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Active silencers can provide effective solutions especially for the control of low-frequency
noise in ducts. To evaluate the performance of this technology in the early design stages it is
necessary to predict the insertion loss and adjust the silencer sufficiently precisely to the
specific requirements of an application. This paper describes different models for the
calculation of actively absorbing wall linings with proportional feedback control applied in
splitter silencers as used in rectangular air-conditioning ducts. On the basis of well-
established theories for the calculation of passive splitter silencers and a network model of
electro-acoustic lumped elements for the wall impedance of each active cassette, it is
conceivable to determine their insertion loss. Starting with a rather basic approach, the
computational model is refined to increase its modelling accuracy. It is shown that a
combination of active wall linings with passive linings yields a high attenuation for a wide
frequency band. The theoretical findings compare well with experimental results from a
laboratory set-up.

# 2002 Elsevier Science Ltd. All rights reserved.
1. INTRODUCTION

Noise control in ducts is a subject of ongoing technical, economical and scientific concern
e.g., in applications like air conditioning and exhaust systems of internal combustion
engines. While for the mid- and high-frequency range passive silencers fabricated from
fibrous or porous material are fairly effective, problems often arise at low frequencies.
Here, different kinds of resonators such as expansion chambers and Helmholtz-resonators
are applied successfully only for limited bandwidths. The effective frequency range of these
resonators can be increased by damping the resonance effect which, however, reduces its
noise reduction capability drastically. Therefore, the active control of noise in ducts has
long been an area of enormous research effort since it has, especially for low frequencies,
the potential for sound attenuation without the restriction to a narrow bandwidth [1, 2].
Numerous scientific and technical papers document the achievements made so far in this
particular subject. Some of them are reported in overview articles [3–6].

Active control can be implemented by applying either feedforward or feedback control.
Both strategies are utilized for the active control of noise in ducts mostly in the form of
single input/single output systems which are especially suitable for the cancellation of one-
dimensional wave propagation. Regarding feedforward control, a lot of work has been
carried out to design an optimum controller based on suitable software algorithms
programmed on fast digital signal processors. The control strategy of these controllers
aims at an entire cancellation at the position of the actuator (e.g., loudspeaker). This leads
to an entire reflection of the unwanted noise back to the source (upstream) which can
22-460X/02/$35.00 # 2002 Elsevier Science Ltd. All rights reserved.
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cause instability of the controller or at least severe loading of the actuator due to duct
resonances especially if the duct does not have an anechoic termination [7, 8]. The inherent
problem can partly be overcome by arrangements with multiple loudspeakers which emit a
unidirectional wave thereby limiting the usable frequency range considerably [9, 10]. Other
difficulties arise from the uncertainties of the acoustic transfer functions due to changing
conditions during operation which can not only cause performance degradation but also
noise amplification and instability. Although often investigated with far simpler
controllers, similar problems occur applying feedback control aiming towards the
maximum reflection of the incoming wave [11–13]. Apart from that, the inability to
predict the performance of the active silencer in the early design stages and consequently
the impossibility of providing performance guarantees will ultimately limit the number of
applications, at least from the point of view of planners in the construction industry.

Another approach to maximize the noise attenuation of an active silencer arrangement
is to absorb the energy of the disturbing wave rather than reflecting it as much as possible.
Hereby, the overall insertion loss (IL) is achieved by dissipation along an extended silencer
with a certain length and surface or wall area instead of reflection at one particular point
in the duct to gain maximum reflection loss (RL). The theory of dissipative silencers is well
understood and it shows that a maximum propagation loss (PL) will result from a specific
value of the wall impedance Zw presented by the silencer towards the duct [14–16]. The
fibrous or porous materials that are typically used in air-conditioning duct silencers are
not suitable to provide this optimum value for Zw at low frequencies and, consequently,
are very ineffective in attenuating low-frequency noise. On the contrary, several small
collocated boxes which are each equipped with a microphone, a loudspeaker and a simple
proportional feedback controller have the ability to provide suitable wall impedances to
achieve a high PL in the low-frequency range. This paper deals with models to calculate
these active silencers according to known methods for dissipative passive silencers [17, 18]
and show the potential of this technology by some experimental results.

