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A simulation model is proposed and developed for predicting the sound insulation performance of ven-
tilation windows in buildings, which complies with the laboratory measurement standard ISO 10140.
Finite element method (FEM) with verified model definitions is implemented to characterize the airborne
sound transmission. An acoustic cavity with rigid-boundaries is used to simulate the diffuse field on the
source side of the window, with its diffuseness verified with the pressure field uniformity. On the receiver
side, a free field with an infinite baffle is assumed to capture the transmitted sound power. The Sound
Reduction Index (SRI) is calculated from the difference between the source and receiving sound power
levels in the one-third octave band. Using the proposed model, different ventilation window configura-
tions, consisting of partially open single glazing, double glazing with staggered openings and that with
sound absorbers are systematically investigated. Parametric studies are carried out to investigate the
effects of various window dimensions and absorber parameters. Simple formulas are proposed for esti-
mating the SRI in the mid-to-high frequency range, providing guidelines for engineering designs. The
validity of the numerical model is confirmed by comparisons with full-scale experimental results.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The need of environmental sustainability calls for the develop-
ment of natural ventilation technologies to enhance occupant com-
fort for high-performance buildings. Traditionally, casement
windows, top-hung windows and single sliders are commonly
adopted window designs, whose structures are simply formed by
a single layer of partially open glazing. However, the ventilation
openings can easily cause poor noise insulation problem, hamper-
ing their uses in densely populated and noisy areas. Hence, the
design of building windows capable of achieving natural ventila-
tion whilst warranting required noise mitigation remains an
attractive and challenging topic. In 1970s, Ford and Kerry [1,2] first
proposed the use of partially open double glazing with staggered
inlet-outlet openings to improve the sound insulation. By conduct-
ing laboratory and field tests, they claimed the window could pro-
vide satisfactory acoustic and ventilation performance. Since then,
this simple window construction has aroused continuous research
interests [3–11]. For example, Kang et al. [3,4] studied the
feasibility of integrating transparent micro-perforated absorbers
into the air channel between the double glazing. Through extensive
experiments, they demonstrated the acoustic responses were sen-
sitive to the selection of window parameters, showing the need for
a prediction model. By adopting active noise cancellation technol-
ogy, Huang et al. [5] further mitigated the low-frequency noise
penetrating through the air channel. More recently, Søndergaard
and Olesen [7,8] prototyped a ‘‘supply air window” and attempted
to optimize its acoustic performance. Tong et al. [9,10] proposed a
‘‘plenum window” and conducted both scale-down laboratory and
in-situ field measurement. It was shown from these experimental
works that open double glazing can significantly improve the
sound insulation compared to open single glazing. With appropri-
ate treatment of sound absorbing materials, the resultant SRI can
even be comparable to a closed single glazing. Nevertheless, a
numerical model that can systematically address the need for
design and optimization is still lacking. This becomes increasingly
important considering the large number of parameters involved in
the system design, which, without a reliable simulation model, can
hardly be entertained.

Theoretically, the Sound Reduction Index (SRI), as the basic
measure of the sound insulation capability of a window, character-
izes the proportion of incident sound energy that cannot transmit
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through its surface. To measure the SRI, ISO 10140 standards [12]
specify the necessary requirements and practical guidelines for
conducting the laboratory experiments. A schematic diagram of
the test-rig is shown in Fig. 1, where the test specimen is mounted
on a separation wall between a source and a receiving room.
Although the test procedure has been well documented, the exper-
iment is only useful for testing the performance of an existing win-
dow rather than for seeking a better design, mainly due to the cost
of prototypes, experimental reliability and repeatability issues. To
solve this problem and potentially shorten the product develop-
ment cycle, many recent studies have attempted to develop
numerical models facilitating the prediction of insulating struc-
tures [13–20]. For example, Papadopoulos [13,14] used a virtual
laboratory tool to calculate the wall Transmission Loss (TL), where
an algorithm was proposed to optimize the shape of the test rooms
to obtain adequate diffuseness. Chazot and Guyader [15] formula-
rized a computationally efficient patch-mobility method to predict
the TL of a double panel coupled with an air cavity. The simulation
repeatability issue caused by the variation of room dimensions and
source locations was discussed by Dijckmans and Vermeir [17].
Unfortunately, despite the numerous works found on closed struc-
tures, simulations on open windows are scarce, if not inexistent, to
the best knowledge of the authors.

