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Abstract

Extensive traffic noise transmission loss measurements were carried out inside selected
residential units of a standalone 32-storey housing block located next to a very busy and noisy main
trunk road in the present study. A total of 35 units, which were all equipped with plenum windows,
was surveyed. These plenum windows are intended to help reduce noise exposure of the residents and
at the same time allow for a reasonable level of natural ventilation. The results show that the traffic
noise transmission losses of the unit fagades installed with the plenum windows adopted in this
housing block vary between 10.6 to 13.0 dBA and are only weakly dependent on elevation from the
trunk road. The results also validate in-situ the prediction model established previously by the authors
using laboratory and site mockup data. Generalized models for both empirical and experimental
estimation of the traffic noise transmission loss across a residential flat unit fagade installed with
multiple plenum windows are developed. The differences between their estimations are well within

engineering tolerance.
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1. Introduction

The population density in cities keeps growing. In the case of tight inhabitable land resources,
many residential buildings have to be built next to major traffic lines in order to solve housing
problem. The heavy road traffic then results in serious noise pollution, and such problem has become
more and more acute as time goes by. Noise, as a pervasive discordant auditory stimulus, has adverse
impacts on human health and activities [1]. Excessive exposure to high traffic noise poses a threat to
human health in many ways. These noises interfere with human daily living, normal rest, and could
arouse negative emotions and reduce work efficiency [2,3]. Statistics from the World Health
Organization (WHO) indicates that at least one million healthy life years are lost because of traffic-
related noise in Western Europe every year [4]. Traffic noise has also been ranked second (the first is
particulate air pollution) among the nine environmental stressors reported in Hanninen et al. [5] in
term of health impact. In Hong Kong, there are ~960,000 people exposed excessively to traffic noise
[6]. There is an urgent need for practical sound insulation devices to alleviate the agitation brought
by noise problem.

To tackle the traffic noise annoyance, much effort has been made by researchers and engineers
on noise attenuation technologies. Roadside barriers, enclosures, setbacks and extended podia are
commonly adopted noise reduction methods [2, 7-10]. However, these methods tend to sacrifice land
space exploitation efficiency, and thus are not good solutions for densely populated cities. Protrusive
structures on building fagades, such as balconies, lintels, fins, louvers, eaves can act as sound barriers.
However, their acoustical protections are not obvious because of the limited allowable protrusion
length, and in some cases, even sound absorption has to be added [11-13]. There is also research effort
looking into the use of greenery for reducing noise (for instance, van Renterghem et al. [14]).
However, the corresponding results are not impressive.

Double glazing windows [15] can provide significant sound insulation when they are closed, but
this is done in the expense of natural ventilation. The use of mechanical ventilation in such cases

tends to consume lot of energy unnecessarily — a condition which contradicts the concept of



sustainable development. De Salis et al. [16] discussed some noise reduction facade devices which
could allow some degrees of natural ventilation. A comprehensive review on building natural
ventilation against fagade noise reduction is recently given by Tang [17].

Plenum window, also known as acoustic window and ventilation window, is recently introduced
as a kind of ventilation-enabling facade noise control device. In principle, this window type is a
partially opened double glazing window. Details of this window type and its various basic operation
modes are presented in Section 2. Its noise reduction capacity was first tested by Ford and Kerry [18].
Tong and Tang [19] has carried out a parametric study on the sound reduction of this window type in
the laboratory using a scale down model. Studies for improving the sound reduction performance of
plenum windows have also been conducted. For instance, Kang and Brocklesby [20] studied the
increase in noise reduction across plenum windows by using thin micro-perforated panels. Huang et
al. [21] used the method of active noise control to improve the low frequency sound insulation and
Tang [22] showed significant broad band sound transmission loss by installing rigid scatters within
the window voids. Plenum windows have become more and more popular recently [23, 24], but the
sound transmission loss across a plenum window remains hard to predict in practice. The authors
have recently proposed an empirical model for predicting the traffic noise transmission loss across a
plenum window based on the results of parametric laboratory tests and site mockup data [25].

