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Abstract

In a previous project, it was found that the reverberation time
of'a real room with a perforated suspended ceiling was shorter
than expected, based on its absorption coefficient in the
reverberation chamber. We hypothesise that the short
reverberation time is caused by high absorptive property of a
perforated suspended ceiling under high-oblique angle and
eventually grazing incidence.

The insertion loss of suspended ceilings under grazing
incidence was measured in the laboratory test stand for ducted
silencers. Additionally, numerical simulation of the insertion
loss of the suspended ceiling was performed by a three-
dimensional model in FEM. The numerical and experimental
models in general agree very well for the whole frequency
range. The IL of the suspended ceiling with a perforated plate
is by 1 — 5 dB better than the suspended ceiling of mineral
wool, although the mineral wool shows better absorption
coefficients in a diffuse field.

Introduction

The reverberation time is a classic but still important measure
in the field of room acoustics. The absorption coefficient of
the surface elements is considered as the largest factor
influencing the reverberation time. The absorption coefficient
is commonly measured either in the impedance tube, or in the
reverberation chamber. The tube method is restricted to
normal wave incidence onto the test specimen, while the
reverberation chamber method relies on the assumption of a
diffuse sound field.

The theory of the absorption coefficient and its laboratory
method have been studied in detail (for example in [1]), while
less attention has been paid to the relevance of the absorption
coefficient, measured in the laboratory, for an actual room
configuration. In a previous project [2], it was found that the
reverberation time of a real room with a perforated suspended
ceiling was shorter than expected, based on its absorption
coefficient measured in the reverberation chamber.

One reason lies in the imperfect diffuse sound field in a real
room. Nolan [3] has studied the directions of sound wave
propagation in a room, which was equipped with one absorber
wall and five rigid-walls. It was found that most incident
directions are detected toward the grazing angle of incidence,
which represents standing waves, oscillating back and forth
between the walls, parallel to the absorbing ceiling.

According to the theory, the absorption coefficient of an
infinitely extended sample decreases and approaches zero at
the grazing incidence, while the absorber still shows
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absorption under grazing incidence. The problem is that there
is no direct method to measure or predict the absorption
coefficient under grazing incidence, where the incident wave
propagates parallel to the absorber.

In this paper, the Insertion Loss (IL) under grazing incidence
is used alternatively to evaluate the absorptive properties of a
suspended ceiling. Suspended ceilings with perforated facings
have been commonly used as sound absorbers in rooms for
many years, because they can produce high absorption at low
frequencies. The ‘insertion loss’ is actually a logarithmic
measure of the difference of radiated sound pressure levels.
Although there is no widely accepted method to convert the
IL to the absorption coefficient, the IL under grazing
incidence is related to the absorption coefficient under the
same incident sound field in rooms.

Insertion Loss
Experimental Setup

The IL is measured as the difference of the received sound
pressure level with the insertion of the reference plate and
with the testing sample of suspended ceilings:

IL=L
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Two suspended ceilings are studied in this paper: One is made
of 40 mm hard mineral wool with high density of
p = 69.7 kg/m’, backed by an air cavity of 160 mm, giving a
total suspension height of 200 mm. The other one consists of
a perforated gypsum board plate with 12.5 mm thickness,
backed by an air cavity of 187.5 mm, giving a total suspension
height of 200 mm. The rear surface of the perforated plate is
covered by a thin layer of acoustic fleece. Additionally,
40 mm soft mineral wool (p = 15 kg/m?®) is placed on top of
the perforated gypsum board with wooden spacers to model
the suspension construction, giving partly an air gap between
the gypsum board and the mineral wool. The perforated plate
has circular perforations with 8 mm diameter, which are
periodically distributed with a spatial period of 18 mm in both
directions, giving a perforation rate of 15.5 %. The details of
the geometric and material parameters are summarized in
Table 1.

