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Abstract. Although turbochargers help reducing vehicles pollutant emissions, once compressed air helps in burning less
fuel for the same amount of power, they negatively contribute to another problem: noise pollution. Studies about vehicles
sound emission have been developed and significant results relating traffic noise and ischemic heart diseases were made,
which therefore urges an attention about the noise generated by turbochargers, once this gears can reach high levels of
decibels while operating. Thus, it is necessary to characterize the sound intensity generated by turbochargers. This paper
presents a method to calculate the intensity generated by turbochargers using a beamformer named Linearly Constrained
Minimum Variance, which consists in extracting signals with predetermined angles from the pressure wave signal captured
by an array of sensors. The array is composed by two microphones mounted flush to the compressor’s axis and the sensors
are set outside of the inlet duct. After the acoustic signal decomposition, the sound intensity level in four compressor
operational speeds is presented.
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1. INTRODUCTION

A major discussion about vehicle pollutants has been on, since those are one of the biggest agents of world climate
change. One-fifth of European Union’s total CO5 emissions are contributed by road transport, 75% originated by pas-
senger cars, which is 20.5% higher than in 1990 (Fontaras et al., 2017) and, according to Woon Jang et al. (2014), CO4
concentration around the globe is above 398 parts per million and this number is getting higher throughout the years. The
author described the fossil fuel combustion, highly used in automotive industries for transportation, as the largest human
impact on CO4 emissions.

Many strategies built towards diminishing effects of this vehicle emissions have been developed. One of them is to
reduce the amount of fossil fuels used. In Brazil, the use of ethanol is a trend since taxes for manufacturers have been
smoothed, which turned ethanol out to be 52% of the fuel consumption (Woon Jang et al., 2014). Another strategy is
the use of turbochargers. Commonly used in recent years, turbochargers play an important role in reducing this effects
(Kruiswyk, 2012), once compressed air helps in burning less fuel for the same amount of power.

However, atmospheric pollution is not the only negative outcome of vehicle popularization throughout recent years.
According to the World Health Organization, noise pollution is considered the second leading environmental hazard.
Babisch et al. (2005) discussed the correlation between noise and cardiovascular diseases such as high blood pressure
and ischemic heart diseases, in which about 2% to 3% of ischemic heart diseases are related to traffic noise. This traffic
noise can be harmful when the sound pressure level reaches magnitude of 65 to 70 decibels (dB). Twardella and Ndrepepa
(2011) used a meta-analytic methodology to summarize different studies about the correlation between noise traffic and
cardiovascular diseases, and this meta-analysis showed that individuals subjected to higher categories of noise have a
15.5% increase of having arterial hypertension and nearly 7% risk of having ischemic heart disease. Fiedler and Zannin
(2015), as presented in the Fig. 1, studied the noise intensity in an urban region of Curitiba city in Brazil. The authors
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showed that the noise gets higher while it gets closer to the streets, reaching levels of 75 to 80 dB. In the scientific literature
it is observed that turbochargers are one of the biggest vehicle noise generators (Figurella ef al., 2014; Sundstrom et al.,
2018), thus, the study of a method to determine the acoustic noise emission of this engine component is necessary.
Therefore, this paper presents a beamforming methodology to calculate the intensity vector for an acoustic pressure signal
of an automotive turbocharger using a two microphone instrumentation.
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Figure 1: Curitiba noise at streets (Fiedler and Zannin, 2015)

2. METHODOLOGY
2.1 Beamforming decomposition

Beamforming method, presented in the Fig. 2, is a way of decomposing a signal into several signals with different
direction angles, each signals multiplied by a weight previously calculated (Garcia Tiscar, 2017). It is an effective method
once it isolates the signal by chosen angles, improving the signal accuracy considering that undesirable signals are ne-
glected. It is also effective because the set of sensors allows to collect the same signal from different positions, providing
the calculus of the sound intensity level, a vector measurement that is not influenced by the duct geometry (Garcia Tiscar,
2017), otherwise if using only one sensor, the geometry of the duct can not be overlooked. As presented by Garcia Tiscar
(2017), the pressure signal x(t) is taken by a linear vector of sensors. This phased array shifts the signal phase by a weight
w;,, and then forms a plane wave emitted in the 6 direction, which can be previously chosen by calculating the respective
w;,. This technique allows to decompose the pressure signal into downstream and upstream waves, both interesting once
these signals summarizes what leaves and enters the compressor (Verdd, 2003).

