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Abstract

The aim of the M.Sc thesis work is to specify a measurement method suitable for deter-
mining the sound power levels and especially to quantifying the levels at the compressor
blade pass frequency of a turbocharger in the new turbo performance rig located at Scania
CV AB, Sodertilje.

Intensity and pressure based methods are widely used to determine the sound power levels.
The thesis work focuses on pressure based methods since intensity measurements has a
limitation in high frequencies and the intensity scanning in the rig is not allowed when
the test rig is being operated. Unlike the intensity based methods the major drawback
of using the pressure based methods is the influence of test environment on the sound
pressure measurements. Since the room is not completely anechoic and reflections from
various objects in the room may lead to wrong estimation of sound power levels. In order
to understand the influence of test environment at the four chosen microphone positions
several measurements were performed both in compliance with international standards
and also to test assumptions on the acoustics characteristics of the room.

Other than the turbocharger itself the test environment also includes three main auxiliary
equipments; a cooling fan, a burner and an oil conditioning system which may contribute
to the background noise at the microphone locations. A detailed study has been conducted
to understand the influence from these additional sound sources during the measurements.
It was concluded that the background sound do not affect the measured results in the
frequency range of interest. Measures were taken to isolate radiation from connecting
pipes by shielding them with sound absorbing material.

Based on the results from the test environment measurements and the background noise
analysis the international standard ISO 3744 (Determination of sound power levels in an
essentially free field over a reflecting plane) is recommended to determine the sound power
levels of the turbocharger.

For a constant shaft speed it was found that the highest A-weighted sound power levels were
observed when the turbocharger was running close to surge followed by peak efficiency
and choke conditions on the compressor map. There is one limitation associated with
the calculated sound power level and that is, the estimated sound power level is uncertain
since it is based on only 4 microphone positions and thereby is not capturing the details
of the compressor directivity.

As future work, a setup with a large number of microphones surrounding the test speci-
men is recommended which would help to determine the directivity hence improving the
accuracy of the measurements. Also further studies on the sensitivity of the microphone
positions, the arrangement of the auxiliary equipment in the room and the influence by the
inlet and outlet pipes used in the real installation is recommended.

Keywords: Turbocharger, surge, choke, peak efficiency, compressor map, compressor
blade pass frequency, sound power levels.






Sammanfattning

Bestamning av akustisk kéllstyrka av turboladdare i en
ogynnsam akustisk miljo

Syftet med M.Sc-avhandlingen &r att specificera en mitmetod som &r lamplig for att
bestimma ljudeffektnividerna och sirskilt att kvantifiera nivderna vid kompressorbladets
passfrekvens for en turboladdare i den nya turbo-prestandariggen vid Scania CV AB,
Sodertilje .

Intensitets- och tryckbaserade métmetoder anvinds ofta for att bestimma ljudeffekt-
nivderna. Avhandlingsarbetet fokuserar pé tryckbaserade metoder eftersom intensitetsmét-
ningar har en begrinsning i hoga frekvenser och intensitetsskanningen i riggen inte dr
tillaten nér testriggen anvinds. Till skillnad frdn de intensitetsbaserade metoderna &dr den
storsta nackdelen med att anvinda de tryckbaserade metoderna péverkan frin testmiljon
pa ljudtrycksmitningarna. Detta eftersom rummet inte dr ekofritt och reflektioner frdn
olika objekt i rummet kan leda till fel uppskattning av ljudeffektnivderna. For att forstd
testmiljons inverkan vid de fyra valda mikrofonpositionerna utfordes flera mitningar bade
i Overensstaimmelse med internationella standarder och for att testa antaganden om rum-
mets akustikegenskaper.

Utdver sjalva turboladdaren innehéller testmiljon ocksa tre hjalputrustningar; en kylflakt,
en brinnare och ett oljekonditioneringssystem som kan bidra till bakgrundsljud i mikrofon-
positionerna. En detaljerad studie har genomforts for att forstd paverkan fran dessa ytterli-
gare ljudkéllor under métningarna. Det konstaterades att bakgrundsljudet inte paverkar
de uppmiitta resultaten i frekvensomrédet av intresse. Atgirder vidtogs for att isolera
stralning frdn anslutande ror genom att skydda dem med ljudabsorberande material.

Baserat pd resultaten frén testmiljométningarna och bakgrundsljudanalysen rekommenderas
den internationella standarden ISO 3744 (Bestimning av ljudeffektnivder i ett vasentligen
fritt filt over ett reflekterande plan) for att bestimma ljudeffektnivaerna for turboladdaren.

For en konstant axelhastighet konstaterades att de hogsta ljudeffektnivierna observerades
nir turboladdaren kordes ndra pumplinjen, foljt av omrddet med hogsta verkningsgrad
och choke linjen i kompressor-mappen. De beridknade ljudeffektnivderna har en begrin-
sning eftersom turboladdare direktivitet dr okdnd pd grund av det 1dga antalet mikrofoner i
mikrofonarrangemang runt turboladdaren, men de erhallna resultaten ar tillrackligt bra for
att gora en jimforelse mellan olika turboladdare forutsatt att de har liknande direktivitet.

Som framtida arbete rekommenderas en installation med ett storre antal mikrofoner (sdg c:a
10 stycken) som omger testobjektet vilket skulle hjélpa till att bestimma direktiviteten och
didrmed forbéttra médtnoggrannheten. Vidare rekommenderas ytterligare studier om mikro-
fonpositionernas kénslighet, arrangemanget av hjédlputrustningen i rummet samt pdverkan
av ljudutstrilning fran de anslutande roren mer lika de i den riktiga motorinstallationen.
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1. INTRODUCTION

1 Introduction

1.1 Aim of the thesis

The thesis is carried out at an in-house Scania turbocharger performance rig called gas
stand shown in Figure 1, situated at Sodertilje. The primary focus of this thesis work is
to propose a method to measure and quantify the sound pressure and sound power levels
of a turbocharger compressor blade pass frequency when running on the turbocharger gas
stand. Even though there are many noise sources associated with the turbocharger the
reason to concentrate only on the compressor blade pass frequency is due to the fact that
this tonal sound, typically in the range 5-20 kHz, is audible in the driver compartment of
the truck and could be disturbing for the driver.

In this thesis work the sound power levels of the turbocharger were calculated when op-
erated at various conditions. The calculated sound power level can be used to define the
noise requirements. This thesis work will also act as a supporting document to the research
work to be carried out in collaboration between Scania CV AB and KTH-Competence
Center for Gas Exchange(CCGEX).

Figure 1: Turbocharger mounted on the gas stand at Scania CV AB, Sodertilje.

1.2 OQOutline on turbochargers

Previously engines were typically supercharged by running a compressor powered by
the engine itself by means of shaft-reduction gear arrangement as shown in the Figure
2. The engines charged by this method were called supercharged engines. This way of
supercharging the engine had its limitations. The idea of using a turbine wheel driven
by exhaust gases to run the compressor became popular rather than using power from the
engine.

A turbocharger is a turbine-driven compressor which has become the key component used
for modern spark and compression ignited engines. The turbocharger has three main
components: a compressor, a turbine to drive the compressor and shaft-bearing assembly

10



1. INTRODUCTION

where the shaft connects the turbine wheel with the compressor wheel and the bearings
support the shaft as shown in the Figure 3. Apart from these three components there
are few other components which constitutes the turbocharger e.g. the shaft seals which
separates the the air and the exhaust gases from the bearing lubrication system.

Untapped exhaust gases energy

Exhaust gases

Compressed air

Air from
atmosphere v

. Shaft power
commessr| & II Engine —

Power supply to run compressor:
Engine shaft and reduction gear arrangement

Figure 2: Supercharged engines.

Compressed air out
(to the engine) ‘ Shaft and bearing

Turbine wheel

Compressor wheel

Air In Exhaust gases out

Exhaust gases in
(from engine)

Figure 3: Turbocharger and its components.

The working principle of the turbocharger can be summarized as; A radial or axial turbine
is driven by the exhaust gases from the engine which drives a radial compressor coupled to
the turbine. It draws in air from the atmosphere, compresses it and then pushes it into the
engine as shown in the Figure 4. The advantages of compressing the air is that it increase
the mass of the the air introduced into the engine cylinder. In turn more fuel can be made

11



1. INTRODUCTION

available to the engine cylinders resulting in a rise in the power output.

‘ Shaft, shaft seals and bearing system ‘

Air from Exhaust gases
atmosphere
Compressor | C T |Turbine

Energy from exhaust gases used to run turbine
‘ which in turn powers the compressor

Shaft power
Engine —

Figure 4: Turbocharged engines.

Turbocharging also improves the fuel economy as the energy retained from the exhaust
gases which is otherwise lost is now efficiently used and hence improving the overall
efficiency of the engine [9].

