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1. Introduction

The sound insulation performance of windows is an
important feature of a building’s acoustic environment.
Double windows are an extremely effective solution for
practical sound insulation on windows. A double window
is a window structure comprising two frames and two glass
window panes (Fig. 1). The sound insulation performance of
windows is usually evaluated by the sound reduction index:
SRI. The sound transmission of double partitions has been
examined theoretically. Simple and practical methods of
predicting SRI have been proposed [1,2]. Although the sound
insulation performance of double windows has been examined
in some studies [3,4], few experiments to assess actual
windows have been reported. For windows, some special
differences such as gaps of window frames are expected to
affect the SRI. Some method for predicting the SRI of a
double window is necessary to design a room’s acoustic
environment.

This study was conducted to propose a practical method
for predicting the SRI of a double window. We first used
some equations based on existing sound transmission theories
through double constructions for application to double
windows. The calculated values were compared with mea-
sured SRIs of double windows. Based on numerous measured
values, correction of the prediction equation was attempted.
As described herein, the windows were assumed to be sliding
windows.

2. Application of existing transmission theories of double

constructions
2.1. Existing theories

Figure 2 presents a model of a double partition structure.
The following symbols are defined in this paper as indicated
in Fig. 2. Therein m; and m, respectively denote the surface
densities of partitions (window panes) 1 and 2, kg/m?. R, and
R, respectively represent the SRIs of the partitions 1 and 2,
dB. The variable p represents the air density, kg/m?, ¢ stands
for the sound velocity in air, m/s, and d denotes the cavity
depth, m.

For most double constructions, SRI can be expressed
simply as shown below [1].
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SRI = 101og[{(K; + K>) cos kd

1
— 2K, K, sin kd)? + 2] M

Therein, k signifies the wavenumber (= w/c), @ stands
for the angular frequency, and 7o is the loss factor of the
partitions. Values K; and K, respectively denote the normal-
ized impedance of partitions. Assuming that the partition
impedance depends on the partition surface density, the two
equivalent partition impedances are expressed using the
measured SR/ of each partition R; and R;, as shown below.

K, = 10%, K, = 10% )
The sound transmission of double-leaf constructions is
well known to have a significant peak because of the mass—

air-mass resonance at low frequencies. The resonance
frequency fy is approximated as follows.

1 271 1
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In addition, at frequencies higher than kd = 1, the SRI
has many dips because of the standing waves normal to the
two partitions in the cavity. The lower frequency limit at
which the standing waves occur, fgy, is given below.

G
- 2nd

With the frequencies shown by Egs. (3) and (4), Rindel
organized the SRI of double constructions into three frequen-

cy ranges and approximated the equations for each frequency
as presented below [1].

SRI =

Jfa 4

20log(K; + K) (f <fo)
5
R1+R2+2010g<fi)+6 (fo<f=fa) ®
d
Ri+R,+6 (fa<h

If the measured SRI at random incidence of each partition
is substituted in R;, Ry, K;, and K, with Eq. (2), then the SRI
of the double constructions is derived. In the case of a double
window, the measured values of each window R; and R, are
regarded as including the effect of the characteristics of each
window such as the gaps of the window frames.

Another theory of the sound transmission of double
constructions is also referred. The theory by Brekke considers
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Fig.1 [Illustration of a double window.
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Fig.2 Model of sound transmission through a double
partition (window).

the effect of the absorption of the inside surface of the
perimeter in the cavity. The equation is [2]

d-U
SRI= R, + Ry + 101g(a : s) (©)

where « is the absorption coefficient of the inside surface of
the cavity perimeter, U stands for the partition perimeter
length, m, and S signifies the partition area, m?. If the cavity
has no absorbent material, then the equivalent absorption
coefficient « is given as shown below [2].

(0.5 (d < 20mm) o
~10.01/d (d > 20mm)

Figure 3 presents a comparison of the calculated result of
these two theories and measured result of a benchmark double
window. Table 1 shows data of the benchmark window.
Measured results of the respective windows (outer and inner

windows) are shown in the same graph. Measurements were
taken in accordance with JIS A 1416:2000 [5], which is
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Fig.3 Sound reduction indices of double windows.
Calculated values by Egs. (5) and (6) and measured
values of the benchmark double window and each
single window are shown.
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Table 1 Data of benchmark double window.

