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Knowledge of the acoustic source characteristics of imlezombustion engines (IC-engines)
is of great importance when designing the exhaust duct syatel its components to with-

stand the resulting dynamic loads and to reduce the exhaisgt @mission. Number of studies
has been published earlier on the low frequency in-duct&sthaoise of high speed engines.
The goal of the present study is to investigate the mediuredsjp@-engine acoustic source
characteristics numerically and experimentally not omiythie low frequency - plane wave

range but also in the high frequency range. The low frequawoystic source characteristics
were predicted by simulating the acoustic multi-load measents using a one-dimensional
process simulation code. The engine model used in the anerdiional process simulations
was validated with measurements. In this study, it is shdvat the low frequency in-duct

exhaust noise of a medium speed IC-engine can be predicitedageurately by using a one-

dimensional process simulation code. The high frequenayceadata is estimated by averag-
ing the measured acoustic pressures with different methamtording to this study, using the

simple cross spectra averaging method instead of two mhomg method to estimate the in-
duct downstream acoustic power of medium speed IC-enginaust noise seems promising.
The simulation of the high frequency exhaust noise is beybisdstudy.

1. Introduction

Noise legislations and the shorter product developmenésyacrease the need for more accu-
rate predictions of the noise generation of machines inahnky design phase i.e. before prototyping.
To reduce the need for trial and error iterations in the pcodi@velopment process, the measuring
methods must be as simple and robust as possible.

Medium speed IC-engines are used in large electrical gemsrahip propulsion systems and
mechanical drive applications such as large compressdrpamps. The rotation speed of a medium
speed IC-engine is typically from 300 to 1000 rpm whereaksigeed IC-engines used to power e.g.
trucks, buses and cars usually run at 1000 rpm or more.

1.1 Frequency and time-domain analysis

For acoustic analysis of intake and exhaust systems oftearlimodels are preferred compared
to non-linear ones because of computational efficiency andracy of acoustic loss models. Using
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linear models frequency-domain analysis is a conveniegttav@esign exhaust system and its com-
ponents, e.g. mufflers and silencers. The acoustic loagberadent source data of an IC-engine is
needed as an input in the frequency-domain simulations.

The gas dynamics of an IC-engine can essentially be dedchipa set of coupled nonlinear
equations for conservation of mass, momentum and energy.nmidst widely used method to solve
these nonlinear equations in time-domain is to use a finikemwe or finite difference method. The
methods and examples concerning IC-engines are explairéelith e.g. in the book by Munjal [1]
and in the books by Winterbone and Pearson [2, 3]. The gawgrmquations are often simplified
by treating the variables such as pressure, density, ¥¢laod temperature as constant over the
duct cross-section. One-dimensional commercial processlation software such as AVL-Boost,
Ricardo-Wave and GT-Power are the most widely used witheratitomotive industry. These codes
are mainly used to predict IC-engine performance quastgiech as volumetric efficiency, torque
and power. In addition, the codes provide the pressure andvidtocities at the intake and exhaust
system.

There are also so called hybrid modelling approaches whergme-domain and the frequency-
domain methods are combined. Several hybrid approachdseessreviewed in the state of the art
review of the acoustic source characterization of an 1Grengy Munjal [4] and in the paper by
Albertson et al. [5]. The hybrid methods studied in theseepapvere found to be computationally
expensive and rather complex.

In this study the medium speed IC-engine exhaust duct acsuststudied by using linear
frequency-domain methods.

2. Methods

The low frequency - plane wave range acoustic source clearstots of a medium speed IC-
engine were obtained by simulating the acoustic multi-loethod measurements. A commercial
one-dimensional process simulation software GT-Powen# used to solve the nonlinear set of
partial differential equations describing the gas dynanaitthe 1C-engine. The simulation model
of the IC-engine was validated with engine performance aidder pressure measurements. The
measured acoustic pressyveanid acoustic load impedancg of the exhaust piping was used to
estimate the accuracy of the simulated low frequency - pleaee range source data, i.e. source
pressurgps and source impedandg.

The high frequency range was included in the acoustic pogtenation using spatial averaging
methods. The source data was estimated by averaging theuredamuto- and cross-spectra and
assuming negligible reflections and a semi-diffuse fieldthinhigh frequency range measurements,
the acoustic pressures were measured from several poitiie isame measurement section of the
exhaust duct. The sound powers achieved with different oustivere compared.

