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Abstract:
The identification and characterization of sound power radiated by engine components is an
important challenge for car manufacturers such as PSA. This paper will show the approach used, the
results obtained and the analysis of those results during a study done with PSA to evaluate the
contribution of each component on the total sound power radiated by an engine.
In the first part of the study, a standard 2D acoustic imaging technique, based on combined
holography and beamforming method, was used to evaluate the sound power radiated by faces of an
engine and to identify the most radiating areas. In the second part of this study, an innovating
technique has been applied, using a 3D meshing of the engine and precise definition of each
component on this meshing. Based on measurement done on an acoustic array successively positioned
on four sides of the engine and a precise positioning of the array in regards to the meshing, it is
possible to rebuild the sound power radiated by elements of the meshing and thus obtain the sound
power spectrum radiated by each components of the engine for various configurations.
Such experimental data have many interests for PSA:
 At first, it gives data concerning the overall acoustic power level of this engine.
 It gives information about the noisiest sources on each face of the engine. So, it gives
orientation concerning the strategy of the noise reduction of the engine.
 It provides data to fix the different acoustic targets. By having the sound power level and
spectrum of the mainly components, it is possible to build the targets to achieve by the
suppliers on their benches. The comparison between the overall sound power level and the
“sum-up” of the sound power level radiated by each component is a good way to be confident
about the coherence between the overall target and the declined targets.
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1

Introduction

The first part of this paper is dedicated to the presentation of the measurement approach and methods
used to provide the needed experimental data to PSA such as: the characterization of engines faces and
overall sound power with the use of a standard 2D acoustic imaging technique and the estimation of
the sound power radiated by components with the use of an innovative 3D acoustic imaging method.

22ème Congrès Français de Mécanique

Lyon, 24 au 28 Août 2015

The second part of this paper will presents PSA’s strategy and methodology for noise reduction of
engine and in particular how the data obtained during this study are used for the definition of acoustic
target for components suppliers and the re-synthesis of the overall noise radiated by the engine.

2
Measurement approach
2.1 Measurement setup
Measurement has been done in the Crittm2A anechoic engine test bench.
The engine tested is a PSA DV6F diesel engine. Running configurations of the engine measured are
the following:
 Idle configuration
 7 engine speeds in full load from 1000 RPM to 4000 RPM
 7 specific torques and engine speeds configurations
The acoustic array used was a MicrodB HDCam with 36 microphones which is presented Figure 1 for
two measurement positions. Measurements have been done for four positions of the acoustic array for
the faces of interest: rear face (intake), upper face, front face (outtake) and the timing belt face.

(a) Rear face position

(b) Upper face position

Figure 1 Presentation of the acoustic array and illustration of two measurement positions

2.2 Sound power radiated by faces
The first objective of this study was to reconstruct the sound intensity map on each face of the engine
in order to determine the sound power radiated and to identify the noisiest areas. To do so a combined
holography and beamforming method is used. In low frequencies, below 1130Hz, a method called
iNAH (irregular Near-field Acoustic Holography) which is based on SONAH [1] principle is used. For
higher frequencies a method based on beamforming and called Near-field focusing [2] is used.

2.2.2 Results
The first results obtained is the reconstruction of the total sound power radiated by each face of the
engine for different engine configurations. The sound power is obtained by integrating the sound
intensity on the whole face. The sound power is then integrated from 200 to 8000 Hz third octave
bands to obtain the total sound power radiated by each face.
The total sound power for each face is presented for 7 engine speeds in full load Figure 2 (a) and for
specific engine speeds and torque configurations Figure 2 (b). The rear face, which correspond to the
intake face, is the noisiest for every engine configurations. The sound power radiated by the upper face
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is overall the lowest especially for higher engine speeds. The relative contributions of the timing belt
and front faces increase with the engine speed to become equivalent to the rear face for the 4000 RPM
configuration.

