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Experimental investigation on the enhancement of plenum
window noise reduction using solid scatterers
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ABSTRACT:

The sound transmission across plenum windows installed with rigid non-resonant cylindrical scatterer arrays was
investigated in detail using scale-down model measurements carried out inside a fully anechoic chamber. The arrays
have manifested to some extent the acoustical behaviors of virtual sonic crystals. The maximum cross section block-
age ratio was 0.6. The effects of plenum window gap, array configuration, and scatterer diameter on the sound trans-
mission characteristics were also examined. Results indicate that the window cavity longitudinal modes and the gap
modes control the sound transmission characteristics at low frequencies. The upper bound of this frequency range
increases with decreasing gap width. Within this frequency range, the scatterers have negligible effect on the sound
transmission. At higher frequencies, the array configurations with scatterer(s) attached to the window walls result in
stronger sound reduction. There are relatively higher sound transmission loss improvements around the frequencies
where a full bandgap is observed. There are wide bandgaps in various lattice directions, and the present results sug-
gest that they play a role in the broadband improvement of sound reduction. © 2023 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0017353

(Received 29 October 2022; revised 4 February 2023; accepted 6 February 2023; published online 23 February 2023)
[Editor: Ning Xiang] Pages: 1361-1374

I. INTRODUCTION same time allow for an acceptable level of natural ventila-
tion is urgently needed.’

Tang and co-workers have recently carried out an exten-
sive study on the traffic noise protection that can be provided
by plenum windows.*'® A plenum window is a partially
opened double glazing window, but the size of the opening and
the gap distance between the two glass panes are much larger
than those of Kerry and Ford.'" Since then, this window type
has attracted the attention of many researchers, for instance,
Yu et al."* and Du et al.'® There are worldwide efforts focusing
on strengthening the sound reduction of plenum windows.
Typical examples include the installation of sound absorbers
(both oblique porous materials'> and transparent micro-
perforation sheets'*) and scatterers'>'® into the window void.

Both the two-dimensional numerical study of Tang'’
and the experimental study of Lee e al.'® demonstrate that
sound scatterer arrays are very useful for improving the
noise reduction of a plenum window without much reduc-
tion of natural ventilation effectiveness and daylight pene-
tration. A detailed experimental investigation is carried out
in the present study to understand how non-resonant scatter-
ers and their arrangements can strengthen traffic noise
reduction. Effort is also made to understand how the spectral
characteristics of the sound transmission across plenum win-
dows are affected by the scatterers.

Traffic noise has long been one of the major environ-
mental hazards that is a threat to public health."* Its mitiga-
tion in residential areas is of particular importance because
residential environments, both indoor and outdoor, can have
strong restorative power on human beings. There is always a
need for strong and effective noise reduction devices for res-
idential building applications.

Residential buildings within urbanized areas are in high
demand because of convenience and easy access to resour-
ces. Ground traffic is the major source of noise pollution in
these areas. As urban areas are always congested, traditional
noise mitigation measures, such as roadside noise barriers®
and building clustering,* are ineffective if not impossible.
Measures that can be adopted on building facades are then a
focus. However, balconies are not effective noise screening
devices unless sound absorption is applied.> Double glazing
windows® are strong noise reduction devices, but they jeop-
ardize natural ventilation, resulting in unacceptable indoor
air quality unless mechanical ventilation systems are in
place. This is undesirable as these ventilation systems are
going to consume extra electrical energy and have adverse
impacts on sustainability development. A noise reduction
device that can offer strong acoustical protection and at the

Il. EXPERIMENTAL SETUP
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Polytechnic University. The working dimension of the
chamber is 4.5m x 4m x 5m (height). The reverberation
times (RTs) above the 200 Hz one-third octave band are
below 0.1s. The experimental condition was essentially a
free field one, which resembles those in actual practice (for
instance, Li et al.lo).

A. The scale model and the sound source

A 1:4 scale-down model resembling that of Tong and
Tang® was adopted in the present study. Figure 1 illustrates
the model, its dimensions, and the related nomenclature.
This model was a box made of 18 mm thick acoustically
hard varnished plywood without any parallel surfaces. The
model plenum window was installed on the vertical wall of
the model. Its length (L) and height (H) were fixed at 500
and 260 mm, respectively. The outer and inner opening
widths (w) were also fixed at 167 mm. The height and the
opening widths were so chosen to align with those of the
practical plenum window.'” Perspex panels of 3mm thick-
ness were used to mimic the glass panes of the practical ple-
num window. The gap width G does vary in practice. In
principle, the narrower the gap, the higher the traffic noise
reduction.® In this study, three gap widths were adopted.
They were 98, 158, and 218 mm.

The scatterers adopted in the present study were cylindri-
cal aluminum rods with diameter, d, of 10, 19, and 32 mm. It
is not desirable to put many scatterers into the plenum win-
dow void as it has been shown by Tang'? that the noise reduc-
tion improvement will not be significant if the rows of the
scatterer array exceed two. Also, the air movement will be
much hindered if too many scatterers are installed.

A total of 11 scatterer array arrangements are included
in the present study and are summarized in Fig. 2. The sepa-
ration distances between scatterers are also given in Fig. 2.
These arrangements can be basically classified into three
types, namely, the “regular,” “single staggered,” and “dual
staggered.” The latter two array types could result in higher
noise reduction than that of the former one as shown by
Tang."” In all these arrangements, the first row of scatterers
is located at the entrance of the overlapping region.

