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The increasing demand for acoustic comfort in vehicles has popularized the vibroacoustic analysis using computer-
aided engineering (CAE) tools and boosted the development of various noise control measures. Concerning the
often-unknown reliability of a CAE tool and the high cost of testing control strategies in a real vehicle, this pa-
per proposes a test bench called Noise-Box, for benchmarking the CAE tools and testing new control measures.
The test bench is designed towards a simple plate-cavity system that is easy to model and analyze, so that any
vibroacoustic test performed on it can be accurately reproduced by numerical models. Specifically, it is a concrete
box with six rigid walls and an opening that can be covered by flexible or soundproofing panels. The complete
design is elaborated, including the cavity’s shape and dimensions, the panel’s installation and the device’s overall
configuration. Moreover, the acoustic field provided by the test bench is characterized for the typical features that
will guide the device’s future applications, covering modal property, reverberation time (or sound absorption) and
field diffuseness. This work could be informative and instructive not only for the presentation of the novel test

bench but also for the utilized methodologies in its design and characterization.

1. INTRODUCTION

Recently, people are paying more and more attention to the
acoustic comfort of their vehicles, as well as the health issues
caused by noise. For various types of vehicles (e.g., automo-
biles, trains, aircrafts, etc.) requests are being made for a better
acoustic design. Many efforts have helped with the reduction
of interior noise,'~ but it is still a challenging task, especially
when the vehicles are now under the trend towards lightweight
design and toward new energy replacement.®?

In developing the techniques to mitigate/control noise, it is
important for the manufacturers that the techniques themselves
as well as the developing processes are cost effective.!” For-
tunately, the recently rapidly-developing computer-aided en-
gineering (CAE) tools significantly save costs in the design
stage. The CAE tools are able to simulate the dynamic and
acoustic behaviors of a product with virtual prototypes, where
modifications are easy to apply and the added costs are con-
siderably lower than the traditional physical prototypes. How-
ever, this advantage relies on the availability and reliability of
CAE tools for studying the problem. In terms of availability,
the vehicle interior noise is a typical vibroacoustic problem, so
CAE tools for the vibroacoustic analysis can be used. Though
CAE tools are now widely used in vehicle industries, their ca-
pability with respect to the vibroacoustic simulations is lim-
ited. One of the limitations is the so-called ‘mid-frequency
gap’.!! This issue has been pointed out since the 1990s but
still puzzles engineers and researchers. With respect to reli-
ability, it is an important issue whenever we are developing
or using a predictive tool. In this regard, the significance of
benchmarks for the vibroacoustic software has been noticed in

many studies.'””'* As more and more in-house or commercial

tools are developed, common benchmark cases for validation
or assessment are scarce. The lack of benchmarks does hamper
the development of new predicting techniques, hinder the im-
provement of existing numerical methods and waste the time
and effort of researchers and engineers. However, in the devel-
opment of new methods and new codes for vibroacoustic anal-
ysis for over 30 years, a well-known and authorized benchmark
database has not yet been established, though the outcomes of
some attempts are trackable online.'>"'7 For example, NASA
had 4 workshops which studied benchmark problems of aeroa-
coustics in 1995-2003. The numerical solutions worked out by
researchers were finally presented as proceedings.'> A bench-
mark platform was last updated in 2015, and was established
by researchers from Japan, Korea and Malaysia. This bench-
mark platform focused on the computational methods for ar-
chitectural or environmental acoustic.'® Around 2015, a more
recent platform was built by the European Acoustics Asso-
ciation (EAA) for benchmark cases in computational acous-
tics.'*!7 These attempts provide some benchmark cases, but
few of them are associated with vehicle interior noise issues
or possess experimental results as a reference. In fact, as a
benchmark, the experimental results should come from a well-
characterized test bench. Hence, this work proposes such a test
bench called, Noise-Box, that can be easily reproduced by the
numerical models and can provide benchmarks with reference
measurements to facilitate the CAE analysis of interior vibroa-
coustic problems.

Meanwhile, the test bench should be available for the typical
vibroacoustic problems involved in vehicle compartments, like
the investigation of structure-borne and airborne noises and the
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examination of different noise control techniques. Thus, it can
be used to validate or debug a new noise control measure in
the lab before the implementation of a more complex system.
There are interior acoustic/vibroacoustic test benches in litera-
ture, but most of them are designed for a single type of tests.
Particularly, Del Rey et al.'® designed and constructed a small-
sized reverberation chamber for the measurement of sound ab-
sorption; Vivolo!'® proposed a small cabin for the vibroacoustic
characterization of lightweight panels; and Cheer? created a
car cabin mock-up to examine the active noise control strate-
gies. By comparison, the Noise-Box is intended to be multi-
functional, serving as the benchmark of numerical models, the
characterization of sound absorbing or proofing materials, and
the development of noise control measures.

The Noise-Box has been built and used in the PoliMi Sound
and Vibration Laboratory (PSVL) of Politecnico di Milano.?!
This work presents the Noise-Box regarding the design of its
complete test system and the characterization of its inner sound
field. The design originates from the simplification of a vehicle
compartment, and the characterization considers some typical
features that will guide its future applications. In addition to
the promotion of the novel test bench, it is expected that the
presented work will be informative and instructive for the de-
velopment and identification of similar devices.

