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Abstract: The identification and characterization of 
sound power radiated by engine components is an 
important challenge for car manufacturers and their 
suppliers. It usually requires huge investment in 
order to build anechoic test benches and apply 
measurement standards (sound intensity or sound 
power determination based on pressure 
measurements). More specific to turbochargers, test 
benches must include heaters, oil supplier, pipes, 
and vanes to allow correct operating conditions. All 
those devices are interfering noise sources which 
can disturb turbocharger noise quantification. Those 
devices must be isolated and cause additional 
investment. In this paper, a methodology is proposed 
to carry out sound power characterization of a 
turbocharger in non-anechoic environment based on 
microphone array techniques. The Generalized 
Acoustic Holography method, which is an extension 
of the Bayesian focusing technique, can be applied 
to estimate sound power radiated by any noise 
source with a complex 3D shape and in enclosed 
environment.  

Keywords: Acoustic imaging, source quantification, 
de-noising method, 3D source reconstruction, 
Bayesian approach, turbocharger. 

1. Introduction 

Honeywell Turbo Technologies wishes to give to 
their customers a sound power level of each product 
related to a scale independently of their mounting 
environment (without engine mounting).  
The objective of the study presented in this paper is 
to validate sound power quantification of a 
Turbocharger in an existing test cell and with sound 
source identification tools already owned by 
Honeywell.  
The first part of this paper presents the methodology 
used to isolate the environment from disturbing 
sources and ensure good emergence of turbo 
related noise over background noise. It is achieved 
with a 3D acoustic camera tool which identifies main 
interfering sources.  
The second part of this paper details the sound 
power qualification capabilities of the Generalized 
Acoustic holography technique. A first subsection is 
dedicated to the presentation of the Generalized 

Acoustic Holography principle and its application on 
3D meshing of the object to characterize. A second 
subsection presents experimental validations, the 
method’s accuracy, and comparison with sound 
intensity standards on a reference source in 
anechoic room and in a treated test bench. The final 
part of the paper presents the results obtained on 
the turbocharger in the treated test cell.  

2. Test cell characterization 

2.1 Presentation 
The objective of this first part of the study is to 
characterize gas stand noise environment and to 
treat secondary noise sources in order to measure 
sound radiated by the turbocharger only. 
Three turbo compressor operating conditions, 
illustrated in Figure 1, on an air flow vs pressure ratio 
plot, have been chosen for this work package: 
• Point 1 corresponds to a rather quiet functioning 

point with very low turbo speed, moderate 
vibrations generated by the turbo and very low 
aerodynamic noise. 

• Point 2 corresponds to a high contribution of the 
turbocharger with a high frequency vibration 
generated by the turbocharger and low 
aerodynamic excitation. 

• Point 3 corresponds to surge limit of the 
compressor, with high aerodynamic excitation. 

 
The acoustic system used for this part of the study is 
a MicrodB 3DCam with extensions used for interior 
sound sources localization such as vehicle [1] or 
aircraft cabin [2][3]. The system presented in Figure 
2 (a) inside the test cell is combined with a MicrodB 
scanning tool which permits to measure the 3D 
geometry of the test cell, presented in Figure 2 (b), in 
order to visualize the sound pressure level 
reconstructed on a 3D meshing. 
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Figure 1: Positions of the measurement points, in a 
compressor performance map (Air flow vs Pressure 

Ratio) 

 

 
(a) Acoustic measurement setup 

 
(b) Meshing of the test cell with microphones 

positions 

Figure 2: Measurement setup for test cell 
characterization 

2.2 Sound source localizations inside the test cell 

The first step of the study is to characterize the noise 
environment inside the test cell in the initial state. 

Noise levels measured on the acoustic array for the 
three measurement points are presented in Figure 3. 
For the first measurement point, the tonal noise 
related to turbocharger speed is not clearly identified 
on the measured spectrum. Two other components 
are identified, a tonal noise in the range of 2900-
3000 Hz and a broad peak around 3600 Hz.  
For the second measurement point, turbocharger 
synchronous vibration and its related tonal noise is 
well identified on the spectrum. 
For the third measurement point, the aerodynamic 
component of the noise is indeed dominant with a 
broadband noise and no identification of turbo 
synchronous tonal noise. 