1.3 Overview on turbocharger test rig

The turbocharger test rigs are well known in the automotive industry where they are used
for performance testing of various turbochargers. Performance maps like the turbine and
the compressor maps can be drawn from a test run evaluation. The turbocharger tested in
gas stand is completely disassembled from the engine and is mounted on to the test rig
where the inlet and outlet connections to the turbocharger are made as shown in the Figure
5. The turbine side of the turbocharger is run by the supply of high pressure-hot gases
from the burner and screw compressor circuit. The compressor stage of the turbocharger
which is powered by the turbine in turn draws ambient air from test cell. The air flow rate
on both turbine and compressor stages can be controlled by the valves and this allows for
testing of a turbocharger for a wide range of load conditions which may not be possible on
the engine itself. The performance is analyzed by measuring the pressure, temperature,
shaft speed and air flow rate at various instances, intermediate positions inside the turbine
and compressor stage. The terminology used in Figure 5 is given as-

n = Air mass flow rate at turbine inlet (in kg/s).

p1 & p2 =Turbine inlet and outlet pressure (in kPa).

t1= Temperature at turbine inlet (in K).

niy = Air mass flow rate at compressor outlet (in kg/s).

P} & pl,= compressor inlet and outlet pressure (in kPa).

1] & t}= Temperature at compressor inlet and outlet (in K).

12



1. INTRODUCTION

|

Compressor

(riy

\
@

Compressor

: \2/
& 9% ~\

Turbine I

0il conditioning system+ cooling fan

Figure 5: Basic schematic of a turbocharger test rig.

1.4 Turbocharger sounds

Turbochargers are operated at high rotational speeds typically in the region of 100k-200k
RPM which may generate noise. There are various types of sounds associated with the
turbochargers and few of these are listed in Table 1 along with their typical frequency

content.

Sound type Frequency range Causes for sound
Howling 650 Hz to 1000 Hz Rigid body modes of rotor
Pulsgtlon 19 to 4.5 kHz Caused due to rotor eccentricities
noise and geometry of blade
Wl'nnmg/' 5 kHz to 20 kHz Blade pass frequency,sound generation at blades
Rotating noise
Blow/ Broad band in nature & mainly High airflow and
Whoosh noise | in freq range 1500-3000 Hz low turbocharger speeds

Table 1: Overview of sound types and their frequency content [1][2].

13




2. DEFINITIONS

2 Definitions

2.1 Sound pressure and power

The presence of sound waves in gases and fluids results in small deviations in local pres-
sure from the ambient atmospheric pressure and these small deviations is often termed as
sound pressure and is given in Pascal (Pa). Sound power is defined as the rate of sound
energy emitted by a sound source and is given in Watt (W).

The difference between the sound pressure and the sound power is that the power of a
particular sound source is constant and is independent of distance from source and for suf-
ficiently high frequencies the environment, whereas the measured sound pressure depends
on test environment, relative distance from source etc. An investigation on the effects of
reflecting surfaces, e.g., a hard floor, is presented in section 4.

2.1.1 Sound pressure and power level

Sound power and sound pressure levels are expressed in decibels [dB] but they do not
mean the same. Decibel is just a logarithmic ratio between two numbers (measured and
reference values). The difference between sound pressure level and the sound power level
can be understood by referring to equation 1 and 2. It can be seen that the measured and
the reference quantities are different hence even though both of them are represented by
the unit decibel they have different meanings.
52
L,=10- zog(’;—) (1)
p ref

where,

p = (RMS) sound pressure in Pascal (Pa).

Pref =2+ 107> Pa is the reference value of sound pressure.
L, is the sound pressure level in decibel.

W
L, = 1o-log(W
ref

) @)

where,

W= Averaged sound power in Watt(W).

Wier = 10~ 12W the reference value of sound power.
L,, is the sound power level in decibel.

The formula which relates the sound pressure and sound power level in a room with
reflections a so called reverberant room is given by the equation 3.

o 4)

+ _
4ar? A’

Ly = Ly +10- log( 3)

where,

Qg is the directivity index for a sound source whose sound radiation varies in different
directions. The term 4/A’ describes the effects of the reflections in the room.

14



2. DEFINITIONS

Sagve . . . . . .
A = % is the equivalent absorption of room, in m?, S is the area and Qavg is the

[

average absorption coefficient of the surfaces.

2.2 Longitudinal waves in fluids

The waves in which the fluid particle displacement is parallel to the direction of wave
propagation are known as longitudinal waves. The influence of transverse waves in a fluid
is minimum hence the effects due to such waves can be neglected.

Two commonly encountered wave propagation forms are; the plane waves and the spherical
waves. There are also other types of complicated waves which can be constructed using the
combination of these simplest wave forms. In the consecutive sections more information
about the plane and spherical waves are given.

2.2.1 Plane wave

Longitudinal plane waves are characterized by the condition that points with the same
acoustical state, i.e., the same sound pressure and particle velocity, form parallel planes
[10].

For a longitudinal plane wave in a free field the simple relation between the sound pressure
and the particle velocity in a particular medium is given by equation 4.

p(x,1) = pocux(x, 1) 4

where,

po= density of the fluid medium [kg/m?].

c= speed of sound [m/s].

u,(x, t)= particle velocity in x-direction at position ’x’ and time ’t’ sec [m/s].

p(x, t)= sound pressure at position *x” and time ’t’ sec [N /m?].

There exists a relation between the time averaged sound power (W) and the rms-sound
pressure (p) which is given in equation 5 [10].

PSa
pPoc

W= ®)

S, is the surface area where the sound pressure is measured and through which acoustic

power is being transmitted, in m2.

The time averaged sound intensity (1) is defined as the time averaged sound power per unit
area and is given in equation 6.
W 52
LAy (6)
Sa pPoc
Thus from equation 6 it is seen that for a plane wave the time averaged sound intensity is
proportional to the square of the rms-sound pressure as shown in equation 7.

o p~2 @)

~I
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2. DEFINITIONS

2.3 Spherical waves

A source which oscillates at the same amplitude and phase over its entire surface area gives
spherical wave propagation. If the source radius is small compared to the wavelength of
the sound then that source will produce spherical waves [10].

The time averaged sound intensity for a spherical wave is given by the equation 8.

w

7. =
" 4Any2

®)

where r= radial distance of spherical wavefront from the source [in m].

2.3.1 Inverse square law

For a reflection free field and a spherical wave propagation the inverse square law states
that with the doubling of the distance from source the sound intensity falls by 6 dB. From
equation 8 it can be understood that the sound intensity is inversely proportional to square
of the distance from source hence with the increasing area of the spherical wave front the
sound energy is distributed over the area, as shown in Figure 6.

Point source producing
spherical waves |

Figure 6: Spread of sound energy over the area of spherical wave fronts.

To prove that the doubling of distance from source lead to fall in 6 dB sound pressure
level, a simple relation can be established as shown below. By using relation between
rms-sound pressure (p), time averaged sound intensity at a radial distance (7,) and the
radial distance (r) from source one can write;

- 1
I oc p* o — 9)
r
SO,
5 1
P = (10)
r

16



2. DEFINITIONS

The difference in the sound pressure level (ALp) at two different location of microphone
for a point source in a free field is given by the equation 11.

pi?
ALp = 1010g(~—2) (11)
P2

where, p| & p; are sound pressure in Pa at a radial distance r; & r» (in m) from the sound
source. In terms of distance from source equation 10 and 11 can be used to deduce a
relation as shown in equation 12.

ALp = ZOZog(:—?) (12)

For example: assume r;=0.5 m away from source and r»=1.0 m then by substituting these
values into equation 12 one can obtain a value where AL,= 6 dB which explains the
phenomenon of inverse square law in a free field environment.

2.4 Sound from pipes

There are mainly two type of sound energy present in the pipes; solid borne sounds and
fluid borne sounds. In pipes with fluids the sound can propagate in axial direction as
well as in radial direction under special circumstances. Propagation of solid borne sounds
through pipe walls mainly depend on the shape, size and material used for making of these
pipes. Usually the flexural waves are dominant in the pipe walls. These two ways of sound
propagation are discussed in the consecutive sections.

2.4.1 Fluid borne sounds

In a gas filled pipe, the sound propagates in axial direction and in radial direction under
special circumstance. Based on the wave length of the sound and the pipe diameter (d,,),
various wave and vibration forms can exist within the pipe which is defined as the acoustic
modes in the pipes. The frequency above which these acoustic modes can propagate is
defined as the cut on frequency. The cut on frequencies for circular pipes can be calculated
using equation 13 [7].

(13)

Where,

c is speed of sound in the fluid.

d,, is the pipe diameter.

k, is the modal factor values (k,,).

The cut-on for the first mode i.e. the extent of the plane wave range is shown in Figure 7
for various pipe diameter. Below the first cut on frequency in pipe only plane waves exist.

At low frequencies the absorption of sound energy in the fluid is poor but for high fre-
quencies this attenuation may be significant. The sound attenuation can also be increased
with a turbulent flow and increased roughness of the pipe walls [7].

17



2. DEFINITIONS

First Cut on frequency for various pipe diameter

500
450
400
350
300
250
200
150
100

50

Pipe diameter (mm)

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Cut on frequency for first acoustic mode (Hz)

Figure 7: First cut on frequency for various pipe diameter (k; = 1.84).