Window type
Glass type (outside)
Glass type (inside)

sliding window
single, 5 mm thickness
single, 5 mm thickness

Cavity depth 84 mm
Window width 1720 mm
Window height 1800 mm

equivalent to ISO 10140-2 [6]. Figure 3 shows that the SRI of
a double window is much greater than that of either window
alone. However, the SRI of a double window is less than that
of a single window at around 100 Hz because of the mass—air—
mass resonance. In this case, f; of the double window is
calculated as 83Hz by Eq. (3). These major tendencies of
the sound transmission characteristics agree with the general
trend of double-leaf constructions [1].

As for existing theories, the value calculated using Eq. (5)
is more than 10dB greater than the measured value over all
frequencies. The value calculated using Eq. (6) is less than the
measured value at frequencies higher than 315Hz by more
than 5dB. The prediction by Eq. (6) reportedly agrees with
the SRI of double constructions above the cut-off frequency
(= ¢/2d), at which the half-wavelength coincides with the
cavity depth [3]. In this case, the frequency is calculated to
2046 Hz. However, it did not match in the case of this double
window. Even when the measured values of windows were
substituted into R; and R;, these calculated values disagree
with the measured values obtained for the double window.
Therefore, these predictive theories for double constructions
cannot be applied to predict the SRI of a double window in
their original forms. Although the value of Eq. (5) disagrees
in quantitative terms with the measured value, the trend in
frequency characteristics apparently corresponds qualitative-
ly. This finding suggests that more accurate prediction might
be possible with appropriate correction.

2.2. Parameter effects

In this section, the cavity depth effect is examined. The
SRIs of the double windows were measured under three
conditions: cavity depths of 84 mm, 114 mm, and 144 mm.
Additionally, calculations using Egs. (5) and (6) were
conducted under the same cavity depth conditions as in the
measurement. The measured and calculated results are
presented respectively in Fig. 4 and Fig. 5.

According to Fig. 4, the cavity depth effect appears below
middle frequencies. When the cavity of a double window is
deeper, the SRI at low frequencies is larger. The cavity depth
has no effect above approximately 1000 Hz. According to
results shown in Fig. 5, the cavity depth does not affect the
calculation by Eq. (6). The calculation results by Eq. (5) are
mutually similar at high frequencies, irrespective of the cavity
depth. However, at low frequencies, the deeper cavity
condition shows larger SRI. The trend of the cavity depth
effect calculated using Eq. (5) qualitatively resembles that of
the experimentally obtained result.

2.3. Combination of theories

A prediction method of SRI of a double window is
developed based on Eq. (5), which shows a similar trend to
that of the measured value of the double window. We consider
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Fig.4 Measured sound reduction indices of double
windows with cavity depths of 84, 114, and 144 mm.

a0

gy (5): 84 mm
——£q. (5): 114 mm
10 Eq. (5): 144 mm
—€q. (6)

Sound reduction index [dB]

62.5 125 250 500 1000 2000 4000 8000
Frequency [Hz]

Fig.5 Calculated sound reduction indices of double
constructions theories, Egs. (5) and (6), with cavity
depths of 84, 114, and 144 mm.

introduction of a correction term in Eq. (5). Brekke derived
an equivalent absorption coefficient, Eq. (7), for double
constructions without absorbent materials, based on exper-
imentally obtained results [2]. Similarly, the equivalent
absorption coefficient term in Eq. (6) is added to Eq. (5).
Then, we propose a prediction method as

SRI =

d-U
20log(K; + K>) + 101og(a : T) f <fo)

R+ R, + 2010g<ff> +6
d

d-U
+101log oe~T

d-U
Ry +R, +6+ 10log o ——

®)
(fo<f=fo

(fa<h

where the equivalent absorption coefficient « is expressed as
Eq. (7). The value calculated using Eq. (8) is compared
with the measured values for a benchmark double window
(Table 1) in Fig. 6. Figure 6 shows that the value calculated
using Eq. (8) seems to agree with the measured value.
Especially at frequencies higher than 500 Hz, the differences
between calculated and measured values are less than 4 dB.
However, a still larger discrepancy exists at low frequencies.
This trend, which was apparent for other test window
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Fig.6 Sound reduction indices of double window.
Calculated value of Eq. (8) and measured values of
the benchmark double window (Table 1) and each
single window are shown.

specimens, remains as a difficulty hindering practical methods
for predicting SRI.