Owing to the complexity of vehicle interior noise, simplified
systems are always used for a knowledge-oriented investiga-
tion. The simplification of a vehicle compartment can be clas-
sified into three levels. The first level considers only the sim-
plification of geometry, so the compartment is scaled smaller
or reduced to a regular shape, but is still surrounded by flexi-
ble thin walls.??>"2 In this case, the vibration not only interacts
with the acoustic field but also transmits among panels. Since
the connection between components is always hard to charac-
terize, such a system is too complicated to be a benchmark
tool. The second level falls into a plate-cavity system.?6-3
The system consists of a rigid box and a flexible panel. Thus,
without the influence from other panels, it is easier to deter-
mine how the panel structure affects the acoustic field inside
the box and reversely, how the cavity influences the panel vi-
bration. The plate-cavity system has been widely used for vi-
broacoustic analysis. For the plate, its structure and boundary
conditions are not limited. It can be as simple as an isotropic
thin plate subjected to the clamped or simply-supported bound-
ary conditions,”? or as complex as a laminated plate with
elastically restrained or non-uniform boundary conditions.*:3!
For the cavity, it can be regularly or irregularly (e.g., car-like)
shaped®>3? with different wall impedance.>*3> The third level
of simplification considers no flexible structure but only the
acoustic cavity inside.**>® Such a model isolates the cavity
from the structure vibration and helps to determine its acoustic
properties affected by geometry and wall impedance. This is
preferred when the coupling effect between walls and cavity
is negligible, and acceptable when the coupling effect is weak
or not of interest. However, since the required simplified sys-
tem is for vibroacoustic analysis where the structure cannot be
absent, this simplification is not adopted. Finally, the second
level of simplification, i.e., a plate-cavity system is selected for
designing the Noise-Box. In addition, when the flexible panel
of the plate-cavity system is replaced by a thick rigid wall, the

system reaches the third level of simplification and can be used
for acoustic field investigation. This arrangement is adopted in
this work for the characterization of the Noise-Box’s cavity.
Regarding the characterization of the sound field inside an
enclosure, some features are generally important for the appli-
cations of the room, such as the acoustic modes, the reverber-
ation time or sound absorption and the sound field diffuseness.
A good understanding of the modal properties of the enclosed
sound field can help to reveal the coupling effects between the
panel and the cavity in a plate-cavity system.> The reverber-
ation time or sound absorption is crucial for any room with
a specific purpose (e.g., concert, conference, acoustic experi-
ment, etc.).***? The sound field diffuseness is also of interest,
either for using it as a reverberation room®*!:#* or for selecting
a deterministic or statistic method to model the cavity.*>4®
Thus, in the following sections, this article first elaborates
on the design of the test bench, Noise-Box, and then demon-
strates the characterization. In the design section, the set-up
principle is introduced at the beginning, pointing out the main
considerations. Then, the design methodology and the final
design are illustrated, where the cavity shape and dimensions
are determined with the intention to maximize the diffuseness
within a limited overall size. In the characterization section,
the acoustic characteristics of the Noise-Box cavity are iden-
tified through experiments and simulations. The experimen-
tal set-up and numerical models are first introduced. Then,
the cavity modes are obtained, triply validated by the two-
dimensional (2D) and three-dimensional (3D) finite element
(FE) models and the experimental set-up. The sound absorp-
tion is assigned based on the measured reverberation time for
1/3 octave bands. The sound field diffuseness is evaluated us-
ing different quantifiers. Among them, the methods and re-
sults are illustrated respectively for each characteristic. Finally,
conclusions are drawn stressing the methods for designing and
characterizing the Noise-Box and the main outcomes.

2. DESIGN OF THE TEST BENCH
2.1. Set-up Principle

The objectives of the test bench are to benchmark the CAE
tools for interior vibroacoustic analysis and to test the materi-
als, structures or control strategies for noise mitigation. Hence,
the Noise-Box is designed as a plate-cavity system combined
with the following considerations:

1. The system should be representative, with access to panel,
cavity, structure-borne noise, airborne noise and noise
control measures;

2. The system should be easy to model and analyze, with
simple geometry and identifiable boundary conditions;
and,

3. All geometric, material and physical parameters should
be specified.

Due to the numerous possibilities for the shape of the cav-
ity, a passenger car is used as reference here for illustrating
the correlation between the plate-cavity system and a vehicle
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Figure 1. Vehicle interior noise principle and the simplified plate-cavity
system
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Sound —
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Figure 2. Schematic diagram of the test bench for noise mitigation measures.

compartment, and later for the geometric design of the Noise-
Box. The vehicle interior noise considers all noises transmit-
ted into the cabin through the structure-borne or airborne path,
as shown in Fig. 1 The plate-cavity system simplifies the car
body and the acoustic filed inside. The cavity represents the
vehicle compartment, and the panel represents the vibrating
car body. When the panel is excited by a mechanical force, the
noise inside the cavity is structure-borne and the panel is the
only transfer path. When there is a sound excitation outside,
the interior noise is airborne and transmitted through the panel.
The coupling between structure and enclosed acoustic field is
revealed by the coupling between the panel and the cavity.
The plate-cavity simplification makes the test bench more
adaptable and multi-functional. On one hand, the system con-
sists of only two components, which is the simplest case for
a vibroacoustic system and the best option for benchmarks.
It can reveal the structural-acoustic coupling mechanism and
validate the numerical methods for interior noise prediction.
On the other hand, various noise mitigation measures can be
tested in such a test bench. For example, as shown in Fig. 2,
optimized panels can be mounted for vibroacoustic tests to val-
idate their performance; soundproofing structures can cover
the opening of the cavity to check their sound transmission
loss; the wall impedance is changeable with different acoustic
treatments; and by placing secondary sound sources inside, the
Noise-Box can help to develop active noise control strategies.

