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Abstract

In search for quieter engines there is a need for a better understanding of the acoustic
properties of engine intake and exhaust system components. Besides mufflers which have
the purpose of reducing pressure pulses originating from the internal combustion (IC)
engine, there are many components in a modern car exhaust and intake system, e.g., air-
filters, coolers, catalytic converters, particulate filters - all having an effect on the pressure
pulses or sound field in the system. In this work the focus is on the turbocharged IC-
engine where both, sound scattering (reflection and transmission) and sound generation
from automotive turbochargers are studied. In addition, sound reflection from an open
ended pipe, such as the tailpipe of an IC-engine exhaust is investigated.

Accurate and efficient methods to fully characterize turbochargers by measuring
the acoustic two-port have been developed. Compared to eatlier work, a number of
modifications are suggested for improving the quality of the results. A study on three
different automotive turbochargers is also presented, including data for sound scattering
for both the compressor and turbine. The results for the transmission of sound, which is of
interest for the ability of a turbocharger to reduce noise coming from the engine, is plotted
for all tested cases against a dimensionless frequency scale (Helmholtz-number). This
makes it possible to generalize the result in order to draw conclusions about the behavior
for any turbocharger.

The sound generation was also studied and three different methods to estimate the
sound power are suggested. The methods were used to investigate sound generation at
different operating points and identify source mechanisms for a turbocharger compressor.

An accurate method for measuring the reflection of plane acoustic waves from a
pipe termination in a duct with hot gas flow has been developed and tested. Representing
the acoustical conditions at an exhaust tail-pipe, the data obtained is important for effective
modeling of exhaust systems. The experimental results of the reflection coefficient were
compared with Munt's theory on flow duct openings. The measurements were carried out
for air jet velocities up to Mach 0.4 and for flow temperatures up to 100°C in order to
study temperature effects on the reflection properties. It was concluded, that the
experimental results agree well with the Munt theory.

Keywords: acoustical two-port, turbocharger, transmission loss, sound generation,
compressor, turbine, IC-engine, inlet system, exhaust system, flow duct, duct termination,
reflection coefficient.
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1 Introduction

In the early days of automotive industry an exhaust system was just a pipe, routing the exhaust
gas from the engine compartment. However, it soon became clear that the sound (pressure
waves) from the exhaust had to be silenced. Besides the silencer, especially designed to reduce
the noise level of the IC-engine, modern exhaust systems are equipped with many other
components for various purposes. All these components (see Fig. 1), starting from the engine
and ending with the tailpipe in the exhaust system, or air intake in the inlet side, have an
influence on the propagation of sound waves. To determine the sound radiation from an intake
or exhaust system one must understand how various components interact with the sound waves.
In this work the acoustic behavior of two components will be studied experimentally: the
turbocharger and the open pipe termination.

Air filter Compressor  Turbine

Silencer

Duct termination

Intake 2 === Exhaust tailpipe

Resonator Turbocharger
Charge air Aftertreatment
cooler devices
N EGR cooler
| === [AY

Engine block
Inlet Exhaust
manifold manifold

Figure 1. lllustration of typical intake/exhaust duct components in a turbocharged 1C-engine.

In recent decades, there has been an increasing trend to use exhaust gas driven
turbochargers (TC) [1, 2]. This is not only to improve fuel efficiency but also to get a power
increase, engine downsizing and lower exhaust pollutants. Nowadays a majority of diesel engines
are equipped with turbochargers and the spark ignited engines seem to follow the same trend.
Beside all the positive features a turbo provides, there are also some negative aspects - for
instance a generation of high frequency noise.



Commonly, studies about TC mainly concentrate on efficiency, thermodynamics and
fluid dynamics; the acoustics of these devices have often been left out of consideration. Noise is
of important for heavy duty vehicles where the compressor whine, related to the blade passing
frequency, has been reported as a problem. Also other noise related issues originating from
critical flow conditions (surge) can cause problems motivating research on this issue.

Another motivation for experimental investigation is to validate existing TC numerical
models to predict passive acoustic properties. There have been attempts to model the passive
acoustic affect for a turbocharger [3,4]. The measurement and models gave relatively good
correlation up to a mid-frequency range. In order to improve existing models for higher
frequencies and to understand the acoustical behavior for turbochargers there is a need for
further investigation. Reflection from the open pipe termination is a classical problem in
acoustics and a theoretical model for the case with flow was published in 1990 by Munt [5]. This
problem is important since the reflection properties of such a pipe are exactly what determine
the sound radiation from an exhaust tailpipe. Still there is a lack of accurate experimental data for
validating Munt’s model, which is the motivation for the study presented here.

2 Turbochargers

The main parts of an exhaust driven turbocharger are shown in figure 2, where the compressor
consists of the compressor housing (volute) to collect compressed air and direct it to the engine
by using the compressor wheel. The turbine wheel is used to convert exhaust energy into shaft
power to drive the compressor and is surrounded by the turbine housing that collects exhaust
gases and directs them to the turbine wheel.