The regular type, which is presented in Figs. 2(a)-2(e), con-
sists of scatterers positioned symmetrically about the ple-
num window central plane. The single staggered type arrays
adopted in the present study are shown in Figs. 2(f)-2(i).
They consist of only one scatterer row offset from the win-
dow central plane. The last type, the dual staggered type, is
made up of two offset scatterer rows as indicated in Figs.
2(j) and 2(k). For the sake of easy reference, the abbrevia-
tion V(m,n) represents hereinafter a regular scatterer array
with m rows and n columns of scatterers. As discussed
above, m <2 in the present study. Symbols “s” and “ds” are
added to the abbreviation to indicate “single staggered” and
“dual staggered” array, respectively. For the single stag-
gered type, an additional number is added behind “s” to
indicate which scatterer row is offset. For example, “sl1”
denotes that the first scatterer row is offset, and so on. A
summary of these abbreviations is given in Fig. 2. V(0,0)
denotes the plenum window without scatterers.

The sound source in the present study was a linear loud-
speaker array made up of twenty 6-in. aperture loudspeakers
capable of producing sound from 80 Hz to 25 kHz. The total
length of this linear loudspeaker array source was 3.2m,
which was much longer than the width of the outer opening
of the model plenum window (167 mm). This setup resem-
bles that of Tong and Tang” for traffic noise reduction study.
A similar approach of using a loudspeaker/tweeter array is
quite common in traffic noise scale model studies, for
instance, El Dien and Woloszyn."” In the present experi-
ment, the sound source was located at a horizontal distance
of 1m away from the model and was set parallel to the
model receiver room fagade on which the model plenum
window was installed. The horizontal centreline of the
model plenum window was 0.5 m from the anechoic cham-
ber floor. The effect of ground reflection in the anechoic
chamber was negligible.

The RTs inside the model receiver room were measured
by six microphones [1/4-in. Briel & Kjer (Nerum,
Denmark) type 4951] spanned over the entire volume of the
receiver room using the maximum length sequence (MLS)
approach implemented by DIRAC.'® The sound source was
an 8-cm aperture tweeter located at a corner of the receiver

(a) Isometric view

(b) Section A-A

(c) Scale model in anechoic chamber

FIG. 1. (Color online) The scale model and nomenclature (all dimensions in mm). (a) Isometric view; (b) horizontal cross section; (c) the scale model setup

in the anechoic chamber.
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FIG. 2. (Color online) Forms of scatterer arrays included in the present study.

room. Two corners were chosen in the measurement. The
model receiver room was very reverberant as shown in Fig.
3. Although there are some changes in the low frequency
RTs when the window gap width G is altered, it can be
observed that the change of RTs due to the installation of
the cylinder arrays is insignificant, and the size of the cylin-
drical scatterer does not have much effect on the RTs. There
are RT dips around the 250and 315 Hz one-third octave
bands for all cases tested in the present study. It is believed
to be due to the longitudinal standing waves along the win-
dow length. As the model receiver room is sufficiently
reverberant for sound transmission loss (TL) measurement,
the RTs and the dips are, therefore, not discussed further.

A flanking transmission test was carried out by covering
the plenum window firmly by hard plywood before the experi-
ments. Results show that the average sound level inside the
model receiver room is at least 30 dB below that of the inci-
dent sound over the frequency range of interest (not shown
here). Flanking transmission can, thus, be ignored.

B. Measurement procedure

The sound TL of the plenum window V(m,n), TL,,,, can
be estimated by using average noise level inside the receiver
room (SPL,..) and that at the window outdoor inlet (SPL;,),"”

Sy
TLmn - SPLin,mn - SPLreC,mn + 1010gl() <r), (1)

where RC is the room constant of the receiver room and S,
the area of the plenum window facing the incoming sound.

J. Acoust. Soc. Am. 153 (2), February 2023

SPL,.. was measured by six 1/4-in. Briiel & Kjer type 4951
microphones inside the receiver room located based on the
requirement of BS ISO 10140-2.%° SPL,, was measured by
three such microphones equi-spaced on the vertical center-
line of the window inlet plane. The sound measurement for
each plenum window was done simultaneously using the
Briiel & Kjar type 3506D PULSE data recorder with a rate
of 65536 samples/s/channel. White noise signal was fed to
the linear loudspeaker array during each sound TL
measurement.

Reverberation Time (s)

0.8 L
100 1000

One-third Octave Band Centre Frequency (Hz)

FIG. 3. Reverberation times inside the model receiver room. @, V(0,0),
G=218mm; @, V(2,3), G=218mm, d=32mm; O, V(2,3), G=218mm,
d=10mm; W, V(0,0), G=158mm; m, V(2,3), G=158 mm, d=32mm;
O, V(2,3), G=158mm, d=10mm; A, V(0,0), G=98mm; a, V(2,3),
G=98mm, d=19mm.
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The sound TL improvement due to the installation of
the m x n cylinder array, ATL,,,, is, as the RTs are not
much affected by the array,

ATLmn - TLmn - TLOO ~ SPLrec,OO - SPLrecAmn- (2)

As traffic noise is always a concern, it is worthwhile to
express the broadband sound TL as a single A-weighted rat-
ing relevant to traffic noise.®” The normalized traffic noise
spectrum?' is adopted for such purpose in this study. A simi-
lar estimation procedure has also been applied by research-
ers, for instance, Tong and Tang® and Garai and Guidorzi.”
The traffic noise TL of V(m,n), TLy . is given by the
expression