2.2. Cavity Design and Optimization

For the determination of cavity shape and dimensions, two
criteria are examined:

1. The cavity should be easy to build, model and analyze;
and,

2. The acoustic field inside the cavity should be able to rep-
resent the acoustic field inside the vehicle compartment.

For the first criterion, simple geometry and physics are pre-
ferred, so the walls are shaped flat and built of thick rein-
forced concrete to approximate the acoustically and mechan-
ically rigid boundary conditions. For the second criterion, it
should be noted that the Noise-Box cavity is different from a
real compartment of any vehicle. Firstly, the volume is smaller,
since the Noise-Box, as a test rig in the lab, should limit its size
and weight. Secondly, in accordance with the first criterion,
the cavity is geometrically simpler and with fewer diffusers.
Hence, the Noise-Box cavity will have a higher first natural
frequency, and its sound field diffuseness will not be as good
as a real compartment. The design should be optimized for
the diffuseness under the constraint of size. The methods used
to design small reverberation cabins'®*74® are employed for
the optimization. In fact, such methods are trying to make the
cavity less dominated by a single acoustic mode via the adjust-
ment of mode shapes and natural frequency spacing. Besides,
increasing the sound field diffuseness helps the Noise-Box to
function as a small reverberation room.

The preliminary shape was originated from the compartment
of a passenger car, as shown in Fig. 1. It was simplified into
a pentagonal prism, with two side walls parallel to each other
and perpendicular to the bottom panel. The bottom flexible
panel is rectangularly shaped and larger than other rectangular
walls. As the boundary conditions of the flexible panel may
be one source of uncertainty to the system, the larger size can
make them less significant. The simplification of the two side
walls is also reasonable, since many vehicles have symmet-
ric side walls that are close to vertical and the simplification
enables the usage of 2D model for the cavity.! In numerical
simulations, the 2D models are much more efficient than the
3D ones.

With the shape determined, the next step is to settle the ra-
tios of lateral dimensions. In the low frequency region, the
modal density is small. One method to improve the diffuse-
ness is to optimize the geometry to achieve a homogeneous
distribution of the natural frequencies.*’ For rectangular re-
verberation rooms, the ratio 1:1.26:1.59 is recommended,*"-4°
since it avoids modal degeneracy in a wide frequency range.
Although the cavity is not rectangular, the ratio was used as a
start point for searching the optimal geometry. In other words,
the cuboid that encloses the cavity (shown in Fig. 3) initially
satisfies L, : L, : L, = 1.59 : 1.26 : 1. Then, the di-
mensions and shape were adjusted as indicated by the arrows
shown in Fig. 3, which indicates modifying the lengths L, L.,
L., and the coordinates of corners A, B, C, D, E. No advanced
optimization approach was applied outside of using a simple
parametric study with different lengths and coordinates. For
each case, the eigenfrequencies and mode shapes of the acous-
tic field in the low frequency range were computed via finite
element method (FEM) and then analyzed in order to seek the
best option.

On quantifying the uniformity of the eigenfrequency distri-
bution, the frequency spacing index (1) proposed by Bolt>
was used. This index evaluates the mean square of the devi-
ations of the distances between subsequent modes, which is
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Figure 3. Schematic diagram for optimizing the cavity geometry.
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where n is the total number of modes, §; denotes the distance
between (i + 1)** natural frequency f;;; and i*" natural fre-
quency f; 1, ¢ is the mean value of the distances d;, and ¢; is
the deviation of §; from the mean value 6.

In Eq. (1), the number n, which determines the upper
bound frequency, is also important. One choice of the upper
bound frequency is the low-frequency limit of the diffuse field.
Blaszak*’ proposed to use the Schroeder frequency:>!

o = 2000/ 22, @)

where Tgq is the reverberation time and V' is the volume of the
room. However, since T is unknown in the design stage and
the Schroeder frequency f; is too restrictive from the applica-
tion point of view (maybe much higher than the upper bound
of modal region), another commonly-used cut-off frequency
was adopted. This cut-off frequency corresponds to the modal
density of 20 modes per third-octave band and is given by:**

fe= ) &)

where ¢ denotes the sound speed.

Since a smaller value of ¢ means a better uniformity of the
eigenfrequency distribution, the optimization is to minimize
this value. However, as the index v doesn’t bring complete
information on the non-uniformity,*’ the designer still needs
to check the exact eigenfrequency distribution in the process.

2.3. Assembly and Installation

Concerning the assembly and disassembly of the flexible
panel to the test bench, a steel frame is mounted to the concrete
walls around the opening of the cavity, as shown in Fig. 4(a).
The steel mounting frame can mount the panel in two ways:
rigidly supported and elastically supported. The two mount-
ing types correspond to two different detail views of the circle
area at the point B of Fig. 4(a). Fig. 4(b) shows the detail
view for the rigid mounting. A steel clamping frame is placed
on the flexible panel and fixed with two circumferential rows
of screws to approximate the clamped boundary conditions.