 

Figure 3: Noise levels measured inside the test cell 
for the three gas stand points 

The noise localization results are illustrated in Figure 
4 for measurement point 1 and in Figure 5 for 
measurement point 3. 

 
(a) 450-1410 Hz 

 
(b) 1420-2240 Hz 

 
(c) 2250-2820 Hz 

 
(d) 2830-5620 Hz 

Figure 4: Acoustic maps for the gas stand point 1 

• 450-1410 Hz: In this frequency range the oil 
pump module located on the side of the gas 
stand is identified as the main noise source 

 Page 2/10 



• 1420-2240 Hz: Identification of the area around 
the air intake opening. Due to the spatial 
resolution of the beamforming, it is impossible to 
clearly identify the equipment responsible for the 
noise 

• 2250-2820 Hz: The turbocharger is identified as 
this frequency range contains the tonal noise 
related to the turbocharger rotational speed 

• 2900-3100 Hz: The area around the intake is 
identified once again. Additionally, noise is 
identified on the floor which most likely 
corresponds to a reflection.  
 

 
(a) 450-1410 Hz 

 
(b) 1420-5620 Hz 

Figure 5: Acoustic maps for the gas stand point 3 

Concerning measurement point 3, the area located 
in the vicinity of the air intake opening is identified on 
the whole frequency range of interest. 
 
For the three measurement points, the main noise 
source is identified in an area located between the 
turbocharger, the exhaust pipe, inlet and outlet 
pipes. Looking at the localization results, the air 
intake opening is suspected to be the main 
equipment responsible for background noise but, 
due to different components located in the same 
area, it is difficult to clearly identify the main source. 
To go further in the noise source identification, the 
first modification applied to the gas stand is to move 
the air intake position to clearly separate it from the 
rest of the components. 

2.2.1 Configuration 1: displacement of the air intake 

The position of the array was chosen to have a 
separated view of the turbo and accessories such as 
the oil pump, the boiler … However localization 
results show that most of the acoustic sources are 
located in the area of the turbo and ducts. The first 
modification consisted in moving the inlet pipe to 
another position in order to confirm his influence on 
the overall measured noise. The position of the inlet 
pipe in the initial state is illustrated in Figure 6(a). 
The modification was to move it to the left side of the 
gas stand as shown in Figure 6(b). 

The comparison between the spectrum measured on 
the array for the initial state and the configuration 1 
are presented in Figure 7 for measurement points 1 
and 3. The influence of this modification on the 
acoustic maps is illustrated in Figure 8 for 

measurement point 3 on the 450-1410 Hz frequency 
range. It is clear that the source previously identified 
was related to the air inlet opening. Indeed the main 
sound source is now identified on the left side of the 
gas stand at the new location of the air inlet opening. 
Considering those results, it appears clearly that the 
air inlet opening is the main disturbing source to be 
treated. 

 
(a) Initial position of the air intake 

 
(b) Modifid position of the air intake 

Figure 6: Modification of the air intake position 

Figure 7: Influence of the modification on the sound 
pressure levels measured inside the test cell for gas 
stand point 1 in grey and gas stand point 3 in black  
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(a) Initial state 

 
(b) Configuration 1 

Figure 8: Comparison between the acoustic maps 
obtained for the 450-1410 Hz frequency range for 

the initial state and the configuration 1  

2.2.2 Configuration 2: treatment of the air intake and 
oil pump 

The second modification of the test cell corresponds 
to the addition of a silencer on the air intake pipe, an 
enclosure with acoustic material around the air 
intake opening and the enclosure of the oil pump. 
The comparison between the spectrum measured on 
the array for the configurations 1 and 2 are 
presented in Figure 9. The influence of the air intake 
treatment is extremely efficient, with an attenuation 
in the range of 15 dB on broadband noise for the 
three measurement points. It is interesting to see 
that for measurements point 1 and 3, tonal noises 
related to turbocharger synchronous noise were 
initially hidden by the broadband noise, and are now 
visible on the spectrum of configuration 2. 
The influence of this modification on the noise 
sources localization is illustrated in Figure 10 for two 
frequency ranges in measurement point 1. For the 
450-1410 Hz, noise was identified at the oil pump. 
After the enclosure of the oil pump, the main noise 
source is now the turbocharger which means that the 
sound power quantification will be effective for this 
frequency range on this gas stand point. For the 
1420-2240 Hz, the noise was identified at the 
displaced air intake opening. The modification 
applied on the air intake drastically reduced the 
noise at this location and the main noise source is 
now identified at the boiler. The turbocharger noise 
is also identified but with a 2-3dB lower level than 
the boiler. 
The sound source localizations obtained confirm that 
the treatment applied on the air intake is efficient as 
the source identified in the area of the new air intake 
location is not identified anymore for any of the 
measurement points. 
 
