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A Module-Based Active Noise Control System for
Ventilation Systems,
Part II: Performance Evaluation
Martin Larsson, Sven Johansson, Ingvar Claesson and Lars Håkansson
Department of Signal Processing, Blekinge Institute of Technology, Ronneby, Sweden
To utilize the full noise-attenuation potential of an active noise control (ANC) system applied to duct noise, it is
important to be able to minimize the turbulence-induced noise in the microphone signals. This is the second paper
in a series of two, that treats the problem of turbulence-induced noise originating from the airflow inside the ducts,
when applying ANC to ducts. Part I contains theoretical and experimental investigations of the influence of the
turbulence-induced noise on the filtered-x LMS algorithm used in the ANC system. Part II (the present paper) is
concerned with the design and investigations of microphone installations, which produce a sufficient amount of
turbulence suppression while also meeting industry requirements. These requirements are, for example, that the
microphone installations should be based on standard ventilation parts, and that they should be easily installed
and maintained. Furthermore, results concerning the performance of an ANC system with different microphone
installations are presented. Some of the results were obtained at an acoustic laboratory according to an ISO
standard. The attenuation achieved with ANC was approximately 15-25 dB between 50-315 Hz, even for airflow
speeds up to 20 m/s.

1. INTRODUCTION

lution to manufacturers of ventilation systems. Because the
microphones are placed in separate duct pieces, i.e., modulebased, it makes the ANC system much more flexible when
it is installed. For example, it can be installed with different
types of passive silencers, circular or rectangular ducts, etc.
Furthermore, comparative results concerning the performance
of an ANC system with different microphone installations, Tduct configurations, and microphone boxes with varying slit
widths are presented. The results show that the active noisecontrol performance is almost equal or better when using the
suggested T-duct-based microphone installation as compared
to using a microphone box with a slit. Some of the presented
results were obtained in Lindab’s 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 theoretical and experimental investigations presented in
Part I show that the performance of an ANC system based on
the filtered-x algorithm and applied to duct noise can be significantly decreased by turbulence-induced noise generated in
the microphone signals due to the airflow present in ducts.1
Therefore, it is essential to reduce the amount of turbulence
fluctuations that are not part of the propagating sound, to enable a high noise-attenuation potential of the active control system. Many different approaches to do so have been described
over the years. The work of Åbom and Schiegg describes
the use of a hot-wire that measures the fluctuating velocities,
which are then used as a reference signal for the turbulence
at the microphone.2 This reference is then used to filter out
the turbulence contribution to the microphone signal. Another
method is to use a microphone array consisting of a number
of microphones arranged in a line directed toward the noise
source.3, 4 A much more practical and less expensive method
is to use probe tube microphones. Design and investigations of
the probe tube microphones have been performed by, for example, Neise,5, 6 Wang and Crocker,7 Munjal and Eriksson,8
Shepherd and Fontaine,9 Nakamura,10 and Larsson et.al.11 A
method similar to using probe tube microphones, is to place
the microphones in outer microphone boxes mounted on the
duct and connected to the duct interior via a small slit.12, 13 As
shown in Refs.11 and13 the performance of an ANC system
applied to duct noise can be improved by placing the reference and error microphones in outer microphone boxes. In
this paper, a microphone installation based on a standard Tduct for reducing the airflow around the microphones is presented. Since the microphone installation is based on a duct
piece already manufactured, eliminating the need for the development of new duct pieces, this makes it an attractive so-

To successfully apply ANC to duct noise, many factors other
than the optimization of the controller need to be taken into
consideration. One factor that will significantly restrict the
effectiveness of the controller is the airflow turbulence at the
microphones. As reported in Part I, high levels of measurement noise will have a negative impact on the performance of
the ANC system and, therefore, it is important to substantially
reduce the uncorrelated turbulence fluctuations that the microphones are subjected to.1 As can be observed in Fig. 19, turbulent noise has broadband energy in the frequency range below
400 Hz , which is of interest in this application. Thus, the
acoustic noise and turbulent noise cannot easily be separated
by temporal filtering, and other methods might be suggested.
In this section, different methods and microphone installations
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2. MICROPHONE INSTALLATIONS
TURBULENCE REJECTION
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with the purpose of suppressing the turbulent noise sensed by
the microphones are presented and discussed. In this article,
only plane-wave propagation is considered.

