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SUMMARY

This paper presents a feedforward active noise control system combined with passive silencers
for reducing acoustic noise propagating through ventilation ducts. It is investigated if the
passive silencers can increase the noise attenuation potential of the active noise control system
and experimental results are presented. The results show that installing a passive silencer results
in less pronounced standing waves in the duct and hence to performance increase of the active
noise control system. Evaluating measurements regarding the performance of the active noise
control system have also been conducted in an acoustic laboratory according to an ISO-
standard.

INTRODUCTION

For many years it has been of interest to investigate the possibility of using active noise control
(ANC) to overcome the problems of low-frequency background noise caused by heating, ventilating
and air conditioning (HVAC) systems in different kinds of buildings, e.g. office buildings, meeting
rooms, classrooms, hospital and living rooms etc. In most HVAC installations, conventional
resistive passive silencers are used to attenuate the duct borne noise [1-8]. The passive silencers
dissipate the incident sound energy as heat and are usually based on porous sound-absorbing
material covering the interior surface of the duct [1-3]. To improve the noise attenuation also
parallel baffles of sound-absorbing material inside the duct are used. The noise attenuation is
dependent preliminary on the length of the silencer, the thickness and flow resistance of the sound-
absorbing material, the size of the air passage and the wavelength of the sound [1, 2]. The
conventional passive silencers have the advantage that they produce high attenuation over a broad
frequency range, from mid frequencies up to high frequencies; on the other hand, the passive
silencers tend to have little impact on the noise in the lower frequency range. The attenuation
produced by a passive silencer is low when the acoustic wave length is large compared to the
silencers dimensions, e.g. the length of the silencers or the thickness of the sound-absorbing
material. Due to the long acoustic wavelength more efficient passive low frequency silencers tend
to be very large, which usually results in large and unpractical silencers from an installation point of
view.

Instead of using specially designed passive silencers for low frequency duct noise, a silencer based
on ANC technology can be used. Since ANC produces high attenuation in the lower frequency
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range, the passive silencers can be designed to attenuate the noise at mid- and high frequencies,
resulting in passive silencers of more practical sizes. Accordingly, active noise control can be an
effective complement to the passive silencers, and combining the active- and passive techniques can
result in a noise control system with high noise attenuation over a broad frequency range and with a
size small enough for the ANC system to be accommodated in duct system installations with space
constraints [9-13]. An acoustic single-channel feedforward active noise control system [9, 10],
which was used in the experiments presented in this paper, normally uses a reference microphone
which measures the undesired noise propagating in the duct. The reference signal generated by the
reference microphone is sent to a controller where it is processed by an adaptive filter, in this case a
time-varying finite-impulse-response (FIR) filter, to produce an output which is sent to a
loudspeaker. The secondary noise generated by the loudspeaker interferes destructively with the
primary noise, resulting in reduced noise downstream in the duct. Downstream from the
loudspeaker an error microphone measures the residual noise after control and generates an error
signal which is sent to the controller where it is used to adapt the coefficients of the adaptive FIR
filter to minimize the residual noise over time. In duct installations, either the reference microphone
and/or the error microphone may be located in a pressure node of a standing wave for some
frequency. This can result in a performance decrease of the ANC system for that particular
frequency.

This paper presents an ANC system installation combined with passive silencers, a hybrid
active/passive silencer. Experimental investigations conducted at Blekinge Institute of Technology
(BTH) show less pronounced standing wave patterns in the duct when using the passive silencers as
compared to when not using them. The sound pressure level at the nodes increases and gives rise to
less pronounced nodes. This in turn results in a performance increase of the ANC system. In
addition to the measurements carried out at BTH, measurements were conducted in an acoustic
laboratory in Denmark. Here the measurements were performed according to the standard ISO
7235:2003 developed for ducted silencers and air-terminal units [14]. The noise attenuation
achieved by the ANC system was measured in a reverberation room and amounted to approximately
15-25 dB between 50- and 315 Hz.

EFFECTS OF INSTALLING A PASSIVE SILENCER

As mentioned, active noise control and passive silencers are in some cases combined to attenuate
the duct noise over a broad frequency range. However, no extensive work seems to have been
carried out to investigate if the passive silencers also can be used to increase the performance of the
ANC system with which they are combined. Larsson et. al [15] investigated the possibility of using
a passive silencer to reduce acoustic feedback between the secondary source and the reference
microphone. They found that when the secondary source and the error microphone were placed near
the duct outlet and a passive silencer was installed so that it was a part of both the feedback path
and the primary path between the reference- and error microphones, the attenuation produced by the
passive silencer may cause the use of a feedback neutralization filter to be superfluous. This in turn
results in a less complex controller structure that can be based on a simple feedforward controller.
In addition they found that the standing waves in the duct were less pronounced when installing the
passive silencer, resulting in an increased performance of the ANC system even if a feedback
neutralization filter is used in the controller. Furthermore, they found that with the passive silencer
installed, the forward path between the loudspeaker and the error microphone can be estimated
using an FIR filter with less coefficients than if not installing the passive silencer. This in turn
results in a reduced number of calculations in the control algorithm.