2.4.2 Ring or circumferential expansion frequency

The frequency at which the walls of the pipe goes into resonance is called the ring
frequency or in some cases it is also termed as the circumferential expansion frequency.
At this particular frequency the transmission losses through the pipe walls is heavily
reduced leading to high radiation of sound energy into the surrounding environment. This
is same phenomenon as the coincidence frequency, this occurs each time when there is
a cut-on of a mode. Then a similar wall mode will create coincidence with the cut-on
acoustic mode. It happens close to cut-on where acoustic modes goes from a very high
phase speed to much lower and the transmission loss through the plate is reduced. At the
ring frequency the sound wavelength equals the nominal circumference of the pipe walls
leading to drop in the transmission loss [8]. The ring frequency is defined by the equation
14 and Figure 8 shows the calculated ring frequency for various pipe diameters.
Cl

f = (14)

mxd,

where, ¢; is the wave speed of the longitudinal waves in the steel pipe wall (¢; = 5100 m/s).

450
400 Y
\
\
— 350 [
£ \\
= 300 \
&
GEJ 250 N
o] X
(=] 't
g™
o =
150 =
100 e
SD i 1 i I_ —
0 0.5 1 15 2 25 k]

Circumferential expansion frequency or Ring frequency (Hz) . 104

Figure 8: Ring frequency () for various diameter of steel pipe.
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2. DEFINITIONS

2.5 Blade pass frequency

The blade pass frequency (BPF) is one of the frequencies of rotary machines like fans,
turbines etc., that causes tonal noise. It is mathematically defined as the product between
the number of blades and the RPM of the rotor as given in equation 15.

N x RPM
BPF = ———— 15
0 (15)

where, N is the number of blades and RPM is revolutions per minute. If one wants to
identify the blade pass frequency it is recommended to look in the narrow band rather than
looking in the octave band because the octave bands are the representation of averaged
energy and hence it will be difficult to point out the BPF.

2.6 Strouhal frequency

The characteristic frequency corresponding to the noise generated due to flow is known
as the strouhal frequency (f;;). It is defined as the ratio of flow velocity (U, [in m/s]) and
the dimension of the object obstructing the flow or the diameter of the opening of a jet (d,
[in m]) as shown in equation 16.

fst = — (16)

U
d
The broadband noise generated by a non pulsating jet leaving the pipe will have its highest
source strength at the strouhal frequency. A cylindrical object obstructing an air flow

generates a periodic vortex shedding leading to a strong tonal noise and the frequency of
shedding is proportional to the strouhal frequency [10].

2.7 Basics on compressor map

A compressor map is a chart showing the performance of a compressor in a turbocharger.
The compressor maps is plotted on a 2D graph where the x-axis represents the air/gas flow
rate and the y-axis represents the pressure ratio as shown in Figure 9. The definition of a
few important terms used on the compressor map are given below.

Pressure ratio[PR]: It is defined as the ratio of compressor discharge pressure (P,,;) to
the compressor inlet pressure (P;,), as defined by equation 17.

P out
P;
Surge line: Surge line defines the compressor surge condition which is an undesirable

phenomenon as this may cause physical damage to the compressor parts. At compressor
surge a back flow of gas through the system arises.

PR = (17)

19



2. DEFINITIONS

Pressure ratio (PR)

Corrected compressor mas flow (m_c) [kg/s]

Figure 9: A typical compressor map of a turbocharger.

Choke: Compressor operating close to choke experiences maximum flow rate of gas
through the system. Above the choke point the compressor experiences a choked flow.
Choked flow is a condition when the flow reaches the speed of sound limiting the maxi-
mum flow rate through the compressor.

Corrected mass flow rate (CF): The air mass flow through the compressor (77) normal-
ized to inlet conditions, as defined by equation 18.

(18)

where,

T;, & T,,; = Inlet and outlet temperature (in K).
T, = Reference temperature (is 298 K).

P,.y = Reference pressure (is 100 kPa typically).

Corrected speed (CS): The rotational speed (/N,) normalized to inlet conditions, defined
by equation 19.

N,

T;
Tref

CS = (19)

Corrected efficiency : Corrected efficiency () is defined as the ideal minimum amount
of work needed to raise the pressure in relation to the actual work needed, defined by
equation 20.

y=1
Tm((};?;t) yo= 1)

Tout - T;

n= (20)
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3 Measurement equipment

S.no Product Quantity Remarks

GRAS ICP 1/2"type 46AE

free field microphones 4 Frequency range: 2 Hz -20 kHz

2 Simcenter SCADAS 1 LMS frontend
8 channels
3 LMS testlab 1 Simcenter Testlab
software
4 Microphone stands 4 Holds microphones
5 BNC cable 8 (4x2) Connectors
6 Portable laptop 1 Laptop with LMS testlab

software installed

Reference sound source
(RSS)

\1
—

Briiel & Kjer Type 4204

8 Microphone calibrator 1 B&K type 4231

Table 2: Acoustic measurement equipments.
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4 Influence of height on the sound power level

4.1 Purpose

The test specimen whose sound power levels is to be determined in the gas stand is
positioned at a certain height from the ground. Due to this it is important to understand
the influence of the height on the measured sound pressure levels as there will be reflections
from the ground.

4.2 Measurement procedure

The measurement was carried out at MWL reverberation room located at KTH Royal
Institute of Technology. To understand the influence of height, a reference sound source
(RSS) was used which was placed in the reverberation room at two different heights (on
the ground and at a height of 1.08 m). The sound pressure levels were measured using a
microphone held rotating boom as shown in the Figure 10 & 11. The knob controlling the
rotation of the boom is set to "32" which means that in order to complete one revolution
by the boom it will take 32 seconds. The measurement time is set to 64 second. A total
of three microphone positions and two source positions were chosen and sound pressure
levels corresponding to those positions are measured and averaged to avoid any systematic
error. The sound power levels computed for RSS at two different positions (RSS on the
ground and at a height of 1.08 m) are compared to see the deviation. The procedure for
determining the sound power levels for the RSS in a reverberation room is done according
to ISO 3741 [4].

Figure 10: RSS on the ground. Figure 11: RSS at 1.08 m height.
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4.3 Choice of reference sound source

A RSS of type 4204, see Figure 12, was chosen to study the height influence and the reasons
to choose this particular reference sound source for measurements are stated below [11].

Figure 12: RSS type 4204.

* Frequency range: 50 Hz to 20 kHz. Hence fulfills the interested frequency range
for our measurements which is 500 Hz to 20 kHz.

* Fulfills standards ISO 3741 [4], ISO 3744 [3], ISO 3747 [5] and ISO 6926 [6] for
calibrated sound power sources.

* Can be used for measurements of environmental correction according to ISO 3744.

* Comparison method for determination of sound power of noise source according to
ISO 3741.

4.4 Calibration of RSS for a certain height

Usually the RSS is calibrated on the ground but when the same source is being used at a
different height it is required to be calibrated for that new position and this is explained
further in the following sections. In order to calibrate the RSS for a new position a cor-
rection factor (K) concerning the test environment where calibration is done has to be
identified. This correction factor is invariant for that constant room conditions hence can
be used to find the new sound power levels of the RSS.

4.4.1 For RSS on the ground

In reverberant environment the the sound power and sound pressure level are not equal.
SWL -SPL#0 (21)

From equation 21 one can see that a non zero term arises and it can be taken as a correction
factor (K). The correction factor will be independent of source position and will only
depend on the test environment if the measurement is performed in a reverberation room
where the energy is equally distributed.

K = Lw(rss) — Lp(rss) (22)
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* Lw(gss) is the sound power level of the RSS and is constant for that particular source.
The sound power level values are taken from the calibration chart of Briiel Kjar for
Type 4204 (RSS).

* Ly(rss) is the measured sound pressure levels of RSS in the reverberation room
using boom and microphone arrangement.

The calculated value of K is constant for that particular test environment. Now a new
position for the RSS is chosen which is at a height of 1.08 m from the ground to the RSS
center point as shown in Figure 11.

4.4.2 For RSS at height 1.08 m

The sound pressure levels for the RSS was measured when operated at a certain height
using a microphone held rotating boom.

K = Lwa = Lpa (23)

where,

* L) sound power level of the RSS when operated at a certain height (/) from the
ground, to be calculated.

* L, is the sound pressure level of the RSS when operated at a certain height ()
from the ground measured by the microphone in the reverberant field.

* K is a constant value for that particular test environment and is given in equation
22, section 4.4.1.

To find the sound power level for new position of source (source operated at a height of
1.08 m) equation 23 can be rewritten as equation 24.

Ly = K+ Ly (24)

Finally, by substituting equation 22 in equation 24 and taking into the account of correction
due to meteorological conditions given in Table 3. The final equation becomes,

Lwny = Lw(rss) — Lprss) + Lp(n) (25)

Quantity | Value
Ps 1005 hPa
0 19 degC
RH 58 %

Table 3: KTH reverberation room meteorological conditions.
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4. INFLUENCE OF HEIGHT ON THE SOUND POWER LEVEL

4.5 Results corresponding to height influence study

From Figure 13 it can be seen that above 500 Hz the sound pressure levels measured for
two different heights of RSS (ground and at height 1.08) are almost equal which implies
that the sound power levels determined for the new position is same as that for the ground
position and is shown in Figure 14. Below 500 Hz one can observe a deviation in the
measured sound pressure levels for two different heights of RSS and this is because of
change in the reflection pattern from the ground.