2.1. Microphone Array
To a single microphone, the turbulent noise and acoustic
noise are indistinguishable, and as mentioned, temporal filtering cannot simply be used to separate the two. However, the
noise created by the turbulence can be rejected from a spacetime record of the pressure.4 Hence, by simultaneously measuring the sound pressure at different positions along the duct,
using several microphones where the microphone outputs are
electronically delayed with the acoustic propagation time and
summed together, the acoustic noise will be reinforced, the turbulent noise will not due to its lower propagation speed and the
microphone spacing.4, 15 This is illustrated in Fig. 1, where an
array of microphones are installed along the duct. The outputs
of the microphones are time-delayed and summed together.
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Figure 1. Microphone array for turbulence rejection.
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where the first part is due to the acoustic sound, and the second
part is due to the turbulence. Further, M is the total number
of microphones, and nm denotes the noise generated by the
turbulence at microphone m. The signal-to-noise ratio (SNR)
is defined as the ratio of signal-noise power which, for the case
of a single microphone, becomes
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In the case of using an array with M sensors the SNR can be
written as16
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Hence, the cross terms of the denominator of Eq. (3) become zero. Further, assuming that the noise induced by the
turbulence at the different microphones has the same characteristics with zero mean value and the same power, so that
σn2 1 = σn2 2 = ..... = σn2 m = σn2 , the SNR for the microphone
array can be written as16

τA=s/c

In Fig. 1, z(t) is the total output from the microphone array,
s is the microphone spacing, c is the speed of sound, τA is the
time it takes for the sound to travel the distance s, τE is the
electric delay introduced after each microphone output, a(t)
denotes the acoustic sound, and n(t) is the turbulent noise. The
output of the microphone array z(t) can be divided into two
parts, coming from the acoustic sound and the turbulence, respectively. If the electric delay is chosen to be τE = τA = s/c,
the total output from the microphone array can be written as16

(4)

where Uconv is the velocity at which the pressure fluctuations
are convected downstream of the duct. The correlation of the
turbulent-pressure fluctuations at the wall in a duct, measured
at two points separated by a distance s in the direction of propagation, will be dependent on both space and time.4, 15 If the
separation distance in the microphone array is chosen such that
s ≥ 5λT for the lowest frequency of interest, the noise induced
by the turbulence can be assumed to be uncorrelated between
the microphones so that15

SNRarray =
Turbulence, n(t)
Acoustic sound, a(t)

Uconv
,
f

Thus, the SNR improvement when using an array of M microphones compared to when using a single microphone, also
known as the array gain, can be written as16
G=

SNRarray
= M,
SNRsingle

(8)

or in decibels
G = 10 log10 (M )

[dB] .

(9)

Hence, 10 microphones would be needed for an SNR improvement of 10 dB, 100 microphones for 20 dB, etc. This solution
is, therefore, not very practical since it would require numerous microphones and a long distance on which to install them.

2.2. Probe Tube Microphones
The probe tube microphones, also known as slit-tubes, sampling tubes, and turbulence screens, were initially developed
to increase the SNR between the desired acoustic sound waves
and the undesired turbulent pressure fluctuations during sound
measurements in turbulent flow. A probe tube microphone is
illustrated in Fig. 2.
Streamlined nose

Microphone

Airflow
Sound from turbulence. Speed: c
Acoustic sound. Speed: c
Turbulence. Speed: U
Acoustic sound. Speed: c

Slit

Figure 2. Schematic illustration of a probe tube microphone.

A turbulent wavelength for a given frequency component of
the turbulent pressure fluctuations at the wall in a duct is given

In Fig. 2, c denotes the speed of sound and U , the mean air
flow speed. A probe tube microphone generally consists of a
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long tube which has a streamlined shape at the end pointing toward the propagating sound. At the other end, a microphone is
inserted, and along the tube there is a slit that allows the sound
waves to enter the tube. A fluctuating pressure field outside the
tube, acoustic or turbulent, will generate a sound wave inside
the tube that will travel from the point of excitation to the microphone as well as to the opposite end.5 Assuming that the
sound waves at the tip are absorbed by sound-absorbing material, the sound pressure at the microphone is built up only
by sound waves propagating directly from the point of excitation to the microphone. A plane sound wave traveling outside
the tube toward the microphone will generate pressure disturbances inside the tube that will arrive in phase at the microphone since the external and internal sound fields both travel
with the speed of sound.3, 5, 9 Turbulent pressure fluctuations
outside the tube will also generate pressure disturbances inside the tube which will propagate as sound waves toward the
microphone, with the speed sound. However, the external turbulent pressure fluctuations will travel with the speed of flow.
Hence, the sound waves generated inside the tube by the external turbulent pressure fluctuations will not arrive in phase at
the microphone. Instead, for flow mach numbers M < 1, the
sound waves generated inside the tube by the turbulent pressure fluctuations will tend to cancel each other out at the microphone due to their random differences in relative phase.3, 5, 9
It can also be noted that the actual propagation speed for the
sound waves in turbulent flow will be the speed of sound plus
the mean air flow speed. Thus, for high mean air-flow speeds,
the same cancellation as previously described for the turbulence will appear for the acoustic sound waves when using a
probe tube microphone. The mean air-flow speed will begin to
have an effect on the acoustic sensitivity of the probe tube at3
2πf L
2
>
,
c
M