(a) Noise-Bos section (b) Rigid mounting () Elastic mounting

Concrete _ .
wall Flexible FLZXn'iie N
anel 1 N}
i g rucver N
frame ’ Steel mount ////%///\%/
° W R
lamping —\
frame Sealant §>>\\\\\ ¢
5=' Steel ¢ Steel 4
mounting Y“Goncrete Mounting 84~ b ot
frame wall frame wall
Figure 4. Design for the mounting of flexible panel.
Eyebolts for
lifting

Reverberation
chamber

S
[ §)

T
H
XX

Screws for
fastening

Figure 5. Schematic diagram for exterior diffuse sound field excitation.

Fig. 4(c) is the detail view of the elastic mounting. Different
rubber mounts result in different restraint stiffness and damp-
ing. Soft material is needed for approximating the free bound-
ary conditions.

In the investigation of airborne noise, exterior diffuse sound
field excitation was also considered in the design. The dif-
fuse sound field is an ideal sound field that never exists, but it
is commonly used in research. In the experiment, the diffuse
sound field can be approximated by the reverberation chamber,
so the test bench was designed for mounting on the window of
a standard reverberation chamber. As shown by Fig. 5, with
the help of a concrete frame, the flexible panel is excited by
the diffuse sound field while the test bench is outside the rever-
beration chamber. Therefore, there are thread holes around the
front edges for fastening the test bench to the concrete frame
and on the top for lifting the test bench to a certain height.

2.4. Final Design Overview

In consideration of size, weight and construction, the final
design was determined, as shown in Fig. 6. The equipment
occupies around 2 m® and weighs about 2.5 tons. The rigid
walls are no less than 200 mm in thickness. The cavity inside
is 0.596 m3, shaped like a pentagonal prism. It is similar to the
one shown in Fig. 3, but has a small step of 40 mm around the
opening of the cavity, which was modified for the construction.
All dimensions of the cavity are annotated in Fig. 6.
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Figure 6. Final design of Noise-Box with cavity dimensions.
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Figure 7. Distribution of natural frequencies up to 650 Hz.

The shape was optimized according to the frequency spac-
ing index v (defined by Eq. (1)) using the optimization strategy
introduced in Section 2.2. In the optimization, the air den-
sity and the sound speed were assumed to be p = 1.2 kg/m3
and ¢ = 343 m/s, and the cut-off frequency f. = 647 Hz
(based on Eq. (5)) was used. The natural frequencies were ob-
tained from the modal analysis by the FEM via COMSOL. Af-
ter the optimization, the final frequency spacing index is given
by ¥ = 1.57, smaller than the value (¢ = 1.71) of a rectan-
gular room that has the same volume (V' = 0.596 m®) and the
recommended dimensional ratios (1:1.26:1.59). The compar-
ison of their eigenfrequency distributions is shown in Fig. 7,
which also illustrates that the first eigenfrequency of the final
design is around 160 Hz.

3. CHARACTERIZATION OF THE TEST
BENCH

This section characterizes the modal property, sound absorp-
tion and spatial variation/diffuseness of the interior cavity. The
characterization is conducted in two parts. One part is the mea-
surement over the physical test bench, and the other is the pre-
diction by numerical models. Indeed, both solutions have cer-
tain assumptions and simplifications. In order to have a better
knowledge of the test bench, the two sets of results were ob-
tained and compared.

3.1. Experimental Set-up

The same experimental set-up was used for the following
three tests to characterize the cavity inside the Noise-Box:

Noise-Box —1—
6 microphones

Plexiglass ——+

Loudspeker

Thermo-hygrometer

Conditioner I_PCJ
(PCB 483C) A
A
Microphones
(Bruel & Kjeer Acquisition
Type 4188) (NI cDAQ)
Noise-Box [«
Loudspeaker T
(FaitalPRO 3FE22)
— Waveform
Amplifier | generator
(BrUel & Kjeer [ (KEYSIGHT
Type 271 GC) 335005)

Figure 8. Photograph and schematic of the experimental set-up
1. experimental modal analysis;
2. reverberation time measurement; and,
3. inner pressure field spatial variation measurement.

Fig. 8 shows the photograph and schematic of the set-up.
The opening of the Noise-Box is closed by a transparent plex-
iglass plate of 25 mm in thickness. A loudspeaker (Faital-
PRO 3FE22) is at the right corner of the cavity, exciting the
acoustic field. Six microphones (Briiel & Kjar Type 4188)
are placed inside at six different positions that are neither too
close to each other nor too close to the walls. A thermo-
hygrometer (INKBIRO IBS-TH1 Mini) is on the floor, mon-
itoring the temperature and humidity inside the cavity. As
shown in the schematic, the signal generated by the waveform
generator (KEYSIGHT 33500B) is output to two instruments.
One is to the power amplifier (Briiel & Kjar Type 2716C),
where the signal is amplified before input to the loudspeaker.
The other is to the acquisition system (NI cDAQ), so that the
input signal is recorded. Additionally, the signals from micro-
phones are acquired with the aid of the sensor signal condi-
tioner (PCB 483C).

3.2. Numerical Models

The experiments can be simulated using numerical models.
Numerical simulation is an important part in the development
of the Noise-Box. The simulation can be conducted in the de-
sign stage for the design optimization, before the experiment
for a better experimental design or after the experiment for the
model updating and further predictions. In this paper, FEM is
used for the numerical investigations, via the commercial soft-
ware COMSOL.