The aim of this study is to develop a numerical model for pre-
dicting the acoustic performance of open windows, with an
attempt to systematically address the effect of changing window
parameters. To comply with ISO standard, the source field is mod-
eled as a large acoustic cavity with rigid boundaries, for simulating
a diffuse room condition [21,22]. The diffuseness is verified with
the spatial uniformity of the pressure field within the domain
using a proposed theoretical formulation. As for the radiation field
on the receiver side, a free space with an infinite rigid baffle is
assumed to capture the transmitted sound power, which mimics
an anechoic chamber in the experiment [3,15]. The sound power
levels on the source and receiving side of the window, character-
ized by the acoustic properties of the two fields, respectively, are
obtained to calculate the SRI of the window in one-third (1/3)
octave frequency band. Detailed descriptions of the proposed sim-
ulation model are presented in Section 2.

Based on the proposed numerical model, the SRI characteristics
of typical ventilation window configurations will be investigated.
An open single glazing is illustrated in Fig. 2(a), where the opening
refers to the area which is physically open, allowing for free air
passage. In practical implementations, the window can operate
either by sliding or pivoting to control the degree of the opening.
Note that the two operating methods will not be distinguished in
this study. Instead, the dominating effect of changing the opening
size will be systematically investigated. Fig. 2(b) and (c) illustrates
Fig. 1. Experimental evaluation of the SRI of a window, as specified by ISO 10140.
two open double glazing configurations with rigid surfaces or with
sound absorbers inside. The sound absorbing material shown in
Fig. 2(c) uses a piece of transparent micro-perforated panel
(MPP) with honeycomb backing cavity [23]. The real three-
dimensional window (3D) configurations can be considered as
simple extrusions from the two-dimensional (2D) cross-sections.
By assuming the sound transmission is mainly determined by the
opening size and the open cavity resonances in the longitudinal
and vertical directions, 2D simulations only simulating a window
cross-section are performed in Section 3. The effect of changing
window geometries and adding sound absorbers will be systemat-
ically discussed. Finally, an experimental validation is carried out
to validate the proposed numerical model, showing its effective-
ness for practical designs.

2. Simulation model

2.1. Diffuse source room

ISO 10140 suggests the use of a reverberant room to excite the
test structure, so that the incident sound energy is uniformly dis-
tributed over the surface of the specimen [12]. This also enables
the incident power to be characterized by averaging the sound
intensity inside the source room. A large rigid-walled acoustic cav-
ity is usually adopted. This section proposes a theoretical formula-
tion to check whether an adequate diffuseness has established for
the source room used in the simulation.

Let us consider a rectangular cavity with rigid boundary condi-
tions as sketched in Fig. 3, which intends to simulate a diffuse
source room for a two-dimensional analysis. The room dimension
Sx � Sy is chosen as 5 m� 6 m, with an aspect ratio of 21/3 = 1.2
as suggested by Ref. [13]. The window to be tested is mounted
on the wall at x = 5 m, and a sound source S is placed near the
opposite corner to the test element.

For harmonic analysis conducted in the frequency domain (with
time-dependent term ejxt being omitted), the Helmholtz equation
governing the sound pressure distribution can be written as:

r2pcðx; yÞ þ k2pcðx; yÞ ¼ qejudðxs; ysÞ; ð1Þ
where pc is the sound pressure at any point inside the cavity, k is the
wavenumber with k ¼ x=c0 , x and c0 are the angular frequency
and the sound speed in air, respectively. j ¼

ffiffiffiffiffiffiffi
�1

p
and t is time.