 

 
Figure 9: Influence of the modification on the sound 
pressure levels measured inside the test cell for gas 
stand point 1 in grey and gas stand point3 in black  

450-1410 Hz 
Configuration 1 

Oil pump 
Configuration 2 
Turbocharger 

  
1420-2240 Hz 

Configuration 1 
Air intake opening 

Configuration 2 
Boiler 

  
Figure 10: Influence of the modification on the 

acoustic maps obtained for the gas stand point1  

2.2.2 Final configuration and conclusions 

Same process is repeated for different radiated 
auxiliaries identified. Several other modifications 
such as the treatment of the boiler, treatment of hot 
air duct and air discharge duct have been applied 
before obtaining the final configuration of the test 
cell. At this point, the analysis of the localization 
results on the final configuration of the test cell, are 
illustrated in Figure 11 for measurement point 3. We 
can conclude on frequency bands where 
quantification is reliable, it means that the 
turbocharger is the dominant noise source in the test 
cell in the selected frequency band. 
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800-1000 Hz 1200-1800 Hz 
Turbocharger Air intake duct 

  
2000-3250 Hz 3400-3500 Hz 
Turbocharger Turbocharger 

  
3600-4500 Hz 
Turbocharger 

 
Figure 11: Acoustic maps of the test cell for 

measurement point 3 in the final configuration.  

• 800-1000 Hz: The turbocharger is identified with 
a good SNR (Signal to Noise Ratio), the 
quantification will be satisfactory 

• 1200-1800 Hz: part of the air intake duct in 
flexible material is identified and the qualification 
of the turbocharger is not ensured. 

• 1900-3250 Hz, 3400-3500Hz and 3600-4500 Hz: 
The turbocharger is identified with a sufficient 
SNR, the quantification will be satisfactory. 

3. Sound power qualification 

This part of the paper presents the sound power 
quantification method used to qualify the noise 
radiation of the turbocharger. 
 
3.1 Generalized Acoustic Holography 
Many acoustic imaging techniques exist and aim at 
reconstructing radiated acoustic power, but most of 
those techniques are limited to specific application 
cases. For example Nearfield Acoustic Holography is 
limited to planar regular array, planar calculation grid 
and requires to position the acoustic array in the very 
nearfield of the source. This is most of the time 
impossible on engine or on turbocharger test bench. 

In order to improve the flexibility of sound source 
quantification with acoustic imaging technique, a 
method called Generalized Acoustic Holography, 
based on the Bayesian focusing technique 
introduced by J. Antoni [4], has been developed to 
characterize 3 dimensions complex geometry [5]. 
The principle of the Bayesian focusing is briefly 
presented below. 
If we consider the direct acoustic problem presented 
in Figure 12 where the sound pressure radiated by a 
set of acoustic sources s(rs) positioned on the 
surface of an object is measured by a finite number 
of microphone p(rai).  

 
Figure 12: Acoustic radiation problem 

The pressure measured is given by Equation [1]. 

𝑝𝑝(𝑟𝑟𝑖𝑖𝑎𝑎) = � 𝑠𝑠(𝑟𝑟𝑠𝑠)𝐺𝐺(𝒓𝒓𝒊𝒊𝒂𝒂, 𝑟𝑟𝑠𝑠)𝑑𝑑Γ
Γ

 

 

[1] 

The aim of acoustic imaging techniques is to inverse 
this problem in order to recover the source field from 
the measured pressure at the microphone locations. 
Most of the methods solve this inverse problem by 
estimating the source as a linear combination of the 
measured pressure as shown Equation [2]. 