The FE models of the Noise-Box cavity are shown in Fig. 9.
They were modelled using quadratic Lagrange elements, and
the element sizes were determined by guaranteeing a good
convergence of the results in the frequency range of interest.
Fig. 9(a) shows the 3D FE model with the element size no
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(a) 3D FE model (¢) Source S and microphones M1 to M6

Unit: m
r,(1.150,0.065,0.595)
0.424,0.151,0.321)
0.721,0.242,0.238)
0.737,0.430,0.224)
)
)
)

T (
7
(b) 2D FE model 7

7,(0.900,0.528,0.373

7,(0.741,0.699,0.352
r,(0.384,0.631,0.321

6

Figure 9. Models for numerical simulations.

larger than 0.056 m (more than 6 elements per wavelength up
to 1000 Hz). Fig. 9(b) shows the corresponding 2D model with
the element size no larger than 0.034 m (more than 10 elements
per wavelength up to 1000 Hz). Because of the two parallel
walls, the 2D model is available and can be used to represent
the 3D cavity. For example, in the modal analysis, if the cavity
is considered as a rigid-walled cavity, its modes satisfy:!

p(x,y, z) = p(z, z) cos (nzﬂy) ; (6)
Y

and its natural frequencies are given by:

2
fap = f22D+<SZZ) sy =0,1,...; @)
where n,, is the order of the standing wave in y direction, f3p
denotes the natural frequency of the 3D cavity, fop is the nat-
ural frequency of the 2D model, p(x, y, z) is the pressure dis-
tribution. Though it is optional to directly use the 3D model,
the proof of the 2D model is meaningful, since using the 2D
model significantly saves the computational time and memory,
especially for higher frequencies.

Corresponding to the positions of microphones and a loud-
speaker in the experiment (see Fig. 8), the measurement and
source points are specified in the 3D model, as shown in
Fig. 9(c). Given a unit input to the source S, the frequency re-
sponses at the measurement points M1 to M6 can be predicted
using the model. Then, the simulation results are comparable
with the experimental ones.

3.3. Modal Characteristics

Experimental and numerical approaches are combined to-
gether to identify the modal characteristics of the interior
acoustic field. The experimental modal analysis was per-
formed using the experimental set-up shown in Fig. 8, where
the loudspeaker was driven by a white noise signal up to
3,000 Hz. A sampling frequency of 12800 Hz was used, and
the signals were recorded for 1050 sec. In the signal process-
ing, a Hanning window of 15 sec was applied. As a result,
the average was done over 70 samples and the frequency reso-
lution is 0.0667 Hz. Then, according to the transfer functions
between sound pressures measured by the microphones and the
input signal, the first 31 natural frequencies were identified by
the peak-picking method, and they are listed as fc,), in Table 1.

During the test, the temperature and humidity inside the cav-
ity were recorded as (24.16+0.01)°C and (75.5+0.13%) RH,
respectively.

Correspondingly, numerical modal analyses were conducted
based on the COMSOL 3D and the COMSOL 2D FE mod-
els, respectively, as shown in Fig. 9(a) and Fig. 9(b). Accord-
ing to the experimental temperature 24.16°C, the air density
and acoustic speed were given by: p = 1.1875 kg/m® and
¢ = 345.63 m/s. For the results from the COMSOL 2D model,
Eq. (7) was used to calculate the eigenfrequencies from fop
to f3p. In order to distinguish the two sets of natural frequen-
cies, the set of COMSOL 3D is denoted as féaD) and the other

is denoted as félg. The two sets of numerical results are listed
in Table 1. A good agreement can be observed between them,
verifying the equivalence in accuracy for the two numerical
models in modal analysis. Meanwhile, this process also proves
that the 2D model is more efficient. In this case, using the 3D
and 2D FE models with the element sizes the same as they are
shown in Fig. 9(a) and Fig. 9(b), respectively, the 3D model
has 10288 degrees of freedom (DOF) and requires 260 sec for
the eigenfrequency analysis, while the 2D one has only 862
DOF and computes for only 6 sec on the same computer (Win-
dows system with 4 cores of Intel(R) Core(TM) i7-6700 CPU
@ 3.40GHz).

When the numerical results are compared with the experi-
mental ones, Table 1 shows that the relative prediction error in
natural frequency is less than 0.6%. The good agreement in-
dicates that the results from both the experiment and the sim-
ulation can be used to represent the modal characteristics of
the Noise-Box cavity. However, it should be noticed that the
current numerical models have neglected the inevitable param-
eter uncertainty in the geometric and material properties of the
Noise-Box cavity. For a more representative FE model, the
model robustness can be further studied.’>=>*

3.4. Reverberation Time and Sound

Absorption

Regarding the sound absorption of a room, two parameters
are commonly used: the reverberation time 7gy and the aver-
age absorption coefficient &. The two parameters are closely
related to each other, and the Sabine formula is provided that:0

Too = — ; ®)
a

where V' is volume of the room, S is the total surface area.
With respect to the Noise-Box, the reverberation time Ty was
obtained from measurement, and the absorption coefficient &
was derived according to Eq. (8), with the volume of the cavity
V = 0.596 m® and surface area of the cavity S = 4.26 m?.
The considered frequencies are all the 1/3 octave bands within
141 Hz to 7080 Hz.