The air absorption effect can be accounted by using a complex
sound speed c0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ gj

p
, with g being the damping loss factor. For

the source term, q describes the source amplitude and u the phase
angle; d is the Dirac delta and coordinates ðxs; ysÞ specify the source
location.

Using the modal expansion approach, the pressure field can be
decomposed as:

pcðx; yÞ ¼
X
m

amc u
m
c ðx; yÞ; ð2Þ

where am
c is them-th modal amplitude of the cavity;um

c is the mode
shape function. For the rigid rectangular-shaped cavity, the follow-
ing analytical expression for the acoustic modes can be applied:

um
c ¼ cosðkxxÞ cosðkyyÞ ¼ cos

mxp
Sx

x
� �

cos
myp
Sy

y
� �

; mx;my

¼ 0;1;2; . . . ; ð3Þ
where kx and ky are the wavenumbers in the x and y directions, Sx
and Sy are the cavity dimensions, while mx and my are the modal
indices, respectively. The resonant frequencies are

f m ¼ c0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmx=SxÞ2 þ ðmy=SyÞ2

q
=2. Note that the mode shape function

for a complex-shaped cavity can be obtained by using FEM [24].



Fig. 2. (a) Open single glazing; (b) open double glazing, the inlet-outlet openings are staggered; (c) open double glazing with sound absorber, e.g., honeycomb MPP.

Fig. 3. A rectangular cavity used in the simulation as the diffuse source room.
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Aiming at a diffuse condition, it is well known that adequate
diffuseness is more likely to establish with higher modal density.
The modal density can be described by the number of acoustic
modes Nmodes presented in each frequency band. For the present
room dimension, the numbers of modes Nmodes versus the center
frequency of 1/3 octave bands from 63 Hz to 2000 Hz are tabulated
in Table 1. Nélisse and Nicolas [21] suggested a criterion that at
least 6 modes shall exist per 1/3 octave band for the diffuse field
to form, which corresponds to 125 Hz in Table 1. This criterion is
further tested by checking the spatial uniformity of sound pressure
field within the cavity.

For the cavity domain Sc with a surrounding boundary Bc,
Green’s formulation which links the pressure field and boundary
conditions can be written as:Z
Sc

ðpcr2um
c �um

c r2pcÞdSc ¼
Z
Bc

pc
@um

c

@n
�um

c
@pc

@n

� �
dBc; ð4Þ

where the right-hand side of Eq. (4) becomes null for rigid wall sur-
faces. On inserting Eq. (2) into Eq. (4) and further making use of the
modal orthogonal property, one has:
Table 1
Number of acoustic modes Nmodes versus the center frequency of 1/3 octave bands from 6

f c Nmodes f c Nmodes

63 Hz 3 160 Hz 12
80 Hz 3 200 Hz 16
100 Hz 4 250 Hz 24
125 Hz 7 315 Hz 44
amc N
m
c ðk2 � k2mÞ ¼

Z
Sc

qejuum
c dðxs; ysÞdSc

¼ qeju cosðkxxsÞ cosðkyysÞ; ð5Þ

where km ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
, the source term can be defined as

Q ¼ qeju cosðkxxsÞ cosðkyysÞ, and the cavity modal mass is:

Nm
c ¼

Z
Sc

um
c u

m
c dSc ¼

SxSy; mx;my ¼ 0
0:5SxSy; mx ¼ 0;my–0 or
0:25SxSy; mx–0;my–0

8><
>: mx–0;my ¼ 0:

ð6Þ
On substituting the expression of amc into Eq. (2), the sound

pressure becomes:

pc ¼
X
m

Qum
c Nm

c k2 � k2m
� �h i.