Despite much laboratory research effort in recent years, the actual performance of the plenum
windows at site remains uncertain because of the many shortcomings of laboratory tests. One of the
major problems is the noise source. In traffic noise mitigation research, traffic line is regarded as an
incoherent source of infinite length, or at least the length of the source is very long compared to the
characteristic dimension of the window. In the laboratory, the size of the test chamber restricts the
length of the noise source and thus the above condition can never be met for full scale window test.
Scale down model does not solve the problem as the model must be a substantially simplified version
of the real window and the acoustical properties can never be scaled properly. No matter whether a

full scale or scale down model is adopted, the laboratory source has a much higher degree of



coherence than the real traffic noise, and the distance between the source and the window in the
laboratory is much shorter than that in the real life. Therefore, in principle, the laboratory source does
not produce the general sound field of the real road traffic. There are always debates on how far the
laboratory test results can represent the actual performance of a plenum window in practice. The large
variation of acoustical performance of plenum window with source orientation angle (thus sound
incidence angle) observed by Tong and Tang [19] may not be reproducible in real practice. The size
limitation of the test chamber also makes the study of multiple plenum windows not possible. The
plenum windows on a flat unit fagcade tend to couple with each other acoustically through the indoor
space, and thus it is not certain on how the single plenum window performance found using laboratory
test can be used to predict that of a multiple plenum window system.

All these issues make the results of real site tests as valuable as the laboratory data in this kind
of noise mitigation research. The effects of receiver elevation from and the window orientation
relative to the ground traffic line on the performance of the full scale windows, which cannot be tested
properly inside the laboratory, are also unclear in real life practice.

This study is set to tackle the above open questions and develop a generalized plenum window
traffic noise prediction scheme for improved realization of the plenum window concept. An extensive
measurement of traffic noise transmission losses across flat unit facade installed with plenum
windows was carried out in a housing estate, which is the first housing block in Hong Kong installed
with this window type. It was completed in 2018 and is in close proximity of a major trunk road with
an average traffic volume of 156,000 vehicles per day. Details of the building layout and the
dimensions of the residential units tested are given in Section 3. Before detailed analysis on the results,
the basic configuration of a plenum window and its basic operation modes are introduced in Section

2.

2. Plenum Window and its Basic Operation Modes

A plenum window is basically a partially opened double glazing window. Figure 1 shows the



schematics of a plenum window and the nomenclature related to the window configuration adopted
in the present study. There are one outdoor opening and one indoor opening. This structure impedes
sound transmission and thus can offer acoustical protection to the residents. The cavity between the
two glass panes and these openings together form an air passage, allowing for natural ventilation. The
major dimensional parameters of a plenum window are the outer and inner window opening widths
(Wo and wi respectively), the window height (h), the gap distance (d) and the overlapping length (1).
Sound absorption can be installed on the two vertical side walls (mullions) and the ceiling of the
window cavity to improve the sound transmission loss across the window.

The outdoor opening is installed with a side-hung casement window so that the residents can
close the plenum window whenever necessary. The indoor glass pane is a sliding glass panel. The
plenum window can then be set into two basic operation modes (excluding the ‘closed’ case) as
illustrated in Fig. 2. Figure 2a shows the ‘acoustic’ mode of a plenum window. In this operation mode,
the indoor sliding glass panel is located on the side of the outdoor opening to reduce sound
transmission into the indoor. This is also the focus of the present study. The window can be set into
the ‘by-pass’ mode by sliding the indoor glass panel to the opposite side of the outdoor opening (Fig.
2b). In this operation mode, air and noise go into the living space with minimum resistance. Since
such condition resembles that of a casement window, the corresponding results should represent the
acoustical performance of a side-hung casement window of the same opening size as the outdoor

opening of the plenum window and thus are used as reference in the foregoing analysis.

3. Methods

This section describes the methods adopted in the present study. The details of the site
measurement are presented in the first place, followed by the introduction of the generalized models.
3.1. Site Measurement
3.1.1. Building orientation, floor layout and test unit dimensions

Figure 3 shows the building layout and its orientation relative to the major trunk road. Unlike the



case of Tong et al. [26], the present building facade is not parallel to the trunk road. It should be noted
that only the flat units facing the trunk road are equipped with plenum windows. Figure 4 illustrates
the outlook of the surveyed building and its surrounding environment. There are buildings on the
opposite side of the trunk road, but they are not less than 200 m away from the surveyed building.
There is therefore no significant reflection from opposite side of the trunk road.

There are 14 flat units on each floor equipped with plenum windows and units U6, U7, U8, U10,
Ul3 and Ul4 are selected for measurement (Fig. 3). These flat units altogether cover all the four
different flat layouts found in the surveyed building (namely 1/2P, 2/3P, 1B and 2B). Table 1
summarizes the flat unit dimensions necessary for later acoustic calculation. The floor-to-ceiling
height is 2.75 m. Figure 5 shows the layouts of the four unit types. Unit U9 is excluded from the
present study as it is just a mirror image of U8. Units U1l and U12 are not facing the trunk road
directly, and thus are also not included in the measurement. There was no partition inside these flat
units and the doors of the bathrooms and kitchens were kept closed during measurement. All windows,
except the plenum windows, were all closed throughout the site measurement.

