
 
 

   

Sound Source Localization on a Fast Rotating Fan Using Rotational 
Beamforming  

 
Michael KERSCHER1; Gunnar HEILMANN1; Dr. Christof PUHLE2; Dr. Ralph KRAUSE3; Christian 

FRIEBE3 
1 gfai tech GmbH, Germany 

2 GFaI e.V., Germany 
3 Institut für Luft- und Kältetechnik Dresden gGmbH, Germany 

ABSTRACT 
Delay and sum beamforming with spaced microphone arrays is a common and well-known method for sound 
source localization. Nevertheless, sound sources on fast rotating fans, rotors, blades and wheels are difficult 
to be identified due to the high rotational speed. Furthermore, optical cameras with very high speed shutters 
have to be used in order to have a chance to optically resolve the acoustic image. Fans have a mayor 
contribution to the overall sound emission in air flow systems. Therefore, it is of utmost interest to understand 
their acoustical behavior as a starting point for sound design and noise minimization.   
This paper introduces a rotational beamforming method employing a microphone array with virtual rotation 
corresponding to the rotation speed of the source. It works as a filter on the temporal data and therefore 
allows for the utilization of all known beamforming algorithms in both the time and frequency domain. Its 
usage is demonstrated and evaluated on a fan test stand. The objective is to minimize the noise emission 
while the energy efficiency remains as good as it is. Measurements with a multi-channel ring array were 
performed. They prove that this method is capable of resolving various sound sources on the fan at different 
frequencies and at different locations on the blades.  
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1. INTRODUCTION 
Spaced microphone arrays – so-called Acoustic Cameras – use the delay of sound from the source 

to the different microphone positions on the array for calculating the sound pressure level on reference 
points on the source. Using a delay stage sound arriving at the microphones is shifted according to the 
corresponding delays. The signals are summed up and divided by the number of channels in order to 
obtain the sound pressure level at the reference point. The method is therefore called 
“Delay-and-Sum-Beamforming”. The reference picture points are colored according  to the sound 
pressure level. The process is repeated for all reference points and thus the so-called acoustic image or 
acoustic map is created which depicts the main sound sources on the measurement object.     

This technique is well known and Acoustic Cameras have been providing outstanding results with 
localizing sound sources for many years. Heilmann, Boeck and Doebler (1) describe the basic 
technique and provide details on limits and expectation of sound source localization. Comprehensive 
research on array design has been carried out by Schulze, Sarradj and Zeibig (2) and Sarradj (3). 
Acoustic Cameras have a huge field of applications and they are well documented in literature (see, 
e.g., (4–6) for recent work). Calculation methods and algorithms are constantly evolving. Recent work 
can be found in (7) and (8). 

                                                        
1 kerscher@gfaitech.de; heilmann@gfaitech.de 
2 puhle@gfai.de 
3 Ralph.Krause@ilkdresden.de; Christian.Friebe@ilkdresden.de 

3953



 

 

Fast rotating fans, rotors and blades induce noise by different aero-acoustical mechanisms. These 
mechanisms are dived into primary, secondary and tertiary sources. While primary sources are the 
results of instabilities in the moving fluid, secondary sources belong to structural sources and tertiary 
sources are results of electronical devices or bearing ball movements (12, 13). The object ive of the 
current project is the detection of primary sources with significant influence on the measurement. The 
noise spread is characterized by a broad band noise behavior with single peaks according to the 
rotational speed. In general, this noise is constant over time and depends upon the rotational speed. 
Thus, a long integration interval is desired for a high resolution in the space and frequency domain. 
Nevertheless, when evaluating and visualizing the sound field of rotating sources, the integration 
interval has to be chosen very narrow in order to be able to  resolve the acoustic sources at the correct 
positions. Otherwise, the source will be strongly distorted and be depicted as a circle after one 
complete rotation latest. Furthermore, this leads to a poor resolution in the frequency domain. An 
additional high speed camera has to be employed in order to obtain a suitable optical image of the 
rotating device.  

