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Summary

In this paper, a numerical method for predicting the sound reduction index of a double wall including an active
control system and a porous layer inside the double wall cavity is presented. The double wall is placed in a
laboratory situation between an emission and a reception room. Active control sources and error microphones are
distributed in two vertical planes located inside the double wall cavity. The secondary sources role is to improve
the sound reduction index at low frequencies by reducing the acoustical pressure at microphone positions created
by the primary source placed inside the emission room. The simulation principle is based on the decoupled
Green method where the radiated pressure inside the reception room is deduced from the double wall velocity
and from the reception room Green’s functions. The double wall and the active control system are modelled by
finite element method using Nastran software. The two rooms Green’s functions are analytically modelled using
a modal method. The model allows investigating effects of various parameters on active control efficiency, such
as the effect of evanescent modes inside the double wall cavity, the double wall cavity thickness, the number of
control channels as well as the effect of a porous layer inserted inside the double wall cavity placed between

secondary sources plane and error microphones plane.

PACS no. 43.40.Rj, 43.50.Gf, 43.50.Ki, 43.55.Br, 43.55.Ka, 43.55.Ti, 43.55.Vi

1. Introduction

Most of new buildings are equipped with gypsum board
partition walls involving one or more layers of air or ab-
sorbing material which are responsible for a vibroacustic
coupling between successive sheets. Such layered walls
are very efficient in terms of the sound insulation, except
at the lower frequencies especially when walls resonances
occur [1, 2, 3, 4, 5, 6]. To get high acoustic insulation at
low frequencies, such walls should require an unaccept-
able quantity of materials (i.e. adding mass, increasing
cavity thickness, etc...). As there is a few hope of in-
creasing significantly the performances of passive mate-
rials at low frequencies, active control has been investi-
gated in previous works [3, 4, 5, 6] as an alternative to
improve double wall sound insulation at low frequencies.
This paper presents a numerical method for predicting the
sound reduction index of a double panel equipped with ac-
tive control sources. The double panel separates an emis-
sion and a reception room and is composed of two gypsum
plates sandwiching an air cavity. In this first approach the
metallic frame on which the gypsum boards are usually
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mounted on, is not taken into account. The panel is ex-
cited by an acoustic field generated by an acoustic source
(monopole) placed in the corner of the emission room.
In order to improve by active noise control the transmis-
sion loss of the double panel at low frequencies, N sec-
ondary sources (monopoles) are distributed on a vertical
plane area located in the air cavity coupling the two plates.
The complex amplitude spectrum of each monopole is in-
troduced in the calculations so that the pressure level is
minimized at error microphones positions.

It should be noted that even at low frequencies, the
(sound insulation performances) / (cost, mass and thick-
ness) ratio of the active double wall studied in this paper
remains too low in comparison with that of most passive
partitions used in buildings or transport industry. This is all
the more true as standard loudspeakers are used as noise
control sources making active control hardware heavy, ex-
pensive and bulky. However, due to recent developments
in digital electronic technology and due to the rapid tech-
nology growth in other fields, it is nowadays technically
possible to develop lightweight loudspeakers (i.e. piezo-
electric loudspeakers [4, 5, 6], ultra-thin flat, flexible loud-
speaker (FFL) [7], etc...) as well as efficient and minia-
ture electronic controllers. This would make active noise
control hardware lightweight and not bulky. Furthermore,
in the upcoming years, eventual production and commer-
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cialization of active noise control technology on a large-
scale would certainly make active control solutions afford-
able and more advantageous compared to some passive
solutions. The focus of this work is to simulate and dis-
cuss, independently of technical considerations, physical
mechanisms and the associated advantages and limitations
occurring when an active noise control system is mounted
inside a small thickness air cavity coupling two plates. In-
deed, when lateral dimensions of the double panel are not
too small with respect to the wavelength, higher acousti-
cal modes propagate even at very low frequencies mak-
ing the acoustical field very complex in the air cavity
[8,9, 10, 11]. Consequently, the attenuation by active con-
trol of the acoustic pressure at some points of a vertical
surface located inside the cavity, can not inevitably reduce
the global acoustical field in this entire surface. This makes
global noise control extremely difficult. The interest of this
study is to bring a best understanding about difficulties
and limits related to this active noise control system. Also,
simulations presented here will enable to check effects of
some solutions proposed to improve the active control ef-
ficiency such as increasing the number of control chan-
nels or inserting a porous layer between secondary sources
plane and error microphones plane. The numerical model
is based on the decoupled GRIM method previously devel-
oped for modelling passive walls [12, 13, 14]. The double
panel and secondary sources are modelled by finite ele-
ment method using Patran/Nastran software. The acoustic
field in the reception room is computed from an integral
method using the receiving room Green’s functions [12].