The suspended ceilings are rated as absorbers class A and B
according to ISO 11654 [5], respectively. Figure 1 shows the
absorption coefficient of these ceilings measured in the
reverberation room. The hard mineral wool (black line) shows
higher absorption coefficient for the complete frequency
range of the measurement.



Table 1: Geometric and material parameters

Parameter Value
Air Speed of sound [m/s] 343
Density [kg/m?] 1.21
Perforated Hole diameter [mm] 8
gypsum Period [mm] 18
Board Thickness [mm] 12.5
Fleece Specific flow resistance 265
[Pa s/m]
Suspended Height [m] 0.200
Ceiling Length [m] 4
Width [m] 1
Soft /hard Thickness [mm] 40 40
mineral Density [kg/m?] 15 69.7
wool Porosity 0.986 0.99
Flow resistivity [Pa s/m?] | 5000 32500
Tortuosity 1.02 1.1
Visc. char. leng. [pm] 322 50
Therm. char. leng. [um] 644 100
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Figure 1: Absorption coefficient of the suspended ceiling
with the hard mineral wool (black), and with the perforated
gypsum board covered by an acoustic fleece with mineral
wool (blue), measured in the reverberation chamber.

The IL of the suspended ceiling is measured in the laboratory
test stand for ducted silencers (Fig. 2) according to ISO 7235
[4]. The duct has a rectangular section shape with the width
of 1 m, and the height of 0.5 m. The duct has the length of
12 m. One end is connected to the sending room equipped
with the loudspeakers, while the other end is connected to the
receiving room with a rotating microphone. The middle part
with 6 m length of the duct can be used to install the absorber
and/or silencers. In the first and the last segment, a leaned
ceiling is placed to gradually separate the upper and lower
cavities for the suspended ceiling. In the middle, a 4 m long
suspended ceiling is installed. The suspended ceiling is
supported by wooden boards, fixed on both sidewalls of the
duct. The homogeneous gypsum board of 12.5 mm thickness
is installed between upper and lower cavity to measure the
reference sound pressure L, s in Eq. (1). The cavity above
the reference board is filled by the absorber.
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Figure 2: Experimental setup of the suspended ceiling in the
rectangular duct.

The assumption of grazing incidence in the above mentioned
duct is valid below the first resonance of the cavity along the
depth direction. Considering the suspension height of 200 mm
in the duct with 500 mm total height, the depth of the cavity
of Ly = 300 mm remains. The resonant frequency of a rigid
wall cavity can be predicted by

c 2c
Jrog == =2 [Hz]  (2)
ﬂ“d Ld

where ¢y denotes the speed of sound in m/s, and A 4 is the
acoustic wavelength of the first acoustic mode in the depth
direction in m. The above formula gives the first resonant
frequency of 572 Hz. Therefore, the test facility can measure
the insertion loss under grazing incidence in one third octave
bands over a frequency range up to f=500 Hz center
frequency with the bandwidth 447 Hz < f'< 562 Hz. It must
be noted that the insertion loss can be measured above this
frequency limit up to 10 kHz.

FEM modelling with periodicity

In addition to the experiments, the IL is computed numerically
by using the Finite Element (FE) method with COMSOL.: the
total 12 m duct is truncated to 6 m length, where the test
specimen is installed. The anechoic termination “Perfectly
Matched Layer (PML)” is attached at both ends of the duct.
Along the width direction, the periodic boundary condition is
applied to the numerical model. COMSOL is able to handle
infinite geometries with a rectangular periodicity (rectangular
unit cell and no offset between neighbouring unit cells). The
acoustic pressures at parallel boundaries of the unit cell can
be related to each other. They differ only in their phases [6,
Chap. 7]: These boundary conditions are called “Floquet
Periodicity” in COMSOL. In this way, the computation time
for predicting the insertion loss of infinite periodic structures
can be significantly reduced as compared to a finite model.

