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Abstract

Acoustic measurement data of axial fans contains rotating as well as stationary noise
sources. While it is possible to use microphone array methods to focus on both kinds
of sources, some contamination of the respective other source type is always present in
the evaluations. This paper explores the capabilities of array methods working in the
mode domain to separate rotating and non-rotating noise, visualize the respective source
distributions and determine detailed spectral characteristics of selected components.

1 Introduction
Efficient measures to influence the acoustic emission of fans necessitate knowledge about noise
generating mechanisms. Microphone array methods such as acoustic beamforming have proven
to be a valuable tool for the identification and characterisation of sound sources radiating from
different components. The idea behind such methods is to spatially filter the sound imission by
shifting the received signals such that only sound emitted from a currently focused location is
passed unattenuated [1]. By scanning multiple focus points within a region of interest, a sound
map can be generated.
In axial fans, important sources can be expected to rotate synchronously with the blades,
which makes it necessary to compensate the rotating motion during the array data processing.
This can be done in the time domain by continuously adjusting the signal time shift according
to a rotating focus point [6, 10]. Alternatively, by using suitable array geometries, a virtual
array rotating synchronously with the fan can be synthesized based on time data measured by
stationary sensors [4, 8]. The latter processing has the advantage that with the transformation of
the data into the rotating reference frame, microphone array methods that can only be used for
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stationary sources (e.g. frequency domain beamforming) can now be applied on rotating sources
as well.
The type of sound sources present in practical applications is often not exclusively rotating
or stationary. This means that in any reference frame – rotating or stationary – there will be a
number of sources that are non-stationary, i.e. rotating. The acoustic energy of those sources
will be “smeared” around the axis of rotation. With a sufficiently long measurement time, the
energy will distribute evenly over the circumference and thus allow dominant stationary sources
to still be visible. However, this “rotation noise” can be expected lead to a decrease in the
signal-to-noise ratio and may mask some weaker sources.
In this contribution, a method to decrease the contamination of data with rotation noise in the
current frame of reference is presented. First, the theory of virtual rotation and beamforming is
briefly revisited and formulated in the mode domain. Then, the data processing for denoising
using classic frequency beamforming without the main-diagonal of the cross-spectral matrix in
the mode domain (CSM-M) is explained. Finally, the methods are applied to measurement data
of an axial fan with five blades, and the evaluation results are discussed.

2 Methods
2.1 Virtual rotating array

The idea behind the virtual rotating array (VRA) method is to synthesize array data in the rotating
reference frame by interpolating data between sensors of a physical circular array [4]:
ϕ(t)
,t) .
(1)
2π
M is the number of equally distributed microphones in the ring, l describes the coordinate (i.e.
the index) of the virtual rotating or stationary microphone. The current rotation angle is described
by ϕ(t). A linear interpolation of data between neighboring sensors has been shown to be not as
reliable at higher frequencies as synthesizing the signals in the mode-frequency domain [3, 7].
For this, the data is fourier-transformed from the spatial into the mode domain and from the
time into the frequency domain. Subsequently, the mode spectra are shifted according to the
rotational speed [8], which, however, has to be constant for this.
If the Fourier transform is done only from the spatial into the mode domain
prot (lrot ,t) = p(lstat + M ·

l
1 M/2−1
p(m,t) = √
p(l,t) e−j 2π m M ,
∑
M l=−M/2

(2)

the virtual rotation can be done simply by [2]:
prot (m,t) = ej m ϕ(t) · p(m,t) .
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2.2 Beamforming in the frequency domain

For approximating the incident acoustic energy from one focus point and for one frequency, the
classic frequency domain beamforming formulation can be evaluated [1]:
|pout |2 = hH C h .

(4)