2. MODAL SOUND FIELD IN A RECTANGUALR DUCT

For the calculation of the sound field in a rectangular duct a symmetrical configuration
depicted in Figure 1, typical for air-conditioning systems, is considered here. This duct is
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Figure 1. Typical symmetrical configuration of silencers in air-conditioning ducts.
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assumed to be rectangular, infinite in length, and the wall lining positioned only on two
sides of the duct is locally reacting and also infinitely long. Considering only the
symmetrical modes in the duct a pressure distribution in the free duct area can be
expressed in the form

pðx; y; zÞ ¼ p0 cos ðky yÞ cos ðkz zÞ e�jkxx: ð1Þ
The wave number ky in the y-direction and kz in the z-direction can be determined by
matching the field impedance Z0 ¼ r0c0 in the free duct area, to the boundary condition at
the silencer surface and the hard duct wall respectively. Inserting equation (1) into the
wave equation results in

kx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2
0 � k2

y � k2
z

q
; ð2Þ

where k0 is the free-field wave number in air. Due to the hard wall the particle velocity
vz ¼ 0 at z ¼ 0 and z ¼ 2b: Therefore,

kz ¼
nzp
2b

with nz ¼ 0; 1; 2 . . . : ð3Þ

For a locally reacting lining there is no sound propagation in x-direction in the silencer
material. So, the particle velocity in the y-direction becomes:

vy ¼ j

k0Z0

@p

@y
¼ p0

ZW

; ð4Þ

where j ¼
ffiffiffiffiffiffiffi
�1

p
; and Zw is the wall impedance, leading to the defining equation

kyh tan ðkyhÞ ¼ jk0h
Z0

ZW

ð5Þ

with h being half of the free gap-width in the duct (Figure 1). The propagation loss along
the x-axis across the silencer length Ls can now be determined directly from the solution of
equation (2) and there especially the imaginary part of kx:

PL ffi �8; 68 LS Imfkxg ½dB
: ð6Þ
In such a duct with two walls equally equipped with locally reacting linings, an optimum
impedance Zw;opt exists, which for the two lowest-order modes yields a maximum in the
propagation loss per unit length of nearly 19 dB with LS ¼ h [14–16]. This so-called
Cremer-impedance depends only on the density of air r0; the frequency f ; and the gap-
width h:

ZW;opt ¼ r0f hð1; 8� j1; 5Þ: ð7Þ
It is worth noting, that for usual gap-widths in air-conditioning ducts and under ambient
conditions, this optimum impedance and consequently the maximum propagation loss
cannot be realized at low frequencies with conventional linings of suitable size containing
porous absorber material [17]. Initially, it was the idea of this project to approach the
optimum impedance with active silencer cassettes (ASC) in a broad frequency range.
Although this aim was clearly missed it will be demonstrated that some remarkable results
were achieved at least for the low-frequency range where plane wave propagation
dominates.

3. CALCULATION OF THE PROPAGATION LOSS

Actively absorbing silencers as described in references [19, 20] consist of a number of
individual cassettes, each containing several electro-acoustic elements, forming a feedback



Figure 2. Sketch and picture of an actively absorbing silencer cassette.
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loop (Figure 2). The housing of an active silencer cassette (ASC) used in the following
investigations has the form of a square box, comprising a standard loudspeaker with a
circular membrane at its front area. A more detailed description of the construction and
the electro-acoustic network of lumped elements may be found in references [19, 21, 22].
Based on a network model of lumped elements the wall impedance ZW of each cassette can
be determined with sufficient accuracy. A cascaded set of individual ASCs forms the active
lining of a rectangular splitter silencer as shown in Figure 3. For the calculation of the wall
impedance ZW of an ASC it has to be considered, that the area of the vibrating
loudspeaker membrane AMem is always smaller than the rectangular overall-area AW