(10)

where L is the length of the probe tube. However, for reasonable probe tube lengths and mean air flow speeds, this will
not have an effect in the low-frequency range of interest in
ANC applications. Also, for the low frequencies, the mean
air-flow speed will have to be higher than for typical ventilation systems. For example, assuming a probe tube length of
0.4 m, an airflow speed of approximately 234 m/s and above,
would be required for the acoustic sensitivity to be decreased
for frequencies below 400 Hz. Generally, the airflow speed is
not above approximately 30 m/s in commercial ventilation systems.3 To investigate the performance of an ANC system when
using probe tube microphones, two probe tube microphones
were designed, and the results are reported in Ref.11 The probe
tube microphones are much more practical, less expensive, and
less space-demanding than microphone arrays. Even so, a major drawback is that they have to be installed inside the duct.
A better solution might be to use outer microphone boxes, as
described in the following section.

2.3. Outer Microphone Boxes with a Slit

(a)

(b)

Slit

(c)

Slit

Figure 3. An outer microphone box with a slit. In (a) closed and placed on a
duct, in (b) it is open with the slit visible, and (c) is a schematic illustration of
the outer microphone box with a slit mounted on a duct piece.

achieved by using an outer microphone box mounted on the
duct, as illustrated in Fig. 3(c). The microphone is positioned
inside the microphone box at the downstream end, and a slit is
made in the duct to connect the duct interior and the interior
of the microphone box. This design of the microphone boxes
with a slit, used by the authors, is illustrated in Fig. 3.
These microphone boxes were made of 12 mm chipboard
and mounted outside the duct. The height of the boxes were
50 mm, and the cavity was filled with porous foam plastic for
further turbulence rejection. In the design of the microphone
boxes with a slit, the principle of operation was assumed to be
approximately that of the more investigated probe tube microphones. When designing probe tubes, a longer slit will have
more turbulence eddies averaged over it, resulting in an increased turbulence rejection. However, a tube with a slit length
of 400 mm is considered long enough to produce an adequate
turbulence rejection of about 10-15 dB.7 The cut-off frequency
below which turbulent pressure fluctuations will not be attenuated is given by3, 4
fc =

cM
,
L (1 − M )

(11)

To get around the disadvantages with the probe tube microphones, it is possible to use a solution in which the microphones are positioned outside the duct. Such a solution can be

where M is the flow mach number, c the speed of sound and L
the length of the slit. Using Eq. (11) gives, assuming the speed
of sound is 343 m/s, a cut-off frequency of approximately 8 Hz
at U=3,2 m/s, 17 Hz at U=6,7 m/s, and 53 Hz at U=20 m/s with
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a slit length of 400 mm. For low to moderate mean airflow
speeds, the cut-off frequency will, therefore, be below 20 Hz.
For these outlined reasons, the microphone boxes were made
400 mm long. To investigate the influence of the slit width
on the turbulence rejection, the microphone boxes were made
with three different slit widths, namely 3, 6, and 9 mm.