Interrupted noise method was used to measure the reverber-
ation time, following the instructions of ISO 3382-2.% For
each measurement, white noise covering the bands of interest
was generated as input to build a steady-state acoustic field
inside the cavity. The excitation had lasted for 10 sec be-
fore it was stopped. Then, after the signal switched off, the
responses were continuously recorded for 20 sec, so that the
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Table 1. Numerical and experimental natural frequencies of the Noise-Box cavity.

COMSOL 2D
Mode order | Experiment fexp (Hz) | COMSOL 3D f{%) (Hz) 2D modes ny | 15 (Hz) ﬂgD}’% x 100%
Order | fop (Hz)

1 0 0 1 0 0 0 -

2 162.87 163.05 2 163.05 0 163.05 0.11%

3 208.93 209.47 1 0 1 209.47 0.26%

4 259.47 259.65 3 259.65 0 259.65 0.07%

5 265.53 265.45 2 163.05 1 265.45 -0.03%

6 300.03 299.19 4 299.19 0 299.19 -0.28%

7 333.67 333.61 3 259.65 1 333.61 -0.02%

8 342.60 341.86 5 341.86 0 341.86 -0.22%

9 366.07 365.23 4 299.19 1 365.23 -0.23%

10 401.40 400.94 5 341.86 1 400.93 -0.11%

11 418.93 418.95 1 0 2 418.95 0.00%

12 423.17 422.47 6 422.46 0 422.46 -0.16%

13 450.27 449.56 2 163.05 2 449.56 -0.16%

14 459.60 457.29 7 457.29 0 457.29 -0.50%

15 471.93 471.55 6 422.46 1 471.54 -0.08%

16 494.50 492.89 3 259.65 2 492.88 -0.33%

17 505.07 502.99 7 457.29 1 502.98 -0.41%

18 512.13 512.24 8 512.24 0 512.24 0.02%

19 516.40 514.82 4 299.19 2 514.81 -0.31%

20 542.70 540.74 5 341.86 2 540.73 -0.36%

21 549.40 546.57 9 546.56 0 546.56 -0.52%

22 551.87 553.42 8 512.24 1 553.42 0.28%

23 570.07 570.32 10 570.31 0 570.31 0.04%

24 586.90 585.34 9 546.56 1 585.33 -0.27%

25 594.73 594.99 6 422.46 2 594.97 0.04%

26 604.93 601.64 11 601.63 0 601.63 -0.54%

27 606.33 607.58 10 570.31 1 607.56 0.21%

28 623.00 620.20 7 457.29 2 620.19 -0.45%

29 630.93 628.44 1 0 3 628.42 -0.40%

30 638.83 637.07 11 601.63 1 637.05 -0.28%

31 651.63 649.25 2 163.05 3 649.23 -0.37%
cavity reached the background noise level. A total of 20 mea-
surements was performed, and they were averaged with the 100 . —— :
preferred way,** where the ensemble average of th; squared \\ Steady-state level
sound pressure decays was used. Due to the relatively low e anaed e R R
sound pressure level (SPL) in the low frequency range, the T20 80 5dB
measurement method was used. In this case, the decay curves Evaluated range
started at least 35 dB above the background noise for all the e R T W S
1/3 octave bands of interest. The reverberation time is given c) 60 25 4B ]
by: g Decay curve

Tso = 60/d; ) 400 — — — -Fitline |

where d is the decay rate in decibels per second. It is deter- | [T [

. . | Background level
mined from the slope of the least-squares fit line of the decay 20 : ; : s : .
curve from 5 dB to 25 dB below the steady-state level. Fig. 10 0 2 4 6 8 10 12 14
shows an example (measured by microphone M1 for 1000 Hz Time (s)

1/3 octave band) in the data processing that applies the T20

measurement method. Figure 10. SPL at M1 for 1000 Hz 1/3 octave band in the T20.
For every 1/3 octave band whose central frequency is be-

tween 160 Hz to 6300 Hz, the reverberation time correspond-  the equations:

ing to each of the six microphones (from M1 to M6 as shown

in Fig. 8 and Fig. 9) was obtained following the same proce- 1 M

dures. The results are listed in Table 2. f,, denotes the 1/3 Tso :@ Z To0,mi and
octave mid-band frequency, and T 57, denotes the reverber- =1
ation time measured at microphone position Mi. The aver- 1 M
.. . . _ T T)2: 10
age and standard deviation of the reverberation time are cal- or = g — 1 Z (Too,01i — To0)"; (10)

culated over the six microphone positions for each band using i=1
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Figure 12. Average absorption coefficient & of the Noise-Box.

with the number of microphones n; = 6.

Fig 11 shows the change of the reverberation time 7y with
the increase of band frequency, where the standard deviation
or is plotted using an error bar. As the figure shows, except
the first two bands, the reverberation time tends to decrease
when the frequency increases, which indicates a higher energy
dissipation.

In addition, the sound absorption coefficient & has been cal-
culated according to Eq. (8) and listed in Table 2. Fig. 12
shows the comparison between the absorption coefficient & of
the Noise-Box and the corresponding upper limit of reverber-
ation test room in ISO 34714 and ASTM C423-17.% It can be
observed that the sound absorption of the Noise-Box cavity is
much smaller than the upper limit of the standard reverberation
room. On the other hand, the absorption coefficient & can be
used to update the wall impedance of the numerical models.
Assumed that the sound absorption is uniform over all walls
and that the sound transmission through walls is negligible,
the wall impedance of all the cavity boundaries can be updated
with:°

Cl ++v1-a
1-vVi—a
Then, the updated numerical model can be used to analyze the

frequency response of the cavity with the damping effect con-
sidered.