This method can also be applied by using Fast Fourier Transform (.%). Equation 1 shows the Fast Fourier Transform
applied for each sensor of the array.

Xpn = F{Xn} (1)

Where x,, represents the matrix of data collected by the sensors.

The Linearly Constrained Minimum Variance (LCMV) is a beamformer method based on the Fast Fourier Transform
application for each sensor x(t). It consists in extracting signals with predetermined angles from the acoustic pressure
wave signal captured by the sensors (Garcia Tiscar, 2017). By doing that, the signal is spatial filtered so noises and un-
wanted signals are neglected. In this study, the sound intensity is affected only by the signals radiated in the compressor’s
inlet duct. Due to it, angles of 90° and —90° are the ones to be chosen.

The acoustic signal x(¢) taken from the turbocharger’s compressor inlet, as shown by the Eq. 2, can be considered as
a superposition of the signals of the downstream flow =" (¢) and the upstream flow z~ (¢).

2(t) =z (t) + 27 (t) 2
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Linear array of sensors
Figure 2: Beamforming method (Verdd, 2003)

By using this decomposition, the sound intensity can be estimated by the Eq. 3.
1
1= (XTPA+ M) = X7P( - M)?) 3)

Where X+ and X ~ are the vectors containing the complex spectra of the downstream and upstream wave acoustic pressure
determined by Eq. 4 and Eq. 5, respectively. p is the mean density of the fluid, a is the fluid speed, M is the mean Mach
number and | - | indicates the determinant operator.

Xt (fr) = wHX(fr); )

X (fe) =w " X(fr); (5)

The remaining equations listed below are calculated for each Fourier frequency fj, of the transformed signal X( f%)
The matrix of weights w determined by the Eq. 6 is Nx2, where N is the number of sensors used in the experimental
test. The first line of the matrix corresponds to the w™ (Eq. 7), while the second corresponds to the w™~ (Eq. 8).

w = {zml AH [AH -t AH} _1] 6)

Where (-) corresponds to the Hermitian operator, which is equal to its conjugate transpose. > ., 18 the covariance matrix
and Z;l is the inverse of the covariance matrix and the constraints matrix A is determined by the Eq. 9.

wt =w[10]" (7
w =w[01]" (8)
A=[ata]" 9)

Where the direction vectors for the downstream a™t and upstream a~ waves are calculated by the Egs. 10 and 11.

at = a(—90°) = [1, e84 (I8 2ds 873y )ej!?*Nds]T (10)

o - - - T
a = a(900) _ [17 e~ I8 ds7e_]ﬂ st’e—Jﬂ 3ds’ . 76—3,3 Nds] (11)
Where d, is the distance between the sensors. 31 and 3~ are determined by the Eq. 12 and the Eq. 13 respectively.

v k4al—j)
A= (12)
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__k+a(l—j)
B =1 (13)

In which k = w/c, w = 2 fi, and « is the viscothermal attenuation coefficient described by the Eq. 14.
! (”w)% [1— (y—1)Pr7] (14)
a=—|— — (v - r
ra\ 2 7

Where 7 is the duct radius, a the speed of sound constant and v is the kinematic viscosity and Pr is the Prandtl number.
Finally the Sound Intensity Level (SIL) and the total Sound Intensity Level (SILt) are calculated by following Eq. 15
and Eq. 16 respectively.

SIL(i) = 10logig (Kf_’fl) (1)

SILy = 10logo (Z 1|0(_?L> (16)
i=1

Where m is the length of the sound intensity divided by 2.

The frequency range of the acoustic energy must be settled. In order to attend the Nyquist theorem, the wave’s time
of travel T described by Eq. 17 dependent on the distance between the microphones d settles the signals frequency of
fa= % Nyquist-Shannon sampling theorem establishes the sampling frequency as half of the experimental frequency,

s

described in Eq. 18.

Ty =— (17)
a
a

fs < 2. (18)

Whereas Nyquist Theorem considers the sampling frequency, the assumption of one-dimensional-only waves of the
acoustic method settles limits to the frequency range. According to Verdu (2003), modes of higher order start to propagate
beyond a cut-off frequency determined by Eq. 19, hence the assumption of planar waves travelling alongside the pipe in
a one dimensional movement must be considered within the range below the cut-off frequency determined.

f = 1.84%\/1 — M2 (19)

where a is the sound speed, D is the duct diameter and M is the mean Mach number.
Once the Power Spectra Density is collected, it is possible to assess its features based on the literature.