Ly ‘when RSS at height 1.08 m

Ly when RSS on the floor

agl 444 p ‘ . S (O ; ; S
102 10° 10t
1/3 octave freq (Hz)

Figure 13: Sound pressure level comparison when RSS operated at two different heights.

! —L when RSS at height 1.08 m

- —Ly when RSS at ground
82 = |

SWL (dB)
N 3 3

~
=]

o S S S . ‘ R S S ‘ ‘ S S
102 10° 10
1/3 octave freq (Hz)

Figure 14: Sound power level comparison when RSS operated at two different heights.

From Figure 15 a conclusion can be drawn that at low frequencies, mainly below
500 Hz, a deviation of more than 1 dB in the sound power levels can be observed (when
Lw (rss) is compared with the Ly ;). But above 500 Hz the difference between Ly (gss)
and Ly ) is less than 0.5 dB which can be seen as a promising results as our frequency of
interest is between 500 Hz to 20 kHz.
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35r
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Figure 15: Difference in sound power levels for two different heights.

From the results mentioned in the above two paragraphs, a conclusion is drawn that
when the test specimen (turbocharger) is operated at a certain height from the ground
there won’t be any huge deviations in the calculated sound power levels for the frequency

range of interest. Reflections from the ground will not have huge impact on the calculated
results.

Note: The same experiment mentioned in this section is repeated in a partially reverberant
room located at Scania. The room doesn’t qualify as a reverberant room under the ISO
regulation. The reason for performing the same experiment in a different environment
is to cross check our assumption and also to check the influence of change in the test
environment on the calculated sound power levels. The same reference sound source was
used and the results are presented in the Appendix 12.2.
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5 Test environment characterisation

The environment where the acoustic measurements are done is important. For pressure
based methods the measurement surface over which microphones are placed should be
free of undesired influence of the test environment. An environment correction factor
can be used to correct the measured mean time averaged sound pressure levels of the test
source and compensate for any deviation in measured sound pressure levels caused by the
test environment. To correctly determine this correction factor, the acoustic environment
must be known, for example anechoic or reverberant. Normally, the case is somewhere in
between and then the determination of the correction factor becomes more difficult.

In order to validate the measurement surface and acoustic adequacy of the room a proce-
dure mentioned in the international standard ISO 3744 is referred and discussed further
under the section 5.1. Usually it is preferred that the measurement surface is in the direct
field of the test source and have minimum influence from the sound reflections due to the
boundaries of the room or by the objects in proximity to the measurement surface. It is
recommended that the reflecting surfaces should be at least 0.5 m beyond the measurement
surface.

NOTE: The measurement surface that is being validated is similar to that of the measure-
ment box specified under the section 6.2.1. There are many techniques available to check
for the acoustic adequacy of the test environment and few of which are mentioned below
[12].

1. Absolute comparison method

2. Reverberation technique

3. Two surface method

4. Calculating equivalent absorption area using reference sound source(direct method)

5.1 Absolute comparison method

To check that the measurement surface is mainly influenced by the direct field of the
test source it was decided to proceed with the absolute comparison method (to check
for any undesired influence of the test environment at the microphones locations). The
absolute comparison method was chosen because this would help to understand on how
the estimated sound power levels for the reference sound source using the measured sound
pressure levels deviate from the actual sound power levels of the reference sound source
at the chosen microphone locations. The difference in the environmentally uncorrected
sound power level of the reference sound source (L) and calibrated sound power level
of the reference sound source (L,,) is used to find the an environment correction factor as
given in equation 26 [12]. Refer section 6.4.5 to know how environmentally uncorrected
sound power level (Ly,) is calculated.

Ky=L:-L, (26)

NOTE:

* The environment correction factor (K3 ) calculated using equation 26 has no reference
to only one particular frequency band data instead a single value is calculated using
data from all frequency bands.
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5. TEST ENVIRONMENT CHARACTERISATION

* The single valued environment correction factor (K3) is used for justifying the selec-
tion of international standard for estimation of sound power level of the turbocharger.

* Finally, when the sound power levels for test specimen (turbocharger) is being
calculated, the environment correction factor estimated for each 1/3 octave frequency
band is used. The values are presented in Table 5.

The location of the microphones and the measurement surface is fixed, doesn’t vary for
every new measurement and is shown in Figure 22. The reference sound source is placed
in position of turbocharger as shown in the Figure 16. The reference sound source type
4204 is chosen for the absolute comparison test which has a frequency range of 50 Hz to
20 kHz and satisfies the requirements of our highest frequency limit (refer section 4.3).

BURNER
Exhaust gases
out into atmosphere
ﬂ!‘
=
al k
1 e

R .
- ATMOSPHERE

i i ’
b s
T ¥.
N AR

R P> Microphone (4 Places)

= Compressor inlet pipe

== Compressor outlet pipe

= Turbine inlet pipe

Turbine outlet pipe

Figure 16: Measurement setup for absolute comparison test.

5.2 Conclusions from environment qualification measurement

The A-weighted correction factor K4 is defined in equation 27. Refer section 6.4 to know
how the A-weighted sound power levels are calculated.

Kop = Ly, — Lwa (27)

where,
Ly, , = A-weighted environment uncorrected sound power level of the reference sound
source.

Lw 4 = A-weighted sound power level of the calibrated reference sound source.
K>4 = A-weighted environment correction factor.

Using equation 27 the K34 is calculated and the result corresponding to this is presented
in the Table 4.
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A-weighted sound power Value
Ly, 95.7 [dB(A)]
Lwa 91.8 [dB(A)]
K>a 39

Table 4: Calculated K,4 value from the A-weighted sound power levels.

The environment correction in each 1/3 octave band (K3) is given in Table 5.

1/3 freq (Hz) | K, [dB]
500 434
630 4.04
800 3.83
1000 3.77
1250 2.95
1600 3.36
2000 3.93
2500 4.49
3150 4.47
4000 4.66
5000 4.4
6300 454
8000 452

10000 436
12500 4.14
16000 32
20000 1.28

Table 5: Calculated correction factor (K>) from absolute comparison test.

5.3 Criteria for environment correction

The A-weighted single valued correction (K,4) factor obtained can be used to define the
ISO standard applicable for the test environment and further also providing the reference
to calculate the sound power level of the test specimen for that particular environment.
The criteria to be fulfilled is given below [13].

e if K4 < 4 dB, ISO 3744 is applicable with engineering grade accuracy i.e., the
environment is fulfilling the requirement for ""anechoic' according to that standard.

* if Kp4 > 4 dB, ISO 3743, ISO 3747 is applicable with engineering grade accuracy
or ISO 3746 can be used for survey grade accuracy.

Conclusion: The estimated environment correction values for each 1/3 octave band
are presented in Table 5. The values presented in Table 5 are influenced by the source
directivity as the calculated Ly, , is not compensated for the source directivity because the
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reference source used is not the actual source for the tests. The directivity of reference
sound source is unknown due to limited microphone arrangement around it. A large
number of microphones around the test specimen may help to capture the source directivity
and this may lead to either rise or fall in the K54 values presented in the Table 5.

In order to overcome the limitation of source directivity, a new experiment was designed
which excludes the source directivity factor and helps to have a better understanding of
the test environment behaviour. The experiment is done with the same reference sound
source used before. This experiment will also help to check that the microphones over the
measurement surface experience the direct field of the test source (see section 5.4.1 for
measurement procedure and results).

5.4 Applicability of Inverse square law

The difference in the sound pressure level (ALp) at two different location of microphone
from source is used to understand the sound field at the selected microphone locations.
This way of analyzing the sound field is defined by the Inverse square law (see section
2.3.1). The criteria specifies the condition that a sound field can be assumed to be direct
at the microphone location if and only if doubling the distance to the source results in a
reduction of the sound pressure level by 6 dB.

5.4.1 Measurement setup

The test specimen (turbocharger) is removed and a RSS is placed in place of the test
specimen location. Around the test specimen a total of four microphone locations were
chosen and at each location, 3 microphones are arranged behind one another. The distances
of first, second and third microphones from the reference sound source is 0.5 m, 1.0 m
and 1.5 m as shown in the Figure 17.

POSITION 3
POSITION 4 BURNER
\ o “smice
Micc \ : o
ik ;

Fan + Oii
conditioning

system

POSITION 1 POSITION 2

Figure 17: Top view showing the measurement setup for analyzing applicability of inverse
square law.

The difference in the sound pressure level (ALp) are calculated using the equation 12.
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Table 6 presents the calculated difference in sound pressure level at various distances from
source assuming free field condition.

Distance from sound source | AL, =Lp;-Lp+1) Comments
r1=0.5 m and r2=1.0 m 6 [dB] Doubling of distance effect
r2=1.0 m and r3=1.5 m 3.2 [dB] 50 % increase in distance

Table 6: Calculated difference in sound pressure level at various distances from source
assuming free field.

Key assumption:

* Asequation 12 is valid for a monopole source which has a directivity Q=1 showing
a spherical wave propagation. In our case these two conditions condition may not
be completely true but in order to understand the sound field these assumptions are
challenged by comparing the calculated and measured ALp.