Z=p (1)
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Figure 13. Experimental transfer function for M1.

3.5. Sound Field Diffuseness

Fig. 13 shows the experimental transfer function between
the sound pressure measured by one of the microphones (M1
in Fig. 9) and the input signal generated by the waveform gen-
erator (see Fig. 8). It should be noted that the adjacent natural
frequencies become very close when they are above the defined
cut-off frequency f. ~ 650 Hz. As the frequency increases,
the modal density and the modal overlap increase. Mean-
while, the sound field becomes more diffuse or spatially uni-
form. Therefore, the diffuseness characteristic becomes more
important at higher frequencies. It determines whether we can
consider the sound field to be uniform or use the Noise-Box as
a reverberation room. It also relates to the division of solution
frequency ranges for acoustic/vibroacoustic problems.!!

There are several quantifiers for the field diffuseness.>’ Two
quantifiers are used here to characterize the inner sound field
of the Noise-Box. One of the quantifiers is the mode count
or the modal overlap in 1/3 octave band. When the modal
overlap goes too high as the frequency increases, counting the
modes with the experimental transfer function becomes im-
practical. Accordingly, the validated numerical models were
used to identify the modes. Since the increase of frequency re-
quires a much larger model size (to keep at least 6 elements per
wavelength) and much more extracting modes (up to 7080 Hz),
the 2D FE model was used instead of the 3D one, which has
saved a lot of computational memory and time. Table 3 lists
the mode count IV, the modal density n and the modal overlap
M in each 1/3 octave band centered from 160 Hz to 6300 Hz.
The modal density 7 is defined as the number of modes per Hz
and calculated by dividing the mode count N with the corre-
sponding bandwidth. The modal overlap M is evaluated by
M = 2.2n/Tgo, using reverberation time Ty from experi-
ment (as listed in Table 2). Then, the criteria are considered.
The less rigorous one defines the limit to diffuse sound field as
more than 20 modes per third octave band. It can be observed
from Table 3 that the cut-off frequency is between 630 Hz to
800 Hz. Thus, it is valid to use Eq. (5) to evaluate the cut-off
frequency with f. =~ 650 Hz. The restrictive one known as
the Schroeder frequency corresponds to the modal overlap of
no less than 3. Table 3 indicates that this frequency is between
2500 Hz to 3150 Hz, which conforms to the calculation based
on Eq. (4), having f, = 2669 Hz. There is a wide frequency
range between f,. and f,. It can be reasonable to consider this
range as a transition between the modal region f < f. and the
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Table 2. Reverberation time Tgo and average absorption coefficient & of the Noise-Box.

fm (Hz) Reverberation time (sec) a
Ts0, m1 | Teo, m2 | Teo, M3 | Teo, ma | Teo, M5 | Te0, m6 | Teo | orT
160 2.02 2.02 2.02 2.02 2.02 2.02 2.02 | 0.00 | 0.011
200 2.05 2.05 2.03 2.04 2.05 2.05 2.04 | 0.01 | 0.011
250 3.30 4.10 5.13 3.14 3.47 3.11 3.71 | 0.71 | 0.006
315 2.69 2.65 3.33 3.01 2.73 3.03 290 | 0.24 | 0.008
400 2.57 3.02 3.09 3.00 3.03 2.61 2.89 | 0.21 | 0.008
500 2.37 2.79 2.52 2.59 2.69 2.49 2.58 | 0.13 | 0.009
630 1.98 1.99 1.89 2.11 2.06 1.93 1.99 | 0.07 | 0.011
800 1.47 1.50 1.43 1.72 1.42 1.44 1.50 | 0.10 | 0.015
1000 1.17 1.23 1.15 1.28 1.21 1.19 1.20 | 0.04 | 0.019
1250 1.14 1.15 1.07 1.04 1.03 1.03 1.08 | 0.05 | 0.021
1600 1.10 1.12 1.12 1.15 1.09 1.07 1.11 | 0.03 | 0.020
2000 1.12 1.12 1.10 1.19 1.15 1.15 1.14 | 0.03 | 0.020
2500 1.07 1.06 1.03 1.08 1.12 1.02 1.06 | 0.03 | 0.021
3150 1.02 1.05 0.96 1.00 1.03 1.03 1.02 | 0.03 | 0.022
4000 0.86 0.92 0.90 0.92 0.84 0.92 0.89 | 0.03 | 0.025
5000 0.82 0.82 0.83 0.86 0.77 0.82 0.82 | 0.03 | 0.028
6300 0.69 0.72 0.71 0.71 0.67 0.70 0.70 | 0.02 | 0.032
Table 3. Mode count, modal density and modal overlap of the Noise-Box
cavity. 100

fm Mode Modal density Modal

(Hz) | count N n(Hz~1) overlap M

160 1 0.027 0.03

200 1 0.022 0.02

250 2 0.034 0.02

315 3 0.041 0.03 o

400 4 0.043 0.03 °

500 10 0.087 0.07 T

630 17 0.116 0.13 =

800 31 0.169 0.25

1000 55 0.240 0.44

1250 106 0.366 0.75

1600 204 0.551 1.09 30 L. I |

2000 392 0.852 1.65 160 1000 6300

2500 761 1312 2.72 Frequency (Hz)

3150 1476 2.022 4.38

4000 2908 3.161 7.79

5000 5663 4.924 13.23 Figure 14. SPLs measured by the 6 microphones inside Noise-Box.

