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ABSTRACT

Holes in walls of enclosures or buildings are often the weak link in the chain of sound insulation. This paper in-
troduces an analytical model to calculate the sound transmission from a baffled rectangular hole based on the
modal expansion approach, and proposes to install an active noise control system inside the hole to improve the
transmission loss of the perforated wall. Different control source and error sensing strategies are investigated, and
it is found that for a 30 cm thick wall with a 6 cm by 6 cm hole, an active control system with 1 control source and
1 error sensor can achieve more than 20 dB attenuation up to 2700 Hz, while that with a compound control source
consisting of 4 loudspeakers, the system can achieve similar reduction up to 3900 Hz.

1 INTRODUCTION

Most noise control enclosures require some form of ventilation and they may also require access for passing
materials in and out (Bies and Hansen 2009). Such necessary permanent openings or holes must be treated with
some form of silencing to avoid compromising the effectiveness of the enclosures. In a good design, the acoustics
performance of access silencing matches that of the wall of the enclosures. Usually, the silencers must be spe-
cially designed for these openings. The objective of this paper is to investigate the feasibility of applying active
noise control in the holes so that no extra mufflers need to be used for the enclosures.

Sound transmission through apertures has been investigated intensively. For sound transmission through a large
aperture (larger than wavelength) in a rigid plane screen of infinite extension, the Kirchhoff’s integral was applied
with an approximation that the sound field in the opening is essentially undisturbed by the diffraction wave from the
aperture boundary so that the pressure and pressure gradient in the opening are set equal to those of the un-
disturbed primary sound field. For small apertures (smaller than wavelength), the volume velocity at the aperture
opening can be obtained to calculate its sound radiation at the rear side of the wall (Kuttruff 2007, p.124). This
paper focuses on small holes whose size is smaller than the sound wavelength.

Gompeters (1964) was the first to investigate the "sound insulation" of circular and slit-shaped apertures. Wilson
and Soroka (1965) studied a circular aperture in a plane wall of finite thickness subjected to plane wave incidence
with a numerical approach and compared the results with measurements carried out between two reverberant
chambers. A normalized frequency, ka (where k is the wave number and a is the aperture radius), was used to
make results independent of aperture dimensions. They also showed that above a given value (later on called
“transition frequency”), depending on the ratio between the aperture thickness and its radius, almost all acoustic
energy passed through the aperture. Conversely, below that frequency the energy transmitted decreased but,
particularly when the opening was small compared to thickness, strong resonance phenomena appeared. Later
on, Sauter and Soroka (1970) investigated the case of a rectangular opening under similar boundary conditions.
Their study pointed out that these square apertures behaved nearly exactly as circular ones. However, depending
on the aspect ratio of the opening, slight variations of the resonance phenomena were observed.

After such early-stage investigations, there are several papers studied this topic, which are introduced in the
extensive review carried out by Sgard, Nelisse and Atalla (2007). They proposed a new numerical approach
capable of handling diffuse field conditions and showed that the transmission coefficient at very low frequencies
(ka<0.3) increased in presence of random incidence, while at high frequency (ka>7) the difference tended to fade.
In between this interval the variation was strongly dependent on the aperture shape, but the increase never ex-
ceeded the low frequency correction. However, for larger and proportionate apertures the transition was very
smooth. Such conclusions were further confirmed with the experimental measurements by Trompette and others
(2009), and they showed that apertures having different aspect ratios but the same area had a similar transmis-
sion curve. Conversely, when the area was changed (and hence the equivalent radius) the expected transition
frequency changed accordingly.
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This paper introduces an analytical model to calculate the sound transmission from a baffled rectangular hole
based on the modal expansion approach first, and then proposes to install an active noise control system inside
the hole to improve the transmission loss of the perforated wall. Different control source and error sensing
strategies are investigated.

2 MODEL

Figure 1 shows a configuration of the problem where there is a rectangular aperture with dimensions of 2ax2b
located in an infinite large rigid wall with a finite thickness of d. The primary point sound source is located outside
the aperture while secondary point sound sources for active noise control are located inside the aperture.

Va Va
) " ¥y -
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V\\\ b—_ . < A > -
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2b 0. e > < 2b P v >
AL ) o source
p/ d d
. a—
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Figure 1: An aperture in an infinite large rigid wall with a finite thickness, (a) a primary point sound source outside
the aperture, (b) a secondary point sound source inside the aperture.