TLymn = 10log <Z 100.1(N;TL,n.,.;)/ Z 100.11\7,)’
=l i=1
3)

where subscript i denotes the ith one-third octave band and
N; the traffic noise spectrum weighting of that frequency
band. The change in the traffic noise TL by installing the
cylinder array is simply taken to be

ATLt;r,mn = TLtnmn - TLtr,()O- (4)

lll. BAND STRUCTURES OF SCATTERER ARRAYS

Although the scatterer arrays adopted in the present
study are not of infinite length, the multiple reflections from
the two windowpanes that form the air passage within the
plenum window help create virtual sonic crystal structures

within the window void.*® It is, therefore, beneficial to
examine the theoretical band structures of these scatterer
arrays before analysing the experimental results. The lattice
constant /. and the area of the unit cell A, of each of these
structures depend on m and n and will vary even for a fixed
array form when G is changed. For a regular array form,
such as V(2,2), V(2,2)ds, V(2,3), and V(2,3)ds, /.= G/n, and
the unit cell is a square of side /.. The Bragg interference
frequencies, f3,, and the filling fraction o are, respectively,24

c nc nd> wd*  wn? (d)2

fpo=0—=0—ando=—=——= G

20, ' 2G 4A, A2 T 4
%)

where ¢ is the ambient speed of sound, and « is an integer.
Although f3, corresponds to the case of normal sound inci-
dence, it is still relevant to the overall sound power trans-
mission direction within the window void (I'X in Fig. 4).

The situation becomes complicated for the staggered or
non-square array forms. Figure 4 summarizes the types of
unit cells involved in the present study and the windows
associated with each of them. The lattice information and
the first irreducible Brillouin zones of the rectangular sonic
crystal lattices [Figs. 4(a) and 4(b)] are well known (for
instance, Miyashita®®) and need no further description.
However, the lattice shown in Fig. 4(c), which corresponds
to the arrays with single staggered scatterer arrangement,
has a unit cell that is not a regular hexagon as in that of
Lagarrigue ef al.*® It is of rhombic shape, and the irreducible
Brillouin zone has four corners.?® The area of the unit cell is
the same as that of the square one, and thus, ¢ of the stag-
gered and the square scatterer array patterns will be the
same if G and d are fixed.

a a
fe—>]
e 06 o a [ o
1 o 0 o [ ®
Sonic crystal lattice ® 00 . 0.0 (@)
e o o
e 0 © ®
o 06 o o o
(a) (b) ()
Side length(s) of unit cell a,b a 2a/3, a~13/6
Unit cell area, 4. ab a* a
Ni ________ =M
i : /.!M Neo—em- M
i i . ! \,
Irreducible Brillouin zone i i Va : : \.\
! i 7 ! ; -
] : [Limm==ty r!- .......... .\.'.x
b X
. V(2,2),V(2,2)ds, | V(2,2)s1, V(2,2)s2,
Window & scatterer array V(1) V(2.3), V2.3)ds | V(23)s1, V(2.3)s2

FIG. 4. (Color online) Virtual sonic crystal lattice information. (a) Rectangular; (b) square; (c) rhombic. Dashed line, unit cell boundary; dashed-dotted line,

Brillouin zone.
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The spectral performance of the plenum windows after
the installation of the scatterer arrays will depend on the
window cavity modes, the bandgaps of the scatterer arrays,
and the filling fraction (which is basically the blockage
ratio). Although the sonic crystal effect is weaker as the
number of scatterer rows decreases (for m < 5),27 m is kept
not more than 2 in the present study as a compromise for
better air movement as discussed in Tang.'” It can also be
inferred from the numerical results of Tang15 that the TL
improvement resulting from arrays with a small number of
scatterers will not be significant. Therefore, only the band
structures of the V(2,2) and V(2,3) series will be examined
in this section. The associated eigenfrequencies are deter-
mined by solving the Helmholtz equation within the unit
cells with the Floquent periodic boundary conditions using
the finite-element method.?® For easy presentation, the fre-
quencies presented hereinafter are all scaled back to those of
the real full size practical plenum windows.

The band structures of the scatterer arrays installed in
the window V(2,3) with square unit cells in the present
study are presented in Fig. 5. The abscissa of Fig. 5 is asso-
ciated with the corners of the Brillouin zones (Fig. 4). The
bandgap centre frequency fp, increases with decreasing G
for a fixed array form. Similar to the experimental results of
Séanchez-Pérez et al.,”’ the width of the bandgap in the I'X
direction (normal incidence direction) increases when d is
increased for a fixed G. For G =218 or 158 mm, the results
with d=10mm are not significant and, thus, are not pre-
sented in Figs. 5(a) and 5(b) for the sake of visual clarity.

w

Eigenfrequency (kHz)
38

No complete bandgap is observed for G =218 mm.
However, one can observe from Fig. 5(a) that there is a
small but clear I'X direction bandgap at ~590 Hz (f3,), and
the bandgap width increases with d. For the V(2,3) window
with G =218 mm, bandgaps in the I'X and XM directions
can be observed as frequency increases. One can observe a
more organized I'X bandgap at ~1600 Hz, which is close to
/53, for d=32mm. Near to fz,, bandgaps can be found in
the XM direction, but they are relatively narrow.

For window V(2,3) with G = 158 mm, the band structures
are very similar to those of the case with G =218 mm, except
that the band frequencies are higher, and a narrow but com-
plete bandgap is observed for d =32 mm at around 2400 Hz
[Fig. 5(b)]. Apart from the I'X direction bandgap near to f31,
similar bandgaps are observed at frequencies above 2000 Hz
and even up to around 4000 Hz for d =19 and 32 mm, but no
such gap can be seen for d = 10 mm (not presented here).