This paper introduces a method to avoid these issues, the so called rotational beamforming. It 
provides a highly increased accuracy of both the acoustic and optical images of rotating sources and 
therefore allows for a higher resolution in the space and frequency domain. The technique – which is 
implemented as a temporal filter – uses a virtual array rotation corresponding to the rotational speed 
and is described in section 2.  

The challenging task of a fan in air duct systems is driving a designed air flow rate against an 
occurring pressure drop. This task has to be carried out with a high efficiency while having low sound 
emissions. Contra-rotating fans are, due to the working principle, promising with respect of their 
efficiency and power density. However, they are prone to higher noise emissions (10, 11). A 
contra-rotating fan consists of two different blades rotating in opposite directions with differen t 
rotational speeds and different number of impeller vanes (9). A test stand at ILK Dresden helps to 
evaluate different influencing factors. Different rotors, tubes and end pieces can be mounted in order to 
test their influence on the performance. Section 3 provides an overview of the test stand and the basic 
measurements on a single stage fan are conducted. 

An Acoustic Camera was employed at the test stand in order to evaluate the rotational 
beamforming filter. Measurements with different settings were carried out. The array must be placed 
centric and parallel to the rotor for a correct application. Measurement setup and results are presented 
in section 4. 

     

2. Rotational Beamforming  

2.1 Functional Beamforming 
 

Let M be the number of microphones of a phased array and MxMCC the corresponding matrix of 
auto- and cross-spectra resulting from an averaged short-time FFT of a measurement. Then, in the 
frequency domain formulation of delay-and-sum beamforming (FDBF), the map value at a point 

3Rxi is given by 

,ii
H

i xChxhxB  (1) 

where the superscript H denotes the conjugate transpose and M
i Cxh is the steering vector of type 

I of ix (see (23)). The auto-spectra in the diagonal of C do not contain any information about phase 
differences between the signals. Consequently, they are often removed in order to reduce the error 
introduced by uncorrelated background noise. 
 Caused by fundamental properties of the beamforming approach and the chosen array geometry, 
the map B is a convolution of the actual source distribution with a point spread function leading to high 
side-lobe levels and limiting the dynamic range of the acoustic map.  
 To overcome this problem deconvolution methods have been proposed to decompose C into parts 
representing individual sources (see (21), (22) and (24)). Among them, functional beamforming (FB) 
is particularly useful to increase the dynamic range. In addition, it allows for a combination with the 
decomposition approach of orthogonal beamforming (OB). 
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 Since C is self-adjoint by definition, there exist RM,...,1 and an orthogonal basis 
M

M Cuu ,...,1 such that    
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mmm Cuu is called component of C. Suppose that C is positive definite. Then 
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is well defined for 1,vNv . Now the value of the functional beamforming map of order v at xi can be 
defined as 
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 In many cases throughout this article we assume M...1 and consider only the first 

1,N components, i.e. we use the reduced functional beamforming map vB of order v: 
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2.2 Rotating Virtual Array 
The methods of the previous section are based on the assumption that the phased array and the 

measured object are fixed spatially to each other. Since this is obviously not the case when measuring 
a rotating fan, we determine the signals of a virtual microphone array that is fixed in the coordinate 
system of the fan. For each point in time t let 3

1 )(),....,( Rtptp v
M

v denote the microphone positions of 

the virtual array in the coordinate system of the array measurement at 3
1,...., Rpp M . The signal value 

)( 0tsv
i of the i-th virtual microphone at t0 is determined as follows. We compute the two nearest 

neighbors pk, pl of )( 0tpv
i among the measurement positions and set 
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where sj(t0) denotes the signal value of the j-th measurement microphone at t0. 
 