The steering vector h contains the transfer functions from the focus point to all sensor positions, taking into account the sound propagation through the medium and also weighting the
microphone signals. C is the cross-spectral matrix (CSM), calculated according to Welch’s
method [11] by dividing the time signal into blocks of fixed length, transforming from time into
frequency domain, calculating the cross-spectra, and averaging the resulting matrices.
In contrast to the usual processing by correlating the recorded time-data between microphone
channels, the cross-spectra here are calculated between the modes, i.e. the data has to be
transformed into the mode domain by a spatial Fourier transform (see Eq. (2)) before. If the
steering vectors are also transformed into the mode domain, Eq. (4) yields the exact same result
as in the spatial domain [2].
For array measurements in an aeroacoustic context, it is common practice to omit the main
diagonal of the CSM in the calculations, as it contains additional self-noise that decreases the
signal-to-noise ratio (SNR) of the result [1]. For the CSM in the spatial domain, this selfnoise could for instance be caused by flow over the microphones. When calculating the CSM
in the mode domain, the main diagonal (autospectra) additionally holds the contribution of
sources which appear rotating in the current reference frame, whereas in the off-diagonal entries
(cross-spectra), these average out with increasing number of blocks [2].
This means that by virtually rotating the data with the fan, the influence of stationary sources
can be decreased by subsequent beamforming in the mode domain without the CSM main
diagonal. Conversely, the SNR of stationary sources can be improved by the same technique
without prior virtual rotation.
2.3 Source power integration

For the spatial separation of sources, Eq. (4) is evaluated for a set of focus positions that
discretize a region of interest, generating a sound map. For a quantitative analysis, the squared
sound pressures of the reconstructed sources can be summed over the whole region or parts of it.
Since, however, the classic beamforming result contains imaging artefacts in that it displays
point sources with a spatial extent and side lobes (the point spread function, PSF), such an
integration would overestimate the energy in the map. Therefore, the calculated maps for
each frequency are normalized prior to an integration by the according PSF of a point source
positioned in the center of the focus region [9].

3 Experiments
Measurements were performed in the anechoic room at the Department of Engineering Acoustics
at TU Berlin. The measurement object is a 5-bladed axial fan set in a plate as shown in Fig. 1.
The array consists of 64 microphones evenly distributed on a ring with a diameter of 2.09 m
and is axially aligned with the rotation axis of the fan. Two cases were considered: one with
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Figure 1: From left: side view of the array ring with the fan rig, fan with the interfering rod
installed, view of the fan from the suction side as seen by the array.
Table 1: Measurement parameters.
M = 64
axially centered ring
darray = 2.09 m
sampling rate
fs = 51 200 Hz
measurement time
40 s
tacho signal
1 trigger per revolution
environment
freefield
speed of sound
c = 344.1 ms
distance to focus plane 0.82 m
rotational speed
frot = −17.5 Hz
rotor
5 forward-skewed blades
stator
4 struts
rod diameter
40 mm
microphone array

the fan rotating in a mostly undisturbed flow, and a second where a rod obstructing the flow
was installed on the suction side. The array was positioned about 80 cm upstream of the fan.
Important measurement parameters are summarized in Table 1.
Beamforming is calculated in a circular region encompassing the rotor plane. The focus area
is discretized by equally distributed points with about 1 cm distance. All evaluations are done
in the mode domain, with the full main diagonal of the CSM as well as with omitting it in the

Table 2: Evaluation parameters.
FFT block size
FFT window
focus grid

4096 (narrow band 12.5 Hz)
von Hann, 50 % overlap
circular area equally discretized
dfocus = 1 m, ∆r ≈ 0.01 m
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Figure 2: Sound maps with 10 dB dynamic for the case with the obstructing rod installed. Evaluated in the rotating reference frame for exemplary frequencies (1/3-octave bands). Top
row: CSM with full main diagonal; bottom row: CSM main diagonal removed.
calculations. Important evaluation parameters are summarized in Table 2.

4 Results
4.1 Sound maps

Exemplary sound maps for the measurement with the flow-obstructing rod are shown in Figures
2 and 3. Evaluated are the 1/3-octave bands around 1, 2, and 4 kHz. The displayed dynamic
range is 10 dB for each map, with the respective maximum represented in black. For both cases
it becomes clearly visible that the removal of the main diagonal leads to a significant increase of
the visible dynamic range, i.e. the SNR of the reconstructed sources.
In the rotating case (Fig. 2), the removal of rotation noise reveals several regions where noise
is generated. At 1 kHz, the dominant sources are positioned at the leading edges of the blade tips.
Other sources can be seen at the center section of the blade, again leading edges, and close to the
hub, starting from the middle of the chord extending towards the trailing edges at higher radii.
Those secondary sources can still be seen at 2 kHz, with the first one separating into two
sources: one at the very leading edge a little closer to the tip of the blades and the other closer to
the base and more towards the center of the chord. The dominant sources at the tip region can be
found at the trailing edges for this frequency band.
For the 4 kHz third-octave band, sources can be found mostly at the trailing edges along the
whole span. There appear two separate source regions at the blade tips: one at the very tip a little
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Figure 3: Sound maps for the case with the obstructing rod installed. Evaluated in the stationary
reference frame for exemplary frequencies (1/3-octave bands). Top row: CSM with full
main diagonal; bottom row: CSM main diagonal removed.
before the trailing edges and the other right after the trailing edges and at slightly smaller radii.
Several minor sources at the hub and at the blade base leading edges can be seen as well.
The sound maps in the stationary reference frame (Fig. 3) show that at 1 kHz and 2 kHz, the
rod is indeed responsible for a significant part of the noise generation. Aside from this, however,
it can be seen that at the struts on the right side, there is some sound generation happening as
well. At 4 kHz, the rod is not the driver of noise generation anymore. Instead, the regions near
the struts at higher radii appear to become important.
4.2 Integrated spectra