When G is reduced to 98 mm, there is no bandgap in
any direction apart from the one near to fz; for d=10mm
[Fig. 5(c)]. However, one can find quite a number of I'X
direction bandgaps at higher frequencies when d is increased
to 19mm. A complete bandgap, although very narrow, is
observed in this case at ~4000 Hz. The associated I'X direc-
tion bandgap width is comparable to that at fz,. Together
with the results for G =158 mm, it appears that complete
bandgap is possible when the filing fraction exceeds 0.265.
As the major sound propagation direction across the win-
dows is I'X, the bandgaps in the XM direction could be less
significant. Also, the scattering at ~fp; could have been

Reduced Wave Vector /

Reduced Wave Vector / ©t

Reduced Wave Vector / ©t

FIG. 5. (Color online) Band structures of the virtual sonic crystals in V(2,3) with square unit cells. (a) G =218 mm; (b) G = 158 mm; (c) G =98 mm. Solid

line, d =32 mm; dashed line, d = 19 mm; dashed-dotted line, d = 10 mm.
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affected by the lower order window normal cavity modes.
More discussions will follow in Sec. IV.

The band structure patterns of the scatterer arrays in
V(2,2) with square unit cells are basically the same as those
for the V(2,3) cases, except that the band frequencies are
lower, and no complete bandgap is found, probably because
of the lower filing fraction. They can roughly be retrieved
by applying a factor of 2/3 to the eigenfrequency axis of
Fig. 5. Therefore, they are not presented.

Figure 6 illustrates the band structures of the V(2,3) vir-
tual sonic crystals with the rhombic unit cells [Fig. 4(c)].
Complete bandgaps are found even when G =218 mm in
this case with d=32mm [Fig. 6(a)]. For G =218 mm, no
obvious complete bandgaps at frequency above 1000 Hz can
be observed as in the square lattice case, but some bandgaps
in the NM, MX, and I'N directions can clearly be noticed at
frequencies below 2500 Hz. There is also a very narrow
bandgap in the I'X direction at around 1000 Hz.

Complete bandgaps are clearly observed as G is
reduced, and the bandgaps in the NM, MX, I'X, and I'N
directions become wider at the same time [Figs. 6(b) and
6(c)]. They should lead to more broadband TL improvement
than that at G =218 mm. Again, the band structures of the
single staggered cases of the V(2,2) series can be easily
inferred from results of the staggered V(2,3) cases as
explained above. They are, thus, not presented.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section, the traffic noise TL of the plenum win-
dows (a single broadband A-weighted rating) will be

5

presented in the first place to establish a general picture of
how the scatterer arrays affect the traffic noise reduction of
the plenum windows. It is followed by a detailed analysis on
the spectral characteristics of the sound transmission for
deeper understanding of the frequency-sensitive interactions
between the scatterers and the acoustic modes within the
plenum window voids, which could result in the improve-
ment of sound TL.

The geometry of the present plenum window void is
complicated. Analytical formulas for the corresponding
eigenfrequencies are also not currently available. To facili-
tate the analysis on the interactions of bandgaps and the
window cavity modes, a simplified approach based on the
observations of Tong and Tang® is adopted such that these
eigenfrequencies, thereinafter denoted as f,,, where p and ¢
are non-negative integers, can be approximated. Details are
given in the Appendix.

A. Traffic noise TL

Figure 7(a) summarizes the TL, of the plenum windows
tested in the present study. Without the scatterer array in the
plenum window, the TL,, of the plenum window with the
narrowest gap is slightly higher, while those of the two other
plenum windows are very similar.

In the presence of the scatterers, one can notice that for
a fixed G, the TL, tends to increase with increasing scatterer
cylinder diameter d in general regardless of the form of the
scatterer array. Also, it is found that for a fixed d, the ple-
num window with G =158 mm in general gives the lowest
TL,.. There appears no clear relationship between TL,. and

5 e —

w

Eigenfrequency (kHz)
o

’ AT IR YT
NN\
7P

'/. / :\— ]

~

M X T N M M X
Reduced Wave Vector / 7t

Reduced Wave Vector / 7t

T N M M X T N M
Reduced Wave Vector / ©t

FIG. 6. (Color online) Band structures of the virtual sonic crystals in V(2,3) with rhombic unit cells. Symbols, same as those of Fig. 5.
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d/G or the cross section blockage ratio nd/G. The staggered
arrays tend to increase the TL,, and the dual staggered
arrays give the best performance in general.

Figure 7(b) illustrates the increase in sound TL by
installing scatterer arrays into the plenum windows. ATLs
of the narrowest windows (with G =98 mm) are in general
insignificant when installed with the smallest scatterers
(d=10mm) regardless of the form of the scatterer array.
One can also notice that ATLs of the windows with the
widest G are in general the largest when the largest scatter-
ers are used (d =32 mm), no matter what the scatterer array
configuration is. This observation tends to imply that block-
age ratio is not the prime parameter that controls the sound
TL in principle. However, blockage does appear to be
important for the single column scatterer arrays [which are
the V(1,2) and V(1,3)]. In fact, for the two plenum windows
with wider G and when the scatterer diameter is larger than
19 mm, ATL,, tends to increase with increasing number of
scatterers in the window void. The staggered scatterer
arrangement further increases the ATL,.