Turbine

Figure 2. Turbocharger with a centrifugal compressor (left) and a radial turbine (right).
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Figure 3. Turbocharger rotor assembly with the characteristic parameters.

The main components of the rotor assembly are impeller, rotor and connecting rod (see
Fig. 3). The inducer diameter is defined as the diameter where the air enters the wheel and the
exducer diameter where the air exits the wheel. Based on aerodynamics and air entry paths the
inducer for a compressor wheel is the smaller diameter, whereas for a turbine wheel the inducer
is the larger diameter.

Trim is a common term used to describe the turbocharger. More accurately, it is an area
ratio to express the relationship between the inducer and exducer and for both turbine and

compressor wheels is calculated as:

Trim = (Inducer | Exducer)* -100 (1)

Another geometric characteristic used to describe turbocharger housing size is A/R
(Area/Radius) ratio, defined as the inlet (for compressors discharge) cross-sectional area divided
by the radius from the turbo connecting rod centerline to the centroid (perpendicular of that

area).

Figure 4. Illustration of housing showing A/R ratio.
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Figure 5. Parts of the compressor map.

In order to describe the performance characteristics of a particular turbocharger, the
compressor and turbine maps are introduced. In figure 5 an example of typical compressor map
with the main components is shown.

Corrected mass flow rate on the x-axis of the compressor map in figure 5 represents the
mass of air flowing through a compressor per second and can be calculated as

W’ :W\/(Y;c+273.15)/302.78/(plc/96.17), where 7). is the temperature and p,, is the

absolute pressure in compressor inlet respectively. Pressure ratio on the y-axis is defined as the
absolute outlet pressure (compressor discharge pressure) divided by the absolute inlet pressure.
Turbocharger speed lines are lines of constant speed and between these lines, speed can be
estimated by interpolation. By increasing the turbocharger rotational speed, the pressure ratio-
and/or mass flow rate increases. These three parameters have mainly been used in this thesis to
describe the operational points of the turbocharger during the acoustic measurement.

The surge line is defined as the left hand boundary (see Fig. 5) of the compressor map.
The region on the left of this line represents flow instabilities and can lead to premature
turbocharger failure due to heavy thrust loading. To keep the compressor out of surge bypass or
blow-off valves are used. These valves allow the airflow, at critical conditions, to be re-circulated
back to the compressor inlet or directed to the atmosphere.

The choke line is the right hand boundary of the compressor map (see Fig. 5). Choke is
typically defined by the line where the efficiency drops below a certain level but also related to
the fact that choked flow conditions are reached. Beside the surge line on the left and choke line
on the right, the compressor map is also limited by the maximum rotational speed line on the
top.




Finally, efficiency lines are concentric regions on the maps where the line near the center
represents peak efficiency and as the rings move out from center, the efficiency drops until the
surge and choke limits are reached.

2.1 Turbocharger acoustics

The acoustics of any fluid machine [6] for instance a turbocharger can be separated in to the
active and passive part. The passive properties (reflection and transmission) refer to the
scattering of acoustic waves while the active represents the sound generation of the machine.
The reflection and transmission at a fluid machine will be affected both by variations in
geometry (area changes) as well as changes in temperature (speed of sound) and density, in
addition flow related losses will create acoustics losses. The transmission part of the scattering,
often expressed in dB-s as a so called transmission loss (TL), can be directly related to the
damping of sound waves passing the machine. For turbochargers one issue of interest is the
added damping for pressure waves originating from the engine. This means that for the turbine
the transmission loss in the downstream direction and for the compressor in the upstream is of
interest. A turbocharger is also a sound source, producing high frequency aerodynamic noise.
Because of the relatively good damping characteristics of modern mufflers on the exhaust side,
the noise of the turbocharger is believed to mainly originate from the intake side. Although the
noise from the compressor can effectively be reduced by air intake filters, high frequency tones
can still radiate from the pipes connected to the compressor.

Relatively few studies have been performed in the field of centrifugal compressors and
much of the theory of the sound generation mechanisms comes from the study of axial fans. In
the overview of turbocharger acoustics [7] Rimmal and Abom included a summary of the
aerodynamic sound generation mechanisms in rotating machines. In [8] Raitor and Neise
performed an experimental study on a larger centrifugal compressor and measured the radiated
sound field up to 50.000 rpm. It was concluded, that the main aerodynamic noise generating
mechanisms are tonal noise at blade passing frequencies, buzz-saw noise and blade tip clearance
noise. For normal operation the blade passing frequency is normally dominating the noise from
turbochargers, in particular on the compressor side. This is true for heavy duty vehicles, but for
light duty vehicles, because of the high rpm of the turbochargers, the blade passing frequency
will be above the audible range. The buzz-saw noise appears at supersonic tip speeds and is
associated with shock waves moving with the blades. This produces a set of harmonics at
multiples of the rpm [8]. Tip clearance noise is associated with secondary flow effects around the
blade tip or flow separation at the blade [8]. These effects are in particular important at low mass
flow rates and close to the surge line and will cause a broad band peak typically at around 50% of
the blade passing frequency.