Measurements were carried out every 5 floors starting from the fifth floor. Corridor windows and
staircase doors were all closed to further minimize flanking transmission of noise into the test units.
All the window operation modes indicated in Fig. 2 were included in the present study. The results of
the ‘closed’ mode reflect the extent of flanking transmission (could be regarded as ‘indoor
background’). The walls, floors and ceilings of the test units were just with basic finishing (plastered
walls and ceilings, and plan concrete floors). There was no building services in operation during that
period of time.

3.1.2. Measurement setup

The number of microphones adopted for the indoor noise measurement varies with the size of
the test unit. The positioning of these microphones is schematically showed in Fig. 5. The indoor
microphone positions are determined based on the requirement stipulated in ISO 16283-3 [27] as far

as possible.



Each of the test unit is installed with one to three plenum windows. Table 2 summarizes the
configurations of the plenum windows tested and the test flat units where these windows are installed.
In this housing project, sound absorption of NRC 0.7 is installed on the two vertical side walls
(mullions) and ceiling of each plenum window as shown in Fig. 6. For the small plenum windows
installed in the outer bedrooms of U§, U10 and U14, the outdoor openings are equipped with a single-
leaf side-hung casement window (Fig. 6a), while for the other plenum windows, a double-leaf side-
hung one is adopted (Fig. 6b).

Noise measurements at the facade and the interior of each test unit were done simultaneously
using the 36-channel Briiel & Kjer Type 3560D PULSE system with Briiel & Kjeer Type 4935 Y4~
microphones. The sampling rate was set at 64000 samples per second per channel. Each measurement
lasted for at least 30 minutes. The reverberation times (RT) were measured in the test flat units in
accordance with ISO 3382-2 [28]. The Briiel & Kjear Type 4296 omni-directional sound source and
the software DIRAC were adopted for the RT measurement.

3.2. Generalized sound transmission loss prediction model

One of the major objectives of the present study is to develop a generalized sound transmission
loss prediction scheme to cover fagades with multiple plenum windows and have it validated using
data from extensive site measurement. One starts with the empirical plenum window traffic noise
transmission loss (TLiraffic) prediction scheme for a single standalone plenum window developed by

Lietal. [25] :

d K
TLtrasfic = —10logy (Q nd + E)' ¢Y)
where R is the room constant of the plenum window cavity, Q = 1.2088 and K = 0.2288 and they are

constants within the wide plenum window dimension range tested by Li et al. [25]. The slant distance

ds, which is the distance between the centres of the two openings, is

ds =+/d? + [l + (w, +w;)/2]2. (2)
The effects of artificial sound absorption inside the plenum window are included in the room constant

R:



R = h(w, + wy) +d[2h + (I + w, + w;)]a 3
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where « is the average sound absorption coefficient of the artificial sound absorption materials inside
the plenum window. Equation (1) relates A-weighted traffic noise transmission loss directly to the
physical configuration of a single standalone plenum window. As the sound absorption material used
in this housing project is of NRC 0.7, e is set at 0.7 in Eq. (3).

As the noise receiver in practice is usually in the far field of the noise source, sound pressure
levels and their spectral characteristics at the outdoor window openings of a test flat unit in the present
study should be very similar. For the cases with N number of plenum windows installed on the fagade
of a flat unit, one can then write, by considering the total acoustical power incidents on the outer

openings of the windows, the outer opening area weighted traffic noise transmission loss as :

N N
TLoveran = 10l0gg Zwo,jhﬂo”tmfﬂaf/ 10 / Z Wo,ih; |- 4)

j=1 j=1
The TLtrafficj of individual plenum window can be estimated using Eq. (1).