: ð7Þ

The root-mean-square value of the sound pressure level (SPL) Lr
at any receiving point r inside the cavity is:

Lrðxr ; yrÞ ¼ 20 logðprms=p0Þ ¼ 20 log
X
m

amc u
m
c ðxr; yrÞ=

ffiffiffi
2

p
p0

" #
; ð8Þ

where prms ¼ pc=
ffiffiffi
2

p
, p0 is the reference acoustic pressure

(i.e. 20 lPa in air). To validate the above formulation, the SPL at a
receiving point (2, 3) m is calculated in the linear frequency range
from 10 Hz to 500 Hz, which is compared to the result obtained
from FEM analysis. The source strength q is set as unity and the
phase angle is zero. A sufficient number of modes are included in
the calculation to ensure a convergent result, and the damping loss
factor is taken as g ¼ 0:005. Fig. 4 shows that the results from the
theory and FEM agree perfectly, thus validating the two models.

To check the pressure field uniformity, the standard deviation of
the SPLs within a receiving region is quantified. In the calculation,
the entire frequency range of interest is either linearly or logarith-
mically partitioned into a number of frequency points. To compare
the result in the 1/3 octave band, the SPL is averaged over Nf

discrete frequencies for each band:
3 Hz to 2000 Hz.

f c Nmodes f c Nmodes

400 Hz 62 1000 Hz 384
500 Hz 95 1250 Hz 611
630 Hz 155 1600 Hz 962
800 Hz 247 2000 Hz 1523



Fig. 4. Comparison of SPLs at the receiving point, predicted using the theoretical
formulation and FEM.
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Lrðf cÞ ¼
Xf u
f¼f l

Lrðf Þ=Nf ; ð9Þ

where f l is the lower-limit, f u is the upper-limit, f c is the center fre-
quency of a 1/3 octave band. In Fig. 3, the rectangle shaded in gray
color is selected as the receiving region, whose bottom-left and top-
right corners are specified at (3, 2) m and (4, 4) m, respectively. A
separation distance of 0.2 m in both x- and y-directions is chosen
to sample the receiving points. Using Eq. (9), the SPLs at a total
number of Nr ¼ 66 points lying in the area are calculated, and their
mean value is:

Lrðf cÞ ¼
XNr

1

Lrðf cÞ=Nr: ð10Þ

The standard deviation can be calculated as:

SDðf cÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNr

1
Lrðf cÞ � Lrðf cÞ
� �2

=Nr

r
: ð11Þ

As discussed in Refs. [13,21], a standard deviation of less than
1.5 dB would be able to support a diffuse field. To verify this for
125 Hz, the standard deviation versus 1/3 octave frequencies is cal-
culated for two cases with g ¼ 0 and g ¼ 0:005, respectively. Fig. 5
shows that the standard deviation is initially high between 63 Hz
and 125 Hz, indicating that the room model is not diffuse in the
low-frequency region. Above 125 Hz, the deviation gradually
decreases as frequency increases, and the value stabilizes at below
1.5 dB after 250 Hz where the modal density has increased to 24
modes per 1/3 band. Therefore, without further tuning the cavity
Fig. 5. Standard deviation of the SPLs at the sampled receiving points in Fig. 3.
dimension, the room model is diffuse in the frequency range
between 250 Hz and 2000 Hz, and is reasonable diffuse between
125 Hz and 250 Hz.

2.2. Sound Reduction Index (SRI)

The above source room is used to predict the SRI of the ventila-
tion windows, and the transmitted power is evaluated from the
sound radiation into a semi-infinite free space, mimicing a anchoic
room, as illustrated in Fig. 6. The SRI can be evaluated by:

SRI ¼ 10log10ðWS=WRÞ ¼ LWS � LWR ; ð12Þ

where WS and WR are the sound powers; LWS and LWR the sound
power levels (SWLs), being incident on and radiated by the test ele-
ment, respectively. The semi-infinite free space is realized by
embedding the outlet opening in a large sized rigid baffle, with
non-reflecting conditions being applied at the far field boundaries.