In this paper a description of the GRIM approach is
given first. Then, a simulation method of the sound reduc-
tion index in the case of active noise control is described
and effects of some parameters on active control efficiency
such as evanescent modes inside the double wall cavity,
the cavity thickness, the number of control channels are
presented and discussed. The effect of a porous layer in-
serted between secondary sources plane and error micro-
phones plane is also investigated.

2. Description of the GRIM approach

Consider a partition separating an emission and a recep-
tion rooms as shown in Figure 1. The emission room is ex-
cited by an acoustic source placed in one corner. In order to
model the sound reduction index of partitions in buildings
range from very simple (plain concrete wall) to complex
structures (double walls, bricks, hollow core slabs...), a
simulation method has been developed by CSTB under the
acronym GRIM (green ray integral method [12, 13, 14]).
The principle is based on a decoupled model for sound
transmission problems. The radiated pressure P, at a point
M in the reception room is evaluated as

P.(M) = —ij V2(Q) G2(M, Q) dS(Q). ey

S

where S, is the radiating surface of the partition located
at z,, V5 is the velocity of the partition at a point Q of the
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Figure 1. Decoupled sound transmission between two volumes 1
and 2 separated by a partition of boundaries S and .S,.

surface .S,. G, is the Green function in the reception room
computed for the vibrating wall considered to be motion-
less but keeping all other acoustical boundaries unchanged
[12]. The computation of the velocity V; at the radiating
surface .S, is carried out by modelling the partition with
commercial software NASTRAN based on finite element
method. This allows the consideration of complex walls
with practical boundary conditions. The load or the exci-
tation for Nastran input file is here the incident pressure
P, applied at the receiving surface S| of the partition.
P, is deduced from the Green function G in the emis-
sion room. According to the studied frequency range and
rooms properties (dimensions, geometry, walls absorption
coefficient), Green functions G| and G, can be computed
by different means such as modal approaches, BEM or ge-
ometrical models [15, 16]. In this work, Green functions
G, and G, are analytically computed using the modal ap-
proach [12] because the modal density in the two rooms
is not very high in the studied frequency range. With this
decoupled GRIM approach, the vibroacustic coupling be-
tween the two rooms and the partition is not fully consid-
ered. In fact, effect of the pressure P, on the velocity V5
and effect of the velocity V; on the pressure P, are not
taken into account (see Figure 1). Solving the fully cou-
pled problem is quite possible [1] but is computationally
expensive. In many cases, the consideration of full cou-
pling is not necessary. Modal approaches, based on cou-
pled or decoupled models, may give almost identical re-
sults in the case of sound transmission between two rooms
[13]. Full coupling is however, necessary for small vol-
umes such as air gaps between double glazings [17].