The estimation of TLoverall from the sound pressure levels measured at site is less straight-forward.
By conversion of energy, the incident sound power onto the windows should be equal to the sum of

the reflected power, the transmitted power and the sound energy absorbed inside the plenum window

per second. One can then write for the ith one-third octave band and for the jth plenum window :

inc _ yyyref t b
Wine = Wi+ wie + W, 5)
where W denotes sound power and the superscripts inc, ref, tra and abs denote incident, reflected,

transmitted and absorbed respectively. The sound intensity lij at each outdoor window opening, which

was measured in this study, is the sum of the incident and reflected sound intensity :
_ ginc ref _ (yinc ref _ yyinc ref ref
Ii,j = Ii,j + Ii,j = Ii,jwo,jhj = (Ii,j + Ii,j )WO']h] = Wi,j + VVl,] = VVl,]
= Ii,jWo,jhj - Wlf;lc (6)

The sound power absorbed within the plenum window is limited even when artificial absorption is



installed [26] such that the absorbed sound power in Eq. (5) can be ignored. Combining Egs. (5) and
(6) gives
W — I jwy jh =~ W (7

One then obtains by summing up the corresponding cases for all plenum windows :

N N N
inc —~ tra _ tra
22 Wi — E I jwo jhj = E Wi = Wi, (8)
j=1 j=1 j=1

where the total transmitted power in the ith one-third octave band, W%, is the sum of all the
corresponding sound powers transmitted across individual plenum windows. Same applies to the total

incident sound power W/™°. Therefore

N N
wine = Z Wi = wire + Z I; jWo jh; / 2. 9
j=1 j=1
The overall sound reduction index (SRI) in the ith one-third octave band is

L
SRI; = 10log, (W™ /W) = 10log, | 1 + th,jwf,,jhj - 3. (10)

|
The overall transmitted power in the ith one-third octave band, W;", can be estimated using the
average reverberation time and sound pressure level measured inside the flat unit through the standard

formula [29]:

Wit‘Ta 4 Ai
10 10g10 W = SPLT;eC - 1010g10 [A_ (1 - ?)], (11)

ref i

where A is the sound absorption, S the total internal surface of the flat unit, SPL™° the average sound
level in the flat unit and Wrer the reference sound power (= 10> W). The sound absorption A can be
estimated using the measured reverberation time and the Sabine’s formula [29].

Since traffic noise is the main concern in this study, the normalized traffic noise spectrum [30] is
used in this study as a weighting to estimate the A-weighted traffic noise transmission losses of the

multiple plenum window system, TLoverall, from the SRls :

10



18 18
TLoperan = 10 10g10 (Z 10(Li—SRIi)/10/Z 10Li/10)’ (12)
i=1 i=1

where Li is the one-third octave band normalized traffic noise weighting level. This weighting has
been applied in similar studies (for instance, Tong and Tang [19], Garai and Guidorzi [31] and Buretti
[32]). Details of the corresponding estimation procedure can be found in Garai and Guidorzi [31] and
EN 1793-3 [30]. Thus, only a brief summary of the weighting levels are presented graphically in Fig.
7 for the sake of completeness. One can notice that this weighting procedure heavily weighs down
the low frequency noise components, such that their contributions in the traffic noise transmission

loss are much less significant than those within and above the 500 Hz one-third octave bands.

4. Results
4.1. Reverberation times (RTs)

The RT represents the time taken for the indoor sound pressure level to decay by 60 dB after the
sound source is switched off. For the reverberant surveyed flat units in the present study, it is related
simply to the total sound absorption (in m? Sabine), the unit room volume and total internal surface
area through the Sabine’s formula [29]. It therefore reflects the sound absorption property of an
enclosed space and is always an important parameter in this kind of study. The total sound absorption
is used in this study for the estimation of the sound transmission loss across the plenum window(s)
(Eq. 11).

Figure 8a shows the one-third octave band RTs measured in U6, U7, U8 and U10. The conditions
of U13 and U14 are basically the same as those of U7 and U10 respectively (Table 2) and thus RT
measurements were not done in these flat units. Since measurements were carried out every 5 floors,
the data in Fig. 8a are the averages over flat units of the same layout. The corresponding standard
deviations are presented in Fig. 8b. The RTs are in general long, confirming that the present surveyed
flat units are very reverberant. One can notice that the RTs of U6 are relatively shorter, but with larger
percentage standard deviations. The measurements at low frequency in U6 and U7 are less reliable

probably because of the lower order acoustic room modes. It is observed that the larger the flat unit,
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the smaller the percentage standard deviation in general.
4.2. Traffic noise transmission loss across a single plenum window

The sound transmission loss of a plenum window is calculated from the fagade noise spectra
together with the indoor average sound levels after correction for the reverberation effect [30]. In
this sub-section, the results of U6, U7 and U13 will be presented. It should be noted that U13 is very
close to the main noise source (Fig. 3) such that there is no U13 flat below the ninth floor of the
surveyed building. There are a total of six U6 flats, six U7 flats and five U13 flats included in this
section.