directed towards the inside of the duct. As an approximation, a constant volume velocity is
assumed, such that

vW ¼ vMem
AMem

AW
: ð8Þ



Figure 3. Perspective and side view sketches of an actively absorbing silencer consisting of four cassettes
mounted on top of a duct.
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Thus, the wall impedance ZW defined as the ratio of sound pressure p0 and normal particle
velocity vy is taken as equal or homogeneous over the entire surface area. This way, one
also neglects any near field effects, which is strictly valid only up to a frequency where the
geometrical dimension are smaller than the wave length but will be used here for simplicity
reasons. To investigate the propagation loss of a silencer with an actively absorbing wall
lining an arrangement according to Figure 3 is chosen. Here, four ASCs are combined to a
silencer of 1m in length and are attached on top of a duct with a cross-section of
AK ¼ 0�25m� 0�25m. On the opposite wall there is fixed a layer of porous absorber
material with a thickness dAbs ¼ 40mm and a flow resistivity XAbs ¼ 12 kPasm�2 to
stabilize the electro-acoustic feedback-loop. Its acoustic impact at low frequencies can be
neglected. Nevertheless, since the propagation loss of the arrangement shall be computed
in a frequency range from 31 to 2000Hz it is necessary to consider the propagation loss of
the absorber layer at mid- and high-frequencies too. The calculation is consequently
carried out in two sequential steps according to the known method for locally reacting
silencers. To approximate the solution for ky of the defining equation (5) the method of
continued fractions is employed [15, 17, 18]. This method has proven to yield sufficiently
accurate results for realistic sets of parameters (Zw;Z0; h) and, moreover, is robust and fast
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compared to exact algorithms. Consequently, the tangent is replaced by a continued
fraction:

tan½ðkyhÞ2
 ¼ ðkyhÞ2

1� ½ðkyhÞ2
2

3� ½ðkyhÞ2
2

5� . . .

ð9Þ

and this development is stopped after the fourth-term leading to the following polynomial
equation in ðkyhÞ2; which is fairly accurate at least around the two lowest duct mode
orders:

½ðkyhÞ2
4 þ c3½ðkyhÞ2
3 þ c2½ðkyhÞ2
2 þ c1ðkyhÞ2 þ c0 ¼ 0: ð10Þ
In a further approximation for the calculation of kx from ZW of the active and passive
lining, the opposite side is neglected, respectively, hence yielding two symmetrical silencers
in parallel. This can be justified insofar as for low frequencies the porous absorber layer is
acoustically nearly ineffective. Consequently, the virtual gap-width for the active part
amounts to about h1 ¼ 0�25m (Figure 3). Furthermore, the surface of the loudspeaker
membrane can be regarded as acoustically hard at high frequencies so that for the passive
silencer part h2 ¼ 0�21m is valid. The sum of the active (PLA) and the passive term (PLP)

IL � PL � PLA þ PLP ð11Þ
nearly yields the propagation loss (PL) which in this case is almost equal to the insertion
loss (IL) of the entire arrangement [23].

The electro-acoustic stability of an ASC is strongly dependent on the electrical feedback
gain of its proportional feedback controller which amplifies the microphone voltage and
feeds the signal to the voice coil of the loudspeaker. Here, for all four ASC an electrical
feedback gain of G1;2;3;4 ¼ 18 dB was implemented with the aim of a maximum PL. This
figure was gained from a numerical stability analysis and could also be realized in the
measurements without stability problems [24]. Under these conditions, the wall impedance
ZWA of the active lining can be deduced from the network model comprising the data of
the loudspeaker, microphone, electrical circuitry as well as all relevant geometrical data
[21, 24]. Moreover, the wall impedance of the passive liner ZWP can be derived according
to an empirical model from the given material and geometrical data assuming local
reaction as well [25].