2.4. Outer Microphone Boxes Based on
T-ducts
The microphone boxes with a slit becomes relatively long
and call for a new construction of duct pieces. Therefore, microphone boxes based on T-ducts available on the market were
designed. The microphone box construction based on a T-duct
is illustrated in Fig. 4. The vertical duct piece has a diameter
of 160 mm and a height of 50 mm. On top, a tightly closing cover is clamped, and the cavity is filled with porous foam
plastic for further turbulence rejection. In the transition between the horizontal and vertical duct pieces, a net is riveted to
protect the microphone installation. The basic purpose of these
microphone boxes was to construct a microphone box that allowed the acoustic sound to propagate up to the microphone
while the airflow passed the box without entering it. Different
constructions were investigated. For example, instead of the
riveted net, a membrane was used in the transition between the
horizontal and vertical duct pieces. Also, different thicknesses
of the foam plastic, and different heights of the boxes were investigated. The results of these investigations are given in the
results section. The final design is illustrated in Fig. 4.
(a)

(b)

2.5. Practical Microphone Installation Consideration
Practical manufacturing aspects have been considered when
designing the microphone installations. The microphone installations are either based on a microphone mounting inside
the duct, in the airflow, or on a mounting inside a cavity outside
the duct and the airflow, but with acoustic coupling between
the cavity and the duct interior. For a microphone installation
inside the duct, the microphone and its support may also generate turbulence and flow-induced noise downstream from the
microphone. In high air flows this installation requires probe
tubes with high turbulence noise reduction, and the air flowgenerated noise can be significant downstream from the microphone. The location inside the duct also reduces the accessibility and maintenance of the microphone setup. Furthermore, it results in the microphones being exposed to air pollution and moisture inside the duct, resulting in a decreased
lifespan of the microphones. Installing a microphone in a cavity outside the duct, connecting to the duct interior via a small
slit along the duct, has advantages compared to using a probe
tube microphone mounted inside the duct. The influence of
the air flow on the microphone is reduced. Furthermore, this
configuration simplifies maintenance, and it also makes it easier to protect the microphone from air pollution and moisture.
The configuration of an outer microphone box using a long slit
along the duct to connect the duct interior to the interior of the
box implies a new construction of the duct pieces on which the
box is mounted. The microphone module consists of a duct
piece with a length of approximately 0.4 meters. On the duct
piece, an sheet box that can be opened is mounted, and a slit is
milled in the duct. The manufacturing of the sheet box, milling
the slit, and mounting the box results in new manufacturing
processes used only to manufacture the microphone modules.
Of course, this is negative from a manufacturing cost point of
view. However, the microphone modules which were designed
by the authors and are based on T-ducts are more cost efficient.
This design is based on standard duct pieces already manufactured and available on the market, eliminating the need to manufacture new duct pieces. Further, the T-duct pieces are available for both circular and rectangular ducts with different dimensions, which makes this microphone module configuration
very simple and flexible. In the manufacturing of the T-duct,
a simple step is added in the process to achieve the desired
microphone module. That is, to protect the microphone and to
reduce the airflow around the microphone, a metal net between
the duct and the branch on which the microphone is positioned
need to be mounted. This extra step is cheap and will not increase the manufacturing cost much. Also, the metal net is
already used to manufacture the circular passive silencers. Another advantage with this design is that this kind of T-duct part
is also used in the loudspeaker module for the ANC system.

3. THE EXPERIMENTAL SETUP
Figure 4. An outer microphone box based on a T-duct. (A) is a view from
inside the duct with a riveted net visible, and (b) is a schematic illustration of
the outer microphone box based on a T-duct mounted on a duct piece.
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To investigate the performance of an ANC system using
the different types of microphone installations, measurements
were carried out in two different laboratories. The experiments
were performed primarily on a duct system built at Blekinge
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Institute of Technology (BTH) in Sweden, but also at Lindab’s
acoustic laboratory in Denmark.

(a)

3.1. The Experimental Setup at BTH
The basic duct system setup at BTH consists of approximately 21 meters of circular duct with a diameter of 315 mm.
It also includes a passive silencer. If needed, this system can
be extended to approximately 33 meters. The noise source is
a standard axial fan, which is installed in a separate room to
avoid direct sound from the fan leaking into the measurement
microphones. The airflow is regulated between 3.2- and 6.7
m/s by a draught valve installed close to the fan. An ANC system can be applied almost anywhere to this duct system. In the
measurements conducted for this paper, 21 meters of duct was
used, and a single-channel feedforward ANC system was used,
with the secondary source and error microphone installed near
the duct outlet. In Fig. 5, parts of the duct system used at BTH
are illustrated.
The core of the single-channel feedforward ANC system
used for these experiments was a TMS320C32 DSP from
Texas Instruments in which the time-domain leaky filteredx LMS algorithm was implemented with a leaky factor very
close to one, v ≈ 1.3, 12 The sampling frequency was 1 kHz,
and the cut-off frequency of the anti-aliasing filters and the reconstruction filter was 400 Hz. The adaptive filter consisted
of 256 weights. The forward path was estimated off-line using an adaptive FIR filter with 128 weights that was steered by
the LMS algorithm.3, 12 Two inexpensive omnidirectional microphones were used as reference and error sensors. The secondary source was a loudspeaker optimized for installation in
small boxes. To monitor the sound in the room, an evaluation
microphone with a standard foam plastic sleeve with a diameter of 9 cm for turbulence rejection was placed 25 cm from
the duct outlet and away from direct airflow. Figure 6 is a simplified schematic illustration of this setup, which henceforth
will be referred to as setup1. The low-pass filters illustrated in
Fig. 6 also contain signal conditioning amplifiers enabling the
adjustment of the signal levels to the A/D-converters. To acquire reference and error microphone signals unaffected by the
low-pass filters and signal conditioning amplifiers, the signal
analyzer was connected directly to the unaltered microphone
signals in advance of the low-pass filters.