Figure 9 illustrates an example of the spectral distributions of the noise reductions recorded in
one of the test flat unit under different operation modes of the plenum window. The noise reduction
here is defined as the difference between the outdoor and indoor noise level. One can notice that the
noise reduction under the ‘closed’ window case is very much larger (15 — 20 dB) than those under the
‘acoustic’ mode and ‘by-pass’ mode, confirming that flanking transmission is negligible and its
contribution in this study is insignificant. The noise reduction under the ‘by-pass’ mode is also small
compared to that under the ‘acoustic’ mode, manifesting the importance of the plenum windows for
traffic noise control. Since the performance of the by-passed plenum window is similar to that of the
conventional side-hung casement window, the corresponding results are not the focus of the foregoing
analysis, but are presented as a reference to highlight the acoustical protection of the plenum windows
in ‘acoustic’ mode.

Figure 10 illustrates the one-third octave band spectra of the fagade noise and average indoor
noise under the two operation modes of the plenum window. Owing to the limited number of
microphones available, only the measurements associated with a particular flat unit were done
simultaneously. As the measurements at different floors were not carried out simultaneously, the
facade noise levels do not decrease monotonically with increasing floor probably due to some minor
changes in the traffic volume. However, the spectral shapes of the recorded noise spectra are very

similar, indicating that the traffic composition along the nearby major trunk road was fairly constant
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within the busy hours during which the measurements were carried out. The spectra suggest that the
ground traffic produced strong sound energy below 2000 Hz, especially around the 1000 Hz
frequency bands.

For U6 and U7, the average indoor noise levels appear relatively independent of floor level
though the measurements at different floors were not done at the same time. There is slightly higher
variation of fagade noise levels with floor level but such variation is also small as far as environmental
noise is concerned. While it is expected that the noise levels inside the flat unit under the ‘by-pass’
window mode should be higher than those under the ‘acoustic’ window mode, the major improvement
of the ‘acoustic’ mode is found between the 500 Hz and 2000 Hz one-third octave bands. This is also
the major frequency range of the traffic noise [30] and the most sensitive audio-frequency range of
human ear [1], manifesting the effectiveness of the plenum window in practice. U13 is much closer
to the main noise source and the facade traffic noise levels are understandably higher than those of
U6 and U7. The variations of sound levels with floor level are also larger than those of U6 and U7,
and these levels decrease with increasing floor level. This is due to the fact that U13 is the closest flat
unit to the major traffic line, such that the distance effect on the sound level decay is the strongest
among the three flat types considered here. The differences between the indoor noise levels under the
two plenum window operation modes are inline with those of U6 and U7.

The one-third octave band noise reductions obtained in U6, U7 and U13 are presented in Fig. 11.
The flat size of U6 is the smallest among these flat types and its RTs, especially the low frequency
ones, fluctuate more from flat unit to flat unit of the same type (Fig. 8). Low frequency measurements
are also affected by the room modes of the flat unit as well as the acoustic modes of the plenum
window cavity and thus may be not very representative. As the focus in this study is traffic noise,
contributions from frequencies below 315 Hz are not significant after the traffic noise weighting
process [30, 31]. The low frequency issue is therefore not further discussed.

For frequencies higher than the 315 Hz one-third octave band, one can notice that the noise

reductions are in general higher as frequency increases regardless of the operation mode of the
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windows, which is a commonly observed phenomenon in building acoustics. There is an increase of
the noise reduction of around 10 dB in this frequency range when the operation mode of the plenum
windows is changed from ‘by-pass’ to ‘acoustic’. It should be noted that though the results presented
in Fig. 11 could be affected by the reverberation characteristics of the indoor spaces, they represent
the actual noise level changes.