The sound reduction index R(dB) is evaluated from the
ratio between incident and radiated acoustic powers,

R(dB) = 1010g (Wine/W;). )

Incident and radiated power W, and W, are deduced from
the mean square pressure in the emission and the receiving
rooms [12]. Results here presented have been obtained by
using the computer program named GAIA [13] which can
be employed for the computation of acoustic pressures P,
and P;,. in each point of the emission and the reception
rooms.
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3. Simulation of the sound reduction index
in the case of active noise control

Consider a double panel separating two rooms as shown
in Figure 2. N active control sources are distributed inside
the double panel air cavity in a vertical plane located at
Zs. Bach secondary source is associated to one error mi-
crophone located in microphones plane at z,,. The double
panel is excited by an acoustic field generated by a primary
source placed in the corner of the emission room. The role
of secondary sources is to improve the sound reduction in-
dex R by cancelling the acoustic pressure at microphone
positions created by the primary source placed in the emis-
sion room. In this work, secondary or control sources are
modelled as monopole sources. In the case of active con-
trol, the sound reduction index is simulated through two
main steps:

o The first step is the optimization of secondary sources
(monopoles) by computing their complex amplitude
spectrum enabling to cancel the acoustic pressure at er-
ror microphones positions.

e The second step involves the computation of the trans-
mitted field resulting from the action of the primary
source placed in the emission room and the N secondary
sources (monopoles with optimized complex amplitude
spectrum) located inside the cavity of the double panel.

3.1. Secondary sources optimization procedure

In the case of N secondary sources and N error micro-
phones, the complex amplitude spectrum of secondary
sources enabling the cancellation of the acoustic pressure
at error microphones positions are deduced as [3]

{A}SC}IXN = [B]I_VIXN x {Ppri}le' (3)

[Blnxn is the secondary path matrix. A column j of

[Blnxn is filled with terms B;; which represent the com-

plex amplitude pressure spectrum at the ith error micro-

phone caused by the jth secondary source having a unit
amplitude for all frequencies. {P”"}yx; is the primary
source vector whose N terms represent the acoustic pres-
sure spectrums at the N error microphone positions cre-
ated by the primary source located in the emission room.

In order to optimize secondary sources, we have to de-

termine the N columns of the matrix [B]yxn as well as

the vector { P”""} yx1. The optimization procedure of sec-
ondary sources is achieved into 6 steps which are listed

below and graphically depicted in Figure 3:

1. Firstly, the pressure field distribution in the emission
room is computed with GAIA program at all nodes of a
regular grid located on the excited surface .S} of the par-
tition. A file named PRESS is then created, it contains
the incident pressure spectrum Pi,.(x;, y;, Z., f) at all
nodes of the regular grid.

2. A FEM meshing of the partition (double panel includ-
ing its acoustic cavity) is realized with PATRAN which
is the standard mesher associated with NASTRAN soft-
ware (commercial solver based on FEM). The output is
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Figure 2. Active double wall including 9 control channels sepa-
rating an emission and a reception rooms.
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Figure 3. Flow chart describing optimization steps of the ampli-
tude spectrum of secondary sources.

(A.bdf) file which is the input file to NASTRAN. At
this stage, the excitation (load) is not yet implemented
in (A.bdf) file.

3. N + 1 different files (.bdf ) are then generated from
A.bdf. The first one is associated to the primary source.
To do this, an input interface program (Modif_bdf)
was written to include the PRESS file into the file
(A.bdf) under the form of a distributed pressure spec-

571



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 97 (2011)

trum Pin(x;, yj, Ze, f). This results in a new bdf file
corresponds to one secondary source monopole excita-
tion placed at the associated node of the air cavity mesh.
At this stage, all control source monopoles have unit
amplitude over the frequency range selected.

4. FEM solver software NASTRAN is then run once with
the input file PP bdf, and then N times with input files
(Bj=1,.,~n.bdf). Outputs are N + 1 files (B;=;  n.f06)
and (PP .f06) containing the acoustical pressure spec-
trum at all mesh nodes of the air cavity coupling the
two plates.

5. The acoustic pressure spectrum at mesh nodes corre-
sponding to the N error microphones positions is ex-
tracted from files (B;=; _ n.f06) and (PP f06). To do
this, a program named EXTRACT has been created.
Outputs are N vectors {Bj_; n}nx1 and {PP}y,
containing the complex amplitude spectrum of the
acoustical pressure at N microphones positions.