However, if the active noise control system is not positioned near the duct outlet and the passive
silencer is installed upstream from the error microphone, the error microphone is likely to be
positioned in pressure nodes of standing waves for some frequencies. The objective of the controller
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is to minimize the noise sensed by the error microphone in the mean-square sense. If the error
microphone is located in pressure nodes for some frequencies it cannot observe these frequencies.
Accordingly these frequencies have no impact on the cost function which the controller minimizes
and hence they are not controlled [9, 16]. This results in that the noise downstream from the error
microphone contains these frequencies. To prevent the problem with microphones in nodal
locations, multiple microphones can be used. The microphones are then spaced so that if a
microphone is positioned in a node another is positioned in an anti-node for that particular
frequency. However, multiple microphones entails a multiple-channel ANC system [9-10, 16],
resulting in increased complexity of the controller structure. Also, using several microphones results
in a more space demanding ANC system since the microphones are spread over a larger distance.
This also increases the complexity from an installation point of view.

On the other hand, installing an additional passive silencer downstream from the error microphone
can result in less pronounced standing waves in the position of the error microphone and hence to
additional frequencies being observable. For the duct system used in this paper, this is shown if
comparing the power spectral density (PSD) of the error microphone signal without active control,
with- and without an additional passive silencer installed downstream from the error microphone
(see Fig. 3 and Fig. 4 respectively). This implies that if installing an additional passive silencer
downstream from the error microphone, instead of a multiple-channel ANC system, a simple single-
channel feedforward controller can be used.

EXPERIMENTAL SETUP

The measurements were carried out on a duct system built in a laboratory at the Department of
Signal Processing at Blekinge Institute of Technology (BTH) in Sweden, and in an acoustic
laboratory in Denmark.

The experimental setup at BTH
The basic setup of the physical system utilized for the ANC experiments at BTH consists of
approximately 21 meters of circular duct having a diameter of 315 mm. This setup can then be
extended to a length of approximately 33 meters. The noise source is a standard axial fan (Lindab
CK 315). The fan is located in a separate room in order to reduce the direct sound from the fan
sensed by the evaluation microphone placed at the duct outlet. To regulate the airflow a draught
valve is installed near the fan, allowing airflow speeds between 3,2 m/s and 6,7 m/s.

The core of the single-channel feedforward ANC system used in these experiments was a
TMS320C32 DSP from Texas Instruments, in which the time domain leaky filtered-x LMS
algorithm [9, 10] was implemented. The adaptive control filter consisted of 256 coefficients. The
forward path, the path between the loudspeaker input and the error microphone output, was
estimated off-line using an FIR-filter with 128 coefficients which was steered with the LMS
algorithm [9, 10]. The secondary source was a loudspeaker optimized for installation in small
boxes. This loudspeaker was driven by a QSC USA370S amplifier with a maximum power of 185
W per channel into 4 ohms. Two omnidirectional microphones were used as reference- and error
sensors, with the reference microphone positioned to fulfill the causality constraint for feedforward
control systems [10, 17]. In addition, one microphone of model TMS130A10 with a pre-amplifier
TMS130P10 manufactured by PCB Piezotronics, fitted with a standard foam plastic sleeve with a
diameter of 9 cm for turbulence rejection, was positioned 10 cm from the duct outlet to monitor the
sound in the room. The reference-, error-, and secondary source signals were low-pass filtered using
three Kemo VBF10M filters. The filters were set to a cutoff frequency of 400 Hz, ensuring an
operation of the ANC system in the plane wave region of the duct system in use.
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One passive silencer (P1) was installed between the reference microphone and the loudspeaker, and
one (P2) was installed downstream from the error microphone. When the passive silencer
downstream of the error microphone (P2) was removed, it was replaced with a duct piece of the
same length as the passive silencer. Figure 1 is a schematic illustration of the experimental setup at
BTH which henceforth will be referred to as setup1.

Figure 1: The experimental setup at BTH, setup1.

The experimental setup in the acoustic laboratory in Denmark
In addition to the measurements carried out at BTH, measurements were carried out in an acoustic
laboratory in Denmark. Here the measurements were performed according to the standard
ISO 7235:2003 “Acoustics – Laboratory measurement procedures for ducted silencers and air-
terminal units – Insertion loss, flow noise and total pressure loss” [14]. Figure 2 is a schematic
illustration of the experimental setup in the acoustic laboratory in Denmark which henceforth will
be referred to as setup2. In this laboratory the noise generated by the fan was effectively silenced by
large passive silencers and noise was instead generated by a loudspeaker array positioned in the
room to the left in Fig. 2. This made it possible to separate airflow and noise, i.e. the airflow and
noise level could be individually adjusted.
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Figure 2: The experimental setup in the acoustic laboratory in Denmark, setup2.
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The attenuation achieved by the ANC system was measured using a rotating microphone placed in a
reverberation room to which the duct system led. In the reverberation room the sound field was
diffuse so that the evaluation microphone could be positioned away from the airflow. Hence these
measurements were not affected by turbulence around the evaluation microphone. Between the
room for noise generation and the reverberation room was approximately 20 meters of circular duct
having a diameter of 315 mm and in the middle the ANC system was installed. The ANC system
used in these measurements was the same as at BTH except that the additional passive silencer
downstream from the error microphone was not installed since the duct system had an anechoic
termination.