2.1 Determining the source characteristics

A review on the experimental methods for determining there®ulata of fluid machines is
presented in the paper by Bodén alklobm [7]. The methods can be divided into direct and indirect
methods.

The source impedance of the IC-engine can be measuredlylibgaising an external source
that would produce a stronger sound field than the noise pemtiby the engine. As stated in the
papers by Gupta and Munjal [8] and Munjal [4], acousticatlpsg enough sources are practically
impossible to construct in order to study sound from an |1Ghaa

The source characteristics of the IC-engine can be measud@dctly via a multi-load pro-
cedure i.e. by applyingn known acoustic load impedancégy, to the system and measuring the
corresponding acoustic pressumgmy,. That kind of indirect method does not need any secondary
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acoustic source. Since there are only two unknowns, two uneasents should be sufficient, i.e.
m=1...2. This leads to the two-load method.

In order to reduce the influence of the measurement errorslevidtion from linearity more
than two loads can be used. This procedure leads to an oterrdeed problem. The source charac-
terization with different multi-load methods is describedietail in the paper by Bodén [9].

To get reliable results with the multi-load method measweis several different duct con-
structions are needed. Because of the size of the mediund $feengine and its exhaust system,
measuring the source characteristics with the multi-loathiod is too time consuming and practi-
cally impossible.

2.1.1 Multi-load method simulations

The source characteristics of an IC-engine can be obtainethulation using the multi-load
method. That kind of approach has been used earlier to stighyspeed engines. The acoustic source
data of a six cylinder turbo-charged truck diesel engineaashsystem has been determined in the
papers by Bodén et al. [10] and Fairbrother et al. [11]. Towee data of a four-cylinder passenger
car petrol engine exhaust system and six cylinder trucletlietake system were studied in the paper
by Bodén [12]. The acoustic source data of a six cylindes@ager car petrol engine intake system
was studied in the paper and thesis by Knutsson [13, 14].

The obvious difference in this study compared to the eaolns is the size of the structure in
focus; e.g. the typical diameter of the automotive exhaips [ approximately 50 mm whereas the
diameter of the medium speed IC-engine exhaust piping &jlgicaries between 0.4 and 1.4 m. The
diameter of the exhaust duct is inversely proportional ®dht-on frequency of the first non-plane
wave mode, e.g. in temperature of 5@ the cut-on frequency in typical automotive exhaust pipe of
#=50 mm is 5860 Hz, whereas in the medium speed IC-engine skdaat of=500 mm the cut-on
frequency is 586 Hz.

Also the operating conditions of a medium speed IC-engia@rare constant than in passenger
cars or trucks.

2.2 Acoustic power estimation using wave decompaosition

According to Neise et al. [15] the time averaged downstreanustic power can be estimated
by summing over the cut-on modes as

_ 1N
W :—Es , 1
+ ZOn: npn+ ()

whereZy = pc/A is the characteristic impedance for a propagating planeewa® duct with
cross sectional area filled with gas of densityp, c is the speed of sound in the gas mixtusgjs
a weighting factor for each modgy, is the root mean square of the acoustic pressuigthe mode
number and+ denotes propagation to downstream direction.

To obtain downstream acoustic power in the plane wave rahge the so called wave decom-
position was done by using the two microphone method predeny. by Chung and Blaser [16]. The
acoustical load impedandg of the exhaust piping was derived according to the wave dposition
formulation presented by Bodén aAiom [17]. A

If we use simulated acoustic source presspy@nd simulated acoustic source impedagge
together with the measured load impedaficave get the acoustic "simulated” pressure as

=50k @
s+ L

Using this we get the "simulated” downstream acoustic pawéne plane wave rangFE,Jr.
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2.3 Acoustic power estimation using spatial averaging

Assuming the reflection coefficients to be negligible, thensaf downstream modal acoustic
pressures in Eg. (1) can be estimated as

N

Z)Enlﬁﬁ+ =n(p%), ()

Nn=

wheren is the frequency range weighting factor affif) is the spatial average of the squared rms-
pressures. If we assume a semi-diffuse field, the frequemmerweighting facton = 1 for the plane
wave range ang = 1/2 after the first cut-on frequency as stated in the paper plost al. [18].

Finally using Eq. (1), the downstream acoustic power canstienated with spatial averaging
of the acoustic pressures as

x2
Ws, = 15, @

where subscrip® denotes for spatial averaging method.