6. The last optimization procedure step is to store the N
vectors {Bj_; _ ~}n~x1 under the form of the secondary
path matrix [ B] yxn and to compute using Equation (3),

sources enabling the cancellation of the acoustic pres-
sure at N error microphone locations. Outputs are N
files, each one is associated to one secondary source
monopole containing its optimized complex amplitude
spectrum.

3.2. Computation of the sound reduction index in
the case of active control

The transmitted acoustic field spectrum P, into the receiv-

ing room resulting from the action of the primary source

and the N optimized secondary sources is evaluated fol-
lowing the steps described in Figure 4 and listed below:

1. An input file (D.bdf) for Nastran is created for an ex-
citation combining the primary field Pi,.(x;, y;, Ze, f)
and the N control sources with their optimized ampli-
tude A;.q:” L
D.bdf is created from (Ppri.bdf) by introducing N
monopole excitations with amplitudes located at nodes
corresponding to the N secondary sources positions.
This step is carried out thanks to a program named
CONTROL (see flow chart of Figure 4).

2. Nastran is run with the input file (D.bdf) and an output
file (D.f06) is generated. (D.f06) contains the velocity
field at all mesh nodes of the two plates as well as the
acoustical velocity at nodes of the air cavity at each fre-
quency considered.

3. A post-treatment program (Vit_Nastran) has been used
to extract the velocity spectrum from the output file
(D.f06) at radiating nodes (located at .S;) and to store
them into a compact binary file (D.vit) of reduced size
compared to D.f06.

4. GAIA program is run using the velocities input from
file (D.vit). The acoustic pressures P, in the receiving
room is then obtained using equation (1) as well as the
incident field P;,. inside the emission room. The sound
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Figure 4. Flow chart describing computation steps of the sound
reduction index R in the case of active control.

reduction index R(dB) in the case of active control is
finally evaluated from the ratio between incident and
radiated acoustic power using equation (2).

4. Results

It should be noted that finite element computation steps
involving Nastran software can be achieved by two dif-
ferent methods [18]. The first one is the modal method
(modal frequency response analysis corresponding to Nas-
tran solver 111). With this modal method, the solution
(acoustic pressure or velocity) at mesh nodes of the par-
tition is computed from acoustical and structural modes.
The number of acoustical or structural modes can be fixed
in order to reduce the computation time. However, the con-
vergence in terms of number of modes considered must be
checked and validated. The second method is the direct
method (direct frequency response analysis corresponding
to Nastran solver 108), the solution at nodes is exact and
all modes are indirectly taken into account in computa-
tion. The computation time is therefore more important
compared to the modal method. Results presented here
are plotted versus frequency, in the range between 20 and
200 Hz. The two partitions are considered identical and
lateral walls of the cavity coupling the two plates are as-
sumed rigid. The two partitions are clamped. The double
wall cavity is assumed to be filled by air. Physical prop-
erties and dimensions of partitions and rooms are listed
below in Table I. For all figures, the thickness L of the air
cavity is equal to 20 cm and the distance d between error
microphones and control sources planes is equal to 10 cm.
Finite Element parameters of the partition (gypsum plate
/air cavity/ gypsum plate) used during Nastran computa-
tion steps are given by Table II.
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Table II. Finite Elements parameters of the partition used by Nastran calculations.

Gypsum plate 1 or 2 Air cavity Total partition
Type of element CHEXA CHEXA CHEXA
Number of nodes per element 8 8 8
Number of elements 30%x24x1 30x24%x20 30x24x22
Number of nodes 1550 16275 19375
Minimal wavelength A, >400 cm 172,5cm
Number of element per A, >40 17
Table I. Characteristics and dimensions of investigated double
wall and rooms. 80
Plates of the double wall L — gli?;catl n:];hhnodd T;zifiif'iiﬁfm S
Width L,=3m .l
Height L,=24m °0r
Thickness h=25mm g <0 s .
Material gypsum € 30 i [
Density p = 725kg/m® af T “\‘ / 5.;,'\.: ‘\‘.":.‘ !
Young’s modulus E =0.684 GPa 10 5 J" ! ';,"
Poisson’s ratio v=0.1 0 }' _
Loss factor 7 =0.01 e ‘ . ) L
Boundary conditions Clamped 2 40 FFEQUGE‘:ICY (HZTU 100120 140 180 180
Emission and reception rooms