Given a diffuse source condition, the incident SWL LWS can be
determined from the averaged SPL in the 2D source room [17]:

LWS ðf cÞ ¼ 10 log
A

2q0c0

P
10LS=10

NS

 !" #
; ð13Þ

where LS are the SPLs at NS measurement points being sampled in
the source room, A is the surface area of the test window specimen,
q0 is the air density. According to Fig. 6, the above average is taken
over the receiving region as specified in Section 2.1.

On the other side of the window, non-reflecting radiation
boundary is applied to a semicircle. The transmitted SWL can be
evaluated by integrating the radiated sound power along the semi-
circle as:

LWR ðf cÞ ¼ 10 log
R
10LR=10dr
ðq0c0Þ

" #
; ð14Þ

where LR are the SPLs at the radiation boundary. Note that the
receiving side can be also simulated using another reverberant
room with rigid boundary conditions. Correspondingly, the SRI
can be calculated from the difference between the averaged sound
pressure levels in the source and receiving room.

To facilitate the calculation, acoustic module under commercial
FEM solver COMSOL is used. The source room walls and the win-
dow panels are taken as rigid boundaries. A cylindrical radiation
boundary is applied to the semicircle, with a radius of rR = 4 m,
centrally located at the midpoint of the outlet opening. The mesh
criterion requires at least six nodes per wavelength, which is
determined by the maximum frequency targeted in the calculation.
Fig. 6. Prediction of the ventilation window SRI using a numerical model.
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Considering the valid range of the diffuse room model (as dis-
cussed in Section 2.1), the frequency spectrum of typical environ-
mental noises and the high computational cost of using FEM for
high frequencies, the calculation frequency range is set between
125 Hz and 2000 Hz, consisting of 13 one-third octave bands in
total. Within each 1/3 octave band, Nf ¼ 30 frequency points are
logarithmically partitioned. Further increasing this number has
been tested which does not show noticeable influence on the
result. In a typical 2D simulation, the entire calculation domain
has roughly 6� 105 degrees of freedoms, and the computational
time is around 4 h performed on a workstation with two Intel
E5450 processors (3 GHz each) and 32 GB RAM. The sound pres-
sure result from the FEM solver is post-processed in MATLAB to
obtain the SRI.

2.3. Micro-perforated panel (MPP) absorber

As shown in Fig. 2(c), an open double glazing incorporating a
MPP absorber is considered for its possible acoustic benefit. MPPs
have been known to be an efficient sound absorber whose in-situ
absorption greatly dependents on its designing parameters and
surrounding environment [23,25]. The perforation parameters
including the diameter of the perforations d, panel thickness t
and perforation ratio r determine the specific acoustic impedance
of a MPP, which can be analytically described by:

zmpp ¼ 32lt
q0c0rd

2 1þ c2

32

� �1=2

þ
ffiffiffi
2

p

32
k
d
t

" #

þ jxt
c0r

1þ 9þ c2

2

� ��1=2

þ 0:85
d
t

" #
; ð15Þ

where l is the air viscosity, c is the perforation constant
c ¼ d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q0x=4l

p
.

As a resonant absorber, the MPP impedance together with the
size of the backing cavity controls the effective frequency for sound
absorption. The locally-reactive absorption coefficient of a MPP
absorber under normal incidence condition (e.g., impedance tube)
is:

a ¼ 4ReðzmppÞ
½ReðzmppÞ þ 1�2 þ ½ImðzmppÞ � cotðkDÞ�

ð16Þ

where D is the backing cavity depth.
To verify the above formula which will be later incorporated

into the numerical model, a MPP absorber sample is fabricated
Fig. 7. (a) A MPP sample fabricated by chemical etching technology; (b) comparison of
test.
and analyzed for its acoustic characteristics. Fig. 7(a) shows the
metal MPP fabricated by chemical etching technology, in which
the hole size (0.23 mm) and the panel thickness (0.2 mm) are
much smaller compared with the ones used by Kang and Brock-
lesby [3]. This helps to increase the MPP resistant part for a supe-
rior sound absorption performance and a wider absorption
bandwidth [25]. As shown in Fig. 7(b) for two backing cavity
depths D = 5 cm and D = 3 cm, the predicted absorption coefficient
a curves and the measured ones from the impedance tube are pre-
sented, showing excellent agreement. This implies the validity of
Eq. (15) with very small holes. Note that if daylighting is required,
MPP can be fabricated based on transparent material or even
membranes.
3. Results and discussions

