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Abstract
At the Institute of Combustion Engines at RWTH Aachen University, a new type of acoustic
turbocharger test rig was developed as part of an FVV project, which was used to measure and analyse
the transmission loss for various exhaust gas turbochargers. Turbochargers have a large influence on
the orifice noise of the intake and exhaust system. A 1D-CFD model was developed to reproduce the
high transmission loss potential of the turbocharger for a wide frequency and operating range. The
model could be validated in terms of transmission loss and intake orifice noise measurements. The
strongly improved model accuracy and its simple application yields large potential for weight and
CO2 savings in early stage intake and exhaust system development.

Introduction
In view of the electrification of powertrains, the majority of all vehicles sold in Europe by 2030 will
still have a combustion engine as part of hybridized powertrains. Supercharged internal combustion
engines are very well suited for producing efficient, cost-effective and compact engines at the same
time. Therefore, a high market share of turbocharged engines is expected in the future [1, 2].
As part of the exhaust gas and intake system, the turbocharger (T/C) has a large influence on the
orifice noise, which accounts for a large part of the load-dependent feedback from the engine. The
design of the intake and exhaust systems takes place predominantly in 1D-CFD simulations in order
to adequately map the complex interaction of the subcomponents. In addition to compliance with
traffic noise emission guidelines, the subjective noise impression with regard to sportiness and
dynamics is also decisive in the orifice noise development. This sound impression must be
specifically influenced. However, turbocharger models validated for this wide frequency range are
hardly known.
Forecasting in early development phases is important in order to avoid time-consuming iterations
with prototypes and subsequent improvements. Today, the development and production of intake and
exhaust systems is increasingly carried out by suppliers, whereby the turbochargers are often provided
by separate suppliers. The overall vehicle acoustics are usually still the responsibility of the OEMs.
The coordination of target values is therefore necessary for an efficient development process at an
early stage. Overall there is a high demand for suitable simulation tools that map the acoustic
influence of the turbocharger.
The aim of this project is to gain an initial understanding of the damping effect of the turbocharger
on the gas exchange pulses generated by the engine. Another goal is to use the findings for the
development process of exhaust and intake systems. For this purpose, a model of the turbocharger for
1D-CFD simulations is to be developed. The focus of this project is initially on a generic model
approach that allows a broad application. Overall, the focus is on improving development cooperation
between OEMs and suppliers.

Transmission loss measurement on the acoustic turbocharger test bench
The goal is the exact measurement of the acoustic component properties of as many turbines and
compressors as possible. With variations of the operating point, the aggregate size, the wastegate and
the VTG position (Variable Turbine Geometry) a broad data base for the analysis of the damping
mechanisms and for model validation is created.
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Target values for noise emissions must be adhered to in the development of intake and exhaust
systems. In the associated "pass-by noise" test procedure, engine operating points mainly occur in the
low end torque range. Overall, the thermodynamic parameter variations therefore focus on this area.
A total of three exhaust gas turbochargers from BorgWarner Inc. and one from MTU Friedrichshafen
GmbH were investigated. Their applications range from small gasoline engines to large diesel engines
for stationary energy conversion. The smallest unit T/C 1 is used in the 1.6l GTDI Ford Ecoboost
engine. The second and third T/C 2 and 3 exhaust gas turbochargers are used in Porsche AG engines,
of which the smaller one has a wastegate and the larger one a wastegate and a VTG system. The large
T/C 4 exhaust gas turbocharger is manufactured by MTU and has no device for operating point
control. All units are single-scroll units. The spread of the rotor diameters is illustrated in Figure 1.
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Detailed geometric information about the test objects is required for the analysis and modeling of the
transmission loss. These were determined by decomposing the test objects and manually capturing
the geometry. Internal volumes were filled with silicone and subsequently dimensioned, since CAD
models were not available.