(b)

3.2. The Experimental Setup at the Acoustic
Laboratory
In Lindab’s acoustic laboratory in Denmark, the measurements were carried out 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 7 is a general illustration of the acoustic laboratory in Denmark. The noise generated by the fan was effectively silenced by large passive silencers denoted (P) in Fig. 7. The reverberation room is connected to the loudspeaker room with 21 meters of duct, as illustrated in Fig. 8 (a). In the loudspeaker room, a loudspeaker
array containing 32 loudspeaker units is used to produce pink
noise with a maximum A-weighted sound-pressure level of

Figure 5. Pictures illustrating parts of the duct system used at BTH. In (a), the
fan installation, and in (b), the following duct system.
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110 dB. The loudspeaker array is illustrated in Fig. 8 (b). In the
reverberation room the attenuation was measured using a microphone placed on a rotating bar, as illustrated in Fig. 8 (c).
In the reverberation room, the sound field was diffused so that
the microphone could be positioned away from from the airflow. Hence, these measurements were not affected by airflow
around the evaluation microphone, which otherwise can mask
the actual attenuation achieved. Between the rooms there were
approximately 21 meters of duct with a diameter of 315 mm,
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Figure 6. The experimental setup at Blekinge Institute of Technology, setup1.

and in the middle, the active system was installed. This setup
made it possible to separate noise and airflow, i.e the airflow
speed and noise level could be individually adjusted. Hence,
it was possible to generate a variety of airflow speeds without
noise generation, noise generation without airflow, and airflow
and noise together. The ANC system used in the acoustic laboratory was the same as the one used at BTH.

Figure 7. General illustration of the laboratory in Denmark.

(b)

(c)

4. RESULTS
The measurements presented were, for both experimental
setups, carried out in the frequency range of 0-400 Hz, which
is well below the cut-on frequency for the first higher-order
mode of the ducts in use.

4.1. Results Obtained at BTH - Setup1
In setup1, the performance of an ANC system using several different microphone installations was investigated. In the
first approach, the reference and error microphones were installed inside the duct without any windscreens. In the second approach, standard foam plastic sleeves, commonly used
in public address systems and acoustic measurement systems,
were used as windscreens. The foam plastic sleeves used were
spherical with a diameter of 9 cm, and the microphones were
mounted on a cross-sectional bar centered in the duct, as illustrated in Fig. 9.
International Journal of Acoustics and Vibration, Vol. 14, No. 4, 2009