 

3. The Test Stand  

3.1 Design parameters of the fan rotors 
As this project aims to the detection of acoustical sources on a contra-rotating fan, a single stage 

fan is measured in the first step. There are three different design samples under examination. The first 
one is a “standard” vane with a sweep at the leading edge in forward direction. The second sample uses 
the same vanes but with serrations at the trailing edge (13, 14). The last sample has the same vane s 
profile as the first and second ones but with sinusoidal modification at the leading edge (15–19). The 
parameters are presented in Table 1. Fan characteristic performance measurements were carried out on 
a separate test stand according to –ISO –5801 (20). 
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Parameter Sample 1 Sample 2 Sample 3 

Hub Diameter [mm] 114 114 114 

Fan Diameter [mm] 299 299 299 

Number of Vanes [--] 5 5 5 

Rotation Speed [s-1] 32 32 32 

Volume flow [m3 s-1] 0.5083 0.4861 0.4889 

Static pressure rise [Pa] 98 94 96 
 

Table 1 – Parameters of the examined rotor blade (design studies) 
 
Fig. 1 shows pictures of these different blades. 
 

 
Figure 1 – Design studies under examination, always viewed from the pressure side (a.) Sample  1 with 
“standard” vanes, b.) Sample 2 with serrations at the trailing edge and c.) Sample 3 with a sinusoidal 
leading edge)  

 

3.2 Description of the test stand 
The measurements were carried out at a test stand according to ISO –5081. Category –B as mode of 

installation was selected, implying that there is a pipe at the suction side and a free outlet at the 
pressure side of the fan. A schematically drawing of the test stand is presented in figure 2. To meet the 
design point of fan operation the pressure drop is adjustable by means of a throttle valve. The flow rate 
was measured by means of the inlet nozzle and the static pressure rise utilizing the static pressure 
difference at the suction side of the fan against the environment. The rectifier was installed to achieve 
a constant and equal velocity profile. The silencer is employed for reducing disturbances by reflection 
of noise towards the suction side of the fan. The fan was hold by a 4-arm hub. 
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Figure 2 – schematically drawing of the test stand 

 

4. Results  
The method as described in section –2 was evaluated on the test stand as introduced in section –3. 

An Acoustic Camera was placed at a distance of 0.75 m looking directly towards the pressure side of 
the fan (see figures –2 and –3). In order to receive precise results an accurate positioning of the array 
is needed. A concentric relationship between the microphone ring and the air duct as well as parallel 
relationship between the plane of the fan outlet and the plane of the microphones had been established 
by measuring and adjusting the distances between the hub center and the microphones.  

As the rotational beamforming algorithm uses a virtual microphone rotation symmetric array 
geometries shall be preferred. A 48-channel ring-array with a diameter of 0.75 m was used here. The 
rotation speed of the fan was recorded with a laser rpm-meter.  

 

 
 

Figure 3 – Acoustic Camera measurements on the test stand 
 
 Measurements were taken at constant speeds of 32 s-1 with a measurement time of 64 seconds. 
Evaluations have been done in the frequency domain applying the rotational filter on the temporal data 
in advance. This document shows results for fan sample 1 exemplarily. Figure –4 compares standard 
beamforming without the rotational filter, with rotational filter and FDBF and with rotational filter and 
functional beamforming for the 5 kHz third octave band. Figure –5 compares the results for various 
third octave bands applying functional beamforming. 
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Figure 4 – acoustic map of the rotating fan for the 5 kHz third octave band; left: without rot. BF; 
middle: with rot. BF and FDBF; right: with rot. BF, OBF and FB 

   

   

   
Figure 5 – acoustic map of the rotating fan for various third octave bands with the rot. Filter using OBF 

and FB 
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5. CONCLUSIONS  
 
The introduced rotational beamforming algorithm solves the problem of sound source 

localization on fast rotating sources. Measurements on a fan test stand prove its usability and accuracy. 
For proper results concentric and parallel positioning of the array is urgently needed. Therefore this 
method is not usable yet for measurement situations where such an alignment is not realizable, like for 
huge wind turbines.  

Acoustic images of the measured fan show various sources on the blades. Thus it is the basis for 
the evaluation and optimization of the sound characteristics of different blade designs . This is the 
objective of future work on the test stand as well as on contra-rotating fans and the adaptation of the 
algorithm for oblique measurements.  
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