In this way, the propagation loss of the arrangement of Figure 3 has been calculated
with a frequency resolution of 1/120th octave and plotted with 1/12th octave in Figure 4 in
comparison to the results of the IL measurement according to the relevant standard [26].
Hereby, it turned out that the contribution kz for the overall attenuation is negligible in the
frequency range of interest. For easier modelling it was therefore set kz ¼ 0 in equation (2)
for all further calculations. Because the measurement was carried out with a fixed
microphone position in the duct centre, the experimental result is shown only up to a
frequency of 1200Hz due to cut-on of the second transverse duct mode at about 1360Hz.
Measured and calculated insertion loss data depict one major peak of nearly 40 dB at
around 110Hz due to the active lining and a minor peak of 15 dB at around 900Hz due to
the passive lining. Despite all approximations used, the result of the first calculation is in
reasonable agreement with the experimental data. Above 315Hz, the predicted PL falls
slightly below the measured values. There is also a remarkable dip at nearly 750Hz which
can be attributed to the negative losses (amplification) caused by the ASCs [27]. Such a
negative propagation loss is a sign for active components showing wall impedances with
negative real parts. While at this frequency the negative PLA of the ASCs can be fully
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Figure 4. Insertion loss of the actively absorbing silencer according to Figure 3; measured and calculated with
equation (11), (12), (17), and on the basis of (19). Measurement; PL1þ PL2; PL1þ PL2þRL;

IL1þ PL2; IL asym.
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compensated for by the high PLP of the passive layer this is not the case at about 1500Hz.
Hence, in a limited frequency range noise is amplified rather than reduced by the present
arrangement. As pointed out in reference [24], the modelling of the wall impedance of an
ASC becomes increasingly inaccurate with rising frequency and varies strongly with
frequency from about 800Hz on.

4. CALCULATION OF THE REFLECTION LOSS

As a result of the sudden change in the wave impedance from Z0 to Zx and the wave
number k0 to kx at the entrance of a silencer and vice versa at the silencer exit, sound
waves are reflected. This reflection induces a reflection loss (RL) that in air-conditioning
applications can be neglected for most splitter silencers with porous material because it is
much smaller than the PL in the frequency range of interest [18, 28]. Nevertheless, since
actively absorbing silencers provide a wall impedance with low magnitude especially at low
frequencies the influence of the RL on the overall IL must be considered more thoroughly.
As a first approach, an approximate addition of all loss components will be computed as
usual for dissipative silencers:

IL � RLþ PLA þ PLP: ð12Þ

Thereby, the reflection loss RL is derived from the transmission coefficient t or the
coefficient of the transfer matrix T respectively,

RL ¼ �10 log t ¼ �10 log ðjT j2Þ; ð13Þ

where t depends on the reflection factor RS of the silencer [19]. Finally, it follows:

RL ¼ �10 log½1� jRSj2
 ¼ �10 log 1� ZX � Z0

ZX þ Z0

����
����
2

" #
½dB
: ð14Þ
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Both impedance alterations at the entrance and the exit of the silencer are composed of
two major parts. On the one hand, for splitter silencers mounted inside the duct there is a
reduction of the free duct cross-section by the thickness of the liner dS and on the other
hand, a change in the wave impedance from Z0 to ZX due to damping occurs. With the
complex wave number kx in the gap the sought-after wave impedance Zx becomes:

Zx ¼ Z0k0ðdS þ hÞ
kxh

: ð15Þ

Nonetheless, for the arrangement of Figure 3, the insertion loss is calculated with
dS ¼ 0�0m because the silencer is mounted on top of the duct not blocking the free passage
of air inside. Furthermore, only the RL of the entrance has to be considered here since it
normally exceeds that of the exit [18, 28]. The result of this computation is also shown in
Figure 4 and reveals that compared to the prior calculated result there has been a small
gain of about 3 dB in the predicted insertion loss only between 80 and 160Hz, which is in
the main operating range of the ASC. This meets the expectations since only in this range
the magnitude of the ASCs wall impedance is low compared to Z0: Altogether, the
accuracy of the prediction with a simple inclusion of RL is increased up to 125Hz, slightly
lowered between 125 and 250Hz and remains nearly unchanged otherwise.