5.4.2 Results for Inverse square law applicability at various positions

It can be seen from Figures 18-21 that in between frequency limit 2500 Hz to 12500 Hz
the condition of 6 dB difference in sound pressure levels for doubling of distance (Inverse
square law) is almost satisfied. The microphone at a distance of 1.0 m away from the source
is in direct field for the frequency limit 2500 Hz and 12500 Hz at all the positions. Since
our measurement distance from the test source is 0.7 m which means that our microphone
is more likely to experience the direct field of the test source.

At frequencies below 2500 Hz the reflections from grounds and standing wave formation
may influence the results as seen from the graphs. Above 12500 Hz frequencies the inverse
square law condition is not satisfied completely and this is due to the scattering caused
by various equipment in the room. The effect of scattering of waves is least at position 3
and this is because of fewer equipments and obstacles present in that particular location.
For example at positions other than position 3, a lot of small diameter wires and pressure
sensor tubes are present which obstruct the propagating wave from sound source towards
the microphone hence leads to scattering of high frequency waves. Figure 20 shows that
at position 3 the high frequency waves i.e, above 12500 Hz have minimum scattering of
high frequency waves.
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AL, =L, — L, [dB]

——r1=0.5m & r2=1.0 m (doubling of distance)[6 dB]
—-r2=1.0m & r3=1.5m (50% increase in distance)[3.52 dB]
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Figure 18: Applicability of inverse square law at position 1 (data in 1/3 octave band).
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Figure 19: Applicability of inverse square law at position 2 (data in 1/3 octave band).
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Figure 20: Applicability of inverse square law at position 3 (data in 1/3 octave band).

Lp; = Ly, [4B]
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Figure 21: Applicability of inverse square law at position 4 (data in 1/3 octave band).

5.5 General conclusions from test environment measurements

* The gas stand fulfil the criteria of K4 < 4dB according to ISO 3744. However K; 4
calculated is influenced by the source directivity which may influence the accuracy
of this assumption.

* Measurement using inverse square law partly explain the environment behaviour at
the different microphone positions which corresponds to partial free field condition.

* Measurement using inverse square law also gives an insight that; Microphones
present at a distance between 0.5m to 1.5m from sound source are more likely to
experience the direct field.
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6 Measurement setup

6.1 Method choice

Sound power can be determined either by using sound intensity or sound pressure mea-
surements. Sound intensity methods are beneficial since it can be performed in any type
of environment. There is however for this specific project two major drawbacks associated
with the intensity methods; intensity sweeps performed in the gas stand requires the pres-
ence of personal to carry out the measurements but during gas stand operations this is not
allowed. Secondly, the intensity method has an upper frequency limitation. The interested
frequency range for this project is 500 Hz - 20 kHz and intensity method doesn’t work
above approximately 10 kHz. This is due to the size of the microphone spacing relative
to the phase difference in the high frequency range. Sound pressure measurements do not
have the limitations mentioned for intensity methods but still the presence of microphones
may influence the measured high frequency sound pressure levels hence a more smaller
microphone can be used as an alternative. It is due to these issues it was decided to
perform acoustic measurements with pressure based methods.

6.2 Measurement positions

Sound power determined using pressure based method is done by measuring sound on a
hypothetical surfaces surrounding the source. To do so, international standards define a
reference box and a measurement box. The choice of the measurement and reference box
is described in the section 6.2.1.

6.2.1 Reference and measurement box

The reference box is a hypothetical surface which encloses the sound source of which the
sound power is to be determined. A reference box is usually a parallelepiped and selecting
a reference box is one of the crucial aspect of acoustic measurements because it will help
to decide on shape and dimensions of the measurement surface, as shown in Figure 22.
The reference box dimensions are decided with respect to the test source (Turbocharger)
dimensions. Table 7 gives the dimensions of the reference box used.

A parallelepiped measurement box was chosen over which the microphones are positioned
as shown in the Figure 22. The measurement surface has the same orientation as the ref-
erence box and is free of all obstructions or reflecting surfaces.The dimensions of the
measurement box are given in the Table 8.

The terminology used in the figures and tables are defined as:

h Height of microphones on measurement surface

L Length of measurement box

w Width of measurement box

H Height of measurement box

Mic Microphone

dn, Distance between the measurement surface and the reference box
I Length of reference box

I Width of reference box
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Figure 22: Schematic diagram showing the reference and measurement box as well as the
microphones positions.

Parameter | length (m)
I 0.45
1) 0.35
I 0.32

Table 7: Dimensions of the reference box.

Parameter Formula length (m)
L I +2d, 1.85
w b +2d,, 1.75
H Iy +dy + hy 2.0

Table 8: Dimensions of the measurement box.

A total of four microphone locations were chosen. A minimum of nine microphone
arrangement as shown in Figure 38 (see Appendix 12.1) is suggested as per the ISO 3744
standard. But due to the space constraint around the test specimen only four microphones
were used. The chosen microphone setup is shown in the Figure 22. These microphones
are oriented normal to the measurement surface at a height of 1.1 m from the ground.

6.2.2 Orientation of the reference and the measurement box

Sound radiation from connecting pipes could influence the measured sound pressure levels
of the test specimen. These connecting pipes also obstruct the placement of microphones
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over the measurement surface as they pass through the measurement surface, see Figure
23. The microphones over the measurement surface are positioned in such a way that the
radiation from pipes has least influence at the microphone location and they are at a safer
distance from these connecting pipes. To do so it was decided that rather than focusing on
the microphones positioning around the pipe it would be easier to modify the reference
and the measurement boxes. The modification in the reference and the measurement box
is made by orienting the reference and measurement box in such a way that the pipes
extending from the turbocharger passes through the corners of the measurement box as
shown in the Figure 24 and the microphones are at least 0.5 m away from these pipes.The
pipes passing through the corners of the measurement surface are also isolated by covering
them with the absorption materials.

BURNER

Exhaust gases

Exhaust gases 5
out in atmosphere
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; Exhaust gases g}
] from Burner ®
Turbocharger
= o Air In Airln
{ I —— C—
,,,,,, +_ ATMOSPHERE — ATMOSPHERE
1
a
Reference box P Microphone (4 piaces) P> Microphone (4 Places)
== Compressor inlet pipe Compressed === Compressor inlet pipe
C_ompressed —  Compressor outlet pipe air out f— Compr.essor outlet pipe
air out — Turbine intlet pipe = Turbine intlet pipe
Turbine outlet pipe Turbine outlet pipe

Figure 23: Non-rotated reference and mea-  Figure 24: Rotated reference and measure-
surement box. ment box.

6.3 Selection of ISO standard for sound power determination

The ISO standard suitable for carrying out the sound pressure measurements over the
chosen measurement surface in our test environment was selected based on two criteria:

¢ Measurement of environment influence
* Background noise levels

The results and conclusions based on studies of these two factors for the measurement
environment in this thesis are covered under the sections 5 and 7. There are three standards
depending on the test environment: ISO 3741, ISO 3743 for reverberant environment and
ISO 3744 [3] for anechoic. The room used in this thesis is characterized in section 5. ISO
3744 was chosen to carry out acoustic measurements and to determine the sound power
levels for the test source.
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6.4 Sound power determination according to ISO 3744

6.4.1 Calculation of mean time averaged sound pressure levels

The mean time averaged sound pressure level over the measurement surface for both the
background (B) and the test source (ST) is calculated using equation 28 [3].

Nym
_ 1 ,
L, = 10log [E PEE 100-‘Lm] [dB] (28)
i=1
where,
Ny
S = Z S; (29)
i=1

* Ny is the number of microphones over the measurement surface( four in our case).
* S represents the total measurement surface.
¢ Sy is the reference measurement surface.

. L;,,-(ST) is the frequency band measured sound pressure level at i’” microphone

position.

. L;l.(B) is the frequency band measured background noise sound pressure level at i'"
microphone position.

* Lj(st) is the mean time averaged sound pressure level in the frequency band over

the measurement surface with test source running.

* L,(p) is the mean time averaged sound pressure level of the background noise in the

frequency band over the measurement surface.
Key assumptions:

* The mean time averaged sound pressure levels are calculated from measurement in
one plane, and is assumed to be the same in all directions enclosing the test source.

* The limitation of this assumption is that if the radiation is huge in any of the direction
where microphones are not present then a deviation in the mean time averaged sound
pressure level can happen. This introduces error in the predicted sound power level.

* Due to the test environment condition and the space availability around the test
source, data from four microphones are used to calculate the mean time averaged
sound pressure level.

6.4.2 Condition for background noise correction

After calculating Lj,s) and Ljp), these are compared to check for the background noise
influence. The conditions for background correction is specified in table 9.

ALy = Lyst) = Lp(s) [dB] (30)

K = —101og(1 - 10—0-1ALP) [dB] 31)
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Condition Correction (K/)
AL, > 15 No correction needed
6 [dB] < AL, < 15[dB] | Correction according to equation 31
6 [dB] < AL, 1.3 [dB]

Table 9: Condition for background correction factor

6.4.3 Corrected surface time averaged sound pressure level

The corrected surface time averaged sound pressure level (L_p) in a frequency band,
corrected for the environment K5, and the background influence, K| is calculated as:

L,=L,st)— K1 —-K> [dB] (32)
where,
* K is the background noise correction factor

* K5 is the environment correction factor from equation 26, which is based on the
tests in this thesis and is tabulated in Table 5.
6.4.4 Sound power level

The sound power level (Ly ) for the test source can be calculated using equation 33.