2.2 Measurement techniques

The experimental study in this work can be regarded as a continuation of the turbocharger
investigations made by Rimmal [9], where the main focus was on the compressor side. In the
rest of this chapter the theory for the experimental technique is summarized and the
improvements made in the procedure as compared to the earlier work are explained.



2.2.1 Passive properties of the turbocharger

Measurement techniques to determine plane wave acoustic scattering properties as a function of
frequency can be important in many applications. In this study, an acoustical two-port
measurement technique [10] was implemented to study automotive TC compressors and
turbines (see Fig. 0).
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Figure 6. Schematic representation of a turbocharger tested as an acoustic two-port. The
acoustic pressure p is measured at four positions and A and B are external sources (loudspeakers)
used to excite the system from the up- or downstream side.

The plane wave acoustic two-port [6] contains 4 complex quantities at each frequency
describing how incoming acoustic waves are reflected and transmitted through the acoustic
element (“passive part”). In addition the two-port contains an active part describing the sound
generation. To experimentally determine these unknowns at least two microphones in the inlet
and outlet side must be used to decompose acoustic pressure waves propagating in positive p,

and negative p_ direction so the two-port can be represented as:

Passive part Active part
—_—— ——
N
pa+ Sll S12 pa— pa+
- IR @
Pps S Su | [ Py Dy,
o - U .
Py N P N

Py

where « refers to the inlet and b to the outlet side of the two-port, the superscript s refers to
source strength (“active part”), the plus and minus signs indicate propagation outwards and into
the two-port respectively, S,,,S,, and S),,S,, describe the reflection and transmission of the
incoming waves respectively.

To obtain the S matrix elements the acoustic state variables on the inlet and outlet side
must be measured for two independent test cases. These test cases are created by using acoustic
sources on the inlet and outlet side leading to the so-called two-source technique [10]. By
performing the two different test cases, we can express Eq. 2 in measurable quantities as:

H,, H, | |S. S.|H. H,

ea+ ea— ea— (3)
1 /4 1 17
Heb+ Hgb+ S21 S22 Heb— Heb—



where H, is the transfer function taken between the microphone signal and a reference signal,

e.g. loudspeaker voltage, and the superscript indicates the loudspeaker signal used (I —
loudspeaker A used as a reference, II — loudspeaker B used as a reference). It can be noted that
the contribution from the uncorrelated source in the turbocharger itself will cancel out in Eq. (3).

As the transmission loss (reduction of acoustic power) is one suitable property describing
the damping of sound when passing an object, it is widely used in engineering to characterize
intake and exhaust system components. The transmission loss is directly related to the
transmission part of the S-matrix elements and can be calculated as follows:

(1+Mb )2 Abpaca
1+M ) 4 S

TLZIO-IOg(%]:IO-log (1+M,) :pbcb| 12 @

¢ (1+Ma) 4,556,

(1+M,) 4,p,c,

5> upstream

r

downstream

2 b

SZI

where p is the air density, M is the Mach number, 4 is the cross-sectional area of the pipe, ¢

is the speed of sound and W, , W, are the incident and transmitted acoustic powers respectively.

2.2.2 Active properties of the turbocharger

Beside damping or attenuating sound a turbocharger is also a source of sound, generating high
frequency narrow band sound related to the rotational speed of the impeller. The sound
generation in the plane wave range, which normally is well below the range of the harmonics
produced, is mainly of interest for conditions close to surge where low frequency noise can be
produced. By following the procedure described by Lavrentjev et al. [11] the source strength part
of the two-part can be determined. Here another approach was adopted to also capture the
source strength beyond the plane wave range. Assuming that the reflections in the test rig
terminations are small or can be surpressed by spatial averaging, it is suggested that the strength
of acoustic modes G,, propagating in the duct away from the source can be estimated as:

G, = Re{ > G,, /N} )

m—n

where mn is the pressure cross-spectrums between a pair of pressure transducers and N is the
number of spectra.

2.3 Virtual operating system for turbocharger test facility at KTH

Due to the complexity of the measurement process, it was decided to develop a purpose built
data acquisition (DAQ) and control program for the turbocharger experiments (see Fig. 7). The
DAQ and control of the test-rig was operated via a National Instruments (NI) cRIO DAQ
board and PC based virtual instruments programmed in LabVIEW.
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Figure 7. Graphical user interface for the acoustic turbochatger test-rig at KTH/CCGEx lab.