Figure 8. Pictures illustrating parts of the acoustic laboratory in Denmark.
In (a), the duct between the loudspeaker and reverberation rooms, in (b), the
loudspeaker array used for noise generation, and in (c), the inside of the reverberation room with the evaluation microphone placed on a rotating bar.
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Different designs of the outer microphone boxes based on
T-ducts were also investigated in setup1. Figure 11 illustrates
the attenuation achieved with the ANC system measured in
the evaluation microphone when using the outer microphone
boxes based on T-ducts with either a metal net, a thin membrane of paper, or no cover in the transition between the horizontal and vertical duct pieces. The height of the vertical duct
pieces was 50 mm for these results. Heights up to 150 mm
were investigated but resulted in equal or lower levels of attenuation produced by the ANC system. For a height of 150
mm, it was difficult to get the ANC system to converge. The
final design of the microphone boxes based on T-ducts is the
one with a metal net in the transition and a 50 mm vertical duct
piece. This design was used for all results presented except the
202
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Results when not using any windscreens, when using foam
plastic sleeves, and also when using probe tube microphones
are given in Ref.11 In Fig. 16, the attenuation achieved with
the ANC system measured in the error microphone when using foam plastic sleeves and outer microphone boxes based on
T-ducts is compared. Without any windscreens, attenuation
was only achieved for low airflow speeds. For higher airflow
speeds, the ANC system easily became unstable and had difficulties converging. The reason for this is analyzed and discussed in Part I of this article series.1 Using the foam plastic
sleeves and probe tubes resulted in attenuation levels of approximately 10-15 dB measured in the evaluation microphone
between approximately 50-250 Hz for an airflow speed of 2.8
m/s. The achieved attenuation levels were decreased for an airflow speed of 5.9 m/s. These obtained attenuation levels were
not considered sufficient, and also the conclusion was drawn
that it was not feasible to install the microphones inside the
duct. In setup1, the performance of the ANC system with the
reference and error microphones mounted in outer microphone
boxes having a slit length of 400 mm and slit widths of 3, 6,
and 9 mm was investigated. The microphones were placed in
the positions denoted Reference microphone and Error microphone in Fig. 6. The attenuation at the error microphone with
active control, using microphone boxes with the different slit
widths, for airflow speeds of 3.2 m/s and 6.7 m/s is illustrated
in Fig. 10.

F requency [Hz]

Attenuation [dB ]

Figure 9. Microphone mounted in a duct on a cross-sectional bar with a foam
plastic sleeve as a windscreen.

0

16

0

50
63
8
1 00
0
12
5

5

F requency [Hz]

Figure 10. One-third octave spectrum of the attenuation at the error microphone with active control in setup1. Error and reference microphones placed
in microphone boxes with 400 mm long and (circles) 3 mm-wide slit, (squares)
6 mm wide slit, and (stars) 9 mm wide slit. (A) gives results for an airflow
speed of 3.2 m/s and (b), for an airflow speed of 6.7 m/s.

results presented in Fig. 11, where different transition covers
were considered.
The setup illustrated in Fig. 12 was used to investigate if the
microphone boxes based on T-ducts influenced the frequency
response of the microphones as compared to when they were
positioned inside the duct without windscreens. The output
signal, x, from a noise generator consisting of white noise
within the control bandwidth of 0-400 Hz was sent to a loudspeaker inside the duct as well as to a signal analyzer. The
output of a microphone positioned inside the duct, e1 , and
a microphone positioned in a microphone box based on a Tduct, e2 , was also sent to the signal analyzer. The frequency
response function between x and e1 , and between x and e2 ,
was then measured using the signal analyzer. The same microphone was used for all measurements and no airflow was
present in the duct. The results are illustrated in Fig. 13.
In an attempt to investigate how much the airflow influenced
the microphone boxes with a slit and the microphone boxes
based on T-ducts, measurements were carried out both with a
loudspeaker as the noise source and with a fan as the noise
International Journal of Acoustics and Vibration, Vol. 14, No. 4, 2009
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Figure 11. One-third octave spectrum of the attenuation at the evaluation
microphone with active control in setup1 for an airflow speed of 6.7 m/s. For
(circles), error and reference microphones were placed in microphone boxes
based on T-ducts with a metal net in the transition between the horizontal and
vertical duct pieces, (squares) had a paper membrane in the transition, and
(triangles) had no cover in the transition.
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Figure 13. Frequency response functions (FRF) measured using the setup
illustrated in Fig. 12. Solid line shows measurements between the source output, x, and the output, e1 , from a microphone placed inside the duct, and the
dashed line shows measurements between the source output, x, and the output,
e2 , from a microphone placed inside a microphone box based on a T-duct.

sleeves as windscreens for the reference and error microphones
and when using the reference and error microphones positioned in outer microphone boxes based on T-ducts. The attenuation was measured at the error microphone. It should be
noted that setup1 was modified between measurements using
foam plastic sleeves and the outer microphone boxes. That is
the reason for the different airflow speeds. Further, when the
reference and error microphones were positioned inside the
duct without any windscreens, no attenuation with the ANC
system was obtained, despite reduction of the step size. This is
the reason for the lack of this result in Fig. 16.