As the sound source, a plane wave pi,. is modelled in the
background sound field,

Pue = Boxp{=i(kx+k,y+k.z)} Pa] (3

where Py is the sound pressure amplitude of the incident wave
in Pa and k., k,, and k. are the wavenumbers along the x, y,
and z-axes. In this paper, k. = ®/co, while k, = k. = 0. The
background sound field is directly connected to one end of the
duct.

In the numerical model, the gypsum plate is assumed as rigid
and impervious. As the fleece is glued to the perforated plate,
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the mass of the fleece is ignored, and the fleece is modelled
as an impedance layer with Z; = R,, where R, denotes the
specific flow resistance. The mineral wool is modelled by
using the equivalent fluid model with Johnson-Champoux-
Allard (JCA) parameters. The discretized model follows the
rule of six elements per minimum wavelength at the
maximum frequency of 5 kHz. The vicinity of the perforation
is segmented by finer elements because of near field effects.
As the perforation diameter is relatively large compared to the
viscous layer thickness, viscous boundary layer losses and
thermal losses are neglected. The geometry and the material
properties of the sample setup are summarized in Table 1.

As the numerical model is composed of ideally impervious
walls and lossless media, the insertion loss is obtained by
computing the difference of the averaged sound pressure at
the boundary between the background sound field and testing
duct, and at the boundary between the testing duct and PML.

Results

Figure 3 compares the measured (solid lines) and the
simulated IL (dotted lines) of both suspended ceilings
between 100 Hz and 6.3 kHz. The frequency range beyond
the limit of grazing incidence is shaded in grey. This plot
indicates that the numerical model in general agrees well with
the experimental results for the whole frequency range.

Influence of the reference plate

Towards low frequency between 100 Hz and 160 Hz (see the
magnified view in Fig. 3), the experimental IL is lower than
the simulated IL for both ceilings. This deviation is caused
from the dissipation by the reference plate, a homogeneous
gypsum board, in the testing facility. As shown in Eq. (1), the
IL is measured as the difference of the receiving sound
pressure between the reference setting and the sample. When
the homogeneous gypsum board acts as a plate resonator,
which absorbs sound power, the IL of the suspended ceiling
is underestimated.

Influence of the Finiteness

Between 160 Hz and 500 Hz, a constant shift of IL of
approximately 2 dB is observed between measurement and
simulation for both ceilings. Beyond 800 Hz, the difference
diminishes. As this shift is common for both ceilings, and
diminishes as frequency rises, this shift is probably related to
the boundary of the duct in width direction. In measurements,
the duct has 1 m width, while in the simulation the duct is
infinitely extended in width direction. The finiteness of the
duct brings (1) cavity resonance and (2) boundary dissipation
to the system. The influence of these is discussed in the
following paragraphs.

When the cavity has a finite width, the cavity resonates along
the width direction, which does not appear in the infinitely
extended model. However, a resonance brings only narrow
band effect, while Fig. 3 shows broadband difference between
measurement and simulation. Therefore, the cavity resonance
cannot be the cause this shift.

Figure 4 compares the insertion loss of the perforated gypsum
board covered by a fleece with (blue lines) and without
mineral wool (grey lines). In contrast to the blue lines, the
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grey solid and dotted lines agree very well beyond 160 Hz. It
indicates that the fleece is modelled properly, while the
absorption of the mineral wool is underestimated in the
numerical model below 800 Hz. The main difference between
these two absorbers is the fact that the fleece covers a hole on
the perforated plate, and is a locally reacting absorber, which
is not affected by the finiteness of the test specimen. On the
other hand, the mineral wool is a non-locally reacting
absorber, and its free boundary along the wall of the duct
contributes to additional absorption, which does not appear in
the numerical model. The boundary effect diminishes with
frequency. Therefore, it can be assumed that extra absorption
due to the free boundary of the thick absorber along the
sidewall is one cause of the shift between measurement and
simulation.
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Figure 3: Measured (solid line) and simulated (dotted line)
insertion loss of the suspended ceiling with the mineral
wool (black) and with the perforated gypsum board covered
by an acoustic fleece with mineral wool (blue).
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Figure 4: Measured (solid line) and simulated (dotted line)
insertion loss of the suspended ceiling with the perforated
gypsum board covered by an acoustic fleece with (blue) and
without mineral wool (grey).