�̂�𝑠(𝑟𝑟) = �𝑎𝑎𝑖𝑖(𝑟𝑟)𝑝𝑝(𝑟𝑟𝑖𝑖)
𝑖𝑖

 

 
[2] 

This decomposition can be explicit, like in 
Beamforming, or implicit when measured pressures 
are firstly decomposed on specific spatial basis such 
as plane waves or spherical harmonics. Equation [2] 
is thus equivalent to  

�̂�𝑠(𝑟𝑟) = �𝑐𝑐𝑘𝑘𝜙𝜙𝑘𝑘(𝑟𝑟𝑖𝑖)
𝑘𝑘

 

 

[3] 

s(rs) 
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The choice of spatial basis, which is usually made by 
considering the geometry of the object to 
characterize, however limits the method to very 
specific application cases. The principle of the 
Bayesian focusing method is to determine 
concomitantly the optimal basis and the associated 
coefficients as opposed to former methods which fix 
the decomposition basis and recover the coefficient. 
The inverse problem is thus equivalent to finding the 
interpolation basis {ϕk(r)} and the associated 
coefficients {ck} knowing the measured pressure on 
the microphones p(ri). To solve this inverse problem 
a probabilistic approach based on the Bayesian 
inference is used. The optimal parameters {ϕk(r)} 
and {ck} are obtained by maximizing the probability 
distribution [s(c,ϕ)|p] conditioned by the measured 
pressure p(ri) yielding to the maximization of a cost 
function so called maximum a posteriori (MAP) 
defined Equation [4]. 

��̂�𝑐,𝜙𝜙�� = 𝐴𝐴𝑟𝑟𝐴𝐴 max
𝑐𝑐 ,𝜙𝜙

[𝑠𝑠(𝑐𝑐,𝜙𝜙)|𝑝𝑝] 

 
[4] 

The expression of the probability distribution is given 
by the Bayes rule presented Equation [5]. 

[𝑠𝑠(𝑐𝑐,𝜙𝜙)|𝑝𝑝] =
[𝑝𝑝|𝑠𝑠(𝑐𝑐,𝜙𝜙)][𝑠𝑠(𝑐𝑐,𝜙𝜙)]

[𝑝𝑝]
 

 
[5] 

The likelihood function [p|s(c,ϕ)] represent the 
probability of measuring the pressure p for a given 
set of source s(c,ϕ) which physically corresponds to 
the measurement noise since for a given set of 
sources the difference of measured pressure is 
related can only be explained by the measurement 
noise. [s(c,ϕ)] is the a priori probability distribution 
which represent an a priori knowledge (areas 
containing potential sound sources, spatial 
coherence properties of the sources…) or ignorance 
(uniform probability distribution) on the source 
distribution. [p] is called the evidence and 
corresponds to the probability of measuring a sound 
pressure over the whole possible sound pressure 
fields without considering any exterior parameters. If 
the different probability distribution are considered 
complex Gaussian distribution then the probability 
distribution [s(c,ϕ)|p]  can be expressed analytically 
and the MAP estimation provides the optimal 
parameters {ϕk(r)} and {ck} which can then be 
replaced in the Equation [3] yielding to the 
reconstructed source field.  
As of now, for simplification purpose and due to 
geometry of the tested application cases, the 
Bayesian focusing has been applied on 2D 
geometries (planar array and calculation grid). The 
Generalized Acoustic Holography is a 3D extension 
of the Bayesian focusing allowing to characterize 
object with complex 3D shape.  

Moreover, Generalized Acoustic Holography has 
been combined with the patch measurement to be 
able to measure the sound field in several positions: 
the antenna will be sequentially moved around the 
object to measure its radiation. The technique 
improves significantly the resolution, the dynamic 
and the quantification results in the following cases: 
• The source is not omnidirectional; 
• The dimension of the object is much larger than 

the antenna; 
• The frequency of interest is higher than the 

maximum frequency reachable by the antenna. 
The signal measured by two sequential positions 
have to be re-synchronized to recover the relation of 
phase between microphones. The proposed method 
is based on the use of the relation of phase between 
fixed reference microphones and the moving 
antenna. Theoretically, the number of fixed 
microphones is superior or equal to the number of 
sound sources existing in the environment. Finally, 
the technique provides re-synchronized signals as if 
the field has been recorded by a complete array in 
one run. 