Acoustic turbocharger test bench
The hot gas test bench used here is primarily used for the investigation and measurement of the
thermodynamics of single-flow turbochargers. Figure 2 shows the circuit diagram of the conventional
test bench in black. The turbine is pressurized with hot compressed air from a natural gas burner,
which expands against the environment. The power balance between turbine and compressor
determines the operating point of the compressor. This sucks in air from the environment and
compresses the air against the back pressure valve. This is used to adjust the pressure ratio and the
mass flow.
The acoustic extensions are shown in blue. For the acoustic measurement methodology, the acoustic
excitation sources 1 - 4 are introduced four times, in each case upstream and downstream of the
compressor and turbine. The sources generate additional air mass flows in the system, which must
also be balanced to determine the turbocharger operating point. The sources and the acoustic
measurement methodology are described in more detail in the following chapter.
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Figure 2:
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Test bench layout, black: state-of-the-art hot gas test bench, blue: acoustic extensions

The measurement technology used can be divided into thermodynamic and acoustic measurement
technology. The mass flows mA , mF & mc are measured using hot-film air mass meters. The static
pressures and temperatures are measured in each measuring tube (1 - 4) via triple ring measuring
points. The piezoresistive pressure sensors Kistler A4049A10 (10 bar measuring range) and Kistler
A4045A2 (2 bar measuring range) are used for the sound pressure. In principle, the measuring range
should not be larger than necessary, since the inherent noise of the sensor increases with the
measuring range. On the turbocharger test bench, the background noise is often dominated by flow
noise and by the turbocharger itself. Type A4049A10 is used on the high-pressure sides (compressor
outlet and turbine inlet) and type A4045A2 on the low-pressure sides.
Acoustic transmission loss measurement methodology
Die Durchgangsdämpfung beschreibt den Energieverlust der akustischen Wellen beim
Durchwandern eines Testobjekts. Diese ist unabhängig von Anschlussimpedanzen und kann somit
auf beliebige andere Systeme übertragen werden. Daher wird sie zur akustischen Charakterisierung
der Turbolader verwendet.
The transmission loss describes the energy loss of the acoustic waves when passing through a test
object. This is independent of connection impedances and can therefore be transferred to any other
system. It is therefore used for the acoustic characterization of turbochargers.
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The two source method [3] is integrated into a hot gas test bench for exhaust gas turbochargers to
determine the transmission loss. For this purpose, the test object is measured in two linearly
independent acoustic states. These two states are achieved by acoustically sounding the system one
after the other from two different sides. The transmission loss can then be determined according to
the following equations:
TLupstream =10 log10

Za 1-Mab 2
|S12 |2 Zb 1-Maa

(1)

2

Zb 1+Maa 2
TLdownstream =10 log10
|S21 |2 Za 1+Mab

2

(2)

S12 , S21 are the transmission coefficients of the vectorial pressure waves in the upstream or
downstream direction. Z and Ma are the characteristic impedance and Mach number at inlet (a) and
outlet (b). These serve the complete recording of the sound energy, so that not only the pressure
amplitude via the transmission coefficients is used.
The technique for decomposing the pressure waves in this paper is called two-microphone-wave
decomposition. In the plane sound propagation range, the oscillating components can be determined
from the pressure. For this purpose, two microphones are mounted axially along the channel at a
known distance. The transfer behavior between the microphones is known from the assumption of
plane sound propagation in the ideal tube, which ultimately enables vector decomposition [4].
In order to enable vector decomposition of the pressure waves, in addition to a sufficient microphone
distance, the generation of very high sound levels above 140 dB is necessary. The sound signal of the
excitation source must always dominate the attenuation of the turbocharger and the background noise
of the flow, in order to be detected before and after the test object. For low frequencies, a variablespeed throttle valve was subjected to mass flow and a compression driver was used for high
frequencies. These sources are combined to form an excitation unit
The source strength of the combined excitation unit is shown in Figure 3. Shown are FFT spectra of
the measured pressure signals at the input and output of the T/C 2 compressor. The corrected
compressor speed is 109080 rpm, the total pressure ratio 1.7 and the corrected compressor mass flow
0.068 kg/s.
Due to the maximized signal-to-noise ratio for measuring the transfer behaviour, measuring signals
with continuously increasing frequency ("frequency sweeps") are used here [5]. At the top are the
short frequency sweeps of the driver and at the bottom the controlled speed sweep of the throttle valve
is clearly visible. A sound pressure level of over 150 dB is achieved at high frequency and up to 180
dB at low frequency. If the excitation signal behind the compressor still visually stands out from the
background noise, a sufficient signal-to-noise ratio can be assumed. This is accompanied by a high
value for the coherence between the pressure signals of the two measuring positions. With the
exception of individual strongly damped frequencies, this is true for the entire frequency range.
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Figure 3:

FFT analysis of the pressure signals with upstream excitation

Transmission loss measurement and analysis
The measured transmission loss of the T/C 2 compressor for several operating points with
simultaneously increasing mass flow and pressure ratio is shown in Figure 4. Below 300 Hz a plateau
of 6 - 7 dB attenuation occurs. From 300 - 1100 Hz the damping increases monotonously up to a
maximum. The highest attenuation of up to 45 dB can be found at a frequency of 1100 Hz. At 2000
Hz, a second, highly pronounced attenuation peak of 40 dB is apparent. In between, a wide valley
with 15 dB attenuation is formed.
Basically, a small influence of the operating point on the low-frequency attenuation can be observed.
In comparison from lower to highest speed, the attenuation drops by 3 dB at 300 Hz. From 600 - 800
Hz, the attenuation increases by 3 dB. With increasing speed, the pronounced first maximum
increasingly flattens out and is barely present at 135300 rpm.

6

comp TL comb BP05A02

50

: corrected* turbocharger speed
: corrected* massflow
: pressure ratio (total – total)
*Correction according to Mach‘s law of
similiarty

45
40

Upstream transmission loss / dB

Aachen Acoustics Colloquium 2018

35
30
25
20
15
10

―
―
―
―

5
0

0

200

400

600

800

TC2BP05A02comp - Upstream
TC2BP09A02comp - Upstream
TC2BP11A02comp - Upstream
TC2BP14A02comp - Upstream

1000

1200

1400

1600

1800

2000

Frequency / Hz

Figure 4:

Measured transmission loss of diagonally increasing operating points for T/C 2
compressors

Figure 5 shows the measured transmission loss of the compressor (ATL 3). The mass flow was
increased from 0.12 - 0.23 kg/s along a speed of 102600 1/min. Below 300 Hz a clear plateau with
3 - 10 dB attenuation is visible. With increasing mass flow the attenuation increases almost
continuously. A local maximum of 27 dB is formed at 900 Hz, which is only weakly pronounced at
17 dB depending on the operating point. Another maximum of 45 dB is between 1500 - 1700 Hz,
with the frequency decreasing with increasing mass flow. These fundamental phenomena are also
observed for the other investigated turbochargers.
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Figure 5:

Measured transmission loss of a mass flow variation at the compressor of T/C 3

The cause for the low-frequency attenuation lies in impedance discontinuities from the energy
conversion process. This leads to reflections at the component input, so that only a small amount of
sound enters the turbomachine.
For the higher frequencies, the Herschel-Quincke effect can be proven to be the cause. The transfer
of the Herschel-Quincke effect to the turbocharger is shown in Figure 6 using the example of the
radial compressor. Parallel acoustic paths in the volute lead to destructive interference and thus to
attenuation.
If the acoustic damping is considered upstream, i.e. contrary to the direction of flow, the parallel paths
form as soon as the tongue is passed. Here, the waves can now enter the diffuser and continue parallel
upstream along the volute. These waves enter the diffuser at a later circumferential angle. In the rotor,
the waves then interfere constructively or destructively depending on the phase position. Four of these
paths are shown in the figure. This is illustrated by the N-port analogy at the bottom of the figure.
Theoretically, however, an infinite number of parallel paths are formed, since there is no lateral
boundary between them.
The Mach numbers can vary both along the volute and along the diffuser and are also strongly
dependent on the operating point. The convective influence on the wavelength influences the phase
positions and thus the interference condition, [6]. Therefore, the Herschel-Quincke effect strongly
depends on the distribution of the flow in the paths, which explains the operating point dependence
in Figure 4 and Figure 5.
In addition, it could be shown that the interference conditions of the Herschel-Quincke effect at the
turbocharger depend on the ratio of the wavelength to the aggregate size. As the volute length
increases, the frequencies of the damping maxima shift to lower frequencies.
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Acoustic flow paths in the stator using the example of a radial compressor

The normal operation of the turbine is accompanied by high inlet temperatures. In the project it could
be shown by a temperature variation that the damping for the frequency range examined here up to
2000 Hz depends only on the wavelength, which itself is a function of temperature and frequency.
The temperature influence is included in the calculation of the sound velocity. This was investigated
by measuring the transmission loss at the turbine of T/C 2 using a variation of the input temperature
from 25 to 160 °C. The temperature influence is also a function of the temperature and the frequency.
Thus, the phenomenon of destructive interference can be completely described by the wavelength
even at elevated temperatures. In addition, it is possible to investigate the acoustic behavior of the
turbines at ambient temperatures. Due to the shorter wavelengths, the accuracy of the two-source
method is increased.