4.2. Results Obtained in the Acoustic Laboratory - Setup2

source. A loudspeaker was positioned inside the duct and
connected to a noise generator via a 31-band graphic equalizer which was used to adjust the noise level in the different
frequency bands to imitate the noise generated by the fan as
sensed by the error microphone. When the loudspeaker was
used as the noise source, no airflow was present in the duct.
In Fig. 14, the coherence between the reference and error microphones with the ANC system turned off is illustrated both
when using microphone boxes with a slit and when using microphone boxes based on T-ducts. In Fig. 15, the attenuation
achieved by the ANC system measured at the evaluation microphone is illustrated. In both, 14 and 15, either the fan was
used as a noise source for an airflow speed of 6.7 m/s or the
loudspeaker was used as a noise source imitating the noise generated by the fan for an airflow speed of 6.7 m/s, as sensed by
the error microphone.
Figure 16 illustrates a comparison of the attenuation
achieved by the ANC system in setup1 using foam plastic

In setup2, the performance of the active control system was
evaluated with the reference and error microphones mounted in
T-duct installations and in microphone boxes with a slit width
of 9 mm. Only the microphone boxes with a slit width of 9 mm
were used in setup2 since this configuration resulted in the
highest attenuation in setup1. When T-ducts were used, the airflow speed was regulated from 0 m/s, i.e., only noise generated
from the loudspeaker array was present, up to 20 m/s. When
the microphone boxes were used, the airflow speeds used were
0 m/s and 10 m/s. Figure 17 illustrates the attenuation achieved
with active control at the evaluation microphone in the reverberation room when the reference and error microphones were
mounted in T-duct installations.
Figure 18 illustrates the attenuation at the evaluation microphone in the reverberation room with active control when the
reference and error microphones were mounted in T-duct installations and in microphone boxes.
The power spectral density (PSD) of the noise generated at a
microphone when it was mounted inside the duct without any
windscreen, inside a microphone box with a slit width of 9 mm,
and inside a T-duct installation was measured and is illustrated
in Fig. 19, when only airflow was generated in the duct. This
gives a good measure of the turbulence rejection achieved by
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Figure 12. Schematic illustration of the setup used to estimate the frequency
response functions given in Fig. 13.
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Figure 15. One-third octave spectrum of the attenuation at the evaluation
microphone with active control in setup1. For (circles), error and reference
microphones placed in outer microphone boxes with a 400 mm long and 3 mm
wide slit, and a loudspeaker was used as the source, i.e., no airflow was present;
(squares) the same as for circles, but the fan was used as the noise source with
an airflow speed of 6.7 m/s; (triangles) error and reference microphones placed
in T-ducts and loudspeaker as source, no airflow present; and (stars) same as
triangles, but the fan was used as source with an airflow speed of 6.7 m/s.
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the different microphone installations, since the acoustic noise
generated by the fan is silenced, which otherwise would mask
the actual amount of turbulence rejection.

5. SUMMARY AND CONCLUSIONS
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Figure 14. Coherence between the reference and error microphones with the
ANC system turned off in setup1. In (a), with the reference and error microphones placed in outer microphone boxes with a 400 mm long and 3 mm-wide
slit for solid line with the loudspeaker as noise source, and for (dashed line)
with the fan as noise source for an airflow speed of 6.7 m/s. In (b), with the
reference and error microphones placed in outer microphone boxes based on
T-ducts for (solid line) with the loudspeaker as noise source, and for (dashed
line) with the fan as noise source for an airflow speed of 6.7 m/s.

20

5

400

16

350

0

300

10

150
200
250
F requency [Hz]

12

100

50
63
80

50

Attenuation [dB ]

0
0

F requency [Hz]

Figure 16. One-third octave spectrum of the attenuation at the error microphone with active control in setup1. For (squares), with the reference and error microphones positioned inside the duct with foam plastic sleeves as windscreens for an airflow speed of 5.9 m/s, and (circles), with the reference and
error microphones placed in outer microphone boxes based on T-ducts for an
airflow speed of 6.7 m/s.

It has been shown both theoretically and experimentally in
Part I that the performance of an ANC system applied to duct
noise can be significantly decreased by the noise generated in
the microphone signals due to the airflow present in ducts.1
Several microphone installations for the purpose of minimizing the effect of the airflow on the microphones have been designed and investigated. The investigations of the outer microphone boxes with a slit made in setup1 show that the slit
width of the microphone boxes made no significant difference
in acoustic noise attenuation produced by the ANC system
for the airflow speed of 3.2 m/s (see Fig. 10). For the airflow speed of 6.7 m/s, however, the attenuation between 50 Hz