2.2 Turbochargers noise characterization

In order to characterize the most relevant noises emitted by the compressor, the acoustic emission of a moving source
must be settled. Hence, Ffwocs Williams-Hawkings model described by Eq. 20 is considered, as it is an acoustic analogy
derived from the Lightill-Curle theory of aerodynamic sound to include arbitrary convective motion, as stated at (Williams
and Hawkings, 1969). In this acoustic analogy, the right-handed terms are nonlinear terms commonly related to sound
sources, providing the computation of far-field noise induced by the flow of a fluid in a three-dimensional ducted fan
geometry system (Orselli ez al., 2018). In Eq. 20, u; is the fluid component in the x; direction, u,, is the fluid velocity
normal to the surface, v; are the surface velocity components in in the z; direction, v,, is the surface velocity component
normal to the surface, §(f) is the Dirac delta function and H (f) is the Heaviside function. p’ is the sound pressure at far
field, n; is the unit normal vector, ag is the far-field sound speed, T;; is the Lightill stress tensor and F;; is the compressive
stress tensor.

Abom (2014) characterizes the sound emitted by a moving source in three distributions: monopoles (first term at the
right hand side of Eq. 20), dipoles (second term at the right hand side of Eq. 20) and quadrupoles (third term at the
right hand side of Eq. 20). Monopoles noises are an outcome of volume displacement, whereas dipole noises are related
to fluctuating pressures and quadrupoles result from unsteady Reynolds transport of momentum. In the compressor, the
main noises are the aero-acoustic ones, related to reflection and transmission of pulses and high-frequency noises resulted
from high speeds.
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Studies towards these aero-acoustic turbocharger acoustic emissions have been already discussed on the literature.
Garcia Tiscar (2017) distinguishes these noises by internal flow noise, typically seized by sensors placed inside the com-
pressor housing in both inlet and outlet ducts, and radiated noises, external measurements usually made by microphones.
The most common and specified noises in the literature regarding aerodynamics and the flow generated sound in the sys-
tem are the Buzz-saw Noise, related to engine high-power operations when supersonic fans produce tones harmonically
synchronized with the engine’s shaft speed, which is generated by rotating shock waves (McAlpine et al., 2012), the tonal
noise at Blade Passing Frequency (BPF), an outcome of the compressor’s blades subjected to periodic turbulence which
causes noise emission at these frequencies (Eq. 21 describes the harmonics generated by this phenomenon, where B is the
number of main rotor blades and N is the speed of the compressor), and the Tip Clearance Noise (TCN), a narrow-band
noise generated by the secondary flow created in the gap between the compressor casing and the impeller blade tips which
presents itself typically at frequencies of about half of the BPF (Galindo ez al., 2015). Abom (2014) mentions the Rotating
Stall noise, a broadband peak associated with flow separation at subsonic compressor speeds, and Garcia Tiscar (2017)
also mentions a general broadband type noise related to operations close to surge known as whoosh noise. The Buzz-saw
noise is of monopole distribution, whereas BPF, TCN and rotating stall are of dipole distribution (Abom, 2014).

BpF =B @1
60

3. EXPERIMENTAL SETUP

The hot gas flow test rig used to develop the experimental test has the following characteristics:

e Two screw compressors with a maximum mass flow capacity of 0.6 kg s~!, at a maximum discharging pressure of
400 kPa which feed a storage tank with 5 m? air capacity. This compressed air is conducted to the turbine and its
mass flow rate is controlled by changing the opening of a pneumatic discharge valve.

e Compressor mass flow is measured by a turbine-typed instrument. The exhaust gases that provides energy to run
the turbocharger compressor have a controlled temperature of 400 °C.

e The turbocharger compressor speed is measured using an emitter/receiver sensor, which uses a laser beam to trans-
form the frequency of the received pulses into an analog signal proportional to the speed. An independent lubrica-
tion system is installed with a control inlet oil temperature and pressure strategy. Inlet and outlet temperatures are
measured using type K thermocouples and pressure is measured with a piezoresistive transmitters. All sensor in the
installation have been previously calibrated.

e Two microphones PCB Piezotronics are set in the compressor’s inlet, capturing the acoustic pressure signal coming
out of the compressor. This microphones are shown in Fig. 3.

e The signal captured is then processed by a program in the LabVIEW software. This software generates the signal
data which is then treated by a MATLAB program which follows the methodology shown previously.