Model development for 1D-CFD simulations
The representation of compressor and turbine in gas exchange calculations is mostly represented by
stationary measured maps. It is known, however, that the internal volume of the turbomachinery has
a large influence on the charge exchange pulses. This is illustrated by a simple and widespread
approach [7]. For this purpose, the inner volume of the volute is approximated by a cylinder with
equivalent volume and combined with the characteristic map.
In order to additionally map the interferences, the new turbocharger model is further developed
according to a physical approach [8]. This is the only known approach trying to map the interference
phenomena of the Herschel-Quincke effect:
Based on real component geometry, the parallel paths are successively subdivided and mapped in
1D-CFD software. The presented compressor model will be validated by measurements of the
transmission loss and turns out to be a promising approach. At operating points with low mass flow,
good results are achieved in the high-frequency range. At low frequencies and generally at high mass
flows, however, the simulation deviates massively from the measurement. The cause lies in the pure
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mapping of the stator geometry without compensation of the associated static losses. Since these are
already taken into account in the stored turbocharger characteristic map, the attenuation in the entire
frequency range is overestimated.
The further development of the approach [8] in this project refers to the idealization of stator
geometry, the compensation of static losses and the calibration of the Herschel-Quincke effect.

Modelling of the stator geometry
The stator geometry is complex: In addition to the relatively simple radial diffuser, the length of the
volute and the development of the volute cross-section over the circumference cannot be directly
transferred to a 1D model. In addition, these detailed geometric parameters are usually not available
for the design of the exhaust and intake system. In order to achieve the project goal of a generic
turbocharger model with broad application possibilities, the entire stator geometry is therefore derived
from individual geometry parameters using an ideal volute shape. The stator flow is regarded as
vortex-free and a homogeneous distribution of the mass flow is assumed [9]. In addition, the crosssection of the ideal volute form is assumed to be circular. The progression of the volute cross-section
over the circumference, the volute length and the diffuser geometry can finally be determined on the
basis of the following input parameters (Figure 7):
 Turbocharger map
 A/r ratio
 Distance of the rotor axis to the center of gravity of the volute cross section at the tongue
 Rotor diameter
The geometric dimensions should be obtained from the manufacturer if possible. The volute and the
diffuser are finally divided into 12 elements over the circumference. If the user of the turbocharger
model has individual geometric information, this can be taken into account in the corresponding
model element.

Figure 7:

Input parameters for the new acoustic turbocharger model

The comparison between the volute geometry modelled on the basis of this simple geometry data and
the measured volute geometry is shown in Figure 8. The radius of the volute cross-sectional areas for
the compressor (left) and the turbine (right) is plotted over 12 circumferential positions. The
comparison is carried out here using T/C 1 and 4 as examples. For the measured values, the real crosssectional areas of the silicone castings of the turbocharger housing are approximated as an ellipse. In
this way, the surface area can be determined and then converted into a radius of a circular area with
equivalent surface area.
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A very good agreement is achieved for the small turbocharger. The geometry of the turbine of T/C 4
is also reproduced very well. For the corresponding compressor, the radii and thus the volume of the
volute are overestimated. Therefore, the individual component design at the volute end cannot be
reproduced completely. In general, however, the geometries are approximated very well by assuming
an equal mass flow distribution. Real geometries can be included in the model if available.
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Control strategy
The control strategy for the new turbocharger model has two objectives:
Firstly, it is necessary to ensure that the turbocharger model only has an influence on the dynamic
flow processes. The static operating behavior is completely mapped by using conventional
turbocharger maps. This must not be falsified by the new modelling. This represents the first, main
control objective.
The second control objective concerns the modelling of the acoustic interference phenomena in the
stator. These depend strongly on the Mach number and impedance ratios between the parallel paths.
Similar to [8], the flow distribution in the volute elements must therefore be actively influenced to
achieve realistic distributions. The equal distribution of the mass flow over the diffuser circumference
is regarded as the ideal representation of the flow processes [9].
Heat transfers and correlation-based friction losses are deactivated in all elements of the new
turbocharger model. Nevertheless, there are expansion losses and viscothermal losses that lead to a
drop in static pressure. The basic concept for compensating these losses is shown in Figure 9. In GTPower it is possible to insert an acceleration in the form of a pressure term between two elements.
This source term influences the momentum conservation of the Navier-Stokes equations of the 1DCFD solver. The source term is now used to compensate exactly for the pressure loss at the respective
operating point and with the respective stator geometry. This ensures that the new turbocharger model
only has an effect on the alternating component of the flow processes. Mass flow, pressure ratio and
efficiency are implemented as stored in the turbocharger map.
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Figure 9:

Concept for dynamic compensation of static flow losses

The source terms are also used to fulfil the second regulatory objective. For this purpose, the position
of the potential source is shifted so that it no longer acts globally before the turbocharger model.
Instead, individual source terms are attached to each diffuser element. Basically, the source strength
determined in the first control objective is distributed over the twelve paths in such a way that the
sum of the twelve individual sources corresponds to the total source and at the same time the mass
flows in the diffuser are equally distributed.
The effects of the interacting control objectives and the mass flow distribution on the transmission
loss are shown in Figure 10.
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Figure 10: Influence of the flow distribution in the stator on the transmission loss using the 1D-CFD
model
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The simulated transmission loss of a compressor operating point of T/C 3 has been calculated for four
different mass flow distributions. Starting from an ideal uniform distribution (black), the centre of
gravity of the mass flows was shifted towards the end of the volute. For the fourth variant, only
approx. 45% of the mass flow average flows into the beginning of the volute and 145% into the end
of the volute.
The constant level of damping below 350 Hz can be seen clearly. Thus, the static pressure losses for
all four mass flow distributions have been regulated identically. Furthermore, the strong dependence
of the first maximum of the damping on the flow distribution in the parallel paths becomes apparent.
At the same time, the amplitude of the second maximum does not change. These observations
coincide with the explanations in [6]. This shows that the Herschel-Quincke effect is responsible for
the strong high-frequency damping at the turbocharger. The actual mapping of the Herschel-Quincke
effect by the new turbocharger model is thus also done.

Model validation at the acoustic turbocharger test bench
The validation is based on measurements of the transmission loss on the turbocharger test bench. The
two-source method is used for both simulation and measurement.
Figure 11 compares measurement and simulation according to the standard model [7] and the new
turbocharger model. For low frequencies, the high predictive quality of both model approaches
coincides. For larger turbochargers, the accuracy of the standard model decreases, whereby the new
model always shows very good agreement. The high damping potential of the compressors is mapped
very well by the new turbocharger model. The operating point dependence of the interference
condition for high frequencies can be calibrated on the basis of the flow distribution in the model, but
is not essential for the thermodynamic design. In relation to the excitation frequencies of the
respective engine concept, the model deviations near the maximum only occur at very high
frequencies. A high model quality with regard to sound emissions is therefore not endangered despite
these deviations. Overall, model accuracy in the relevant frequency range can be improved from 10
to 2 dB.
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Figure 11: Simulated and measured transmission loss of the compressors of T/C 2 and 4
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Figure 12 shows turbine measurements at ambient temperature for two different VTG positions. Both
model approaches are of very high quality in the frequency range of the thermodynamic gas exchange
simulations. The rising edge in the damping due to the interference effects is in turn only well
predicted by the new turbocharger model. For both models, no adjustment of the model parameters
for the different VTG positions is necessary, but is done by storing the corresponding turbocharger
characteristic maps. When considering the largest deviation at 1000 Hz, the model error was reduced
from 14 to 4 dB. A further improvement can be achieved by calibrating the flow distribution.
However, the focus of the motor excitation lies in the lower frequency range, so that calibration is
only of minor importance.
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Figure 12: Simulated and measured transmission loss of the turbine from T/C 3 for two VTG
positions