RESULTS

For the results obtained in setup1 and presented in Figs. 3 to 7, the airflow speed was 3,2 m/s and
there was approximately 14 m duct between the error microphone and the duct outlet. In order to
determine how installing a passive silencer downstream from the error microphone affects the
performance of the ANC system, the PSD of the error microphone signal was measured, using a HP
35670A dynamic signal analyzer, when the ANC system was off and when it was turned on. This
was done both with- and without the passive silencer (P2) installed (see Figs. 3 and 4).

However, the ANC system minimizes the noise in the point where the error microphone is
positioned. Furthermore, if the error microphone is positioned in a pressure node of a standing wave
of a certain frequency, the sound pressure of this frequency is likely to be higher at another position
downstream of the duct. Therefore, the PSD of the signal generated by the evaluation microphone
was also measured with the ANC system turned on- and off, both with and without the passive
silencer (P2), installed (see Figs. 4 and 5). In Fig. 6 the PSD of the evaluation microphone signal
with active control, with- and without the passive silencer (P2) installed, is illustrated.
Measurements were carried out in the acoustic laboratory (setup2), to evaluate the performance of
the ANC system according to the standard currently used for ducted silencers and air-terminal units.
In Fig. 8 the attenuation achieved at the evaluation microphone in setup2 for two different airflow
speeds is illustrated.
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Figure 3: Power Spectral Density (PSD) of the error microphone signal in setup 1
(- - dash-dotted line) without- and (— solid line) with active control.

Both cases with a passive silencer (P2) installed.
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Figure 4: Power Spectral Density (PSD) of the error microphone signal in setup 1
(- - dashed line) without- and (— solid line) with active control.

Both cases without a passive silencer (P2) installed.
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Figure 5: Power Spectral Density (PSD) of the evaluation microphone signal in setup 1
(- - dash-dotted line) without- and (— solid line) with active control.

Both cases with a passive silencer (P2) installed.
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Figure 6: Power Spectral Density (PSD) of the evaluation microphone signal in setup 1
(- - dash-dotted line) without- and (—, solid line) with active control.

Both cases without a passive silencer (P2) installed.
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Figure 7: Power Spectral Density (PSD) of the evaluation microphone signal in setup 1 with active
control, (- - solid line) without- and (—, dash-dotted line) with a passive silencer (P2) installed.
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Figure 8: 1/3 octave spectrum of the attenuation with active control at the evaluation microphone
in setup 2  for noise plus an airflow of 2 m/s ( stars), and noise plus an airflow 10 m/s (triangles).

CONCLUSIONS

When the passive silencer (P2) in setup1 is installed downstream from the error microphone, the
noise attenuation at the error microphone is approximately 25-30 dB between 50 and 350 Hz (see
Fig. 3). When the passive silencer (P2) is removed and replaced with a duct piece, the sound
pressure measured by the error microphone is low for numerous frequencies when the ANC system
turned off (see Fig. 4). This indicates that the error microphone is located in pressure nodes of
standing waves for these frequencies. Also, the sound pressure at the error microphone with the
ANC system turned on is approximately the same between 50 and 150 Hz and approximately
10-20 dB higher between 150 and 400 Hz when not using the passive silencer (P2) as compared to
when using it (compare Figs. 3 and 4).

At the evaluation microphone the noise attenuation is approximately 10-20 dB between 50 and
400 Hz with the passive silencer (P2) installed (see Fig. 5). Without the passive silencer installed
the PSD of the evaluation microphone signal with active control shows numerous tonal components
between 150 and 400 Hz (see Fig. 6). These tonal components are likely to be the result of the ANC
systems inability to control these frequencies since they are not observable by the error microphone.
If comparing the PSD of the error microphone signal without active control in Fig. 4 with the PSD
of the evaluation microphone signal with active control in Fig. 6 it can be seen that the tonal
components in Fig. 6 have the same frequencies as the frequencies having a low sound pressure in
Fig.4. In comparing the PSD of the evaluation microphone signal with- and without the passive
silencer (P2) installed, with active control, the tonal components between 150 and 400 Hz are not
present when using the passive silencer (see Fig. 7).

In the acoustic laboratory in Denmark (setup2) the noise attenuation was approximately 15-25 dB
between 50 and 315 Hz both for the airflow 2 m/s and 10 m/s (see Fig. 8). In conclusion, the
obtained experimental results for the duct configuration used in setup 1 show that installing a
passive silencer can result in less pronounced standing waves upstream from the passive silencer.
This in turn results in an increased attenuation of the frequencies where the error microphone
otherwise would be placed in pressure nodes. Finally, the ANC system shows good noise
attenuation when using the standardized measurement procedure, even for high airflow speeds.
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