and 315 Hz was approximately 5 dB higher when using the
slit width 9 mm as compared to using the slit width 3 mm
(see Fig. 10). Different designs of the outer microphone boxes
based on T-ducts have been investigated. The results obtained
in setup1 show that using a thin membrane in the transition between the vertical and horizontal duct pieces can increase the
attenuation produced by the ANC system by approximately 510 dB between 50-315 Hz, as compared to not using any cover
in the transition (see Fig. 11). Using a metal net as a transition cover somewhat further increased the attenuation between
250-315 Hz. This illustrates that a transition cover that keeps
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the airflow from entering the microphone box while the acoustic sound can propagate to the microphone can increase the
performance of the ANC system. The results in Fig. 13 show
that placing the microphones in outer microphone boxes based
on T-ducts did not influence the frequency response of the microphones to any certain extent in the actual frequency range,
as compared to placing the microphones inside the duct. In
setup1, the influence of the airflow was investigated by using
either a loudspeaker as a noise source with no airflow present
in the duct, or by using the fan as a noise source for an airflow
speed of 6.7 m/s. The results show that the coherence between
the reference and error microphones when using outer microphone boxes with a slit was decreased with airflow present in
the duct (see Fig. 14). However, the coherence was insignificantly decreased when using microphone boxes based on Tducts (see Fig. 14). This indicates that the microphones are
less affected by the airflow when placed in the microphone
boxes based on T-ducts as compared to when they are placed
in the microphone boxes with a slit. This is also confirmed by
the results in Fig. 15, where it can be seen that the attenuation produced by the ANC system decreased more when using
microphone boxes with a slit compared to when using microphone boxes based on T-ducts, when airflow was introduced to
the duct. Further, the attenuation produced by the ANC system with airflow present in the duct was approximately 4-5 dB
higher when using the microphone boxes based on T-ducts as
compared to when using the microphone boxes with a slit. The
attenuation achieved by the ANC system measured in the error microphone in setup1 increased approximately 10-20 dB
between 50-315 Hz when using the outer microphone boxes
based on T-ducts as compared to when using microphones inside the duct and standard foam plastic sleeves as windscreens
(see Fig. 16). With the microphones mounted in microphone
boxes based on T-ducts in setup2, the attenuation was approximately the same when no airflow was present as when airflow was present, even up to airflow speeds of 20 m/s (see
Fig. 17). The comparison between microphone boxes with a
9 mm-wide slit and the T-duct installations show, both for an

Attenuation [dB ]

30

16

Figure 17. One-third octave spectrum of the attenuation at the evaluation microphone with active control for (circles) noise without airflow, (stars) noise
plus airflow with a speed of 2 m/s, (triangles) noise plus airflow with a speed
of 10 m/s, and (squares) noise plus airflow with a speed of 20 m/s. Error and
reference microphones mounted in T-duct installations in setup2.

F requency [Hz]

Figure 18. One-third octave spectrum of the attenuation at the evaluation microphone with active control in setup2 using (circles) T-duct installations and
(squares) microphone boxes with a 9 mm wide slit. (A) shows noise without
airflow, and (b) shows noise plus airflow with a speed of 10 m/s.

airflow of 0 m/s and 10 m/s, that the attenuation was approximately the same, or even increased using T-ducts, except for
the 160 Hz band (see Fig. 18). Furthermore, the turbulence
rejection when using a T-duct installation compared to when
using a microphone box with a 9 mm-wide slit was approximately 5 dB higher between 50 and 200 Hz for an airflow of
3 m/s (see Fig. 19). For an airflow of 6 m/s, the turbulence
rejection was approximately 5-10 dB higher (depending on the
frequency) between 50 and 300 Hz with the T-duct installation
compared to the microphone box with a 9-mm wide slit (see
Fig. 19). Finally, placing the microphones in outer microphone
boxes can increase the turbulence rejection and, thereby, the
attenuation produced by the active control system. The T-duct
installations can further increase the turbulence rejection and
also the achievable attenuation from the active system as compared to the microphone boxes with a slit. Since the T-ducts
also make the duct construction easier, these are the attractive,
recommended type of microphone installation.
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Figure 19. Power spectral density (PSD) of the turbulent noise when only airflow was generated, with the microphone placed inside the duct, with the microphone placed inside a T-duct installation, and with the microphone placed
inside a microphone box with a 400-mm long and 9-mm wide slit. (A) shows
results for an airflow speed of 3 m/s, and (b), for an airflow speed of 6 m/s.
Results obtained in setup2.
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