In this paper, a centrifugal compressor of a turbocharger Garrett TA31 is tested. Regarding that the maximum speed
of this turbocharger is 130 krpm, four different speeds of 40 krpm, 60 krpm, 80 krpm and 100 krpm are tested and for
each speed, six different points are collected by varying the compressor mass flow until it is close to the surge boundary
by means of an Back-pressure Valve placed in the compressor’s outlet.

4. RESULTS AND DISCUSSION

The sound intensity presented in the Fig. 4 is the result of different compressor mass flows at 40 krpm, 60 krpm,
80 krpm and 100 krpm. Six operational points for each speed were tested, for 100% (Opl), 75% (Op2), 50% (Op3),
40% (Op4), 30% (OpS) of the Back-pressure Valve Opening and the opening where the compressor is subjected to surge
conditions (Op6), which are 83%, 78%, 75% and 72% at 40 krpm, 60 krpm, 80 krpm and 100 krpm, respectively.

It is noticeable that the amplitude increases with the increase of the compressor speed. The amplitude also grows when
closing the valve, once mass flow slump provides an increase in the fluid’s speed, what thereupon contributes to the rise
of sound emitted by the compressor. Whoosh noise, a broadband noise starting at around 2.5 kHz is seen specially for
speeds of 60 krpm, 80 krpm and 100 krpm. Considering that the compressor tested has six blades, BPF harmonics are not
visible since those are at frequencies beyond the cut-off frequency determined by both the Nyquist theorem and the one
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Figure 3: Two microphone instrumentation
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Figure 4: Sound Intensity Level (SIL) for six operational points at 40 krpm (top left), 60 krpm (top right), 80 krpm (bottom
left) and 100 krpm (bottom right)

mode wave propagation assumption, which is 3788 Hz. While for speeds such as 40 krpm all of the operational points
present a similar shape, for speeds specially of 80 krpm and 100 krpm Op1 and Op2 present a deviance of approximately
15 dB at higher frequencies. Two harmonics can also be seen at all speeds, the first peak around 1.7 kHz and the second
peak around 3.3 kHz. Once these harmonics show up at almost fixed frequencies, they are not related to the increase of
the compressor speed. The literature does not present an exact explanation of these peaks, although harmonics peaks at
lower frequencies due to tonal noise phenomena produced by the engine are discussed (Garcia Tiscar, 2017). In this study,
though, the compressor does not work aside an engine, therefore it is assumed that these peaks are related to the air flow
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distribution along the test bench.

Fig. 5 shows a comparison between speeds at each operational point tested. It can be seen that for all the percentages
of Back-pressure Valve Opening SIL is proportionally related to the compressor speed. It is also clear that as the mass
flow varies towards the surge limit, specially after 75% of Back-pressure Valve Opening, SIL at speeds of 60 krpm, 80
krpm and 100 krpm become similar. SIL at 40 krpm maintains its shape while varying the valve opening, which can also
be seen at the top left figure of Fig. 4. Because of that, at operations close to surge, specially for Op4 and Op5, there is a
30 dB difference between SIL at 40 krpm and SIL at other speeds. This is due to the temperature increase at high speeds,
which increases the noise generated by the compressor.
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Figure 5: Sound Intensity Level for 40 krpm, 60 krpm, 80 krpm and 100 krpm at Op1 (top left), Op2 (top right), Op3
(middle left corner), Op4 (middle right corner), Op5 (bottom left), Op6 (bottom right)

5. CONCLUSIONS

Two microphones set in the orifice of the compressor’s inlet were used to capture acoustic waves at six operational
points for four different speeds (40 krpm, 60 krpm, 80 krpm and 100 krpm). The beamforming method was used to
determine the Sound Intensity Level of the signals, which led to a characterization of common noises described by the
literature.

SIL levels reached values over 100 dB, higher than the levels in which human diseases start to correlate with acoustic
noise emissions. Therefore the compressor must be considered when strategies aiming to reduce noise emitted by vehicles
are developed. The beamforming method appears as a valid method to quantify noise levels and is also useful to the
development of methods that build intensity acoustic maps, as the sound intensity estimated by the beamforming can be
used to calculate the sound intensity level for each operational point.

The acoustic quantification of turbochargers lead to a characterization of commonly described noises in the literature.
When these noises are well known, an intake attenuation system can be developed regarding their appearance.
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