After this first estimation for the RL the transfer-matrix method shall now be used
which implicitly incorporates the effect of propagation and reflection loss [29–31]. Hereby,
the actively absorbing silencer is regarded as wave-guide of length LS with internal losses
incorporated in a complex wave number kx: If infinite ducts lengths before and after the
silencer are assumed, the transfer matrix which relates the input sound pressure pin and
volume velocity qin to the output sound pressure pout and output volume velocity qout

becomes:

pin

qin

" #
¼

cosðkxLSÞ jZx sinðkxLSÞ
j

Zx

sin ðkxLSÞ cosðkxLSÞ

2
4

3
5 pout

qout

" #
: ð16Þ

Using equation (13) one can calculate the ILA of the active liner while the PLP of the
passive liner has to be computed separately and added afterwards since kx is deduced here
only from ZWA: For this reason

IL � ILA þ PLP: ð17Þ

Figure 4 also includes the result of this computation. Compared to the measurement data
both curves exhibit relatively sound agreement up to 1000Hz. It should be noted, that the
difference between all theoretical results shown is only a few decibels at about 100Hz
indicating that the influence of the RL on the IL of this silencer is indeed small.
Consequently, most of the sound power in the present set-up is absorbed by the active
component as in dissipative silencers rather than reflected as in conventional feedback [10,
12] and especially in feedforward systems [1, 7]. It is assumed, that as in silencers made of
porous or fibrous material acoustical power is converted into heat. This process could
happen due to friction of air molecules at the cloth next to the perforated sheet metal
protecting the cassette, due to mechanical losses within the loudspeaker membrane and its
suspension, and due to electrical losses in the resistance of voice coil of the loudspeaker.
Nevertheless, the experimental verification of a temperature increase is rather difficult and
was not attempted here.

Sometimes, it is of considerable practical importance that the transfer-matrix method
also allows a computation in cases where the air-conditioning duct is not infinitely long or
terminated as such respectively. Under these circumstances, the attenuation depends
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strongly on the actual termination, the overall length of the duct, and the position of the
silencer in the duct. For example, if the duct is terminated by an opening into a large room,
as typical for air-conditioning systems, its low frequency IL is strongly influenced by
reflections but this can be accounted for in a careful acoustic design [8, 11].

5. CONSIDERATION OF THE ASYMMETRY IN THE WALL IMPEDANCES

For a more precise calculation of the wave number kx the asymmetry between the wall
impedance ZWA of the actively absorbing lining on one side and the passive layer with ZWP

on the opposite side needs to be taken into account (Figure 3). Therefore, it is necessary to
superimpose all symmetric and anti-symmetric pressure contributions rather than to add
the contributions of two independent symmetrical silencers. While equation (2) remains
valid, now, two conditions for ZWA and ZWP have to be fulfilled. The unknown ratio of
symmetrical and anti-symmetrical sound pressure can be eliminated by an additional
equation for the two different boundary conditions leading to the new defining equation
[28, 32] which replaces equation (5):

kyh tanðkyhÞ � jk0hZ0

2

1

ZWa

þ 1

ZWp


 �� 
� kyh cotðkyhÞ þ jk0hZ0

2

1

ZWa

þ 1

ZWp


 �� 

¼ jk0hZ0

2

1

ZWa

� 1

ZWp


 �� 2
: ð18Þ

Rearranging this expression yields:

kyh � jk0hZ0kyh

tanð2 kyhÞ
1

ZWa

þ 1

ZWp


 �
þ jk0hZ0

2

1

ZWa

þ 1

ZWp


 �� 2

� jk0hZ0

2

1

ZWa

� 1

ZWp


 �� 2
¼ 0: ð19Þ

The remaining tangent can again be approximated with the method of continued fractions
mentioned above in equation (9). The corresponding coefficients for such an expansion up
to the fourth order are given in reference [28]. Utilising this algorithm, an effective wave
number kx is deduced for the least attenuated silencer mode and is employed in equation
(16) yielding the last theoretical result shown in Figure 4. Sound agreement to the
experiment can now be noticed in a frequency range of 250 up to 750Hz while above this
limit even a negative IL is predicted. Since this fortunately does not comply with the
measured data it reveals that in this frequency range probably a local reaction of the
passive absorber layer cannot be assumed anymore. Instead, a bulk reacting model should
be applied which, however, would aggravate the solution of the continued fractioning. The
consideration of the silencer as an asymmetrical arrangement is nevertheless an
improvement in the important frequency range of low and mid frequencies.

This is especially demonstrated if the asymmetry is enhanced, e.g., by an increasing
thickness of the absorber layer to dAbs ¼ 0�1m and at the same time a reduction of the gap-
width to h2 ¼ 0�15m. With the thickness of the active lining of dASD ¼ 0�2m the width-
ratio of ðdASD þ dAbsÞ=h2 is equal to 2 which is a value often used in practise. The resulting
insertion loss of this modified arrangement is shown in Figure 5. A higher attenuation can
be noticed in the whole frequency range. With activated ASCs, the measured as well as the
calculated curve shows an IL of more than 20 dB in the range of 80Hz up to about 800Hz.
Due to the smaller gap-width, the beaming effect which ultimately leads to a reduction of
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Figure 5. Insertion loss of the actively absorbing silencer according to Figure 3 but with h2 ¼ 0�15m;
measured and calculated in consideration of its asymmetric lining with the transfer-matrix method according to
equation (19); with active cassettes switched on (}}) and off (- - - -). Measurement with ASC on;

calculation with ASC on; measurement with ASC off; calculation with ASC off.

J.J. KRÜGER896
IL at high frequencies, starts at nearly 1250Hz and the loss of attenuation already from
about 800Hz must, therefore, be assigned to the active lining, which is confirmed by the
theoretical result.

How much does the active liner contribute to the overall IL result? To answer this
question, the feedback loop of all active cassettes was opened (Figure 5). In this case, only
the sound pressure inside the duct moves the loudspeaker membranes. Together with the
compliant air enclosed in the cassette, they act as passive resonators. This leads to a major
IL contribution only near their resonance frequency of about 125Hz. Elsewhere, the IL is
dominated solely by the effect of the passive lining, which can be deduced from the gentle
IL-rise from low frequencies to a maximum of about 25 dB at nearly 800Hz. Comparing
the results in Figure 5, one also notes that for the activated ASCs the IL is higher even in
the frequency range up to 800Hz. Thus, the active lining contributes not only in their
aimed working range of 50–200Hz but also up to 800Hz considerably to the overall IL.
The broadband working range of the ASCs thereby spans more than four octaves.

6. INFLUENCE OF THE MICROPHONE POSITION

In all arrangements considered so far, the microphone was located approximately
20mm above the centre of the cassettes loudspeaker membrane as shown in Figures 2
and 3. This configuration was chosen since for symmetry reasons the sound pressure
picked up there by the microphone corresponds best to the averaged sound pressure along
the x-axis in the plane of the lining. Also, the behaviour of the active cassettes with an out-
of-centre microphone was investigated. Positions near the edge of the cassette are of
special practical interest since there the microphone can be implemented easily in the
frame of the loudspeaker. If the microphone is mounted in a position on the x-axis shifted
towards the sound source one can additionally utilize a possible time lead to compensate
for inevitable delays within the signal processing as principally known from feedforward
systems [1, 7]. Therefore, the arrangement in Figure 3 was altered by shifting all four



Figure 6. Detail of an actively absorbing silencer similar to Figure 3 but with the microphones shifted towards
the inlet side.
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microphones 110mm towards the source (Figure 6). The theoretical modelling of this
configuration is less straightforward.