For acoustic- and static pressure signals acquisition NI 9234 and NI 9205 modules were used.
The NI 9211 module was used to read thermocouple signals by using K-type thermocouples,
centrally mounted into both the compressor and turbine inlet and outlet pipes. In order to
monitor turbo rotational speed an eddy-current turbocharger speed measurement system
(DZ135) together with the NI 9401 module was used.

To control the loudspeakers, sine wave and random acoustic excitation were provided by
software based signal generators in the NI cRIO through the NI 9263 module. To adjust the
boost pressure in the compressor outlet duct an electronically controlled and pneumatically
driven throttle valve was implemented.

The entire measurement process was computer-based and fully automated. Final results
were plotted in real time - directly after the measured data was available. Besides acoustic data, all
the turbocharger measurement condition parameters were monitored in real time and saved for
later analysis (see Fig. 8 and Fig. 9). In addition, it was also possible to follow the operation point
measured on the compressor and turbo map in real time.
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Figure 8. Temperature drift in the compressor inlet duct: measured temperature (blue solid line)
and averaged temperature (red dashed line).
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2.4 Improvements of measurement techniques

Experimental characterization of the acoustical properties of turbochargers is a challenging task,
especially at the operating conditions where devices like turbochargers are designed to work. To
improve the measurement technique developed earlier by Rimmal [9] a number of aspects had
to be considered. Because of the harsh environment inside the pipe, stronger acoustic excitation
had to be developed in order to improve the signal-to-noise ratio, especially for turbine
measurements. Other improvements were related to the quality of the measured data by
implementing a two-source method with simultaneous excitation and better anechoic
terminations.

2.4.1 Anechoic terminations

The passive two-port measurement technique (Eq. 3) does not assume anechoic terminations,
but the quality of the active results will improve if the terminations are as reflection free as
possible. In practice, it is unfortunately challenging to build perfect anechoic terminations. It
requires horns that become quite large in dimensions for low frequencies. For the KTH-CCGEx
rig a termination with some absorption was first obtained by simply using a commercial
dissipative car silencer. In order to handle the increased pressure on the compressor outlet and
turbine inlet the silencers at these positions were reinforced. The reflection coefficient for this
type of termination, which was used in all the measurements reported by Rimmal [9], is shown
in figure 10.
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Figure 10. Anechoic termination measurement results: black dotted line is dissipative muffler,
red and blue solid lines represent rubber hose with length of 4.7 m and 18.7 m respectively.

In order to reduce the reflections further it was decided to test rubber hoses as
terminations and the results are also shown in figure 10. As can be seen, a very good result
could be obtained from an 18.7 m rubber hose, where the oscillations in the result correspond to
the length of the hose. In order to get the best anechoic terminations for the TC test-rig it was
decided to combine a 20 m rubber hose with the dissipative mufflers.

It must be noted here that during the measurement session there are also loudspeaker
sections connected via side-branches to the inlet and outlet pipes giving an extra reflection. This
is the reason why these side branches should be designed as short as possible or be removed
when the loudspeakers are not used.

2.4.2 Strong acoustic excitation source

Measurement of acoustic two-port data is a difficult task when the flow velocity in the
measurement duct is high because of the flow noise contamination of the measured pressure
signals. Here, similarly to in the Johnson and Fuller paper [12] a number of electro-dynamic
drivers were used in order to maximize sound pressure level.

An acoustic excitation was provided by an electro-dynamic driver (DAS ND-8) driven by
a software-based signal generator trough the amplifier. It was important to choose loudspeakers
powerful enough to dominate over the noise level inside the pipe. The loudspeakers used were
equipped with titanium diaphragm to avoid dome fracture due to mechanical fatigue which is
common in other diaphragm materials. Also, titanium diaphragms were selected to withstand the
high temperatures encountered in the test sections. Finally, choosing neodymium magnets
guarantees negligible magnetic strength loss at the highest operating temperatures.

To avoid nodes and antinodes at the source cross-section it was decided to use three
excitation sources simultaneously. The separation between the loudspeakers was chosen by using
the golden cut ratio, to guarantee that there is always at least one loudspeaker that could excite
the system. The loudspeakers were connected via side branches where the connecting area was
perforated (>30% to be acoustically transparent) and to reduce flow separation and instabilities.
The length of the side branch was designed as short as possible to reduce any reflections.

The loudspeakers were modified to operate in high pressure conditions. It was vital to
remove all leakages trough the loudspeaker casing especially with high temperature conditions,
where the flow through the casing can heat up the driver. Some modifications made to avoid
such problems were replacing the driver housing with gaskets and, to avoid damage to the
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membrane due to sudden static pressure changes, connecting the driver back and front with a
narrow tube to equalize the pressure.

Modified
casing

Pressure
equalization tube

Water-cooling
gasket

Figure 11. Picture showing the loudspeakers with modifications.