The SRI characteristics of various ventilation windows as shown
in Fig. 2 are analyzed using the proposed numerical model. 2D sim-
ulations are conducted to save the computational cost. As shown in
Fig. 8, an aperture on the wall between a source and a receiving
field has a fixed total height of H = 1.5 m, where an open single
glazing is mounted with an adjustable opening size O. The SRIs
for four opening sizes are simulated and presented in Fig. 8, show-
ing relatively smooth responses. It can be seen that when
O = 1.5 m, the predicted SRI varies around zero along the fre-
quency, indicating that a full opening is nearly transparent to
sound. With smaller opening sizes, the SRI curves are in similar
trend but with higher values. Since the diffuse source room intends
to provide a uniformly distributed incident field, it would be rea-
sonable to assume the sound intensity impinging on the test spec-
imen is nearly uniform. Hence, the transmitted power would be
proportional to the area ratio between the opening and the total
window height, i.e., O/H. This allows an estimation of open single
glazing SRI by simply considering the geometric factor:

SRI ¼ 10 logðH=OÞ: ð17Þ
When decreasing the opening size from 0.75 m to 0.3 m, the

above formula suggests a SRI of 3 dB for a half-open window
(O = 0.75 m), 4.8 dB for a 1/3-open window (O = 0.5 m) and 7 dB
for a 1/5-open (O = 0.3 m) window. In Fig. 8, these estimated values
show good correlations with the predicted SRI curves. It is also
noted that the insulation of a single glazing is relatively low. To
maintain a SRI of minimum 10 dB, the window area that is allowed
to open should be less than 1/10.
the predicted absorption coefficients and measured ones from the impedance tube



Fig. 8. Sound reduction index of an open single glazing with adjustable opening size O in one-third octave band.
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To improve the sound insulation, a second layer separated by a
distance of W is added to form an open double glazing as illus-
trated in Fig. 9, with an acoustic cavity formed between the double
glazing. The staggered openings have an identical size O. The impe-
dance mismatch at the inlet-outlet, as well as the cavity resonance
effect makes the double glazing essentially like a duct silencer. Part
of the incident energy is reflected back to the source domain in
order to achieve sound attenuation. In Fig. 9, the spacing W is first
set as 0.3 m and the effect of varying opening size is studied. It is
seen that the SRI of the open double glazing shows resonant behav-
ior in the low-to-mid frequencies, whereas the mid-to-high fre-
quency response is rather flattened. As expected, a smaller
opening size generally leads to a higher SRI. It is understandable
that the cavity resonance effect is more significant at low frequen-
cies, due to the modal coupling between the cavity and the inlet-
outlet domain. This suggests that the low-to-mid frequency region
is mainly resonance-controlled. As to the flattened SRI at higher
frequencies, the formula in Eq. (17) can be extended to estimate
the effect of a double glazing by only considering the geometrical
factor. By assuming that the sound power entering through the
inlet opening is sufficiently redistributed and thus the energy den-
sity is also uniform in the cavity, the ratio between the incident
sound power from the source and transmitted power is O2/H2,
leading to an estimated SRI of:

SRI ¼ 10 log ðH=OÞ2 ¼ 20 logðH=OÞ: ð18Þ
Intuitively, the validity of this assumption would be above the

cut-off frequency of the duct, formed between the double glazing
with a width of W. This frequency limit is 560 Hz for W = 0.3 m.
As seen in Fig. 9, the predicted SRI responses for the three opening
sizes in the flattened region correlate well with the estimated val-
ues starting from 500 Hz, suggesting a primarily geometry-
controlled effect.
Fig. 9. Sound reduction index of open double glazing with adjusta
For both open single and double glazing, the estimated SRIs ver-
sus decreasing opening size O, predicted using Eqs. (17) and (18),
respectively, are plotted in Fig. 10. It is seen that reducing the
opening gradually results in higher noise reduction, and this trend
is more obvious with open double glazing. In addition, Fig. 11
depicts the variation of SRI with different spacing W (depth of
the cavity), where the opening size is kept as O = 0.5 m. The general
trend is that larger spacing performs better at lower frequencies,
although the difference is not distinct. While at high frequencies,
the three curves show similar SRI of 10 dB, in agreement with Eq.
(18).

The MPP absorber as discussed in Section 2.3 is incorporated
into the open double glazing. The perforation parameters are
d = 0.23 mm, t = 0.2 mm, r ¼ 0:8%, and the double glazing with
O = 0.5 m and W = 0.3 m is taken as benchmark for comparisons.
The cavity backing the MPP is partitioned with honeycomb struc-
tures. With D = 0.05 m, Fig. 12 presents a comparison between
the open single glazing, open double glazing with and without
MPP absorber, with O/H being kept as 1/3. From 315 Hz to
2000 Hz, the SRI of the open single glazing is low with a mean
value of 5 dB, which increases to 10 dB with the open double glaz-
ing. Adding MPP absorber shows a significant improvement, as evi-
denced by a flattened SRI reaching as high as 20 dB. By simply
using a term aw to describe the percentage of sound energy
absorbed by the MPP in the cavity, Eq. (18) can be extended to ten-
tatively explain this effect:

SRI ¼ 20 logðH=OÞ � 10 logð1� awÞ; ð19Þ

where aw depends on a number of factors such as the MPP absorp-
tion coefficient a, the double glazing orientation, and the size and
location of the MPP.

The depth D of the backing cavity behind MPP can be varied to
control the effective frequencies. Fig. 13 shows the SRI results for
ble opening size O, the spacing between glazing is W = 0.3 m.



Fig. 10. Trend of estimated SRI for both open single and double glazing versus
decreasing open size O.

Fig. 11. Sound reduction index of open double glazing with varying spacing,
opening size O = 0.5 m.

Fig. 12. Comparison of sound reduction indices of open single glazing (O = 0.5 m),
open double glazing (O = 0.5 m, W = 0.3 m), and open double glazing with MPP
absorber (d = 0.23 mm, t = 0.2 mm, r ¼ 0:8%, D = 0.05 m).

Fig. 13. (a) Sound reduction indices of open double glazing with MPP absorber, the
depth D of the cavity backing MPP is varied. (b) The corresponding MPP absorption
coefficients under normal incidence condition, calculated using Eq. (16).
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three cavity depths with D = 0.03 m, 0.05 m and 0.1 m, where the
corresponding a curves calculated using Eq. (16) are appended.
With a larger depth value, the sound attenuation is more effective
at lower frequencies, as expected. The SRI comparison also shows
the possibility of achieving an optimized performance in a pre-
scribed frequency range by tuning the system parameters.

As an experimental validation, the proposed numerical model is
used to evaluate the sound insulation of several ventilation win-
dows tested in an experimental study [7,8]. As shown in Fig. 14,
four typical window configurations were selected from the mea-
surement report, namely: (a) a standard top-hung window (open
single glazing) with a height of 1.49 m; (b) an open double glazing
with a height of 1.49 m; (c) a larger open double glazing (height
2.38 m); and (d) a double glazing treated with sound absorbing
material on the glass and frame (height 2.38 m). The window is
opened through sashes, where the size of the openings is kept as
0.3 m for all cases, as shown in Fig. 14. The 3D windows can be
considered as extrusions from the corresponding 2D cross-
sections, with a window width of 1.2 m. 2D model is used to sim-
ulate a cross-section of the window. The SRI measurement was
conducted according to ISO10140, with a reverberant source room
of size 120 m3 and a receiving room size of 60 m3 [8].