5 dB

5 dB

(a) Full load
(b) Specific torque configurations
Figure 2 Total sound power radiated by faces versus engine speed

The second objective is to identify the noisiest areas of the engine for the different configurations and
frequency ranges. One example of the analysis is presented Figure 3 in the case of the rear face of the
engine. The first result is the reconstructed A weighted power spectra in third octave band of the rear
face which is presented Figure 3 (a). The analysis of the sound intensity maps consists in identifying
radiating areas and associate them to specific frequency range and engine configurations. The analysis
of the sound intensity maps is presented, Figure 3 (b) to Figure 3 (d), in the case of the rear face where
three main areas are identified over the whole frequency range and for all the engine configurations: In
low frequencies (180-890 Hz), Figure 3 (b), the engine unit is identified as the main radiating area. For
the 1250 Hz third octave band, Figure 3 (c), which is the noisiest third octave band there is a
combination of the high pressure pump and the water pump. For Higher frequencies (1420-3570 Hz),
Figure 3 (d), the high pressure pump is identified.
This analysis have been done for the 4 faces of interest of the engine for 14 running conditions of the
engine. The results obtained with this analysis allowed us to give a rough ranking of each sources
identified on the engine for the different engine speeds and configurations.
The analysis of those results can be extremely time consuming. Indeed comparing the results obtained
for the 4 faces of the engine for 14 running conditions and for each third octave band is a complicated
analysis. In the second part of the study, a more automated analysis process was proposed to evaluate
the sound power radiated by the components of the engine.
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(a) Sound power spectra for the rear face

(c) High pressure pump and water
(d) High pressure pump (1420pump (1130-1410 Hz)
3570 Hz)
Figure 3 Sound power spectra reconstructed for the rear face (a) and sound intensity maps
associated for the frequency bands 180-890Hz (b), 1130-1410Hz (c) and 1420-3570 Hz (d).
(b) Engine unit (180-890 Hz)

2.2.3 Combustion noise
The last analysis done on the sound power radiated by the faces of the engine was to quantify and
identify the contribution of the combustion noise on the overall sound power radiated by the engine. In
order to achieve this, time data measured by the acoustic array microphones have been post-processed
using a PSA filtering [3] based on Wiener filtering to separate mechanical and combustion noise.
Those filtered time signals have been then used for the acoustic imaging calculation yielding to the
reconstructed sound power and sound intensity maps related to the combustion noise. An example of
result is presented Figure 4 (a) with the comparison between the reconstructed sound power obtained
with raw signals and filtered signals. In this configuration, the contribution of the noise related to the
combustion noise on the noise radiated by the engine is extremely high for the frequency range 400 to
800 Hz. For other frequencies the combustion noise does not contribute to the sound power radiated
by the engine. The sound intensity map obtained in this configuration for the rear face with the filtered
signals is presented Figure 4 (b). The map obtained is very similar to the one obtained in the first part
of this study, presented Figure 3 (b), which confirm that the area identified is indeed the engine unit
and that the noise radiated is related to combustion noise.
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(b) Sound intensity map obtained with filtered
(a) Sound power reconstructed with raw signals and
signals
filtered signals
Figure 4 Sound power spectrum and intensity map related to combustion noise

2.3 Sound power radiated by components
The second objective of the study was to estimate the sound power radiated by the components of the
engine. This objective is challenging because standard 2D acoustic imaging technique and most other
measurement techniques such as intensity probe does not have sufficient precision in term of spatial
separation to precisely evaluate the sound power radiated by components. To reach that goal, a 3D
acoustic imaging technique, which uses a 3D meshing of the engine for calculation, has been
developed. The precise definition of the distance between the microphones location and the calculation
points of the meshing increases the precision of the method.
The use of a 3D geometry for acoustic imaging methods required some specific developments which
will be presented below.

2.3.1 Positioning of the array
When considering the 3D geometry of the engine in acoustic imaging techniques, the first important
task is to precisely reposition the acoustic array in regard to the meshing of the engine. To do so,
MicrodB and Spectron development, has developed a specific tool and software to measure the
position of points in a specific coordinate system. This tool is based on acoustic measurement, it is
composed of a tripod with four sources which emit specific sound sequences that are measured with a
3D array. Thanks to a processing based on time delay of the source sequence measured by each
microphone, it is possible to position precisely the 3D array in a specified coordinate system.
The approach is to first measure the transfer matrix between the coordinate systems of the positioning
tool and the meshing by knowing the position of the points in both coordinate systems. To do so, four
points of the engine are measured and associated to points of the meshing as illustrated Figure 5 (a)
and (b). The next step is to position the acoustic array in the meshing coordinate system. The same
procedure is used but this time, the position of four microphones of the acoustic array, Figure 5 (c), are
measured, yielding to the transfer matrix between the positioning tool and the acoustic array
coordinate systems. When those two transfer matrices are known, it is possible to position precisely
the acoustic array relatively to the meshing of the engine. The position of the acoustic array measured
during the study for the rear face of the engine is illustrated Figure 5 (d).
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Lyon, 24 au 28 Août 2015