The drivers were also designed to resist high temperature, going up to 160 °C during the
measurements. Cooling was arranged via a water-cooled gasket placed between pipe and
loudspeaker (see Fig. 11). With this solution there was enough cooling capacity to keep the
temperature in a normal range over a long period of time. Beside the loudspeakers, all pressure
transducers used were water-cooled as well.

Because of the separation between the loudspeakers, wave cancellation will occur unless
the signals are phase shifted so that the resulting waves all interfere constructively. For each
frequency in the measurement, one loudspeaker was taken as reference and the phase difference
relative to the other two was measured by comparing the transfer functions from the
loudspeaker input voltage to the microphone response. This phase difference was then applied
during the actual measurement, to phase shift the signals fed to the loudspeakers.
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Figure 12. Phase shift measured between two loudspeakers relative to the first loudspeaker.
The results before and after applying the phase compensation can be seen in figure 13.

By using all three loudspeakers and the phase shift technique the sound wave amplitude
propagating in the positive direction is maximized as expected.
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Figure 13. Pressure wave amplitude propagating in positive direction (p+) relative loudspeaker
voltage (e): one loudspeaker was playing (green dashed line), three loudspeakers without phase
shift calibration (red dotted line) and three loudspeakers by applying phase shift (blue solid line).
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Figure 14. Test rig to find maximum p+ value.

In order to get the maximum sound pressure level (SPL) from the loudspeakers, it was
important to run these drives close to maximum excitation level. Here, this was defined as a
certain maximum electric power fed to the loudspeakers, which will guarantee that they are not
overloaded and damaged. To measure the power output fed to each speaker, a custom made
power meter was used (see Fig. 14). Due to the variation in input (radiation) impedance at the
different loudspeaker positions the actual power fed to the speakers can vary significantly (see
Fig. 10).

To keep a constant level for all excitation frequencies as close as possible to the
maximum allowed, a Proportional-Integral-Derivative (PID) feedback loop was set using the NI
cRIO unit. As the name suggests, a PID algorithm consists of three basic parts; multiplication
with a constant, integration and derivativation, where the constant and the time scales for
integration and derivation are set to minimize the error (see Fig. 15). The error, being the
difference between the actual output and the desired of the system under control, was here the
power fed to a loudspeaker. The PID output signal was then used to modify the voltage signal
output from the NI cRIO unit which via the amplifier drives the loudspeakers (see Fig. 14).
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Figure 15. Block diagram of a basic PID control algorithm where u(?) is the set point, e(t)is
the error and y(#) is the process variable.
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Figure 16. Loudspeaker power without controlling (red dashed line) and by using PID function
(blue solid line). The prescribed power is set to 10 W.

Figure 16 shows a typical example how the PID control acts under measurements in the
TC test rig, keeping the power to the preset maximum (10 W). The two steps described in this
section, i.e., the phase compensation and PID control is done for each frequency step before the
actual measurement starts. This phase calibration and amplitude (power) adjustment operation
takes less than ten seconds before the measurement can start at a given frequency.

2.4.3 Two source method with simultaneous excitation

Another modification, made to reduce the measurement time, was using both acoustic sources in
the inlet and outlet side at the same time. To implement this technique a stepped sine excitation
was used where all the sound energy is concentrated into a single frequency, in order to improve
the signal-to-noise ratio.

The idea is to measure two frequencies at the same time and then combine the results so
that at the end there are two test cases for each frequency. There are several possible strategies
how to select the two frequencies, here parallel excitation with a single frequency step separation
(50 Hz) was chosen.

The use of parallel excitation for two-port measurements has also recently been
discussed by Pedrosa et al. [13]. However, in that reference white noise uncorrelated signals are
used to ensure that the two loudspeakers signals are uncorrelated instead of the frequency
separation used here.

The main motivation to develop the two source method with simultaneous excitation
was harsh conditions in the duct during the turbocharger measurement. It was important to
minimize the time for measurements in order to reduce the error in the result due to variations
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of the operating point (see Fig. 9). By using the simultaneous excitation method, it was possible
to reduce the time for a measurement by a factor two or alternatively take twice as many
averages.

In article [12] it was also stated that the problem of excessively long experiments in flow
ducts is the variation of experimental conditions and by using the method suggested it was
possible to reduce the error. Using the stepped sine and loudspeaker excitation method
described above, it is possible to measure conditions like temperature (see Fig. 8) and pressure
for each frequency point separately and minimize the error in the final result even more, making
this method preferable for these kind of measurements.

2.5 Results for acoustic characterization of turbochargers

In Paper I and Paper 1I an investigation of automotive turbochargers acoustics are presented. In
Paper I results for the passive acoustic effect are presented for three turbocharger compressors
(A, B and C, see below) and turbocharger B and C turbines. In Paper Il analysis of active
measurement results of the turbocharger B compressor are also presented.