In Fig. 15, the predicted SRIs using the proposed model for cases
E1 to E2, and the experimental SRIs from the reference report are
compared, showing generally good agreements. The discrepancies
are less than 2 dB, which may be affected by various reasons such
as experimental variability, geometry uncertainty, unknown air
damping, and flanking transmission. The overall prediction accu-
racy is acceptable. The lowest black curve corresponds to SRI of
the top-hung window E1 [Fig. 14(a)]. With an opening size of
0.3 m, i.e., 1/5 of the total window height, the SRI value is about
7–8 dB, matching with Eq. (17). The double-glazing window E2
[Fig. 14(b)] doubles the SRI to 15 dB at frequencies above 600 Hz,
and the resonance effect at lower frequencies attributed to the cav-
ity longitudinal mode is seen. The third case E3 [Fig. 14(c)]
increases the height of the double-glazing window, reducing the
opening area to 1/8 of the total height. The resultant SRI seems like
a parallel transport of E2 SRI with an increment of 3 dB. For case E4,
porous sound absorbing material is added onto the window glass
and frame. The thickness of the absorber is 0.04 m and 0.02 m on
the two window glasses, and 0.02 m on the frame enclosing the
cavity. The simulation model treats the absorber as a homogenous
acoustic domain using the simplest Delany-Bazley model, where
the flow resistivity is assumed as 50,000 Pa s/m2. The SRI shows
a distinct improvement compared with the previous three cases
with rigid surfaces. The effectiveness of using internal sound absor-
ber to enhance the sound insulation of an open double glazing is
clearly demonstrated.



Fig. 14. Configurations of four validation cases: (a) standard top-hung window; (b) open double glazing, height 1.49 m; (c) open double glazing, height 2.38 m; and (d) open
double glazing treated with sound absorbing material on the glass and frame.

Fig. 15. Experimental validation of the simulation model: the solid lines are
experimental results and the corresponding dashed lines are simulated results.
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4. Conclusions

To numerically evaluate the sound insulation of ventilation
windows, a simulation model which complies with the recommen-
dations in the ISO standard has been proposed. The model consists
of an acoustic cavity with rigid boundaries on the source side to
provide a diffuse field condition, and a free field radiation with
an infinite baffle at the receiver side. To ensure adequate diffuse-
ness, the uniformity of the pressure field within the source room
has been verified using a proposed theoretical model. Examina-
tions on the distribution of room modes and standard deviation
of SPLs indicate that the source field has reasonable diffuseness
in the interested frequency range from 125 Hz to 2000 Hz.

Simulations using the proposed model have been carried out to
investigate the SRI characteristics of some typical ventilation win-
dow configurations. From the numerical results, a partially open
single glazing is shown to exhibit a smooth SRI response in the
entire frequency range. The insulation is rather low and marginally
acceptable for practical noise control. By adding a second layer, the
open double glazing with staggered openings shows an improved
sound insulation with the same opening size. Results suggest that
the SRI of the double glazing is mainly controlled by the cavity res-
onance effect in the low-to-mid frequency range, which transits
into a geometry-controlled region at higher frequencies, featuring
a flattened SRI response. As to the effect of varying the opening
size, two simple formulas have been suggested to estimate the
SRI of both open single- and double-glazing, which can be used
to guide the practical design of ventilation windows.

To illustrate the acoustic benefit of adding sound absorbers into
the cavity between the double glazing, a MPP has been incorpo-
rated into the simulation model, with its characteristics being
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verified using a fabricated sample. Placing a MPP with a honey-
comb backing cavity in front of the second glazing allows achieving
a moderate SRI of roughly 20 dB in the frequencies above 250 Hz.
This value was 10 dB higher than its counterpart without MPP,
and 15 dB higher than the open single glazing. Such window design
can sought as a promising product by properly choosing the win-
dow and absorber parameters, where the proposed numerical tool
can be exploited to effectively tune the system parameters.
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