The single A-weighted rating TLtratiic will reflect the performance of the plenum window in the
presence of traffic noise. The plenum window in ‘acoustic’ mode is the focus. Figure 12 illustrates
the TLurafics of U6, U7 and U13 calculated using the measured data and the approach of Li et al. [25]
and a comparison between these measured TLwafiic with the predictions of Eq. (1). The effects of
indoor reverberation are naturally eliminated in these methods. Thus, one can regard this parameter,
as well as TLoverall, as an acoustical property of the window. It is noticed that, under the current
surrounding environment of and with various scattered reflections from the surveyed building fagade,
the TLtraffics of the plenum windows in U6, U7 and U13 actually do not vary much with floor level
(i.e. elevation angle of the window from the trunk road). The maximum variation is that of U6, which
is only about 2 dB for a vertical height difference of 75 m (25 floors). Though the TLirafics of U6 and
U7 show a trend of slow increase with floor level, the small variation suggests that the TLraffics of the
plenum windows can practically be assumed constant. For U13, there is a dip of TLuraffic at the 25/F,
but the corresponding variation of TLuraffic is still practically small. The formula proposed by Li et al.
[25] gives very good prediction with a discrepancy of within £ 1 dB. It should be noted that Eq. (1)
gives a single TLuraffic for a plenum window with a fixed configuration.

4.3. Cases of multiple plenum windows

There are two plenum windows in U8 and three plenum windows in U10 and U14. Effort is made
in this section to develop a traffic noise reduction prediction formula for these cases. Each of these
windows are supposed to look after a particular space inside the flat units. The acoustical coupling
between these spaces has not been taken into account by Li et al. [25] because there is no laboratory

data related to multiple plenum window system so far due to laboratory space limitation.
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The U8 unit consists of a bedroom space and a living room space but there was no partition
between these spaces at the time the unit was tested (Fig. 5). Figure 13a shows the average one-third
octave band sound levels associated with the U8 unit. In fact, the differences between the average
band levels of the bedroom and the living room are very small in general, except at frequencies below
200 Hz where a maximum difference of 2 dB can be observed in limited isolated cases (not shown
here). Same applies to the outdoor measurements at M1 and M2. However, as this study is focused
on traffic noise reduction, which is an A-weighted index, low frequency transmission characteristics
are not significant. The variations of these sound levels with floor height basically follow those of
U6, U7 and U13 and thus are not further discussed. The shapes of the spectra are also very similar to
those shown in Fig. 10 though the measurements were taken at different times. These data further
confirm the relatively steady traffic composition along the trunk road in concern.

Figure 13b illustrates the corresponding spectral noise levels of U14. U14 is close to the noise
source and thus the facade noise levels are high and a definite trend of noise level decay with
increasing floor level is observed (as in Fig. 10c). The U14 results are very much inline with those of
U13 and thus they are not further discussed.

The benefit of setting the plenum windows in U8 from ‘by-pass’ mode to ‘acoustic’ mode is not
as impressive as that of U6 or U7 as illustrated in Fig. 14a. The improvement within the major human
ear audio frequency range is just 6 — 7 dB. The plenum window installed in the bedroom of U8 is the
smallest type in this study (Table 2), such that opening the bedroom window (that is, by-passing this
plenum window) has less impact on the indoor noise levels. The total opening area on the U14 facade
is about 40% larger than that on the U8 fagade and thus the higher acoustical improvement of the U14
plenum windows (Fig. 14b). The overall spectral characteristics of the noise reduction in U14 are
similar to those in U13.

Before using the generalized traffic noise transmission loss prediction models, it is interesting to
have an understanding on how Eq. (1) performs in the presence of coupled spaces. To do this, the

bedroom and living room data of U8 are separately analyzed. The TLtrafiics of the bedroom and living
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room plenum windows are 11.88 dB and 11.96 dB respectively (from Eq. 1). A comparison between
the measured TLuraffic obtained using the approach of Li et al. [25] and that estimated using Eq. (1) are
given in Fig. 15a. One can observe that the prediction model of Li et al. [25], though is not developed
for coupled spaces, can give reasonable agreement with the living room window measurements. For
the bedroom window, the agreement is less satisfactory but the deviation is still within 2 dB with a
root-mean-square deviation of 1.1 dB.

In Fig. 15b are presented the corresponding data of U10 and U14. Again, one can notice the large
deviations between the predicted and measured bedroom window TLtaffics. Such deviations in these
triple plenum window cases are more serious than that in the dual plenum window case of U8. On
the contrary, the measured living room window TLuraffics are in general lower than the predictions.

However, one should note that the transmitted powers calculated above for the bedrooms using
the approach of Li et al. [25] and the measured data are likely to be overestimations. The larger living
room, which has similar finishing as the bedrooms, has longer reverberant sound decay in principle,
resulting in net acoustical power flow from the living room into the bedrooms. The fact that longer
reverberation time for larger room is also illustrated in Fig. 8. The reverberant field inside the each
bedroom is thus resulted from the acoustical power transmitted across the bedroom plenum window
as well as that comes from the living room reverberation, which is a condition not catered by Li et al.
[25]. The overall sound powers transmitted into the bedrooms are underestimated as only the powers
transmitted directly through the plenum windows have been considered in building up the prediction
models. Such power flows from living room to bedrooms also result in underestimation of the net
power transmitted into the living room, resulting in the lower TLuafiics than that predicted by Eq. (1),
especially for the two-bedroom cases (U10 and U14) as shown in Fig. 15b.