Turbocharger A Turbocharger B Turbocharger C
Turbine Compressor Turbine Compressor Turbine Compressor

-Jv

‘W..

Figure 17. Photos of the turbine and compressor of turbochargers A, B and C.
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Turbocharger KKK K24 | Garret GT1752 | Garret GT1749V
A B C
Turbine
A/R ratio 0,41 0,47 0,42
Scroll inlet diameter [mm] 52 40 43
Approximate scroll length [mm] 300 285 380
Number of rotor blades 12 9 9
Radius of the rotor [mm] 29 22 21
Rotor length [mm] 21 20 25
Compressor
Scroll outlet diameter [mm] M 43 38
Approximate scroll length [mm] 460 358 370
Number of rotor blades 6+6 6+6 5+5
Radius of the rotor [mm] 31 26 25
Rotor length [mm] 25 20 18

Figure 18. Technical data of the three turbochargers investigated.
Turbocharger A was a Volvo car turbocharger KKK K24 also used for the compressor

passive measurements performed by Rimmal [9]. Compared to turbocharger A, turbocharger B
was smaller in dimensions.
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Turbocharger C was a variable turbine geometry (VIG) type and both compressor and
turbine passive properties were characterized. Three different turbine inlet geometry settings
(VTG positions) were tested. First, the VI'G was kept closed which is used in practice to raise
the pressure upstream the turbine, thus the exhaust gas energy is raised at low engine speeds.
Secondly, a fully opened VTG position was used corresponding to high engine speeds to avoid

over-boosting and high engine backpressure. Third, a position was chosen where the VI'G was
kept 50% opened.

2.5.1 Passive part

In order to determine the working conditions of the turbocharger an operating map provided by
the manufacturers was followed. Different static operating points were selected to systematically
cover the region of the map where the turbocharger is normally operated. Transmission loss data

up to the cut-on frequency at different operating points (OP) for turbocharger B compressor can
be seen in figure 19.

40 40

w
a

w

o
w
o

N

a
N
o

OP3
OoP2
OP4
OP5

N
o

-
o

-

a

Transmission Loss [dB]

-
o

OP1

-
o

Transmission Loss [dB]
N
o

o
o

I I I
500 1000 1500 2000 2500 3000 500 1000

1 1
1500 2000 2500 3000
Frequency [HzZ]

Frequency [Hz]

Figure 19. The transmission loss for the turbocharger B compressor where red line represents
OP1, blue line is OP2, green line is OP3, grey line is OP4 and purple line is OP5, respectively.

All the results for the passive acoustic effect for turbocharger turbines and compressors are
presented in Paper I and Paper II. In order to generalize and make results useful for any
turbocharger independent of size, it can be plotted against the Helmholtz-number:

Transmission loss (dB)
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Figure 20. The transmission loss results for different turbocharger compressors (upstream
direction) and turbines (downstream direction) as a function of the Helmholtz-number.
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He=k-a=2rfa/c, where f is the frequency, a is the radius and c¢ is the speed of sound.
To calculate the Helmholtz number an average value of the inlet and outlet duct data was used
for the radius and the speed of sound.

In Paper I, based on figure 20 it was concluded that for the low frequency region
(He <0.2) the transmission loss (TL) level, which is almost constant, is determined by the losses
and the value will increase with mass flow. The mid-frequency region (0.2 < He < 0.35) gives an
increase, which is determined by the inner free air volume of the unit that acts as a small
expansion chamber muffler. This means, the larger the volume, the faster the increase. In the
high frequency range (He > 0.35) TL peaks start to appear, associated with resonances due to

open/closed bypass gates and with cancellation associated with different sound paths through
the blade sections [4].

2.5.2 Active part

In Paper II the sound generated by the compressor has been investigated. Experiments were
performed on the turbocharger B compressor to obtain the radiated pressure spectra.

In figure 21 a comparison of sound pressure spectral densities between OP3 and OP4 is
shown. Two operating points have been measured by using the same mass flow rate but the
RPM level was different. The difference between the results is mainly a shift in the blade passing
frequency (BPF) peaks:

BPF =n-RPM /60 6)

where RPM is rotational speed per minute and 7 is number of blades. Besides the impeller BPF,
which was the main source of noise, RPM harmonics can be detected and the second highest
mode was at double BPF. The broadband noise is more or less unchanged except for a 5 dB
increase for OP3 on the outlet side.
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Figure 21. Comparison of sound pressure spectral densities between OP3 (blue line) and OP4
(red line) in inlet side (left) and outlet side (right).
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Figure 22. Comparison of sound pressure spectral densities between OP4 (red line) and OP5
(blue line) in inlet side (left) and outlet side (right).

A comparison of sound pressure spectra densities between OP4 and OP5 (constant
RPM) is shown in Fig. 22. Close to the surge line (OP5) the tip clearance noise becomes more
dominant. Up to 10000 Hz the average difference between the OP4 and OP5 auto-spectrum
levels is as large as 20 dB.