3.2 Quantification of a reference source 

The objective of this part of the paper is to present 
the experimental validation of the quantification 
capability of the Generalized Acoustic Holography, 
applied on a reference source. Measured in an 
anechoic environment as a first step, the source is 
then measured in the modified gas stand test cell, 
and in running condition.  

3.2.1 Reference source in an anechoic room 

The first task is to estimate the sound power of an 
artificial sound source in anechoic environment. The 
source is positioned underneath the ground as 
shown in Figure 13. The reference sound power is 
given by the intensity measurement following the 
standard ISO 9614-2.  
Acoustic imaging measurement are done with a 
planar array HDCam composed of 36 microphones. 
The first evaluation of the sound power radiated by 
the source is done by using the Generalized 
Acoustic Holography in two dimensions which 
means that the sound field is back propagated on a 
calculation grid defined as plane flush to the front 
face of the source. 
The second technique used to evaluate the sound 
power of the source correspond to the use of 
Generalized Acoustic Holography in 3 dimensions 
with patch measurements. The back-propagation of 
the pressure signals, measured for different 
positions of the array around the source, is done on 
a 3D meshing of the object. For this measurement, 3 
positions of the acoustic array have been used as 
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illustrated in Figure 14. Those positions are sufficient 
to cover the front and the sides of the source. We 
could have used a fourth position at the back of the 
source but considering that the source is composed 
of a speaker located at the front of the source, it 
appeared unnecessary to measure the back of the 
source which present a low sound power radiated. It 
was confirmed with the sound intensity 
measurement. In that simple case, a cubic mesh is 
used, which is a simplification of the geometry of the 
object. 

 
Figure 13: Measurement setup for the quantification 

of the reference source in anechoic room 

 
Figure 14: Geometry and array positions used for the 

qualification of the reference source 

The sound power estimations obtained with both 
acoustic imaging techniques are compared. The 
values are measured with sound intensity probe, see 
Figure 15. On this same plot, the errors between the 
estimated and the measured sound power are 
displayed at the bottom of the plot with the 
associated scale on the right.  
In both cases, the quantification is relatively 
satisfactory with all errors being lower than 2 dB for 
2D processing technique and lower than 1.5 dB for 
3D technique. The improvement brought by the use 
of 3D technique with multiple array positions is 
relatively small but this is mainly due to this very 

simple test case and is in agreement with the 
hypothesis used for 2D processing. For concrete 
applications such as turbocharger with complex 
geometry, combination of sound sources with 
specific directivity, the 3D technique is necessary as 
it will be shown later on.   

 
Figure 15: Comparison of the sound power 

estimation of the reference source and associated 
errors 

3.2.2 Reference source in gas stand test cell 

The same procedure has been repeated in the 
treated gas stand cell. The objective is to validate 
the capability of the Generalized Acoustic 
Holography to quantify a reference source in a non-
anechoic room with and without external noise. As 
done previously, the sound power has been first 
determined using intensity method, without external 
noise produced by the gas stand. Then the 
Generalized Acoustic Holography is applied in 2D 
and with the patch measurement in 3D using three 
array positions, see Figure 16.  

 
Figure 16: Measurement setup for the quantification 

of the reference source in the test cell 

The error on the sound power estimation in anechoic 
condition, in the test cell off and in the operating test 
cell are presented in Figure 17 for the 2D processing 
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and in Figure 18 for the 3D technique. The 2D 
processing with a single array position is very 
sensitive to the test cell environment and 
background noise. The 3D Generalized Acoustic 
Holography is more robust to the environment and 
still provides satisfactory results in the test cell with 
the gas stand running.  
 

 
Figure 17: Quantification errors for the 2D 

Generalized Acoustic Holography in the test cell 

 
Figure 18: Quantification errors for the 3D 

Generalized Acoustic Holography in the test cell 

3.3 Sound power qualification of the turbocharger 

The last part of this work package correspond to the 
measurements of the sound power level of the 
turbocharger for 5 gas stand points presented in 
Figure 1. The measurement setup is illustrated in 
Figure 19 for one position of the array. The meshing 
of the turbocharger used for the 3D calculation is 
presented in Figure 20. To measure the sound 
power level of the whole turbocharger, three 
positions of the acoustic array have been used. 
Those positions, in relation to the turbocharger 
meshing, are illustrated in Figure 21. 
 