One should note that the application of the normalized
traffic noise weighting?' tends to amplify the ATL at fre-
quencies around the 1000 Hz 1/3 octave band. Therefore, a
weak ATL,, in Fig. 7(b) does not normally imply poor sound
insulation over the whole frequency range of interest. A
weak ATL, can result if the significant sound TL improve-
ments achieved by installing scatterers fall outside the most
emphasized frequency range of the traffic noise weighting.
This is likely to happen in the V(2,3) cases as the corre-
sponding significant bandgaps are located at frequencies
higher than 1000 Hz (Figs. 5 and 6).

An illustration of the frequency-dependent ATL,; is
given in Fig. 8(a). One can observe that improvement of the
TL after the installation of the scatterer array is biased to the
high frequency end of the frequency range of interest, where
bandgaps are found (Fig. 5). The narrower the gap G, the
greater the shift of the TL improvement to the high fre-
quency side (fz, increases with decreasing G). The relatively
low ATL, »3 of the V(2,3) windows with narrow G and/or
small scatterer is due to the property of the normalized traf-
fic noise weighting, which has down-weighted significantly
the high frequency TL improvement. However, these win-
dows will still be useful if the noise to be attenuated has sig-
nificant high frequency content, such as that from
commercial aircraft.?’ Also, the results reveal that for a
fixed G, the ATL,3 decreases with decreasing ¢. One point
worthy of note is that ATL,; is very limited around the first
Bragg interference frequency in the I'X direction (f3;), but
it tends to increase as frequency is increased further. For
G =218 mm, the peak ATL,3 appears at around fp3, where a
more organized I'X bandgap is observed [Fig. 5(a)].

For G = 158 mm, the observed ATL,3 peaks around the
2000 and 4000 Hz frequency bands for d =32 and 19 mm
are in line with the complete bandgaps and related band
structures observed in Fig. 5(b). The complete bandgap at
~4000 Hz for the case of G =98 mm, d =19 mm [Fig. 5(c)]
should also contribute to the high ATL,3; within the corre-
sponding frequency band.

There are limited low frequency TL variations [Fig.
8(a)] after putting the scatterer arrays into the window void.
It is believed that they are due to the window modes whose
propagations are not much altered by the sound scattering of
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the scatterer array. Some examples of such interactions have
been presented in Tang.'” The spectral characteristics of
sound propagation across the plenum windows will be dis-
cussed further in Sec. IV B.

It should be noted that the octave band TLs of the ple-
num windows without the scatterers are reasonably high as
shown in Fig. 8(b). The above-observed limited sound
amplifications are not significant. One can also notice that
the TL spectra tend to shift toward the high frequency end
when G is reduced. The transverse acoustic gap modes have
significant influence on the spectral characteristics of the
TLgos."” The first strong TL peaks are due to the first higher
cut-off gap mode(s) of the window void (f5; = ¢/2G). Close
to these frequencies, a large amount of acoustical energy is
transferred into these modes, which do not propagate much
into the window void. The second TL peak of the window
with G =98 mm seems to be around the eigenfrequency of
the second higher odd gap mode (fo; = 3fo1). In fact, a simi-
lar observation can be made for the other two windows, but
the corresponding second TL peaks are blurred and not as
distinctive. Under the current sound incidence condition, the
forcing of an even gap mode should be less efficient, and

ATL,, (dB)

TL,, (dB)

100 1000

One-third Octave band Centre Frequency (Hz)

FIG. 8. (Color online) (a) One-third octave band ATLs of V(2,3) windows.
®, G=218mm, d=32mm; B, G=98mm, d=19mm; O, G= 158 mm,
d=32mm; [J, G=158mm, d=19mm; A, G=158mm, d=10mm. (b)
One-third octave band sound TLs of V(0,0) windows. @, G=218 mm; H,
G=158mm; A, G=98 mm.
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thus, it is not surprising to find nothing special at those
frequencies.

The basic characteristics of the ATL spectra of the
V(1,2), V(2,1), and V(1,3) windows are, in general, in line
with those presented in Fig. 8(a) (not shown here). Since the
TL improvements achieved by installing these arrays appear
to be limited, the corresponding results are not further
discussed.

Effects of the scatterers on the TL improvement for the
arrays with m =2 and n=3 [the V(2,3) series] are summa-
rized in Fig. 9. The data of their non-staggered scatterer
counterparts are also included for the sake of easy compari-
son. For G =218 mm, the ATL spectra and their spectral
patterns do not vary much for d =10and 19 mm [Figs. 9(a)
and 9(b)], although the general trend of increasing ATL with
increasing d is obvious. Relatively strong ATL dip and peak
are observed at the 630 and 1000 Hz one-third octave band,
respectively. For the d =32 mm cases, the staggering tends
to enforce strongly the TL peak at around 1000-1250 Hz
and, at the same time, reduces the TL at around 630 Hz
[Fig. 9(c)].

When G is reduced to 158 mm, the roughly regular ATL
peaks and tips become much less obvious as can be seen
from Figs. 9(d)-9(f), but ATL in general increases with
increasing d as expected. Again, the spectral variation pat-
tern of ATL is not much dependent on d. Strong ATL is
observed between the 1000and 1600 Hz one-third octave
bands for d>19mm. Although there is no complete
bandgap within this frequency range [Fig. 6(b)], the rela-
tively wide bandgaps in various directions could have
helped reduce sound transmission.

Further reduction of G to 98 mm does not greatly
improve the ATL for d = 10 mm. However, one should note
that the TLy, of the G=98 mm window is, in general,
higher than those of the other windows [Fig. 8(b)]. Strong
TL improvement is observed at d =19 mm for frequencies
higher than 2000 Hz when the scatterer rows are staggered.
In fact, the filing fraction of this setting is similar to that of
the case shown in Fig. 9(f). The ATL peaks in this
G=98mm are shifted to higher frequency, probably
because of band structures of the virtual sonic crystals as
discussed in Sec. III and illustrated in Fig. 5(c).