3 Open pipe terminations

In Paper 111 experimental investigations of the acoustic plane wave reflection have been carried
out in order to validate an existing theory on sound reflection and radiation from pipe or duct
openings.

The influence of the Mach number on the sound reflection properties at the pipe
termination was analytically studied by Munt in [5] using a linear theory and by including a so
called Kutta condition. Munt’s model was first to predict values for the plane wave (pressure)
reflection coefficient, that exceed unity at low frequencies with a flow (jet) out from the pipe.
Although it is believed that the Munt model [5] is presently the most accurate available and the
model often is used for predictions of acoustical properties of duct terminations, it has still only
partly been validated by published experimental data.

Some earlier experimental investigations show a good agreement with Munt’s model
under cold jet conditions, see e.g., Allam and Abom [14]. In that reference data was published
for mean flow conditions up to M <0.2 and k-a <1.3 for room temperature air flow.

In addition, a successful validation of the Munt theory was performed by Rimmal and
Lavrentjev [15] up to 500 °C for very low flow speeds (<5 m/s). In [16] the same authors
extended the flow speed range and reported measurements for a hot jet up to 200 °C and flow
speeds up to 100 m/s.

The purpose of the study in Paper III was to further extend the data range reported in
Refs. [14-16] and to improve the accuracy of the measurements. This was achieved by further
developing the standard two-microphone technique for experiments in hot environments.

3.1 Test-rig for measuring acoustic reflections under hot flow conditions

A dedicated test-rig (see Fig. 23) was built in Tallinn University of Technology (TUT) to
investigate the acoustic wave reflection in air jets with temperatures ranging from room
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temperature up to 100 °C and flow speeds up to 130 m/s. For the pressure transducers it was
decided, to improve the signal-to-noise ratio, to work with %2 inch condenser microphones
rather than the often used "4 inch ones. The microphones were modified with water cooling
jackets to be able to use them under high temperature conditions. Heat exchange between the
pipe and the water-cooled microphone holders was reduced by using a thermal isolation layer.

A random acoustic excitation was provided by an electro-dynamic driver (DAS ND-8)
mounted 1.7 m away from the duct opening. The driver vas controlled by software based signal
generator in LabVIEW. Signal acquisition was performed by a NI signal analyzer PCI-4474 and a
purpose built PC based virtual instrument in LabVIEW.

Audio
amplifier

Blower Heater
controller | [ controller

out

Acoustic
excitation

Heated
air flow

Figure 24. A photo of the experimental set-up used for the measurements of acoustic wave
reflection at the duct termination.

A stainless steel duct with a total length of 2.0 m was used as a test section. In order to
approach the assumption of infinitely thin wall thickness used in Munt’s theoretical model a duct
with relatively larger inner radius (¢=48.8 mm) was used. The thickness of the wall was 2 mm
which leads to a ratio @/4,>0.96 (whete  is the inner- and 4, is the outer radius of the pipe).
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3.2 Method to determine reflections

By following the three-microphone method with the reference position (x; =0) at microphone

1, the sound field at the microphones can be represented by solving the nonlinear system of
equations expressed as:

p()=p.()+p_(f) (7
()= p (f)exp(=ik.x,) + p_(f) exp(ik_x,) ®)
() = p. (f)explik,x;) + p,_(f)exp(-ik_x;) ©

where, p,, p, and p; are the Fourier transforms of the acoustic pressure at microphone cross-

sections, x trepresents the microphone positions (see Fig. 23), k is the wave number and can be
obtained as k, =27 f /(c-(1£M)), f is the frequency, ¢ is the speed of sound and M is the
Mach number, — and + denotes propagation in negative and positive x-axis direction. In order
to have the same frequency range, the same microphone separation X, —X, =X, —X; =§ was
used. The nonlinear system of equations was solved in MATLAB by using the fsolve function
and three unknowns p, , p_ and c. In order to avoid large sensitivity to errors in the input data

the method was used in a frequency range suggested by Boden and Abom in [17]:
0.1z (1-M?)<ks <087 (1-M?) (10)
The cut-on frequency for the circular duct was calculated by using the equation:
f.=1841-c/(2-7-a) (11)

The model, proposed by Dokumachi [18] was used to include the effect of visco-thermal
damping and the wave numbers was obtained from:

k :27rf K,

S — 12
c 1xKM 12

Here the coefficient K, is given by:

=D (=D if, oyl yy-l
K,=1+ T2s [1+ : ] S2(1+ 2 2} (13)

—

where ¥ is the ratio of specific heats, & = uC , /K, is the Prandtl number, 4 is the dynamic

viscosity, C, is the specific heat coefficient, &y, is the thermal conductivity, s =a4/p,@/ u is

the shear wave number, a is the duct radius, o, is the ambient density and @ is the angular

trequency.