The incident sound pressure at location r generated by the primary source located at r, with source strength of g
can be expressed by (Bies and Hansen 2009)

i (r) — ﬂe—]k‘r—rp‘ (1)

47r|r—rp|

where k is wave number, pis the density of air and c is speed of sound. The overall sound pressure at the incident
side of the aperture can be calculated by the superposition of the incidence wave, reflective wave and the scat-
tering wave as (Sgard, Nelisse, and Atalla 2007)

p.(r)=pi(r)+p,(r)+p,(r) )

The reflective and the scattering waves can be obtained by

jkpcqp 7jk\r—r\
ry=——  —L_e " 3
(1) 4z|r—r| )
b0 = . 6(r.5)—— P @
% Jop, oz

where S; is the aperture surface on the source side, r, is the location of the image source of the primary sound
source regarding the infinite wall, and G(r, s) is the Green function in the semi-infinite space at one side of the wall
for a sound source located at s on the aperture surface,

G(r,S) — JC()po e—jk|r—s| (5)
27 |r-s|

Similarly, the sound radiated by the aperture into the free space behind the infinite wall is given by

P, (1) =-] 6(r ) —— Py (6)
52 jop, 0z
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where S, is the aperture surface on the radiation side. The sound field inside the aperture (a rigid cavity with two
ends open) can be expressed by

P, ()= (A e + A" )y (xy) (7)

where

_ ot PR+, q7(y+D)
Vg (%) = COS[=———]cos[——] (8)

_ 2 _ (P72 A7y,

The normal particle velocity on both end surfaces of the aperture is proportional to its pressure gradient along z
direction, which has the form of

p, (1)

P = _ijpq (A = AW 5 (X Y) (10)
oL DA A 09 (12)

By using the normal particle velocity continuity condition on both sides of the aperture at the end surfaces, the
sound radiated by the aperture to both sides of the wall can be written as

Ps (r) _z

p,(r) = Z "“C (Age ™ = A" [ [ G(r | (U V) (u,v)dudy (13)

-AL) j j G(r | (U, v))w , (u, v)dudv (12)

By using the pressure continuity condition on both sides of the aperture at the end surfaces, it has

P06 Y, 00+ P, (X, ¥, 0)+ P (X, ,0) = D (A + A )W (X, Y) (14)
p.q
P, (%, y,d) =D (Ae ™ + A e Yy (x,y) (15)

Substituting the primary incidence pressure pj(r), the reflective wave p,(r), Egs. (12) and (13) into Egs. (14) and
(15), multiplying all the equations by ymn(X, y), and then integrating over the respective surfaces of the aperture
lead to,

an _zjkpq(pgq - A{;q)zpqmn = (AnJrn + A;n)Amn (16)
ijpq(qu T M) Z gy = (A ALRA, (17)

where Apn=én&ab, =2 and &, =1 form = 0, and

w=l'T 2J7Iz(|/:cq: | e My (x,y)bdy (18)

eka
® 2 (x—u) 2+(y —V)?

qun_.[ I jj

(U, V) (x, )il (19)
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is a specific radiation impedance, which can be calculated numerically or with an approximate expression (Sha,
Yang and Gan 2005). The modal magnitudes for all aperture modes can be obtained by solving Egs. (16) and
(17), which can be further substituted to Eq. (13) to obtain the transmitted sound. The transmitted power from the
opening can be calculated by carrying out an intergation of the real part of the sound intensity on the radiation side
surface of the aperture as

1 «
W (r,) = Rel [ p,(v;(s)s| (20
where the normal particle velocity along the z direction can be obtained from Eq. (11).

For a control source located at r.=(Xc, Y, Z¢) in the aperture shown in Figure 1(b), the sound pressure in the ap-
erture has an extra source term in addition to that in Eq. (7), and can be expressed as

—jkpgZ-2¢

‘//pq (Xc’ yc)
2kqu Pq

paq.e

P(r) = (Age ™ + A e + Wy (X, Y) (21)
p.q

Similarly, the modal magnitudes for all aperture modes generated by the control source can be calculated as well
as the transmitted sound and power to the radiation side of the wall. Because this is no incidence sound from the
source side, so py(r) in Eg. (2) only contains the scattering term p(r) in the calculation.

The total sound pressure with active control is superstition of both the primary sound and the control sound,
p(r) = p, () +Z,(r)q, (22)

where py(r) is the primary sound pressure at location r, and Z.(r) is the transfer function from the source strength
of the control source to the sound pressure at location r. All these can be calculated by the above established
model. The objective of the control is to reduce the total radiation power from the aperture to the radiation side,
and different cost functions can be used for obtaining the optimal strength of the secondary source. For example,
the summation of the squared total sound pressure at N, error locations can be used as the cost function,

3, =X |pr)f + B (23)

where £ is a positive real number to constrain the strengths of control source. For multiple control sources to
reduce the sound pressure at multiple error locations, Egs. (22) and (23) can be written in matrix form as