Ly=L,+ 101og(S£O) [dB] (33)

6.4.5 Environmentally uncorrected sound power level (L;)

The Environmentally uncorrected sound power level (L) can be calculated by assuming
the K, value as "0" in the equation 32 and the new equation is given in equation 34 .

T S
LW = Lp(ST) — K1 + 1010g(S—0) [dB] (34)

6.4.6 A-weighted sound power level

The A-weighted sound power level (L 4) calculated using equation 35 [3].

kmax
Lwa = 10log Z 1001w +Ci) [dB(A)] (35)

kmin

where,

Cy is A-weighting for one third-octave band.

Ly is the sound power level in the kth one-third octave band, in decibels.

kmin & knax are the values of k corresponding, respectively, to the lowest and highest
frequency bands of measurement.
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7 Background noise at microphone locations

7.1 Purpose of background noise estimation

Itis important to understand the influence of the background noise levels at the microphone
positions from various noise sources which are not part of the test specimen. The sound
pressure levels at the microphone positions generated from auxiliary noise sources are
independent of the test specimen sound pressure levels and the sounds from the auxiliary
equipments could be as high as the turbocharger sound pressure levels which may lead to
influence of background noise on the measured sound pressure levels for the test specimen.
Hence one has to investigate how noise from auxiliary equipments will influence.

There are mainly two auxiliary sound sources in the room; fan-oil conditioning system
and burner. The influence by these auxiliary sound sources at the microphone locations
has to be studied and if needed a background correction factor has to be computed to
overcome the background influence. A back ground correction factor is computed as per
the ISO standard specifications to exclude the influence of background noises over the
measurement surface.

7.2 Sound from burner

The burner is one of the major sound contributor at the microphone locations. It supplies
highly pressurized hot gases to the turbine stage of the turbocharger leading to supply of
power to the compressor stage. In order to understand the sound radiation and frequency
content of the burner alone at the microphone locations, one has to define a setup which
would mainly measure the burner frequency contents by excluding the sound radiated from
the test specimen (turbocharger) itself. To make this possible firstly the turbocharger has
to be removed and then the burner alone need to be operated leading to mainly measure
the sound radiated by the burner. But if one removes the turbocharger from the test test
rig then one can not operate the burner as the circuit is broken (circuit broken; means
that the hot gases from burner outlet is directly fed into the room and there is no way for
these gases to escape from room to the atmosphere since there is no connection between
the burner outlet and the connecting pipe which transfers these gases into the atmosphere,
which is a dangerous scenario). To avoid this problem a measurement idea was proposed
and is stated below.

Proposed idea: Install a 90 degree connecting pipe bend in place of the test specimen as
shown in the Figure 25 . It will act as a connecting member between the burner outlet and
the connecting pipe which transfers hot gases from burner into the atmosphere.

Figure 25: 90 degree pipe bend installed in place of Turbocharger.
The feasibility of the idea mentioned above was studied. A proper care has been taken
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7. BACKGROUND NOISE AT MICROPHONE LOCATIONS

to understand the influence of the pipe bend itself. To avoid the problems arising due to
this kind of arrangement for example the flow induced noise from the pipe bend is also
studied and discussed in the section 7.2.1.

7.2.1 Measurement of sounds from burner

The measurement of sound pressure levels from the burner alone is carried out by in-
stalling a 90 degree pipe bend in place of turbocharger. Figure 26 and 27 shows the
schematic picture of the gas stand and the pipe bend installed onto the test rig. A set of
four microphones were placed around the pipe bend whose position and orientation are
specified under the section 6 of this report.

The burner is operated at various flow rates and the sound pressure levels are measured at
the microphone positions. A major issue with this particular setup is that the 90 degree
pipe bend itself will induce noise and since it is really close to the microphones the levels
might be of the same magnitude or higher than the levels from the burner itself. In this case
it becomes really hard to find the frequency content of other noise generating sources. To
avoid this issue, measurements were performed with two conditions which are mentioned
below and are illustrated in Figure 26 & 27 so that the noise from the pipe bend is less
dominant at the microphone locations.

¢ Condition 1: Acoustic measurements over the measurement surfaces with an un-
covered pipe bend.

¢ Condition 2: Acoustic measurements over the measurement surfaces with a covered
pipe bend using mineral wool wrapped between Aluminium sheets.

* A comparison of condition 1 and 2 indicates the sound measured in the microphone
positions that is radiated from the pipe bend itself.
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Figure 26: Uncovered pipe bend. Figure 27: Covered pipe bend.

7.3 Observations from background noise analysis

The graphs 28 & 29 shows the frequency content at one of the microphone locations in
narrow and 1/3 octave band for both the conditions mentioned in section 7.2.1. Some
observations that can be made from the graphs are stated below:
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7. BACKGROUND NOISE AT MICROPHONE LOCATIONS

* Sound pressure levels are high for uncovered pipe bend case in comparison with the
covered pipe bend case.

* For the covered pipe bend case, the drop in the sound pressure levels is because of
the sound absorbing material used to cover it. This implies that the flow induced
noises from the pipe bend are damped (see Figure 28 & 29).

* For covered pipe bend case, close to 4000 Hz and 8000 Hz there are two distinct
peaks with an amplitude of 62 dB and 65 dB in narrow band.

» The peaks observed for the covered pipe bend case may corresponds to an undamped
system radiating sounds close to 4000 Hz and 8000 Hz (in narrow band).

The frequency content at one of the microphone location when only burner as a sound
source is being operated in the test room is given in Figure 28 & 29. It can be seen from
the figures that the most troublesome frequency limit is 7080-8910 Hz which corresponds
to 8000 Hz 1/3 octave band center frequency. In this frequency range, a sound source is
present in the test room whose sound pressure levels are high and the levels are independent
of the pipe bend noises because the sound energy in this particular frequency content is
not reduced even by covering the pipe bend. The possible noise source in this frequency
limit could be from the burner or maybe from uncovered connecting pipes in the room
which goes into resonance, a further investigation is needed to identify the actual source
of this particular frequency. Background noises in this particular frequency limit could
influence the test specimen’s sound pressure levels and this can be seen from the Figure
32.

Troublesome frequency limit 7080-8910 Hz
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Figure 28: Sound pressure levels at microphone A location with covered and uncovered
pipe bend and burner flow rate of 0.42 kg/s in narrow band.
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Figure 29: Sound pressure levels at microphone A location with covered and uncovered
pipe bend and burner flow rate of 0.46 kg/s in 1/3 octave band.

The interesting frequency limit for background noise analysis is between 7-10 kHz
and the reason behind this is due to high sound pressure levels observed in this particular
frequency range. It is also interesting to see how change in burner flow rate may influence
the sound pressure levels measured at the microphone locations. A comparison of sound
pressure levels produced at various burner flow rates is made as shown in Figure 30.
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Figure 30: Sound pressure levels for various burner flow rates.
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The observations form Figure 30 are pointed out below.

* With change in the burner flow rate there is a gradual shift in the frequency.

* The shift in the frequency correspond to strouhal frequency.

* Close to 8300 Hz there is no shift in the frequencies with change in the flow rate.

e This could mean that some system in the room is going into resonance and is
independent of the flow rate change.

From Figure 31 it can be seen that the sound pressure levels are very low (represented
by solid lines) in the test room at the microphone locations when no auxiliary equipments
are running. The dotted lines refers to sound pressure levels at the microphone locations
when only the fan and oil conditioning system is running in the quite room.

The Figure 32 gives an overall picture on how the background noise levels from the fan-oil
conditioning system and burner could influence the measured sound pressure levels used
to determine the sound power level of the turbocharger.
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Figure 31: Background noise levels at the microphone locations when fan and oil condi-
tioning system is running.

The general requirement for background noise levels is that the background sound
levels to be low enough and does not impact the total levels: In order to make sure that the
background levels does not influence the measured levels, the background levels need to
be 15 dB below the levels to be measured for the test specimen. The red color box in Figure
32 point out the 8000 Hz 1/3 octave band where the background noise could influence the
measured sound pressure levels. Apart from the 8000 Hz 1/3 octave band the auxiliary
equipments does not seem to have an influence on the sound pressure levels measured
for the turbocharger at Mic A position. A similar trend is also observed at the other
microphone locations. The figures and comments corresponding to those microphone
locations are presented in Appendix 12.3.
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Figure 32: Comparison between sound pressure levels measured at Mic A location for
auxiliary systems and for the turbocharger operating at a particular load condition (Op-
erating condition: 95000 RPM and close to surge condition on compressor map). Other
operating points results are discussed in the next section.

7.4 Background noise criteria for calculating sound power level ac-
cording to ISO 3744

The background noise has to meet the criterion specified in the ISO 3744 standard in
order to calculate the A-weighted sound power levels. This criterion helps to decide the
applicability of the standard.