3. Correction for double window

Correction for the equivalent absorption coefficient « is
investigated based on Eq. (8). Another « for double windows
is derived from multiple measured data of SRI of double
windows.

First, multiple SRI data of double windows were
collected. Then the trend was analyzed. For this study, 41
datasets of SRI of double windows were collected. All of
these double windows were composed of two sliding windows
with single-glass glazing. All measurements were conducted
according to JIS A 1416 [5] in the same laboratory. The areas
of these test windows were 2.32-4.84 m?, with cavity depths
of 84-146 mm, and glass thickness of 3 mm or 5 mm.

Differences between these measured results and the
results calculated using Eq. (8) are averaged in each 1/3
octave band. Figure 7 shows the averaged differences AR.
One trend is that AR has larger values at lower frequencies.
The highest value of AR is about 8 dB at 200 Hz.

Based on the measured results, a linear regression
equation of AR is derived as a function of the logarithm of
frequency as follows.

AR = —1.716In f 4 14.168 ©)

This linear regression of AR is also portrayed in Fig. 7.
To calculate the equivalent absorption coefficient « for double
windows, Eq. (9) is applied.

@=——>: 10T (10)

For reference, Fig. 8 presents a comparison of o by
Egs. (9) and (10) and « by Eq. (7) for 0.1 m cavity depth. The
values of « found using Eqgs. (9) and (10) show higher values
at lower frequencies. It is more than 0.4 at 100 Hz; it is about
0.1 at high frequencies. However, o by Eq. (7) is constantly
0.1 for all frequencies. The application of « derived from
Egs. (9) and (10) affects the calculated SRI by Eq. (8) at low
frequencies. Therefore, we attempted to correct the prediction
of SRI by applying « for double windows derived from AR
from Egs. (9) and (10).
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Fig.7 Mean error between measured and predicted
sound reduction indices of a double window with a
single-glazed window. Red line shows linear regres-
sion of the mean error.
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Fig.8 Equivalent absorption coefficient from mean
error between measured and predicted values (d =
0.1 m).

To verify this correction, the values calculated using
Egs. (8), (9), and (10) are compared with other SRI data for
verification, which is not used to derive Eq. (9). Figure 9(A)
shows three sets of data: measured values of a double window
presented in Table 2, calculated values using Eq. (8) with «
from Egs. (9) and (10), and calculated values using Eq. (8)
with « from Eq. (7). Figure 9(B) shows the absolute error
between measured and respective calculated values. The
absolute errors show significant improvement by « for double
windows. The maximum absolute error decreased from about
8 dB to less than 4 dB. The mean absolute error (MAE) was
2.8dB before correction and 1.1 dB after correction. There-
fore, results indicate that introduction of a new equivalent
absorption coefficient offers better prediction of the SRI of
double windows.

4. Conclusion

A practical method for predicting the sound reduction
index of double windows was studied based on existing
theories for double-leaf constructions and experimentally
obtained results. The combination of calculations by two
sound transmission theories qualitatively agrees with the trend
of the sound reduction index of double window. Additionally,
the equivalent absorption coefficient for double windows was
presented to improve prediction accuracy at low frequencies.
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Fig.9 (A) Sound reduction indices of double window
calculated by Eqgs. (8), (9) and (10), and calculated by
Egs. (7) and (8). (B) Absolute errors with measured
values (before and after correction by the present
method).

Table 2 Data of double window for verification.

Window type

Glass type (outside)
Glass type (inside)
Cavity depth
Window width
Window height

sliding window

single, 3 mm thickness
single, 3 mm thickness
186 mm

1650 mm

1300 mm

Although double windows with only single-glass glazing
windows were considered in this paper, double windows with
multiple glazing window are also widely used. In addition, a
predicting method with predicted values of inner and outer
windows should be more useful in practical work. The
developments of these types of prediction methods are also
important matters that will be the subject of future work.
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