An analytical calculation of the sound field at the edge of a piston for the radiation from
a infinite plane into semi-infinite free field was carried out 1958 by Brosze [33]. The
approach used there differs from the present case insofar as the surface of a real
loudspeaker membrane in the frequency range of interest can be considered neither flat
nor rigid. Besides that, the boundary condition of an infinitely rigid plane differs
essentially from the practical implementation in a rectangular duct. Under these
circumstances, this method does not seem to be applicable for stability calculations as
well as IL predictions even for cases with centred microphone. In 1973 Doak thoroughly
investigated a configuration with a rectangular piece of the wall vibrating in a hard-walled
rectangular duct [34, 35]. As a result, analytical expressions for the sound field depending
on the geometrical dimensions and the velocity of the vibrating piece normal to the wall
for infinite as well as finite length ducts were presented. These formulas were the basis for a
numerical and experimental investigation about the near field of a real loudspeaker in a
wall of an air-conditioning duct carried out by Trinder and Nelson [11]. The two cases
considered show that even below the first transverse duct mode discrepancies between the
calculated and measured results occur in both phase and magnitude of the sound pressure.
These discrepancies are even pronounced in small distances to the loudspeaker membrane.

Compared to the above, the present case is more complicated since the membrane is
circular, curved, not rigid, there are other non-rigid surfaces next to the cassette, and
finally the opposite wall is covered by an absorbing layer. Furthermore, it is necessary to
calculate the sound pressure just in the proximity of the membrane up to higher duct
modes. It can therefore be assumed that the approaches quoted earlier will not yield more
precise results than the used network model despite the remarkable amount of numerical
work. To integrate the different microphone position into the network model a simple
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empirical approximation was therefore employed by defining an additional element DM

(Figure 7). This element incorporates the effect of an additional time delay and attenuation
across the distance LM to the centre of the membrane:

DM ¼ e�DLM ðAþjBÞ: ð20Þ

The sound pressure pL generated by the loudspeaker due to the feedback with gain G of
the sound pressure at the altered microphone position p0

M then becomes

pL ¼ p0
MG ¼ pMGDM ¼ pMG0: ð21Þ

Consequently, the altered sound pressure p0
M can be accounted for by substituting the

feedback gain G by G0 in the network model described in detail in references [21, 24].
Measurements of the transfer function between the voltage at the terminals of the
loudspeaker and the microphone at the frame position showed that the magnitude
decreases stronger with rising frequency and the phase shifts more than with the
microphone in the centre. However, the stability margins remain nearly unchanged, so
that the same linear feedback-gain of G1;2;3;4 ¼ 18 dB for the controller could be achieved.
The comparison of the measurements of the transfer function served to model the
coefficients A and B of equation (20). It turned out that with the A ¼ B ¼ k0 the agreement
was best in the considered frequency range. Figure 8 shows the IL of the silencer in Figure
6 calculated with G0 and its measured result. Again a silencer with a length of LS ¼ 1m,
a gap-width h2 ¼ 0�15m, and an absorber located opposite (dAbs ¼ 0�1m;
XAbs ¼ 12 kPasm�2) was chosen. Except for the altered microphone position, this
arrangement corresponds to the one, with the IL depicted in Figure 5.

The comparison of the curves in Figures 5 and 8 show at first, that especially between
160 and 1000Hz the IL is increased enormously. The maximum of about 55 dB is close to
the limit of the measurable IL for this measurement duct and with the measurement
equipment used. Moreover, this means that compared to the results of the deactivated
liner which is repeated in Figure 8 an enhancement of up to 25 dB even in the 630 and
800Hz third-octave bands occurs. If the overall IL is normalized by relating it to the
length LS and the free gap-width h2 as sometimes used for comparisons of the efficiency of
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Figure 8. Insertion loss of the actively absorbing silencer according to Figure 6 with h2 ¼ 0�15m; measured
and calculated in consideration of its asymmetric lining with the transfer-matrix method according to equation
(21); with active cassettes switched on (}}) and off (- - - -). Measurement with ASC on;

calculation with ASC on; measurement with ASC off; calculation with ASC off.
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different dissipative silencers [16, 17]