19



The reflection coefficient at reference cross section (x; =0) was obtained as:

_H,.(f)
R(f)= H(f) (14)

Finally the reflection coefficient R, is transferred to the duct termination (x, —x, =/) cross-

section:

R, =R, exp(i(k, +k )I) (15)

3.3 Results

In figure 25, measurement results for the magnitude and phase of the reflection coefficient are
plotted as a function of the Helmholtz number (ka =2rfal c)and compared with Munt's
theory [5].

A good correlation between the measured and calculated values was achieved up to a
Helmbholtz number 1.8. The reflection coefficient values above unity (|R| > 1) in figure 25 were

explained in [5] by the interaction between the acoustic wave and an unstable vortex sheet
leaving the duct opening. The Kutta condition, applied at the edge of the pipe, determines the
strength of this interaction.
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Figure 25. The magnitude and phase of the reflection coefficient for an open duct termination
as a function of the Helmholtz number ka=2zfa/ ¢ for different flow speeds and jet temperatures;
Expetriments: 40°C, 130m/s (green squates); 35°C, 100m/s (blue circles); 27°C, 60m/s (red
stats); 21°C, Om/s (black triangels). Munt’s theory: 40°C, 130m/s (green line); 35°C, 100m/s
(blue line); 27°C, 60m/s (red line); 21°C, Om/s (black line).
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4 Summary of the papers

4.1 Paper I. Sound Transmission in Automotive Turbochargers

In this paper the results of an experimental study of the passive acoustic properties for three
different automotive turbochargers are presented.

The unique experimental test facility at KTH/CCGEXx is presented and used to study
sound transmission through automotive turbocharger turbines and compressors at different
operating conditions. Experimental procedures to determine the acoustic two-port data, together
with techniques such as phase matching the loudspeaker outputs to improve the quality of data
are introduced.

Results for the passive acoustic effect from a number of experiments on three different
modern automotive turbochargers are presented. Moreover, the results are re-plotted against the
Helmbholtz number and conclusions on the behavior of the transmission loss curves are drawn in
order to make them useful for any turbocharger independent of the size.

4.2 Paper II. Investigation of Automotive Turbocharger Acoustics

Compared to Paper 1, this paper includes studies of both the passive and active acoustic effect.
For the passive part also scattering matrix results are presented and discussed. Furthermore, a
simple quasi-stationary model is proposed to explain the unsymmetrical behavior of the
transmission loss (up- versus downstream). It is argued that it is related to the losses in the
system. It is also suggested to apply a power balance [19] in future works to study if there are
regions, for instance close to surge, where the compressor can amplify incident sound waves.

The active part or the sound generation is also studied by using an average based on
measured pressure cross-spectra. This method is applied to study sound produced by a
compressor at various operating points and the results are discussed and compared with earlier
published work [§].

4.3 Paper II1. Investigation of Sound Reflection from a Hot and Subsonic
Flow Duct Termination

A three-microphone procedure for measurements in hot flow ducts with temperature gradients
is proposed and applied to study an open termination. Measurements to determine the plane
wave (pressure) reflection coefficient and phase for a circular duct is then performed up to Mach
0.4 and jet temperatures up to 100°C. The results are presented in the full plane wave range and
all together, Paper 111 extends the parameter range of previous published data [14-16].

The results are compared with the theory of Munt [5] widely used in aeronautical
applications and a good agreement is found. Similar to earlier investigations [14] a better
agreement with the theory is achieved, by using the maximum flow speed value for the theory of
Munt rather than the cross-section average.
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5. Conclusions and future research

Concerning the investigation of turbocharger acoustics the technique for measuring the passive
data in the plane wave range in form of a two-port or scattering matrix has been perfected with
the work presented here (Paper I). The next step would be to extend the test range to include
high amplitude (> 150 dB) pulsation levels for the incident pressure waves in order to study
non-linear wave interaction effects. This cannot be done using electrodynamic drivers, instead
other more powerful pulsation sources, e.g. oscillating valves, must be used. Concerning the
active part or sound generation from turbochargers only the first steps have been taken with the
results presented in Paper II. In that paper a method based on an average of pressure cross-
spectra was proposed to estimate the auto-spectrum of the modes propagating out from the
source. This quantity is related to the acoustic power propagating, but the relation depends on
how the acoustic energy is distributed over the propagating modes, which is unknown.
Therefore more studies are needed to validate and determine the accuracy of this method. The
method should then be applied to study in more detail how phenomena such as surge affect the
emitted noise signature.

The last part of the thesis concerns a method for accurate measurements of
reflection coefficient data in hot flow ducts using a three microphone approach. The next
step in this would be to extend the range for the experiments to higher temperatures,
which requires a much more powerful heat source. Also one part of Munt’s model that is
still not validated with accurate measurements is the radiated field outside the duct.
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