The results of the V(2,2) cases with staggered scatterer
rows are presented in Fig. 10. Compared with the results
shown in Fig. 9, it is observed that the spectral ATL patterns
of the G =218 mm gap cases are not much affected by the
array lattice, although there is less improvement at the
1000 Hz frequency band in this case [Figs. 10(a)-10(c)].
The ATL dips and peaks are, therefore, not likely to be due
to the band structures of the virtual sonic crystals formed by
the scatterers, although one cannot exclude that they could
affect the magnitude of the ATL because of the bandgaps in
the MX and NM directions and the narrow I'X bandgap
around 1000 Hz [Fig. 6(a)]. However, the even stronger TL
enhancement by the dual staggered scatterers [in V(2,3)ds]
observed in Fig. 10(c) could suggest the existence of contri-
butions other than band structures. For the “ds” case, there
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FIG. 9. Effects of scatterer row staggering on TL improvement for V(2,3) window series. G =218 mm: (a) d=10mm; (b) d=19mm; (c) d =32 mm.
G =158 mm: (d) d=10mm; (¢) d = 19 mm; (f) d =32 mm. G =98 mm: (g) d = 10 mm; (h) d = 19 mm. @, regular/non-staggered; M, s1; A, s2; ¥, ds.

is basically no bandgap around 1000Hz [Fig. 5(a)]. This
will be discussed further in Sec. IV B.

In general, the ATLs of the staggered V(2,2) cases are
lower than those of their V(2,3) counterparts, except when
both G and d are small [Figs. 9(g) and 10(g)]. A smaller G
tends to increase the eigenfrequencies of the window gap
modes, while a larger scatterer separation tends to lower the
band structure eigenfrequencies of the scatterer array. For
G =98 mm, fp, is near to fy; of the window gap mode for
the V(2,2) series. The combined effect of the virtual sonic
crystal stop band and the strong evanescent waves around
fo3 could be the reason for the higher ATL observed in
Fig. 10(g). This phenomenon is likely to be observable for
small d when the blockage due to the installation of scatter-
ers is less serious.

As discussed before, for the scatterer arrays with a
rhombic lattice, the complete bandgaps and wider bandgaps
in the NM, MX, I'X, and I'N directions observed with
decreasing G [Figs. 6(b) and 6(c)] should result in more
broadband TL improvement. This is reflected by the results
shown in Figs. 10(e)—10(h).

B. Frequency characteristics of sound transmission

One can notice from the discussions in Secs. III and
IV A that the measured TL improvement by installing
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scatterer arrays does not always align with the band struc-
ture patterns. One plausible reason is certainly the small
number of scatterer rows in the present study, such that the
sonic crystal bandstop effect is not as strong as expected. It
is also believed that the window cavity modes can play an
important role in affecting the TL.

Figure 11 illustrates the narrowband TL spectra of the
V(0,0) windows. The frequency resolution adopted is 4 Hz.
It is the narrowband version of Fig. 8(b). Figure 11(b) gives
a better presentation of the TL values at higher frequencies.
It is noticed that there is a dip around 130 Hz for all win-
dows, which is probably due to the standing wave between
the two window openings. The longitudinal separation
between the centres of the two openings in the scale model
is around 333 mm, and thus, the fundamental longitudinal
resonance frequency should be around 515 Hz, which corre-
sponds to the resonance frequency of 128.8 Hz for the full
size window (fp;).

One can also notice the TL peaks in Fig. 11 are quite
broadband. These peaks, especially those below 1000 Hz,
are closely related to the standing waves in the gap-wise
direction within the overlapping region. For instance, for the
G =158 mm window, the broadband peaks are found cen-
tred at ~fy; (~270Hz) and ~2fy; (= fo2) and a small rela-
tively sharp peak at ~3fy; (= fp3). A similar phenomenon
can be observed for the other two windows basically.
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FIG. 10. Effects of scatterer row staggering on TL improvement for V(2,2) window series. Symbols, same as those of Fig. 9.

The broadband nature of these TL peaks is believed to be
the result of the multiple coupling between the gap modes
and the longitudinal modes within the window void. The
existence of these couplings has briefly been illustrated in
Tong and Tang.®

There is a large TL dip at a frequency of ~900 Hz for
all windows. While the cause of this dip is not clear, it is
interesting to note that the dip is concentrated at a frequency
corresponding to the eigenfrequencies of the couple modes
formed by the gap modes and longitudinal modes of the
same harmonic order. The resonance of the longitudinal
modes usually results in lower TL as they tend to create a
strong pressure zone at the opening of the window. For
G =98 mm, the dip frequency is around the eigenfrequency
of the acoustic mode formed by the coupling of the first har-
monics of the gap mode and that of the longitudinal mode
(f22). For G=158 and 218 mm, it is the second (f33) and
third harmonics (fy4), respectively. It is possible that the gap
modes can couple with many harmonics of the longitudinal
modes (see the Appendix), giving rise to the observed rela-
tively broadband TL dip. The presence of scatterers could
adversely affect the formation of these coupled modes and
improve very much the TL around this dip frequency.
However, the TL peaks could also be reduced because of
the interference of the scatterers. One can observe TL peaks
around frequencies at higher harmonics of the gap modes as
frequency increases, but the variations of the TL appear to
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be bounded, and the TLs fluctuate about a certain mean
value for each G. This mean value appears to go higher as G
decreases. There is serious modal overlapping, and thus, the
results are not discussed further.