It can be observed from Fig. 16 that the predictions of Eq. (4) agree very well with the measured
TLoverants estimated using the generalized approach presented in Section 2.2, especially for the larger
flat units U10 and U14, which are of the same layout. For U8, the agreement is slightly less, but the

average measured TLoverall is very close to that predicted by Eq. (4), which is 11.93 dBA, with a root-
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mean-square deviation of 0.8 dBA, which is well within the tolerance of environmental noise control
practice. It should be noted that the maximum and minimum deviations are less important in
environmental noise studies as they are of a lower repeatability. It is also noticed that the TLoverall of
U8 agrees well with the corresponding mockup results of Tong et al. [26] presented in Li et al. [25].
Table 3 summarizes the performance of the overall traffic noise transmission loss prediction model.
One can find that the differences between predictions and measurements are very small and are well

within engineering tolerance.

5. Discussions

Though there were isolated laboratory studies on the acoustical performance of partially opened
double glazing windows before and around the millennium [18, 20], it is not until the 2010s that
rigorous research and development works are being done in sub-tropical and tropical regions [19, 21,
24, 26] because of urban noise control and climate needs as well as sustainability consideration. This
study is the first comprehensive investigation into the actual performance of plenum window in
practical use relative to that of the conventional side-hung casement window. The latter is represented
by the by-passed plenum window in this study. Also, the present effort clarifies the important but
unclear issues related to laboratory test results as presented in Section 1.

The test units in this study are not parallel to the noise source, which is a case cannot be
accommodated in the laboratories. Two source orientations were tested. However, the plenum
window performances measured in-situ tends to suggest that source orientation in practice, where the
traffic noise is a long incoherent source, is not important. The effect of elevation also appears small,
though one can observe in general that there is a weak trend of traffic noise sound transmission loss
increase with increasing floor height. However, this elevation angle / height effect of maximum ~0.03
dB/m (~0.1 dB per floor) can practically be ignored. Sound incidence angle appears to have
insignificant effect on the traffic noise transmission losses of plenum windows in real life practice.

This is not the case found in the laboratory [19].
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There is no practically implemented plenum window outside the city of the authors at least to the
knowledge of the authors, further test of the generalized prediction model is not possible at the time
being. However, there is one traditional fagade device which can offer sound insulation and allow for
natural ventilation at least for practical performance comparison. This is the relatively massive
balcony installed with sound absorption [33]. The basic structure of balcony resembles that of an
enlarged plenum window, but with a very large outdoor opening size and there is no overlapping
length. The acoustical performance of a balcony depends very much on floor level (elevation from
source), especially at lower floors where weak noise reduction and even noise amplification can be
observed as shown in the site measurement of May [33]. The increase in the balcony noise
transmission loss is ~1dB per floor (3 ft) at lower floors. The present plenum window appears to be
a much better option in term of noise protection.

The good agreement between predictions and site measurements in this study, together with the
weak dependency of the traffic noise transmission loss with floor level observed in this site study,
confirming the high practicality of the prediction model established in the present study for high-rise
building plenum window applications in an environment where there is no reflection from the

opposite side of traffic noise source.

Apart from acoustical measurement, the commonly used tracer gas decay test [34] has also been
conducted in order to understand the natural ventilation conditions when the plenum windows are set
in the ‘acoustic’ mode. However, it is too lengthy to discuss the corresponding results in detail here
and thus only an indicative account of the natural ventilation rates in term of air change per hour
(ACH) is given. The measured ventilation rates are between 2 to 3 ACH and between 7 to 12 ACH
when the plenum window(s) is/are set in the ‘acoustic’ and ‘by-pass’ mode respectively. However, it
has to be emphasized that these ventilation rates depend very much on the outdoor wind conditions
and thus an appropriate normalization has to be carried out before a meaningful discussions can be

done. More details of the natural ventilation effectiveness and the related analysis are left to future
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reports.