If the calculated A-weighted sound power level is reduced less than 0.5 dB when the 1/3
octave bands with high background noise are excluded, the background criterion is met.
Le.,if Lwa - Lwax) < 0.5 dB then the A-weighted sound power levels determined from
the data for all frequency band levels comply with the background noise criteria of the
international standard ISO 3744 [14].

where,

Lwa = A-weighted sound power level computed using data from all frequency bands
within frequency range of interest for the turbocharger.

Lwaex) = A-weighted sound power level computed for the turbocharger by excluding
those frequency bands for which AL, < 6dB.
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7. BACKGROUND NOISE AT MICROPHONE LOCATIONS

N= 98500 RPM
Condition on compressor map Notation Value dB(A)
Lwa 104.4
Surge condition Lwaex 104.3
Lwa-Lwaex <0.1
Lwa 103.32
Peak efficiency Lwaex 103.22
Lwa-Lwagx <0.1
Lwa 102.60
Choke condition LwaEex 102.47
Lwa-Lwagx ~ 0.1

Table 10: Calculated sound power levels from three different load points on the compressor
map at 98500 rpm for the turbocharger.

Values in Table 10 are calculated sound power levels from three different load points
on the compressor map at 98500 rpm for the turbocharger. It can be seen that the criterion
in the ISO 3744 is fulfilled for all three driving conditions. This implies that the calculated
A-weighted sound power levels for the turbocharger are in conformity with the ISO
3744 standard and the background noise levels are well within the specified international
standard. Similar analysis has been done for other load points at various compressor
speeds and the result were similar to what is presented in Table 10. The results similar to
that presented in Table 10 for other compressor speeds are presented in Appendix 12.5.

7.5 General conclusions from background noise analysis

e Fulfills the criterion Lwa - Lwaex) < 0.5 dB for applicability of international
standard ISO 3744 to calculate the A-weighted sound power levels.

* In between 7 - 10 kHz frequency, the sound pressure levels of the turbocharger may
be influenced by the background noises from auxiliary system.

* Sound from the fan and oil conditioning does not influence the measured sound
pressure levels at any of the at microphone positions.
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8 Test specimen and results

The turbocharger used in the measurement for this thesis work is a prototype and because
of this the data and images corresponding to the turbocharger are not published. Basic
information that is allowed to publish is presented below.

TURBOCHARGER PARAMETERS
Compressor wheel

* Main blades= 7
* Splitter blades =7
Turbine wheel
* Number of blades= 11

Figure 33: shows the measured sound pressure level in narrow band for two different
compressor flow rate and speeds listed in Table 11 at microphone position A.

Note: The corrected compressor mass flow rate values given in Table 11 and 12 are
normalized with the highest value in there respective tables.

S1no | Speed (N) in RPM Corrected compressor press'ure comments
mass flow rate ratio
1 98500 0.72 340 | closetosurgeon
compressor map
2 105200 1.0 300 | closetopeak
efficiency line

Table 11: Load points on compressor map for data in Figure 33.

It can be seen that with the change in the RPM, the compressor and turbine blade pass
frequency shifts as shown in the Figure 33. The first compressor blade pass frequency
for both the RPM is not the dominant tone. The most dominant tone in the sound
pressure spectrum appears close to 1800 Hz for both the RPM followed by its harmonics.
These frequencies correspond to the primary order of the rpm, i.e., if the rotor speed is
supersonic, RPM harmonics can be expected and a so called buzz-saw noise is radiated.
This is basically a pattern of rotating aerodynamic shocks or a combination of shaft/rotor
imbalance and buzz-saw noise. The sound generating phenomenon of interest for the
thesis is the compressor blade pass frequency so the shaft imbalance and other effects are
not investigated further in this thesis. Based on the expert feedback it was also realized that
the compressor blade pass frequency is the dominant frequency in the driver compartment.
The results from the measurements are used to evaluate the measurement method and to
observe tendencies on sound generation at the blade pass frequency.
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Figure 33: Sound pressure levels for two different compressor RPM at microphone position
A. The origin of some tonal components in the measured spectrum are marked in the graph.

8.1 Load points to determine sound power levels at the blade pass

frequency

Figure 34 shows the load points or operating points for the compressor stage. The compres-
sor load points are represented by the term "OP" on the compressor map. The turbocharger
is run at four different speeds and each speed line on the compressor map constitutes three
loading points (Surge, peak efficiency and choke conditions). The sound power levels for
the compressor blade pass frequency are calculated in 1/3 octave and 1/6 octave bands for
the load points presented in Table 12.

S0 Speed (N) or%ﬁ?ng?;ztssor Corrected compressor | pressure comments

' in RPM mass flow rate ratio
map
OP1 0.56 3.3 close to surge

1 91400 OP5 0.71 2.7 peak efficiency
OP9 0.89 2.2 choke condition
OoP2 0.66 3.40 surge

2 98500 OP6 0.80 3.10 peak efficiency
OP10 0.89 2.80 choke
OP3 0.75 3.70 surge

3 105200 OP7 0.89 3.20 peak efficiency
OP11 0.96 2.70 choke
OP4 0.87 3.90 surge

4 111400 OP8 0.94 3.30 peak efficiency
OP12 1.0 3.00 choke

Table 12: Load points on compressor map to quantify the sound power levels at the
compressor blade pass frequency.
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Figure 34: Load points on the compressor map to quantify the sound power levels at the
blade pass frequency.

8.2 Compressor blade pass frequency sound power levels

In Figure 35 and 36 it is seen that the compressor blade pass frequency has highest sound
power levels close to surge loading condition for all compressor speeds followed by the
peak efficiency condition and the choke condition.

In Figure 35 and 36 it can be observed that with the increase in the speed of the compressor
the sound power levels increases. The reason why the sound power levels increases with the
increase in compressor speed is that all aero-acoustic sources are strongly speed dependent.
For turbo-machines one can expect so called dipoles to dominate, which implies a speed
dependence of RPM*(x = 4 - 6).

NOTE: In Figure 35 and 36 it can be seen that at operating condition OP2(surge) the sound
power level calculated at compressor speed 98500 RPM is lower than the one calculated
at the compressor speed 91400 RPM. The main reason behind this is that we now look
only at a single band and the uncertainty in the sound power level estimate can be quite
large. This further stress the point that much more microphones setup need especially if
not just dB(A) values are wanted but also BPF values needed from a band.

The highest sound power levels observed is 99.4 dB (in 1/3 octave band) and 97.4 dB (in
1/6 octave band) corresponding to loading point OP4, (surge condition on compressor map
at 111400 RPM). The lowest sound power levels observed is 90.8 dB (in 1/3 octave band)
and 88.2 dB (in 1/6 octave band) corresponding to loading point OP9 (choke condition on
compressor map at 91400 RPM).
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Figure 35: Sound power level for compressor BPF in 1/3 Octave band.
- Close to Surge - Close to peak efficiency Close to Choke
98 97,46
91400 RPM 0 96,19 )
95,71 . . 96,75
96 98500 RPM :
— ‘ 96,38
o 93,67
2 g 7 94,95 111400 RPM
> 92,62 105200 RPM
= - . 91,86
(]
0 e
o
= 89,51
c 90
3 88,18
w
o
a| 88
86
90000 94000 98000 102000 106000 110000 114000

Compressor speed (RPM)

Figure 36: Sound power level for compressor BPF in 1/6 Octave band.

8.3 A-weighted sound power level of turbocharger at various operat-
ing conditions
A-weighted sound power level of the turbocharger is calculated for the operating points

on the compressor map in Table 12, although only top three compressor speeds are con-
sidered i.e, 98500,105200 & 111400 RPM.The sound power levels are shown in Figure 37.

* Itis seen in Figure 37 that the surge condition shows the highest sound power levels
followed by peak efficiency and choke except above 111000 rpm.

* At 111400 RPM it is seen that the choke condition have higher A-weighted sound
power level than the peak efficiency condition. But since the difference in levels is
so small that it is really hard to draw a conclusion based on this.
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* The highest overall A-weighted sound power level observed is 104.6 dB(A) cor-
responding to loading point OP3 at 105200 RPM (surge).The lowest sound power
level observed is 102.4 dB(A) corresponding to loading point OP11 at 91400 RPM
(choke).

* There is no large variation in the A-weighted sound power levels for choke condition
and is independent of compressor speed. All three choke points show A-weighted
sound power level close to 102.5 dB(A).
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Figure 37: A-weighted sound power level for turbocharger in 1/3 octave band.

Additional comments:

The results in the Figure 37 is bit surprising because normally it is claimed that for a
given RPM the lowest noise is radiated at Max efficiency whereas in our study it was
observed that the lowest sound power levels is at the choke. Maybe the claim is based on
non-weighted sound power level and not the A-weighted values. This was cross checked
but in the chosen frequency limit of 500 Hz-20 kHz the claim doesn’t seem to be valid.
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9 Conclusions

* The test environment shows the characteristics of a partially free field condition (See
Figures 18, 19, 20 & 21).

* Reflections from the ground doesn’t influence the calculated sound power levels in
the selected frequency range (500 Hz to 20 kHz).

* Background noise is well within the limit except for the 8000 Hz 1/3 octave band
(See Figures 31, 32, 43, 44 & 45).