(b) Meshing of the validation case with
selection of the measured points

(d) Position of the array for the rear face
of the engine

Figure 5 Presentation of the positioning tool

2.3.2 Synchronization of measurements
With the use of a 3D meshing of the engine for acoustic imaging techniques, it is needed to
characterize the whole engine at once especially when components are located on two faces of the
engine. This would require to measure simultaneously the four faces of the engine. The hardware that
would be required for such a measurement would be extremely expensive. A solution used, which is
called patch measurement, consists in measuring sequentially the different positions of the array and
using reference microphones, that do not move between measurements, to reconstruct the phase
relations between microphones which are needed for acoustic imaging calculations. Those phase
relationships are contained in the cross spectrum matrix Smm, illustrated Figure 6, which we want to
reconstruct. Indeed, only the elements in green of the cross spectrum matrix are known from
measurement and correspond to the phase relations between microphones for a single measurement
position. The objective is to determine the elements in blue which give the phase relationship between
the different measurements. The method used consists in using the phase relationship between the
array microphones and the fixed reference microphones. The complete cross-spectrum matrix is
obtained with Équation 1 where Srr is the cross-spectrum matrix between the reference microphones
and Srm is a matrix composed of the phase relationship between the microphones of the acoustic array
for each position and the reference microphones.
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Figure 6 Cross-spectrum matrix to reconstruct
Équation 1

−1
𝑺𝑚𝑚 = 𝑺𝐻
𝑟𝑚 𝑺𝑟𝑟 𝑺𝑟𝑚 .

The method is illustrated Figure 7 for three positions of the array. The measured cross-spectrum
matrix is illustrated Figure 7 (a) with values only between microphones of the array for each position
of the array and no information of phase relationship between different position of the array. The
reconstructed cross-spectrum matrix, which now contain phase relationship between every
microphone for every position of the array, with the method presented above is illustrated Figure 7 (b).
With this reconstructed cross-spectrum matrix, it is possible to reconstruct the sound intensity field on
the entire engine.

(a) Measured cross-spectrum matrix

(b) Reconstructed cross-spectrum
matrix

Figure 7 Comparison between the measured partial cross-spectrum matrix and the reconstructed
complete cross-spectrum matrix

2.3.3 Definition of the components
The last input data is the precise definition of the components on the meshing of the engine. The lists
of mesh elements that belong to each components have been provided by PSA and are imported in the
acoustic imaging software. The sound power radiated by each components is calculated by integrating
the sound intensity reconstructed on each group of elements. The definition of the components located
on the rear face are illustrated
Figure 8. One of the strong advantage with this method is that the calculation of an additional
component does not require any additional measurement since the sound intensity is calculated on the
entire engine. At any time, the definition of a new component can be added and the sound power
radiated by this component is automatically calculated. This happened for the upper face where a
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component which was not defined in the first place have been identified as a noisy area with the sound
intensity map.

(a) Air distributor duct

(b) High pressure pump

(c) Water pump

Figure 8 Definition of the components on the rear face of the engine

2.3.4 Results
The first results obtained correspond to the total sound power radiated by each components. Those
results are illustrated Figure 9, with the sound power radiated by the components located on the rear
face of the engine. The main source on this face is the high pressure pump with the air distributor duct
slightly lower. The sound power radiated by the water pump is significantly lower than the two other
components. It is interesting to note that the relative ranking between the three components remain
similar for all the engine speeds.

5 dB

Figure 9 Sound power level radiated by the components of the rear face

The second results correspond to the sound power spectra radiated by all the components. Those
results are illustrated Figure 10 (a), for the components located on the rear face of the engine and for
the 2500 RPM engine speed. The sound intensity maps obtained in the first part of the study for this
configuration are reminded on Figure 10 (b) to Figure 10 (c) to confirm the coherence between the
results obtained with the two methods. For lower frequencies the high pressure pump and the air
distributor duct have similar reconstructed sound power but as shown Figure 4 (b) and Figure 10 (b),
the main sound source for this frequency range corresponds to the engine unit and is related to the
combustion noise. For the 1250 Hz third octave band, which is the noisiest, we obtain almost similar
sound power levels on the three components which confirms the conclusion given based on the sound
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intensity map which is reminded Figure 10 (c). For higher frequencies (1420 to 3570 Hz), sound
power radiated by the high pressure pump is dominant.