P =P, +Z.d, (24)
y
J,=pi'p +Aala, =q (Z8Z, + B1)a, +ar Zip, +(Z5p,) d.+p)P, (25)

where the superscript H denotes the Hermittan transpose, p;, is the vector of the primary sound pressure at N
error locations, q. is the vector of the source strength of N. control sources, while Z is the transfer function ma-
trix, whose elements are transfer functions from all control sources to all error sensors. The optimal control source
strength that minimizes the above cost function can be calculated by (Hansen et al 2013)

o =—(21z, +B1) Zip, (26)

With the optimal control source strength, the sound field with active control as well as the total radiation power
from the aperture to the radiation side can be calculated. Of course, it is also possible to directly use the radiation
power from the aperture to the radiation side as the cost function to calculate the optimal control source strength,
which provides an upper limit performance for the specified control source configuration despite of error sensing
strategies and configurations. Different control source and error sensor configurations are investigated via sim-
ulations in the next section.
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3 SIMULATIONS

The 30 cm long rectangular aperture used in the simulations has cross section dimensions of 6 cm by 6 cm. The
cutoff frequency for the plane wave propagation in the aperture duct is about 2858 Hz; however the simulations
are carried out up to 5000 Hz to cover most frequency range of practical noise. In the simulations, one or several
point sources located at different positions on the source side are used to mimic the primary noise source, while
one, two or four point sources located on the internal boundaries at the centre of the duct act as the control source
(Qin, 2017). For the two control loudspeaker case, the two loudspeakers are located on the opposite sides instead
of the neighbouring sides inside the duct to generate symmetrical sound field for controlling plane waves; while for
the four control loudspeaker case, each loudspeaker is located on a different internal surface of the duct. The
reliability of the proposed analytical model was validated first by using commercial software, and then the model
was used in the active noise control simulations because it runs much faster than the commercial software.

3.1 Validation of the Analytical Model

The analytical model described in Section 2 was validated first by using commercial software LMS Virtual Lab12.
Figure 2(a) shows the Finite Element Model built in the software, where the duct in the middle has the dimensions
mentioned above, and two hemispheres with a diameter of 0.22 m were configured as Automatically Matched
Layers and used outside the two openings to simulate baffled radiation to semi-infinite space. Figure 2(b) com-
pares the sound pressure levels at (-0.1, 0.08, 0.42) m calculated with the proposed analytical model and the
commercial software for a primary point source located at (-0.04, -0.03, -0.1) m. It is clear the results calculated
from the analytical model agree reasonably well with that from the commercial software. In the calculation with the
analytical model, the order of the modes is selected to 8.

30

— theory
257 —&— simulation

-5

0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)
(a) (b)
Figure 2: (a) The Finite Element Model built with LMS Virtual. Lab12, (b) the sound pressure levels at (0.1, 0.08,
0.42) m calculated with the proposed analytical model and the commercial software for a primary point source
located at (-0.04, -0.03, -0.1) m.

3.2 Effects of Control Source Configurations

The first set of simulations are used to investigate the effects of control source configurations on the performance
of the ANC system, so the radiated sound power from the aperture to the radiation side is used as the cost function
to calculate the optimal control source strength. This provides an upper limit performance for the specified control
source configuration despite of error sensing strategies and configurations. It should be noted here that only
single channel active control system is used in the simulations for its low cost. Although 2 or 4 loudspeakers are
used in this case, they are all driven by a single controller output as a single compound control source. The benefit
of using a compound control source is its capability of generating symmetrical sound field inside the duct.

Figure 3(a) shows the radiated sound power from the aperture to the radiation side with and without active control
for a primary sound source located at (0, 0, —1.0) m with a source strength of 107 kg/sz, where the control
loudspeakers are located at the centre of the duct on different internal sides. Figure 3(b) gives the corresponding
noise reduction with 1, 2 and 4 control loudspeakers where the noise reduction is defined as the difference be-
tween the radiated sound power from the aperture to the radiation side with and without active control. It is clear
that using only one control loudspeaker can reduce the sound power transmitted from the hole up to the cutoff
frequency for the plane wave propagation in the aperture duct, which is about 2858 Hz. The noise reduction at

ACOUSTICS 2017 Page 5 of 8



Proceedings of ACOUSTICS 2017
19-22 November 2017,

ACOUSTICS 201/ PERTH Perth, Australia

most frequencies below this frequency can be up to 50 dB. When two or four control loudspeakers (as a single
compound source) are used, the effective control frequency can be shifted to higher frequency because sym-
metrical control sound fields can be generated with more loudspeakers above the cutoff frequency.
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Figure 3: For a primary sound source located at (0, 0, —1.0) m with a source strength of 10™ kg/s’, (a) the radiated
sound power from the aperture to the radiation side with and without active control, (b) the noise reduction with 1,
2 and 4 loudspeakers (as a compound source) located at the centre of the duct on different internal sides.