 
Figure 19: Measurement setup for the quantification 

of the turbocharger in the treated test cell 

 
Figure 20: Meshing of the turbocharger 

 
Figure 21: Positions of the acoustic array and 

meshing of the turbocharger used for calculations 

Sound power radiated by the whole turbocharger is 
calculated from the sound intensity on back 
propagated on turbocharger meshing. Results 
obtained with the Generalized Acoustic Holography 
with three array positions are presented in Figure 22 
for the measurement point 2. The sound power 
estimation is compared to the quantification obtained 
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when using only one or two positions of the array. 
The use of three array positions allows us to improve 
the sound power quantification. This is justified by 
the two following reasons: when using a single array 
position, the acoustic imaging technique will consider 
that the sources radiations are uniform, which is 
usually not the case for complex sources such as 
turbochargers. Measuring the complete sound 
pressure field with different array positions, allows 
the method to recalculate the real source directivity. 
In addition to that, using different array positions will 
allow the method to reduce the perturbation of 
external sources, because of their different points of 
view of the same source. For example with a single 
array measurement, it is impossible to differentiate 
sources located in front of the array or behind the 
array. In both cases, pressure signals measured on 
the microphone are exactly the same. When adding 
other arrays with different points of view, it is 
possible to differentiate those sources which means 
that external sources perturbation will be reduced.  
It is interesting to note that two array positions are 
sufficient to have satisfactory sound power level for 
almost the entire frequency range. Only the 500-
1500 Hz frequency range requires a third array 
position to obtain satisfactory quantification. 

 

Figure 22: Positions of the acoustic array and 
meshing of the turbocharger used for calculations 

In addition to the sound power qualification of the 
turbocharger, the method provides a reconstruction 
of the sound intensity on the meshing of the 
turbocharger. This can provide interesting 
information to understand, and reduce, noise 
radiation on a turbocharger. The first localization 
results presented in Figure 23, show the robustness 
of the Generalized Acoustic Holography method in 
regards to external noise perturbation. In the case of 
Beamforming, the influence of the external noise is 
significant with an important modification of the noise 
localization and a drastic reduction of the noise 
range. The Generalized Acoustic Holography 
method is much more robust to external noise 
perturbations since both localization result are very 
similar. We can notice a small decrease of the 

dynamic in the case of the measurement without 
treatment of the test cell. 

 
(a) 3D beamforming results without external noise 

(top) and with external noise (bottom) 

 
(b) Generalized Acoustic Holography results without 

external noise (top) and with external noise 
(bottom) 

Figure 23: Acoustic maps obtained with Generalized 
Acoustic Holography. With test cell modifications 

(top) and without modification (bottom) 

Sound intensity maps are illustrated in Figure 24 for 
the turbo synchronous tonal components. In the 
case of the measurement point 1, the tonal 
component is perceived at the compressor section of 
the turbocharger. For the measurement points 2 and 
3, the tonal component is perceived at the center 
housing part.  Sound intensity maps obtained for the 
broadband noise are illustrated in Figure 25 for the 
measurement points 2 and 3. It is interesting to see 
that the broadband noise is not radiated by the 
turbocharger itself but is perceived through the 

10dB 
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ambient air inlet pipe, the air outlet pipe and the 
turbine inlet.  

 
(a) measurement point 1 

 
(b) measurement point 2 

 
(c) measurement point 3 

Figure 24: Sound intensity maps obtained for the 
tonal component  

 
(a) measurement point 2 

 
(b) measurement stand point 3 

Figure 25: Sound intensity maps obtained for the 
tonal component related to the turbocharger 

4. Conclusion 

Sound Power quantification of a complex product in 
a non-anechoic environment has been validated 
using Generalized Acoustic Holography technique 
combined with several position of an acoustic array. 
This technique has been validated with a calibrated 
reference without anechoic environment, and then 
including high background noise. Results show less 
than 2dB error compared to standard iso 
measurements.  

This promising technique allows also 3D localization 
of noise sources for better noise mechanism 
understanding and quiet turbocharger development. 
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