Width Lxy = Lxy, =3m
Height Ly, =Ly, =24m
Length Lz;=3m, Lz, =35m

Normal absorption coefficient

of walls rooms a=04

Air cavity coupling the two plates

Density po = 1.213 kg/m?
Speed of sound co = 343 m/s
Thickness L =20cm

Table III. Cut-off frequencies of acoustical transverse modes in
the double wall air cavity.

(m, n) Sfmn: Cut-off frequency (Hz)
(0,0) 0
(£1,0) 57.5
0,1 71.9

(£1, £1) 92
(£2,0) 115
(£2,£1) 135
0, £2) 143
(£1,£2) 154
(£3,0) 172.5
(£2, £2) 184
(£3,£1) 186
0,%3) 215

Note that in order to reduce the computation time dur-
ing FE simulation steps described in Figures 3 and 4, the
two gypsum plates have been modelled here with only 1
linear 8-noded HEXA element over the thickness. As the
stress/strain information in such elements is given by a
constant function, this could add artificial stiffness to the

Figure 5. Predicted sound reduction index R(dB) for passive case
(without active control).

model. As a rule of thumb one should try to have at least 4
linear elements over the thickness to avoid artificial stiff-
ness.

Figure 5 represents the sound reduction index R for pas-
sive case (without active noise control). The grey curve
is computed with the modal method where only acous-
tic modes in cavity whose the cut-off frequency is lower
than 150 Hz are considered in computation (see Table III).
Note that in order to study the influence of only acous-
tic modes in the air cavity, a large number of structural
modes equal to 349 has been considered by the modal
method. The dashed black curve is computed with the di-
rect method (exact solution). With this direct method, all
acoustic modes are indirectly considered in calculations
even if they are evanescent in the studied frequency range.

As expected, the difference between the two curves is
very small specially below 150 Hz. There is almost no in-
fluence on the index R of all acoustic modes which are
evanescent below 150 Hz and not considered by the modal
method. This is in agreement with equation (A10) because
the acoustic intensity of evanescent modes is equal to zero
(see Appendix). No acoustic energy can therefore be trans-
mitted through evanescent modes from one gypsum plate
to the other. We can conclude that for passive case (with-
out active control), effect on the sound reduction index R
of evanescent modes in the cavity is negligible.

On the other hand, the global tendency of the curve of
the index R is in agreement with previous works [1]. The
sound reduction index R decreases at particular frequen-
cies corresponding to plates structural resonances (near
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42,71, 82, 102 and 144 Hz for example). The dip located
near 45 Hz is due to the mass-spring-mass resonance of the
double panel which is highly depending on the air cavity
thickness L.

Figure 6 shows the sound reduction index R computed
with and without active control. Active control is simu-
lated in the case of 9 secondary sources and 9 error mi-
crophones (spatially distributed as indicated in Figure 2)
for pressure cancellation at microphones positions. For
the two curves, finite element calculation steps are car-
ried using the direct method (exact solution). Generally,
the sound reduction index R simulated with active control
is higher than passive one for frequencies below 160 Hz.
This is in agreement with the half-wavelength rule [3]
since the gain on the index R obtained by active control
remains positive below a particular frequency fi.x Whose
the half wavelength A, is equal to the distance D be-
tween secondary sources,

f max — 2C_OD, (4)

where ¢ is the speed of sound in air.

Indeed, for 9 secondary sources and 9 microphones, the
distance D is close to 1 m, leading a frequency fiax close
to 172 Hz.