6300 11238 7.697 24.16

highly diffuse Schroeder region f > fs. The parameters listed
in Table 3 also provide a reference for considering whether to
use FEM or Statistical Energy Analysis (SEA) methods to ana-
lyze the acoustic field. If M > 1 is considered as a prerequisite
for applying SEA, the frequency range should be f> 1250 Hz.

The other quantifier is the spatial uniformity or variation of
the sound pressure field. In the experiment, sound pressures at
the six microphone positions were measured, while the inner
acoustic field was at the steady state excited by the white noise
up to 8000 Hz. The SPLs among the six positions are com-
pared for every 1/3 octave band, as shown in Fig. 14. Corre-
sponding standard deviations o ; over the six positions can be
used for the quantification, and the results are shown in Fig. 15.
Some cases require that op; < 1.5 dB for the sound field to
be considered as uniform,®’ while the ISO 34714! has a more
precise limit to qualify the reverberation test room. Fig. 15
includes the maximum allowable lines from both the 1.5 dB
limit and the qualification limit from the ISO 3471. However,
it should be noticed that the provided qualification limit from

the ISO 3471 is originally for the sound sources instead of the
microphones, and that some other requirements with respect to
the microphone and sound source positions are not able to be
utilized due to the small size of the Noise-Box. According to
these criteria, it can be observed from Fig. 15 that the starting
frequency for the diffuse field is between 1000 Hz to 1250 Hz,
or between 2500 Hz to 3150 Hz. The limit frequency satisfy-
ing the ISO 3471 is consistent with the Schroeder frequency
fs = 2669 Hz. Therefore, it is believed that the sound field
is sufficiently diffused in the frequency range higher than the
2500 Hz 1/3 octave band. Nevertheless, it is practical to con-
sider the Noise-Box as a small reverberation room when the
frequencies are higher than the 1000 Hz 1/3 octave band.

4. CONCLUSIONS

A test bench named Noise-Box has been designed and built.
It was targeted for benchmarking the numerical methods for vi-
broacoustic analysis and testing the interior noise control tech-
niques for vehicles. In the test bench, the cabin was simplified
into a plate-cavity system composed of six rigid concrete walls
and one flexible panel. Its simple geometry and physics were
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Figure 15. Standard deviation of SPLs over the 6 microphones inside Noise-
Box.

to make sure that the vibroacoustic tests performed on it could
be accurately reproduced by numerical models. This work in-
troduced the design of the test bench and specified the charac-
teristics of the acoustic field inside. Meanwhile, the methods
used in the process were demonstrated. The results are impor-
tant for future application of the test bench and the methods
are instructive for developing similar facilities.

The shape of the cavity was inspired from a real car com-
partment and simplified as a pentagonal prism. The two side
walls are pentagonal and parallel while the others are rectangu-
lar. This design enables the 3D numerical model to be reduced
to 2D if necessary. The dimensional ratios of the cavity were
specially determined to reach a more diffuse sound field in the
low frequency range, by evaluating and observing the eigenfre-
quency distribution of the acoustic field. A uniform eigenfre-
quency distribution in the low frequency range was preferred,
which is quantified by the frequency spacing index v, the mean
square of the deviations of the distances between subsequent
modes. With a smaller index , the final design showed a
more uniform eigenfrequency distribution than the rectangu-
lar reverberation rooms of the same volume 0.596 m3. Then,
for mounting the flexible panel, the Noise-Box was equipped
with different holes for rigid and elastic supports. Consider-
ing the possibility for exterior diffuse sound field excitation,
screw holes were also prepared for moving and installing it
into a reverberation chamber. Finally, the Noise-Box, which
was formed by concrete walls with no less than 200 mm in
thickness, occupied around 2 m? and weighed about 2.5 tons.

The interior acoustic field of the Noise-Box test bench has
been characterized numerically or experimentally for its modal
property, sound absorption and field diffuseness. The cavity
modes under 650 Hz were identified numerically and experi-
mentally. The results agree well with each other. The 3D and
2D FE models have been proven accurate for modal analysis.
The reverberation time for 1/3 octave bands within 141 Hz to
7080 Hz was measured using the T20 measurement method
and the average absorption coefficient was calculated based on
the Sabine formula. It is found that the sound absorption of
room inside is sufficiently small to meet the requirement of a
reverberation room. In the evaluation of sound field diffuse-

ness, several quantifiers were used. It is known that the sound
field becomes diffuse as the frequency increases, but the lower
limit needs to be determined. The mode count of 20 modes per
third octave band accords with the cut-off frequency 650 Hz.
Below this frequency, the acoustic field was dominated by the
modal properties. The modal overlap factor no less than 1 and
3 respectively advocates the lower limit larger than 1250 Hz
and 2500 Hz, where the latter agrees with the Schroeder fre-
quency 2669 Hz, above which the sound field was ideally dif-
fuse. Additionally, the spatial standard deviation of the sound
pressure levels indicated two other limits, i.e., 1000 Hz and
2500 Hz. By comparison, it can be concluded that there is a
transition for the diffuse level from 650 to 2500 Hz.
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