Contribution of mineral wool

Figure 4 also indicates that the IL is only a bit improved by
adding mineral wool on the back of the perforated plate,
although the mineral wool is with 40 mm much thicker than



the fleece. The reason is the high flow resistance of the fleece.
The fleece has a specific flow resistance of
Zjeece = 265 [Pa s/m], and is glued directly on the back of the
perforated gypsum board. Therefore, the impedance of a hole
is given as [1, Eq. (9.56)]:

VA

fleece
¢

where ¢ denotes the open area ratio of the perforated plate.
Finally, the impedance of the hole with fleece calculates to
Z.= 1710 [Pa s/m]. On the other hand, the 40 mm mineral
wool shows a flow resistivity 0 =5000 [Pa s/m?], giving the
specific flow resistance of 200 [Pa s/m], which is far lower
than that of the perforated plate covered by the fleece.

7 =

e

[Pa s/m] 4)

Difference of the two ceilings

Figure 3 indicates that the perforated absorber shows slightly
higher insertion loss than the hard mineral wool by 1- 5 dB up
to 320 Hz, although the mineral wool shows better absorption
coefficients in a diffuse field (see Fig. 1). Although the
insertion loss of a suspended ceiling cannot be directly
converted to the absorption coefficient [7], this result
indicates that the suspended ceiling of a perforated absorber
shows better absorptive properties under grazing incidence at
low frequency then the considered suspended ceiling of hard
mineral wool.

Conclusions

This paper focused on the experimental and numerical
computation of the insertion loss (IL) of a perforated plate,
backed by an air cavity, which could represent a suspended
ceiling construction. The IL of a suspended ceiling with
200 mm suspension height was measured using the ducted
silencer test stand in the IBP from 100 Hz to 5 kHz. Below
500 Hz, the incidence sound field for the ceiling can be
assumed to be grazing.

The numerical and experimental models in general agree very
well for the whole frequency range. Minor differences
between the measurement and simulation arise from the
simplified numerical model. First, the duct in the numerical
model is composed of ideally impervious walls, and thus the
accuracy of the simulation is not deteriorated by the
dissipation of the reference plate between the sound
propagating area and the suspended celling. Secondly, the
duct is infinitely extended along the width direction in FEM,
while the real duct has 1 m width. The free boundary of the
thick absorber along the sidewall is assumed to bring extra
absorption in the measurement.

The IL of the suspended ceiling with a perforated plate is by
1 — 5 dB better than the suspended ceiling of mineral wool.
The next step is to investigate the influence of the insertion
loss on the absorption coefficient, and eventually on the
reverberation time.

Acknowledgement

We thank KNAUF for the support of this investigation and
the preparation of this DAGA-contribution.

757

DAGA 2022 Stuttgart

Literature

[1] Allard, J. F., and Atalla, N., Propagation of Sound in
Porous Media, 2nd ed., Wiley, 2009.

X. Zhou, M. Spih, K. Hengst, T. Zhang, Predicting the
reverberation time in rectangular rooms with non-
uniform absorption distribution, Applied Acoustics, 171,
2021.

(2]

M. Nolan, Estimation of angle-dependent absorption
coefficients from spatially distributed in situ
measurements, JASA, 147, 2020.

ISO 7235, Acoustics Laboratory measurement
procedures for ducted silencers and air-terminal units -
Insertion loss, flow noise and total pressure loss, 2003.

ISO 11654, Acoustics - Sound absorbers for use in
buildings - Rating of sound absorption, 1997.

C. Kittel, Introduction to Solid State Physics. 8th ed.,
Wiley, 2012.

P. Brandstitt, H.V. Fuchs, Die Piening-Formel fiir
Schallddmpfer wurde erweitert, IBP-Mitteilung 24,
1997.