It should be noted that it is usually impossible to have noise reduction of more than 30 dB in practice, so the
simulation results of more than 30 dB are just an indication of large reduction and can be treated as some value
like 30 dB in practice. The primary sound field for the simulations in Figure 3 is generated by a primary point sound
source located on the axis of the duct opening, so it is symmetrical. This is the reason that the compound control
source consisting of 2 or 4 loudspeakers provides better control above the cutoff frequency up to 5000 Hz. In
practical applications, the noise might come from many directions, and the benefits would not be such large, as
shown in Figure 4, where then noise reduction for a primary sound source located at 1.0 m away from the duct
opening but from different direction of (0°, 0°) or (30°, 30°) are given. Similar to that with only one loudspeaker, a
compound source consisting of 4 control sources cannot have significant noise reduction above the cutoff fre-
quency either for the primary sound from (30°, 30°) direction.
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Figure 4: Noise reduction for a primary sound source located at 1.0 m away from the duct opening but in the
direction of (0°, 0°) or (30°, 30°), (a) using 1 control loudspeaker located at the centre of the duct, (b) using a
compound control source consisting of 4 loudspeakers located at the centre of the duct on different internal sides.

Figure 5 shows noise reduction for different primary sound fields consisting of 1 or 13 point sources at 0.1 m (near
field) or 4.0 m (far field) away from the duct opening using 1 control loudspeaker or a compound control source
consisting of 4 loudspeakers located at the centre of the duct on different internal sides. For the 1 point source that
is used to generate the primary sound field, the point source is located on the axis of the duct opening; while the 13
point sources that are used for generating the primary sound field are distributed non-evenly on the hemisphere to
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mimic random incidence sound field. For the ANC system with one loudspeaker, the performance remains similar
for different primary sound fields and is only effective below the cutoff frequency of the duct; while for the com-
pound source consisting of 4 loudspeakers, the performance is better than that with one loudspeaker but also
deteriorates significantly above the cutoff frequency.
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Figure 5: Noise reduction for different primary sound fields consisting of 1 or 13 point sources at 0.1 m (near field)
or 4.0 m (far field) away from the duct opening, (a) using 1 control loudspeaker located at the centre of the duct, (b)
using a compound control source consisting of 4 loudspeakers located at the centre of the duct on different in-

ternal sides.

3.3 Effects of Error Sensor Configurations

Although the control objective is to reduce the radiated sound power from the aperture to the radiation side, it is
difficult to use this cost function practically. This subsection investigates the efforts of error sensor configurations,
which install several microphones at the opening of the duct to the radiation side. The sound pressure signals
picked up by these microphones are fed to the controller so that the control algorithm can minimise the sum of the
squared sound pressures at these positions. Although the controller is tuned by minimising the cost function, the

noise reduction performance of the ANC system is still evaluated by the radiated sound power from the aperture to
the radiation side.

In the simulations, the primary sound field is generated by 13 point sources at 4 m away from the duct opening of
the source side. The error microphones are located on a cross section inside the duct about 6 cm away from the
radiation side opening. Figure 6 shows the noise reduction by using 1 error microphone which is located at the
centre of the cross section and 9 error microphones which are evenly distributed on the cross section. It shows
that 1 or 9 error microphones can give similar noise reduction for the 1 control loudspeaker case, while 9 error
microphones can give better performance for the compound control source consisting of 4 control loudspeakers.
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Figure 6: Noise reduction with different cost error sensor configurations (a) using 1 control loudspeaker located at
the centre of the duct, (b) using a compound control source consisting of 4 loudspeakers located at the centre of
the duct on different internal sides.
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Figure 7 shows the noise reduction with 1 error microphone at different positions and that with 4 error micro-
phones on the middle of the four side boundary lines on the cross section. For the one control loudspeaker case,
it is clear that putting one error microphone in the corner or using 4 error microphones provides reasonable noise
reduction below the cutoff frequency without introducing significant noise amplification (minus noise reduction) in
the high frequency range. For the compound control source consisting of 4 loudspeakers, the noise reduction
performances with different error sensor configurations are similar.
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Figure 7: Noise reduction with different cost error sensor locations (a) using 1 control loudspeaker located at the
centre of the duct, (b) using a compound control source consisting of 4 loudspeakers located at the centre of the
duct on different internal sides.

4 CONCLUSIONS

This research investigates active control of sound transmission through a hole in a large thick wall. An analytical
model for calculating the sound transmission from a baffled rectangular hole is introduced first based on the modal
expansion approach, and then an active noise control system is proposed to be installed inside the hole to im-
prove the transmission loss of the wall. Different control source and error sensing strategies are investigated, and
it is found that for a 30 cm thick wall with a 6 cm by 6 cm hole, an active control system with 1 control source and
1 error sensor can achieve more than 20 dB attenuation up to 2700 Hz. It is concluded that a single channel ANC
system with 1 control source and 1 error sensor can provide effective control up to the cutoff frequency of the hole.
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