However, the gain on the sound reduction index R ob-
tained by active control varies strongly with frequency.
Near to 34 Hz, we can notice a striking dip on the curve
simulated in active control case. This can be explained by
a small pressure level at microphones positions since the
index R simulated without active control is relatively high
(more than 32 dB) at this frequency. We can also notice an
inverse tendency at 41 Hz which can be explained by the
high pressure level at error microphones since R(dB) is
lower than 10 dB at this frequency.

In order to understand causes of those results, we have
plotted in Figure 7 the gain on sound reduction index R
obtained by active control which is the difference between
R(dB) computed with and without active control. The
black curve is simulated with the direct method (exact so-
lution). The dashed grey curve is simulated with the modal
method where 33 acoustic modes (representing all cavity
modes presented in Table III, i.e. all cavity modes up to
215Hz) of the cavity are considered in calculation. The
dashed black curve is simulated with the modal method
where only the first 9 cavity modes (i.e. cavity mode with
cut-off frequency f,,, below 100Hz) are taken unto ac-
count. Two notes have to be made:

e Curves computed with the modal method tend to the
curve computed by the direct method (exact solution)
when the number of acoustic modes considered in cal-
culation increases. This is in agreement with expecta-
tions.

e The gain on the sound reduction index R computed by
cancelling a great number of evanescent modes (dashed
black curve) in the air cavity is largely higher than
the gain computed by considering all evanescent modes
(black curve).
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Figure 6. Sound reduction index R(dB) with and without active
control simulated for 9 control channels.
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Figure 7. Gain on the sound reduction index R obtained by active
control simulated for 9 control channels.

So, we can conclude that:

e Unlike for the passive case, the sound reduction index
R is seriously affected by evanescent modes in the air
cavity in the case of active noise control.

e Evanescent modes in the air cavity (which are gener-
ated by control sources and also by radiation and reflec-
tion of waves by the two gypsum plates) have a negative
effect on the active control performance.

The negative effects of evanescent modes on the active

control efficiency can be explained by the following facts:

e No acoustic energy can be transported by evanescent
modes, their influence on the sound reduction index R
is therefore negligible for the passive case. However,
in the case of active control, evanescent modes greatly
influence the acoustic pressure at the error microphones
positions, due to control sources. Consequently, these
evanescent mode have a negative influence on the active
control performance.

e Even at very low frequencies, evanescent modes in the
air cavity make the acoustic pressure distribution in the
air cavity more complex (especially with respect to the
x and y coordinates). As a result, the cancellation by
active control of the acoustic pressure level at the 9 error
microphones positions does not allow the cancellation
of the pressure in the global microphones plane.
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Figure 10. Gain on the sound reduction index R(dB) simulated
for 9 and 20 noise control channels.

Negative effects of evanescent modes on the active con-
trol efficiency becomes very strong when the distance be-
tween error microphones and the gypsum two plates as
well as secondary sources is reduced. This is indeed con-
firmed in Figure 8, since the gain on sound reduction index
R simulated for 5 cm thick air cavity is smaller than that
simulated for a 20 cm thick cavity. On the other hand, if er-
ror microphones and secondary sources are not positioned

Figure 11. Schema of the double panel with a porous layer in-
serted in its cavity between secondary sources plane and error
microphones plane.

exactly in front of each other as indicated in Figure 2, the
distance d between sources and error microphones would
be higher and negative effect of evanescent modes (only
those created by secondary sources) will therefore be re-
duced. This can not significantly reduce the problem, be-
cause evanescent modes at microphones positions are not
only generated by secondary sources but also by reflec-
tions and radiations of waves caused by the two plates.

In order to investigate the influence of the control chan-
nels number (number of secondary sources and micro-
phones), Figure 10 presents a comparison between the
gain on index R obtained by active control simulated with
9 and 20 control channels (see Figure 9 for distribution of
control sources and error microphones). We can note that
more than 8 dB gain is obtained on sound reduction index
R in some frequency ranges when the number of control
channels is increased from 9 to 20. Furthermore, with 20
control sources, the frequency band in which the gain on
sound reduction index R remains positive is enlarged. This
is in good agreement with equation (4) since for 20 con-
trol channels case, the distance D is equal to 0.6 m yielding
a frequency fiax close to 290 Hz. However, those results
show that in spite of increasing greatly the number of con-
trol channels, the active control efficiency has not been sig-
nificantly improved at low frequencies. Indeed, due to the
evanescent modes in double wall cavity, the gain on sound
reduction index R obtained by increasing the number of
control channels from 9 to 20 is not sufficiently impor-
tant compared to the complexity of the control system that
would have to be implemented in real life.