5 dB

(a) Sound power spectra of the rear face components

(c) High pressure pump and water
(d) High pressure pump (1420pump (1130-1410 Hz)
3570 Hz)
Figure 10 Sound power spectra radiated by components of the rear face
(b) Engine unit (180-890 Hz)

3
Analysis of the results
3.1 Context and objectives
PSA is always challenged about the design and the noise reduction of the new engines. For that, we
have to respect some steps:
• To identify the main sources to ease the process of noise reduction of the engine
• To improve engineering methods to help the design and the validation plans of the new
engines:
 Improving our knowledge of the sound power radiated by existing engines:
 Contribution of components
 Contribution of combustion noise
 Establishing data to set acoustic targets for future projects based on measurements
done on existing engines

3.2 V cycle - Design / Validation
At the beginning of the design phase, the step of the specifications cascading is very important
because it puts the targets of the different components allocations as shown on the V-cycle presented
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Figure 11. We have to be coherent for this step. During the numerical phase and the validation phase,
we will have to position all the results to these allocations.

Figure 11 Presentation of the NVH V-cycle

3.3 V cycle - Validations / Specifications

Figure 12 Definition of acoustic targets based on experimental data from previous project

Concerning the way to build these components allocations, our procedure is to set acoustic targets for
future projects based on consolidated and complete measurements done on existing engines as shown
Figure 12.
PSA strategy:
 To have NVH specifications for all the components on the engine and the gearbox or at least
to have targets on powertrain test bench.
 But, it is not very useful for design, and for the suppliers… that’s why we ask for
characterization on component bench:
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o At first: the procedure gives the power level
o Second: the target is compared to previous measurements, or correlated calculations,
or from global target of the engine, etc.
We will show in this document how we can use the MicrodB data to perform our engineering method
of specification.

3.3.1 From measurements…

Figure 13 Analysis of the experimental data

This method of measurement improves engineering methods of NVH design, by the knowledge of the
contributions of each component on the global acoustic result (powertrain) as shown Figure 13.
We validate the useful of this new measurement approach by the “re-synthesis” of the sound power
radiated by the engine:
 Contribution of components
 Contribution of combustion noise
An example of comparison between the re-synthesized and global noise level according to the engine
speed is presented Figure 14 for the rear face. The result is encouraging, with a difference between the
re-synthetized and the total sound power level in the range of 1dB for all the engine speed except the
1500 RPM.
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Figure 14 Comparison between the re-synthetized sound power level and sound power radiated by
the rear face

3.3.2 … to specifications
Specifications are in the form of:
 Power level at different stabilized engine speeds
 Third octave spectrum
 Between 100 Hz and 8000 Hz
We have used the data provided by MicrodB to compare the targets that we took into account
previously as shown Figure 15. The specifications to the suppliers will be adjusted if necessary.

Figure 15 Comparison between specifications and experimental data
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Another utility of the data is the complete creation of some targets for some specific components, like
the air intake components, illustrated Figure 16, (for these components, we had no data of the real
noise radiation on engine).

Figure 16 Creation of new specifications based on experimental data

3.4 The objective: the good balance between the allocations
When the step of the building of the components allocations, based on the MicrodB measurements, is
done, we have to assure the coherence between the global powertrain (PWT) target and the ones of the
components.
This coherence is verified by making an “acoustic sum” of the components targets. The results of the
“re-synthesis” are compared to the global target as illustrated Figure 17. If any incoherence is
detected, the offending allocations will be modified.

Figure 17 Validation of the global powertrain target and the re-synthetized level

22ème Congrès Français de Mécanique

4

Lyon, 24 au 28 Août 2015

Conclusion

In regards to the measurement techniques, the standard 2D acoustic imaging technique is sufficient to
obtain the sound power radiated by faces and an overview of the ranking of the sound sources of the
engine. An innovative 3D method has been developed and used in this study to precisely reconstruct
the sound power radiated by components. The use of a 3D meshing of the engine improves the quality
of the sound intensity reconstructed and thus the precision of the component quantification thanks to
the use of true distances between microphones and calculation points. The automated reconstruction of
sound power spectrum of component drastically reduce the time needed to analyze the results
obtained.
In regard to the analysis of those experimental data, it is possible to obtain a complete NVH status (in
power) of an existing powertrain, with the sound power radiated by components and the ranking of
those components in terms of noise. This status allows PSA to validate the global target with the resynthetized level based on experimental data and define NVH targets for all the components of a
future powertrain.
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