Figure 12 illustrates the spectral variation of TL of the
V(2,3) window with G =218 mm. It should be noted that
the virtual sonic crystal at this lattice constant does not give
any full bandgap within the frequency range of interest,
although there are isolated bandgaps in some particular lat-
tice directions [Fig. 5(a)]. The installation of the d =10 mm
scatterers results in limited TL improvement except at some
TL dips of the corresponding V(0,0). Such improvements
should be due to the scattering effect of the cylinders, which
tends to weaken the resonating cavity modes originally
excited within the corresponding V(0,0) window.

The increase in d to 32 mm results in a broadband TL
improvement for frequencies higher than ~1000Hz as
shown in Fig. 12(b). While the blockage due to larger d
could be a reason, it is also noticed from Fig. 5(a) that there
are quite a number of relative wide bandgaps at frequencies
between the TL dips of V(0,0) in various lattice directions.
For instance, one can observe this around 1500 Hz in the I'X
direction and so on.

The blockage resulting from the scatterers in V(2,3) is
the same as that in V(2,3)ds, and the corresponding virtual
sonic crystals have the same band structure theoretically.
However, stronger TL improvement is observed, especially
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FIG. 11. (Color online) Narrowband spectral variation of TL of V(0,0). (a) Logarithmic frequency axis; (b) linear frequency axis. Solid line, G =218 mm;

dashed line, G = 158 mm; dotted-dashed line, G = 98 mm.

around the TL dip frequencies of V(0,0), as shown in
Fig. 12(d). It is, therefore, reasonable to believe that the scat-
terers attached to the walls have further weakened the gap
modes. The resonance of the gap mode results in vanishing
normal velocity at the walls, and the hemi-cylindrical scatter-
ers there do not help. The more such cylinders there are on
the walls, therefore, the stronger is the weakening effect. This
is in line with the TLs of V(2,3)s1 shown in Fig. 12(c).

The virtual sonic crystal in V(2,3)s1 has a rhombic lat-
tice. A full bandgap is observed at the frequency ~600 Hz
[Fig. 6(a)], but it does not give noticeable TL improvement
as can be seen in Fig. 12(c). The low frequency TLs appear
to be controlled by the cavity modes of the macroscopic
structure V(0,0). Again, one can find bandgaps in different
directions of the crystal lattice, which can be the reason for

the broadband TL improvement apart from purely sound
blockage. One can observe a relatively longer bandgap at
around 2500 Hz for d = 32 mm, which spans along the direc-
tions I'X, I'N, and NM [Fig. 6(a)]. The sharp TL peak close
to this frequency observed in Fig. 12(c) could be its conse-
quence. The results of the corresponding V(2,3)s2 are very
similar to those presented in Fig. 12(c) and, thus, are not
shown here.

In Fig. 13 are presented the TL improvements for the
V(2,3) cases of G =158 mm, d =32mm. The TL improve-
ments by installing the scatterers are, in general, in line with
those presented in Fig. 12. However, at this lattice constant
and scatterer diameter, a full bandgap, although narrow
in bandwidth, can be clearly seen at around 2400 Hz
[Fig. 5(b)]. There is another relatively long but narrow

TL (dB)
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FIG. 12. (Color online) Narrowband spectral variation of TL of V(2,3) with G=218mm. (a) V(2,3), d=10mm; (b) V(2,3), d=32mm; (c) V(2,3)s1,

d=32mm; (d) V(2,3)ds, d =32 mm. Thin lines, TL of V(0,0), G =218 mm.
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FIG. 13. (Color online) Narrowband spectral variation of TL of the V(2,3) window. G =158 mm. (a) V(2,3), d=32mm; (b) V(2,3)sl, d =32mm; (c)
V(2,3)s2, d =32mm; (d) V(2,3)ds, d =32 mm. Thin lines, TL of V(0,0), G = 158 mm.

bandgap at around 4000 Hz. The TL improvement by instal-
ling regular scatterer arrays [Figs. 13(a) and 13(d)] is, there-
fore, better than those resulting from arrays with rhombic
lattice [Figs. 13(c) and 13(d)] within these frequency ranges
in which the latter does not have significantly wide bandg-
aps [Fig. 6(b)]. On the contrary, the rhombic lattice

[V(2,3)s1 and V(2,3)s2] gives rise to a significant full
bandgap at a frequency around 900 Hz, giving rise to the
better TL improvement closer to this frequency than the reg-
ular lattice cases of V(2,3) and V(2,3)ds.

Figure 14 illustrates the TL spectral variations for the
V(2,3) cases with d=19mm, G =98 mm. The window gap

40

TL (dB)

TL (dB)

TL (dB)

TL (dB)

Frequency (Hz)

FIG. 14. (Color online) Spectral variation of TL of the V(2,3) window with G=98 mm. (a) V(2,3), d=32mm; (b) V(2,3)sl, d=32mm; (c) V(2,3)s2,

d=232mm; (d) V(2,3)ds, d =32 mm. Thin lines, TL of V(0,0), G =98 mm.
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width is small. The acoustic modal structures in the window
void of the macroscopic V(0,0) at frequencies below
1500 Hz have stronger integrity such that any bandgap effect
of the virtual sonic crystals becomes insignificant within
that frequency range. However, the TL improvements by the
rhombic lattice arrays [Figs. 14(b) and 14(c)] are still
slightly better than those by the regular lattice arrays
[Figs. 14(a) and 14(d)] below 2000 Hz, probably due to the
full bandgaps of the former [Fig. 6(c)].