Model validation on the acoustic dynamometer
The improvement potential for the simulation of the orifice noise is demonstrated by measurements
on a vehicle with a 1.6 l GTDI engine on an acoustic chassis dynamometer. The engine measurements
were carried out for speeds of 1250 - 5500 rpm at full engine load.
The turbine side is subject to further influencing variables due to the waste gate. The turbocharger
model is therefore validated on the basis of the intake side. For this purpose, the intake system is
represented in the 1D-CFD environment. The modelling of an entire intake system is always
accompanied by uncertainties, because many components must be represented correctly. Since only
the distance between turbocharger and orifice is of interest here, the modeling of all irrelevant
components is avoided. The system simulated here therefore extends from the environment to the
pressure & temperature measuring point downstream of the compressor. The following parameters
are used as boundary conditions for the system boundaries:
 Compressor outlet: Cycle averaged pressure and averaged temperature
 Turbocharger: Cycle averaged turbocharger speed
 Environment: static temperature and pressure
The aspirated air mass flow for simulation and measurement is very well matched.
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The Campbell diagram of simulated and measured orifice noise is used for validation, see Figure 13.
The first two main orders are well calculated by both models, confirming the results from the
turbocharger test bench. Thus the static impedances determine the wave propagation at low
frequencies, which are already well represented by the standard model.
For the frequency range above 400 Hz, however, different results are obtained. The standard model
overestimates the 6th - 10th order in partial ranges by up to 5 dB. The new turbocharger model, on
the other hand, accurately maps the interferences in the stator, thus achieving very good agreement
with the measurements.
Overall, the turbocharger model can be validated by the engine measurement as it increases the
accuracy of the orifice noise simulation for all speeds. For engines with more than four cylinders and
larger turbochargers, it is expected that the influence of the new turbocharger model on the orifice
noise simulation will be much more pronounced. The sound radiation of these engines shifts to higher
frequencies, where wave propagation is increasingly determined by the Herschel-Quincke-effect.
This applies equally to turbines and compressors.

Figure 13: Campbell diagrams of the inlet orifice noise, simulation and measurement on the vehicle
on acoustic dynamometer
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Conclusion
Within the scope of the FVV project "Acoustic transmission damping in turbochargers", a new
acoustic turbocharger model for compressors and turbines was developed which can be directly
integrated into 1D-CFD charge exchange calculations.
For this purpose, the transmission loss of four very different exhaust gas turbochargers was measured
on a new acoustic turbocharger test bench. The two-source method proved to be a target-oriented
measurement method for determining the transmission loss of turbochargers.
The measurements show that low frequencies of the transmission loss for compressor and turbine are
dominated by reflections. These are caused by impedance discontinuities from the energy conversion
process. The upstream attenuation increases considerably with increasing mass flow and pressure
ratio. A slightly open wastegate already reduces the attenuation by 5 dB.
The attenuation at high frequencies is determined, especially for the compressor, by destructive
interference in the stator. The so-called Herschel-Quincke-Effect is caused by parallel acoustic paths
with different running lengths and depends strongly on the flow distribution in the paths. This
achieves attenuation maxima of 45 dB, with the width and height strongly dependent on the operating
point.
Different approaches were evaluated for the model development. The simulation of the turbocharger
test bench as a virtual component test bench showed that the current simulation approach of Aymanns
[7] is already sufficiently good for the impedance discontinuity using conventional maps. For the
modelling of the high-frequency Herschel-Quincke effect, a generic approach was developed in this
project which links the idealized stator geometry with dynamically controlled potential sources. Thus,
a very high acoustic prediction quality is achieved without falsifying the conventional thermodynamic
turbocharger characteristic maps. Regarding the transmission loss, the model accuracy for higher
frequencies could be increased from 10 to 2 dB.
In addition to the measurements on the turbocharger test bench, the model was also validated on the
basis of full engine measurements on an acoustic roller test bench. The improved prediction of the
orifice noise could be verified, whereby the calculation of the sound level was corrected by up to 5
dB. The acoustic influence of the stator is particularly important for compressors due to the shorter
wavelengths. On the intake side, the modelled stator geometry of the turbocharger allows the accurate
prediction of the orifice noise in a wide frequency range.
The improved prediction accuracy shortens the development time of intake and exhaust systems.
Thus, the model increases the efficiency of the development process. Overall, the chosen
development approach of this project holds great potential for further development of existing
component models in intake and exhaust systems. The utilization of the developed model for transient
simulations and the acoustic interaction of wastegate and turbine represent useful approaches for
follow-up projects.
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