In order to bring a significant improvement on the ac-
tive control efficiency, it is necessary to get rid of evanes-
cent modes at error microphones positions. For doing so,
an absorbent layer composed of porous material inserted
between secondary sources and microphones planes (see
Figure 11) could be a good solution. In fact, evanescent
modes are more strongly attenuated in absorbent mediums
such as porous materials than in the air fluid [2, 8, 19].

The porous material is modelled by Nastran software
using an equivalent fluid approach. Expressions of the
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speed of sound c, in the porous layer and the associated
density p, used by the FE model are [2]

col@) = 1] 22 s)
pe(®)

pe(@) = @oup [1 J"d’G(“’)] ©)

Qoo PO®
where
Ao 1/2

G(w) = <1+%> )

K(w) = (8)
rPy

A\ /2 -1

y—@-1 [1+jA,2§:Prw (1+JA l,;g: > ]

K is the bulk modulus, parameters ¢, @, o, A and A’
are porosity, tortuosity, flow resistivity and viscous and
thermal characteristic length of the porous medium, re-
spectively. j = V=1, w, py, Pr, y and 5 are the angular
frequency, air density, the ambient mean pressure, Prandtl
number, air ratio of specific heats and air dynamic viscos-
ity, respectively.

Note that for porous material, ¢, and p, are complex
values and frequency dependent. The use of the modal
method to solve FE motion equations is not appropriate
and, frequency response analysis must be carried out us-
ing the direct method where motion equations are solved
using complex arithmetic [18, 20].

Figure 12 represents the sound reduction index R of
the double wall simulated for passive case (without ac-
tive control) with and without a porous layer. The thick-
ness of the porous layer is equal to 8 cm. Parameters used
for modelling the porous layer are given in Table IV. With
the porous layer, the sound reduction index R is globally
in agreement with expectations. Indeed, the mass-spring-
mass resonance frequency which is located around 45 Hz
without porous layer, has been slightly shifted to lower fre-
quencies when the porous layer is included in the double
wall cavity.

Also, above 80 Hz, the index R simulated with the
porous layer is generally higher than the one simulated
without the porous layer. The curve of the index R has
been considerably smoothed due to the increased damping
in the system. These results concord with previous works
[2, 4] since when the frequency increases, the acoustic en-
ergy is more dissipated by porous materials than by air.

The gain on the sound reduction index R obtained by
active control simulated with and without the porous layer
is plotted in Figure 13. The curve shows that with the
porous layer, the noise active control is more efficient es-
pecially at low frequencies. In fact, more than 36 dB dif-
ference between the two curves (gain on sound reduction
index R with and without the porous layer) has been noted
for very low frequencies closed to 20 Hz. And, more than
20 dB difference for frequencies between 20 Hz and 70 Hz.
Therefore, it can be concluded that the use of a porous
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Figure 12. Sound reduction index R(dB) simulated for passive
case (without active control) with and without the porous layer.
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Figure 13. Gain on the sound reduction index R(dB) simulated
with and without the porous layer.

Table IV. Parameters used for modelling the porous layer as an
equivalent fluid.