* Connecting pipes may radiate sound hence shielding is recommended (if possible
double layer shielding over the pipes).

* Directivity of the source unknown. A setup with a larger number of microphones
around the test specimen is recommended. A setup of four microphones is used
in the current project. The reason to have only four microphone is due to the
space availability in the test room.A minimum of nine microphone setup around
the turbocharger is suggested by the standard ISO 3744, however one can not
be sure that this arrangement would help to capture the source directivity as the
high frequency waves have shorter wave lengths hence even a larger number of
microphones than 9 may be needed. A further investigation is needed to decide
on how many microphones needed to capture the source directivity than other load
conditions such as choke and peak efficiency.

» Compressor surge shows higher sound power levels. Sound power levels may vary
based on the mounting conditions of the turbocharger on to the test rig (See Figure
37).

* The calculated sound power level comply with the ISO 3744 with engineering grade
or survey grade accuracy.

* The accuracy of the measurement can be improved by placing a larger number of
microphones around the test specimen, shield the connecting pipes and auxiliary
equipment to reduce scattering.

* The current method is good enough to make relative comparisons of turbochargers
whose directivity are similar.
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10 Limitations

There are few limitations in the current thesis work and are mentioned below along with
recommendations.

* The test room acoustic properties may vary due to change in the position of the
auxiliary equipments as well as due to adding and removing objects in the room.
Hence every time when an acoustic measurement is desired it is recommended to
perform a room acoustic test and validate that the measurement surface (over which
the microphones are placed) are satisfying free field conditions over a reflecting
floor.

* Instead of the reference sound source used in this work it is recommended to use a
monopole loudspeaker source. Using this at the position of the Turbocharger unit
one can measure the deviation from free field conditions at the microphones to find
the calibration factor K,, see Equation 26.

* The space availability is limited around the mounted turbocharger on to the test rig.
This limits the possible positions for the microphones.

» Cables and tubes for sensors causes scattering of high frequency sound waves.
These obstructing wires should if possible be removed to reduce their influence of
the sound field. Alternatively they should be wrapped in a soft sound absorbing
material.

* The sound radiation in upwards and downwards direction from the turbocharger is
not taken into account in the sound power determination. To improve accuracy in
particular to determine sound power at the BPF more microphones are required.
Probably at least 10 microphones uniformly distributed around the test object.
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11 Discussion and future work

In this thesis work four microphones were used to determine the sound power level of the
turbocharger, both the total level and the level at the blade pass frequency. For future work
it is recommended to use a larger number of microphones surrounding the test source.
The importance of increase in microphone positions is to overcome the problem of source
directivity with increase in the accuracy grade for the calculated sound power level. In
particular this will be important for accurate measurements of the sound power level at
the BPF.

The characterization of the room is an important aspect of the acoustic measurements
as the test environment have an influence on the measured sound pressure level. In this
thesis the characterization of the acoustic environment is done by using a reference sound
source type 4204. The limitation of using this reference sound source is its lack of omni-
directional properties. Type 4292-L or type 4295 omni directional reference sound source
can be an alternative to type 4204 source if the operating frequency range is between 80
Hz to 6300 Hz. Since the desired upper frequency limit for our measurements is is above
6300 Hz, i.e. only fulfilled by type 4204 and hence is a viable option.

In the future it is decided to replace the current fan and oil conditioning system with an
alternative new system which may have lower noise levels than the current system. This
would lead to further reduction in the background noise levels. A further investigation in
the background sound pressure levels should be done when these changes in the gas stand
in performed.

Sound radiation from pipes may add up to the background noise levels. In order to avoid
the sound radiation from pipes it is recommended to do a complete and proper shielding
of the connecting pipes in the test rig. All pipes must be covered with a sound absorbing
material. The temperature of these pipes could be as high as 400 °C, hence the sound
absorbing material should have the property of heat resistance. For the thesis work already
available sound absorbing material (mineral wool) placed between two thin aluminium
sheet was used as a heat resistant sound absorbing material. If possible it is recommended
to use an alternative to the current setup which is light weight and easy to install.

In this project while doing the background noise measurements with a 90 degree pipe
bend in place of the turbocharger, the air-flow temperature was reduced to around 250
°C whereas the temperature of the air flow during the operations with the turbocharger is
around 600 °C. When the temperature of the air flow was higher the 90 degree pipe bend
installed was getting heated up and the sound absorbing material wrapped around the pipe
became hot due to the heat transfer to the pipe walls from hot air flow inside the pipe.
Hence it would be interesting to investigate on how the change in temperature of the air
flow inside the pipes (caused by the burner) influences the background noise level because
the sound propagation changes with change in temperature.
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12 Appendix

12.1 Suggested microphone arrangement setup for future work
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12.2 Results showing influence of source height on calculated sound
power levels in two different acoustic environments
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Figure 39: Measured sound pressure level for reference sound source(RSS) at height
1.08m and at ground position in Scania, KTH reverberation environment.
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Figure 40: Environment correction factor for KTH and Scania reverberation room
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Figure 41: Calculated sound power levels for reference sound source(RSS) at height 1.08m
in Scania, KTH reverberation environment plotted along with the actual sound power levels
taken from product catalogue RSS type 4204 Briiel Kj@r(calibrated at ground position)

55



12. APPENDIX

1.5 -\

- Rsshei_qht (dB)

ground
=
&)
T

1

RSS
i

RSS at SCANIA
R3S at KTH

Figure 42: Difference in sound power level for reference sound source(RSS) calculated for
height 1.08 m and compared with the actual sound power levels of the sound source taken
from product catalogue of type 4204 Briiel Kjer., measurements performed at Scania and

KTH reverberation rooms.
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Figure 43: Comparison between sound pressure levels measured at Mic B location for aux-
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Figure 44: Comparison between sound pressure levels measured at Mic C location for aux-
iliary systems and for the turbocharger operating at a particular load condition (Operating
condition: 95000 RPM and close to surge condition on compressor map).
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Figure 45: Comparison between sound pressure levels measured at Mic D location for aux-
iliary systems and for the turbocharger operating at a particular load condition (Operating
condition: 95000 RPM and close to surge condition on compressor map).
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12.4 Background noise at microphone locations
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Figure 46: Sound pressure levels at all four microphone locations with covered and
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Figure 47: Sound pressure levels in 1/3 Octave band at all four microphone locations with
covered and uncovered pipe bend and burner flow rate of 0.42 kg/s in narrow band.
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12.5 Fulfillment of background noise criterion for calculation of A-
weighted sound power level as per ISO 3744 [14]

N= 105200 RPM

Condition on compressor map Notation Value dB(A)
Lwa 104.6
Surge condition Lwaex 104.5
Lwa-Lwagx ~ 0.1
Lwa 102.7
Peak efficiency LwaEex 102.5
Lwa-LwAEx ~ 0.2
Lwa 102.3
Choke condition Lwagex 102.2
Lwa-Lwagx ~ 0.1

Table 13: Calculated sound power levels from three different load points on the compressor
map at 105200 rpm for the turbocharger.

N= 111400 RPM
Condition on compressor map Notation Value dB(A)
Lwa 103.1
Surge condition LwaEex 102.7
Lw a-LwAEx ~ 0.4
Lwa 102.2
Peak efficiency Lwaex 101.7
Lwa-Lwagx ~ 0.4
Lwa 102.6
Choke condition LwaEex 102.1
Lwa-Lwagx 0.5

Table 14: Calculated sound power levels from three different load points on the compressor
map at 111400 rpm for the turbocharger.
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12.5.1 Shift in peaks of flow noise due to change in burner flow rate

Sound pressure levels measured at all the four microphones due to change in burner flow
rates.
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Figure 48: Comparison of sound pressure level at two different burner flow rate at all four
microphone locations in narrow band.
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Figure 49: Comparison of sound pressure level at two different burner flow rate at all four
microphone locations in 1/3 Octave band.
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12.6 Comparison of sound pressure levels measured for turbocharger
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Figure 50: Comparison of measured sound pressure levels for turbocharger at all 4
microphone locations when operated at conditions OP2 & OP10 on the compressor map
(in narrow band).
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Figure 51: Comparison of measured sound pressure levels for turbocharger at all 4
microphone locations when operated at conditions OP2 & OP10 on the compressor map
(in 1/3 octave band).
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(in narrow band).
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Figure 53: Comparison of measured sound pressure levels for turbocharger at all 4
microphone locations when operated at conditions OP2 & OP3 on the compressor map
(in 1/3 octave band).
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Figure 54: Comparison of measured sound pressure levels for turbocharger at all 4
microphone locations when operated at conditions OP2 & OP6 on the compressor map
(in narrow band).
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Figure 55: Comparison of measured sound pressure levels for turbocharger at all 4
microphone locations when operated at conditions OP2 & OP6 on the compressor map
(in 1/3 octave band).
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Figure 56: Comparison of measured sound pressure levels for turbocharger at all 4
microphone locations when operated at conditions OP2 & OP7 on the compressor map
(in narrow band).
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Figure 57: Comparison of measured sound pressure levels for turbocharger at all 4
microphone locations when operated at conditions OP2 & OP7 on the compressor map
(in 1/3 octave band).
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