The regular lattice scatterer arrays give a full bandgap
at around 4000 Hz [Fig. 5(c)]. One can observe significant
TL improvements in the proximity of this frequency.
However, this effect is only strongly manifested in the case
of V(2,3)ds, where a broadband and relatively uniform TL
increase is found [Fig. 14(d)]. There is also considerable TL
improvement around 4000 Hz in the cases of V(2,3)s1 and
V(2,3)s2, but these rhombic lattice arrays do not have such
full bandgap at this frequency level, and the frequency range
of the improvement is more restricted. It is still unclear how
much of a contribution of the full bandgap of the regular lat-
tice array is within the overall TL improvement as the scat-
terers attached to the wall can also weaken the gap modes
(discussed before). Further investigations are required.

The spectral TL improvements in the V(2,2) cases are
basically in line with those in the corresponding V(2,3)
cases, and thus, they are not presented here. However, it
should be noted that the eigenfrequencies of the band struc-
tures of the V(2,2) related scatterer arrays are in general 2/3
of those of the latter. Therefore, there is a shift of the TL
improvements toward the low frequency side of the spec-
trum, and some lower frequency bandgaps have been inef-
fective in the presence of the macroscopic V(0,0) structure
cavity modes.

V. CONCLUSIONS

A scale-down model experiment was carried out in the
present study in an attempt to understand how much the
sound TL of a plenum window can be improved by instal-
ling cylindrical scatterer arrays of different lattices into the
window void. In order not to jeopardize the natural ventila-
tion enabling ability of the window, the number of scatterer
rows, counted in the direction from the window outdoor
opening to the indoor opening, was kept below 3. Three
window gap widths and three scatterer diameters were
selected for the present parametric study. With acoustically
hard window walls, the scatterer arrays resembled virtual
sonic crystals. Two lattice structures, namely the regular and
the thombic, were included in the present investigation.

Without the scatterers, the gap modes and the longitudi-
nal modes between the two plenum window openings con-
trol the spectral variation of sound TL across the window.
The wider the window gap, the better the low frequency per-
formance of the window, but the weaker its protection
against traffic noise intrusion.

The installation of the scatterer arrays into the window
void in general does help improve the sound TL across the
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window. The scatterers weaken the acoustic resonances that
result in the strong sound transmission across the original
plenum window. Also, the higher the scatterer diameter-to-
window gap ratio, the higher the TL in general. However, the
arrangement of the scatterers has a crucial effect on the spec-
tral variation of the sound TL. Those arrangements with scat-
terer(s) attached to the window walls appear to be helpful.

Although the scatterer arrays adopted include a maximum
of only two scatterer rows, there is evidence that the bandgaps
of these virtual sonic crystals do play a role in shaping the
spectral variation of sound TL across the plenum window,
unless the frequencies of the bandgaps fall into the low fre-
quency range in which the original cavity modes of the win-
dow dominate the sound transmission process. While a full
bandgap helps improve sound TL, the present results also tend
to suggest that the bandgaps in various lattice directions could
have resulted in the broadband improvement of sound TL.
However, it is still unclear how significant these bandgaps are
in improving the acoustical insulation as the scatterers actually
block to some extent the sound propagation path and affect the
cavity mode excitations within the window void. This is left to
further investigations.
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APPENDIX: EIGENFREQUENCIES
OF THE SIMPLIFIED PLENUM WINDOW VOID

One can observe from the simulation of Tong and
Tang® under normal sound incidence that the standing wave
patterns inside the window void are basically made up of the
gap modes and the longitudinal plane wave modes along the
length of the plenum window. The former give rise to stand-
ing wave patterns parallel to the windowpanes. The latter
match better those modes with relatively strong sound pres-
sure regions near the window inlet and outlet. The longitudi-
nal distance between the centres of these two window
openings is 2 L/3 in the present study.

Let p and ¢ be the mode orders of the longitudinal
modes and the gap modes, respectively; the eigenfrequen-
cies of the window cavity modes, f,,, can then be approxi-
mated as

e IS
f/>q~2\/(2L/3) +<G>' (A1)

Table 1 presents the f,;s for p <6 and g <4. These frequen-
cies are scaled back to those for the full size practical win-
dow. Larger p is not meaningful as too short a wavelength
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TABLE 1. f,,s of the simplified plenum window cavity.

q
All Gs G =98 mm G =158 mm G =218mm
0 1 2 3 4 1 2 3 4 1 2 3 4
0.0 437.5 875.0 1312.5 1750.0 271.4 542.7 814.1 1085.4 196.7 3933 590.0 786.7

128.8 456.1 884.4 1318.8 1754.7 300.4
257.5 507.7 912.1 1337.5 1768.8 374.1
386.3 583.6 956.5 1368.2 1792.1 472.1
515.0 675.8 1015.3 1409.9 1824.2 582.1
643.8 778.4 1086.3 1461.9 1864.7 698.6
772.5 887.8 1167.2 1523.0 1912.9 818.8

o N I N SO S R e I B

557.8 824.2 1093.1 235.1 413.9 603.9 797.2
600.7 853.8 1115.6 324.0 470.1 643.8 827.8
666.1 901.1 1152.1 433.4 551.3 705.2 876.4
748.2 963.3 1201.4 551.3 648.0 783.2 940.3
842.0 1037.9 1262.0 673.1 754.4 873.2 1016.5
944.1 1122.3 1332.3 797.2 866.9 972.1 1102.6

compared to the window opening does not guarantee a fairly
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