Thickness 8cm

Flow resistivity o = 36000 Nm™
Porosity ¢ =0.95
Tortuosity Ay, = 1.1
Viscous characteristic length A =150 um
Thermal characteristic length A =220 pum
Ambient mean pressure Py = 191325
Prandtl number Pr =0.702

Air ratio of specific heats y=14

Air dynamic viscosity n=18-107

layer between secondary sources and error microphones
planes reduces significantly negative effect of evanescent
modes and improves greatly the active control efficiency.
However, the frequency f.x defined by equation (4) has
been shifted to lower frequencies below 120 Hz in the case
of the porous layer. This is related to the difference be-
tween the speed of sound in air and the speed of sound in
porous material (equation 5).
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5. Conclusion

In this work, a simulation method for predicting the sound
reduction index of a double wall including active control
sources and porous layer in double wall cavity has been
developed. Calculation steps have been described and ef-
fects of some parameters on active noise control efficiency
have been simulated and discussed. Main conclusions of
this work are:

e Evanescent modes in the double panel air cavity min-
imise seriously the active control efficiency at low fre-
quencies even when the number of control channels is
important. This is essentially due to the fact that evanes-
cent modes greatly influence the acoustic pressure at
the error microphones positions. This negative effect of
evanescent modes becomes stronger when the air cavity
thickness is decreased.

e The use of an absorbent layer made of porous material,
placed between secondary sources plane and error mi-
crophone plane, reduces evanescent modes influence at
error microphones positions and improves significantly
the active control performance at low frequencies.

In future works, the measurement of the sound reduc-
tion index of double walls equipped with active noise con-
trol system will be carried out and effects of other factors
such as control sources directivity (monopoles, dipoles,
or others) and frequency response of realistic secondary
sources will be investigated.

Appendix

Assuming that lateral walls of the double panel cavity are
rigid. Then, the acoustic pressure distribution in the dou-
ble panel air cavity can be written in terms of transverse
modes in rectangular coordinates system (x, y, z) as [21]

+o0 +o0

PGx.y.z0)= ) D Pu@ym(x.p)e?™. (A

m=—0o0 m=—0co

The eigenfuctions v, are given by [8, 10, 11]
Wmn(x, ¥) = cos (nm/Lxx) cos (nn/Lyy). (A2)

The modal pressure in the air cavity in a cross section lo-
cated at axial coordinate z is

Pon(2) = P (0)etFm® 4 P (0)eHhm?, (A3)
where
Sy (Ad)
co
fon = 2AJn/ L2 + (/L2 (A5)

Py, and P, are respectively the complex amplitudes of
modes travelling in the positive and negative z directions
inside the double panel air cavity at z axis origin (z = 0).
(Here, z axis origin is located at z, + h, where h is the
plate thickness as shown in Figure 2). Indices m and n
correspond to the cavity modes index in the x and y direc-
tions respectively. The cavity dimensions in the x and y
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directions are denoted L, and L, respectively. The modal
wave number in the z-direction is represented by k. fiun
is the cut-off frequency of mode (m, n) (or eigenfrequency
of transverse modes).
According to the frequency f, two cases have to be dis-
tinguished:
o If f > fuu, kmy is areal value and (m, n) is a propagat-
ing mode.
o If f < fum, kmn 18 an imaginary number and the mode
(m, n) is called evanescent. In this case, we have

. 2r
Kn = % | mn | = i]c—o\/lfz — faml. (A6)

Only converging solutions have physical meaning. The
modal pressure P,,(z) becomes

Pun(2) = P (z = 0)ehmls 4 P (7 = 0)etlmlc (A7)

The z-direction component of acoustic intensity of mode
(m, n) [11] is defined by

Iomn = ]/ZSRe{PmnV:mn}» (A8)

where the modal coefficient of the acoustic particle veloc-
ity in the z-direction V_ ,,, is given by

kmn (P+ e+jk,,,,,z _ Pr;ne—jkm,,z). (A9)

I/z,mn(z) = Zok mn

With Z the air impedance (equals poco) and k the wave
number in cavity.
Combining equations (A3), (A8) and (A9) yields

M +12 1 p- 2 }
YRe{pCOk(|Pmn| PP L

When the mode (m, n) is evanescent, k,, iS an imagi-
nary complex number (equation A6), the acoustic inten-
sity I, ., is then equal to zero. Accordingly, the acoustic
energy can not be transported by evanescent modes.

1

S A10
z 3 (A10)
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