4-in. microphones type 4187 with pream-of reflections is dependent on the boundary condition of the
plifiers, a data acquisition front-end type 2827, and a perenclosure and the source/receiver geometry. The path length
sonal computer with pulse software. Figure 3 shows the medrom the 50th image sources to the receiver corresponds to
sured absorption coefficients versus the frequency. Thabout 30 m in our scale-model measurement. The absorption
measured absorption coefficient, of the carpet used in the of sound in air was not significant at such a path length and
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FIG. 8. Comparison of the measured spectrum of ex-
cess attenuation with the respective predictions by the
coherent, incoherent, and ASJ models. Measurements
were conducted in a model tunnel with an impedance
wall and both the source and receiver were located at
the centerline. The key of this figure is same as Fig. 5.
The source/receiver geometries are as followe:
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at frequencies up to 10 kHz; hence, its effect was not inherent model and ASJ model are only based on the path
cluded in our analyses. lengths between the source and receiver. Consequently, the
same prediction of EA was obtained across the whole spec-
trum in Figs. %a) and (b). As shown in the comparisons,
only the predictions by the coherent model give good agree-
To demonstrate the effect of mutual interference, the rements with the measurements. The incoherent model and
ceiver was placed at the offset line and at a height of 0.11 mASJ model cannot predict such fluctuations in frequency.
Measurements were taken at a horizontal distance of 5 m iffhe results predicted by the incoherent model and ASJ

front of the source, which was also located at a height of 0.1},0del are independent of the frequency of sound and do not
m above the ground. In the measurements, the source was o good agreements with the measurements.

placed at either the centerline or at the offset line locate The pattern of the fluctuation in frequency spectrum is

0.25 m from the centerline. Figure¢ss and (b) show the dependent on the relative positions of source and receiver. To

experimental results for the source located at the centerlimﬁ . . .
) . IMustrate this point, another measurement was taken with the
and the offset line, respectively. The measured excess attenu- . . .
urce and receiver located at respective heights of 0.11 m

ation spectra fluctuate considerably as the source frequen&p . )
increases. In Fig.(3), there is a distinct “dip” that occurs at @nd 0.3 m above the ground. The horizontal separation be-
a frequency of around 1250 H225 Hz at full scalg while tween the source and receiver was reduced m inthis set

Fig. 5(b) illustrates no destructive interference effect occurs®f measurements. During the measurement, the source was
at the same frequency. The measured excess attenuatiovilated at the centerline and the receiver at the offset line. In
around 1250 Hz shown in Fig.(® are increased by more the measured results shown in Fig. 6, several distinct dips
than 5 dB when comparing with Fig(&. In the same figure, occur at frequency below 1000 Hz00 Hz at full scalg The
predictions according to the incoherent model and ASJattern of fluctuation in the frequency spectrum is quite dif-
model are also shown. We note that predictions by the incoferent from that shown in Figs.(& and(b).

1. Validations in the model tunnel with hard
boundaries
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The effect of interference was also found when both thea distance of 2 m in Fig.(B), the effect of destructive inter-
source and receiver were situated at other locations. Theserence becomes less significant. We note that only the re-
results were shown elsewhefeand not repeated here. sults of the prediction by the coherent model agree reason-
Again, only the predictions using the coherent model agre@ply well with the measurements, while the incoherent model
reasonably well with the measurements. The incoherent angh4 ASJ model give an approximate mean value of the ex-
ASJ models can only give an indication of the average level§.qs attenuations across the frequency spectra. In Rs. 7

of noise. These two models tend to give a better agreement I<J§11nd(b), both the source and receiver are located at the offset

the average noise levels with measured results at frequenciﬁﬁe close to the impedance wall. If the source and receiver

higher than about 3000 Hz for the typical geometry used in . . .
the present study. However, the incoherent and ASJ modefd © moved to the centerline, by locating the receiver at 1 m

are unable to predict variations with frequency because the@reCtIy in front O_f and at the same h?'gh,t as the source, the
ignore the effects of the interference from all contributingdiP @t 1100 Hz disappears as shown in Fig)8Apparently,
rays. it seems that the impedance wall will reduce the levels of
sound if both the source and receiver are located close to the
impedance wall. However, by locating the recei2em di-
rectly in front of and at the same height as the source at the

centerline, Fig. &) shows that there a distinct dip at around

The effect of mutual interference also occurs in tunnels?00 Hz(90 Hz at full scalg while Fig. 7b) displays a peak
with an impedance wall surface. Figur@Yillustrates that a  there. This shows that there is no simple relationship be-
distinct dip occurs at around 1100 K10 Hz at full scalp  tween the position of the impedance wall and the location of
when the receiver is localel m directly in front of and at the source—receiver when predicting sound fields in long
the same height as the source. When the receiver is moved tonnels.

2. Validations in the model tunnel with an impedance
wall surface
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3. Validations in a model tunnel with two impedance Again, good agreements between the theoretical predictions
wall surfaces by the coherent model and experimental measurements are

The coherent model can be used to predict the peaks arfyident from the results as shown in these two figures. We
dips of the interference in the tunnel with impedance wall'eiterate that the most important point to note is that the
surfaces. The usefulness of the coherent model for predictingoherent model can well predict the general trend of the ex-
the sound field in a tunnel with an impedance wall has beeRerimental data in the frequency spectrum, while the inco-
demonstrated in the last section. Here, we extend the study feerent and ASJ models tend to give higher estimated excess
cover the situation where there are two parallel impedancéttenuations and cannot predict the fluctuations in frequency
wall surfaces in the long enclosure. To compare the numericaused by the effects of interference.
cal and experimental results, the predicted excess attenua- It is increasingly common to install sound absorption
tions, together with the measured excess attenuations, apénels onto wall surfaces in tunnels to reduce the noise from
plotted against the frequency. Figureg)9and (b) illustrate traffic.3? In this section, we explore the effects of adding an
two typical examples for the receiver located at the offseimpedance wall or two parallel impedance walls in a tunnel
position and at a horizontal distancem from the source. with a stationary source, a point monopole source at a height
Figure 9a) displays the experimental results where both theof 0.11 m (1.1 m at full scalg above the ground. Figures
source and receiver were located at 0.11 m above the grourid(a)—(c) show the effect of the impedance wall on the level
but the source was located at the centerline. On the otharf sound produced by the source located at the offset line,
hand, the configuration for Fig.(§) was the same as Fig. which is 0.25 m away from the centerline of the tunnel. The
9(a) except that the source was located at the offset linereceiver is located 0.11 m above the ground at the centerline
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