For a quantitative assessment, narrow band sound maps for the case with and without rod are
integrated using the source power integration method and shown in Fig. 4. For the calculations in
the rotating reference frame and when omitting the CSM main diagonal, the levels are decreased
by 20 dB to 25 dB at lower frequencies (about 100 Hz) compared to the calculations including
the diagonal. For higher frequencies (around 1 kHz and above), the difference decreases to about
10 dB to 15 dB. While at lower frequencies, the spectra with and without the rod differ, they are
mostly identical above 2 kHz with diagonal removal, showing the acoustic influence of the rod
can be completely removed here.
In the stationary reference frame (Fig. 4b), the level decrease is not as significant as in the
rotating frame, with 20 dB without the rod and 5 dB to 15 dB with the rod installed. This hints at
the stationary sources overall being dominant, in particular with the obstructing rod present in
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Figure 4: Spectra in the rotating and the stationary reference frame (integrated over whole focus
area).
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Figure 5: Integration regions used for the (a) rotating and the (b) stationary reference frame.
the flow field. At higher frequencies, the spectral curves of the two cases are closer to another as
well. However, the exact levels also differ with the evaluation with removed diagonal (higher
levels with the rod).
In both reference frames, tonal components present in the spectra at around 1 kHz become
better visible with the removal of the rotation noise.
For a more detailed insight of the influence of the presence of the flow disturbance introduced
by the rod, spectra are now integrated over sub-regions of the map: the leading and trailing edges
for the rotating reference frame and the left and right sides (the latter containing the rod) of the
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Figure 6: Rotating and stationary narrow band spectra integrated over sub-regions as defined in
Fig. 5. CSM main diagonal omitted in the evaluations.
map for the stationary frame. The respective integration sectors are highlighted in Fig. 5.
As can be seen in Fig. 6a, the contribution of leading edges (LE) and trailing edges (TE) to
the overall sound emission depends on the frequency. The apparent equality of the levels at and
below 300 Hz hints at the resolution limit of the array being reached, so that sources can not be
separated here any more.
At around 1.3 kHz and above, the TE regions contain most sound energy. For frequencies
between 800 Hz and 1.3 kHz, LE noise and TE noise have more or less equal levels for the case
without the rod, whereas with the rod present, LE noise is dominant. The trailing edge noise
becoming dominant at higher frequencies is in line with observations found for other axial fans
[5, 12, 13]. Interestingly, the noise levels from the TE regions appear to exceed the noise radiated
from the LE regions for frequencies between 300 and 600 Hz. Whether this can be attributed to
an actual source mechanism located at these positions or to emerging modal structures at these
frequencies remains to be investigated.
Looking at the integrated spectra in the stationary domain (Fig. 6b), it becomes even clearer
that the rod is responsible for most of the noise generation in this setup. Even though the right
sector appears to be dominant over a wide frequency range in the case with free inflow as well,
the levels are significantly higher if the inflow is disturbed by the rod. Comparing the rotating
and stationary frame spectra in Fig. 6 side-by-side, it can be also seen that the nature of the
dominant source introduced with the rod is stationary.
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5 Conclusion
A new method for separating stationary and rotating noise components present in a data set has
been applied to measurement data of an axial fan. It has been shown that the method is capable
of increasing the SNR in the respective frame of reference, revealing source mechanisms that
otherwise would have been masked by rotation noise. Spectra integrated over sub-regions help
with a deeper understanding of the underlying noise generating mechanisms and to which aspect
of the flow field they can be attributed.
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