6. Conclusions

Extensive measurement of the noise transmission across plenum windows was carried out in the
present study in a newly erected 32-storey single housing block located next to a busy trunk road.
There was no significant reflection from nearby buildings and from opposite side of the trunk road at
the time of measurement. The major noise source was the nearby trunk road. A total of 35 flat units
facing the trunk road, located between the fifth to the thirtieth floor and with four different layouts
were surveyed. Among these flat layouts, two of them consisted of a single plenum window, one of
them had two windows and the last one had three.

It is observed that the shapes of the one-third octave band spectra of the fagade noise do not vary
much with increasing elevation from the trunk road. For the flat units with a single plenum window,
the results of the present site measurement validate directly the empirical model developed earlier by
the authors based on laboratory and site mockup tests. The corresponding discrepancy is within
engineering tolerance.

A generalized traffic noise transmission loss prediction scheme is developed for the multiple
plenum window facades. Again, the corresponding predictions agree very well with site measurement
results with a root-mean-square deviation of about 0.8 dBA for the dual plenum window cases and
that for the triple plenum window cases is even smaller. Such deviations are very satisfactory in
environmental noise studies.

It is also observed that the variations of the measured traffic noise transmission loss with
elevation from the noisy trunk road (floor level) and source orientation are practically insignificant.
The close agreement between predictions and measurements and the very weak variations of the
major acoustical parameters with floor level manifest the practical significance of the present
generalized prediction model for high-rise building applications at least in environments, where sound

reflections from neighbouring buildings are not important.
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Captions
Figure 1 Basic configuration of a plenum window and the dimension-related nomenclature.
Figure 2 The operation modes of a plenum window.
(a) Acoustic mode; (b) by-pass mode; (c) closed window.
Figure 3 Typical floor layout of the surveyed building and its orientation relative to the noise
source.
Figure 4 (Colour online) The surveyed building and its surrounding.
(a) Fagade of the surveyed building facing the main trunk road (Wings A and D in the
front);
(b) the trunk road, left of the surveyed building;
(c) the trunk road, right of the surveyed building;
(d) view of a U8 unit at high floor level.
Figure 5 (Colour online) The four flat layouts and the microphone locations.
(a) 1/2P; (b) 2/3P; (c) 2B; (d) 1B.
® : microphone.
Figure 6 (Colour online) Examples of practical plenum windows
(a) Bedroom; (b) living room.
Figure 7 The normalized traffic noise spectrum [36].
Figure 8 One-third octave band reverberation times.
(a) Mean reverberation times; (b) percentage standard deviations.
O:U6;1:U7, A :U8; V :UIO.
Figure 9 Noise reduction of plenum window under different operation modes.

O : “Closed’; LI : “acoustic’; A : ‘by-pass’.
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Figure 10 One-third octave band sound levels of flats with one single plenum window.
(a) U6; (b) U7; (c) U13.
®:5/F; W :10/F; A :15/F; ¥ :20/F; ¢ :25/F; ® : 30/F.
Opened symbols : indoor averages (‘acoustic’ mode);
grey symbols : indoor averages (‘by-pass’ mode);
closed symbols : fagade (‘acoustic’ mode).

Figure 11  One-third octave band noise reductions for the single plenum window cases.
(a) U6; (b) U7; (c) U13.
® :5/F; M :10/F; A :15/F; ¥ :20/F; ¢ :25/F; ® : 30/F.
Opened symbols : ‘acoustic’ mode; grey symbols : ‘by-pass’ mode.

Figure 12 (Colour online) The measured and predicted TLtrafiics of U6, U7 and U13.
O:U6;1:U7;, A :U13;
— — —: Prediction for U6; — - —: predictions for U7 and U13.

Figure 13 One-third octave band sound levels of flats with multiple plenum windows.
(a) U8; (b) U14.
Legends : same as those of Fig. 10.

Figure 14  One-third octave band noise reductions for multiple plenum window cases.
(a) US; (b) U14.
Legends : same as those of Fig. 11.

Figure 15  (Colour online) Comparison between estimated TLtrattics of U8, U10 and U14 plenum
windows.
(a) US; (b) U10/U14 (closed symbols for U14, opened for U10).
Measurement (approach of Li et al. [30]) :
O: living room; [ : outer bedroom; A : inner bedroom.

— - —: living room/inner bedroom (Eq. 1); — — — : outer bedroom (Eq. 1).
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Figure 16  (Colour online) Comparison between estimated TLoverans of US, U10 and U14.
Measurement (Eq. 12) : O: U8; L1 : U10; A : U14.

Eq.(4):—--:U10/U14; ———: US.
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