ILn ¼ ILh2=LS ð22Þ

an ILn of more than 4 dB over 11 third-octaves can be confirmed (Figure 9). Although far
from the optimum value of 19 dB mentioned in section 2, this is indeed a remarkable result
for an active silencer of the described geometry. While achieved in combination with a
passive liner this result shows that in contrast to common assumptions [3, 5, 6] active
silencer technology for air-conditioning ducts can not only be effective at low but also at
mid and relatively high frequencies.

The reason for this significant improvement of the IL is seen in the time lead of about
0�3ms due to the shift of the microphone towards the source. Apparently, this partly
compensates some of the inevitable delays in the reaction of the electro-acoustic system,
i.e., due to the inert masses involved especially in the frequency range from 160 to 1000Hz.
While the agreement of calculated and measured result between these limits is satisfactory,
larger deviations occur at higher and lower frequencies. In both cases, the prediction
overestimates the actual result. The uncertainties at very high frequencies must be
attributed to the deterioration of the lumped element network model due to increasingly
invalid assumptions as explained above. Since the differences at low frequencies do not
occur in the case of centred microphone this clearly shows the limitations of the simple
approximation with G0: Under the described conditions, an improved modelling seems
possible only by employment of numerical methods, such as the finite element and
boundary element methods [36]. The additional expenditures for the utilization of these
techniques seem however to be justified only in cases where with a deliberate variation of
parameters a particular configuration of a silencer has to be optimized and then fabricated
in large numbers. Nonetheless, this is much more the case in the field of exhaust silencers
for IC-engines rather than for de facto individually planned and tested air-conditioning
silencers.
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Figure 9. Results of Figure 8 normalised to the ratio of gap-width h2 ¼ 0�15m over length LS ¼ 1m according
to equation (22); with active cassettes switched on (}}) and off (- - - -). Measurement with ASC on;

calculation with ASC on; measurement with ASC off; calculation with ASC off.
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7. CONCLUSIONS

In the present work, the attenuation of actively absorbing silencers was investigated
theoretically and experimentally. Several refined models for the calculation of the insertion
loss were developed based on classical passive silencer theory and the wall impedance
derived from a network of lumped elements for each independent active cassette. The
implementation of an active silencer of 1m in length consisting of four cassettes in
combination with a passive liner on the opposite side led to remarkable IL-results over a
broad frequency range demonstrating the effectiveness of this technology. The highest
modelling accuracy for the arrangement with the microphone above the centre of the
loudspeaker was achieved by utilizing the transfer-matrix method under special
consideration of the asymmetry of the lining. Despite the assumptions made, the gained
experimental results essentially validated the computational model in the frequency range
up to 1000Hz to an extent, which seems sufficient for the requirements of the IL-
prediction in practical air-conditioning design cases.

One of the main findings of this study is that a small shift of the microphone towards the
source can significantly improve the IL in the mid-frequency range up to 800Hz but
decreases it in the frequency range below 125Hz. This was attributed to the compensation
of inevitable time delays within the electro-acoustic elements by an earlier detection of the
noise signal as principally known by feedforward systems. To incorporate this change of
the microphone position in the network model a simple time lead was preferred to
analytical and numerical methods. This approximation yielded reasonable accuracy up to
about 1000Hz but failed to predict the decrease of insertion loss below 125Hz indicating
the need for further research efforts. Nevertheless, the final arrangement confirmed,
particularly in comparison with the result without activated cassettes, the enormous
efficiency even up to frequencies up to 1000Hz, which is underlined by the high ILn of
more than 2 dB over a broad frequency range of nearly four octaves. Despite the relatively
high frequency resolution, all calculations can be carried out on standard personal
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computers within a few seconds. This assures that in contrast to numerical methods
relying on finite elements a quick optimisation for each individual application can be
performed in early design stages.
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