2.4 Acoustic power comparisons

Comparing the sound poweVé , andWé  We can study the accuracy of the simulated source
characteristics in the low frequency, plane wave range.

Comparing the sound powers achieved with auto and crossrafés,, andWsc, with sound
power achieved with two microphone method measuren&fgts we can estimate the accuracy of
the averaging methods in the low frequency, plane wave range

Finally, by comparing the sound powers achieved with autbanss spectié/s,. andWsg,,
the significance of the low and high frequency range can beatad.

3. The studied IC-engine

The test engine studied is a Wartsila Vasa 4R32. The imtinecylinder engine operates with
constant speed of 750 rpm, producing 1640 kW power. Theasgtibore is 320 mm and stroke 350
mm. The engine weights 20.3 tons (with liquids, but withoyivtheel). The test engine presented in
Fig. 1 is located in the VTT engine laboratory in Otaniemip&s Finland.

4. Measurements

To derive the downstream acoustic powers in the plane-vangsiVo, andW,, ., the acoustic

load impedance of the exhaust pipiﬁgas well as the downstream acoustic pressures in the exhaust
pipe po+ were measured using two-microphone method.

The pressure was measured using six measurement points exlttaust pipe after the tur-
bocharger. Four pressure transducers were used in the éiesiurement section. In this measurement
section, the four pressure transducers were mounted egeniyd the pipe (measurement points 1
to 4 in Fig. 2). In the other sections, sections 2 and 3, onky/essure transducer was used at each
section (measurement points 5 and 6 in Fig. 2). The measuatgroets and measurement sections
are presented in Fig. 2.

4.1 Downstream acoustic power estimations

The downstream acoustic power in the plane-wave ralige as well as the sound powers
derived with auto and cross specths,, andWs, are presented in Fig. 3. Using the averaging
with auto spectra the measured pressures from measurepietg p, 5 and 6 were used for the low
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Figure 1. The test engine, Wartsila Vasa 4R32 in VTT engine laboyato

mp 2 Exhaust pipe

‘ cyl 1 H cyl 2 H cyl 3 Hcyl4‘
[ | TC I mp TXmp 3 mp5 mp 6
| L]
| | ,K_/ mp 4

mp 8 660 mm 1890 mm

Wartsila Vasa 4R32 engine

Figure 2. The measurement point locations for pressure transdutéhng iexhaust manifold and exhaust pipe.

frequency range and measurement points 1 to 6 for frequangyerfrom the first non-plane wave cut-
on frequency onwards. Averaging with cross spectra, thesared cross spectrum from measurement
point 1to 2, 1to 5 and 1 to 6 were used for the low frequencyeargl all the measured cross spectra
were used for frequency range from the first non-plane watrewcdrequency onwards.

5. Simulations

In this study a validated engine model was used in the a@alstiulti-load method simulations
to determine the acoustic source data of a four-cylinderinmedpeed IC-engine exhaust system.
By using simulated acoustic source data together with thesored acoustic load, the "simulated”
downstream acoustic power in the plane wave raﬁ'gg was derived.

5.1 Source data simulations

The acoustical loads needed in the multi-load method werstoacted by adding side branches
to the exhaust piping model after the turbo charger. In tieikition a total of ten different acoustical
loads were used. The length of a side branch pipe was vartegeer approximately 0.8 and 11 m.

5.2 Downstream acoustic power simulations

The measured and "simulated” induct downstream sound EoWer andV_VéJJr for the low
frequency - plane wave range are presented in Fig. 4.
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Figure 3. The downstream acoustic power levels determined at theffigline load. The plane-wave range
partWo, based on wave decompositids,, andWs., achieved by averaging the auto- and cross spectra.
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Figure 4. The measured induct sound power lewg), and simulated induct sound power IeV_\séﬁ)+ in the
low frequency range at the full engine load.
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6. Discussion

Most of the acoustic energy of the IC-engine exhaust syssedominated by the first engine
cycle harmonic, i.e. the™ crankshaft rotation order of a 4-cylinder four stroke eegifithis can be
clearly seen from the downstream acoustic power data irBFighere the bar of the 1/3 octave band of
center frequency at 25 Hz is largest. Estimating the dowastracoustic power by using the measured
acoustic pressure auto spectra gives total downstreand gmwer level of 159.3 dB, discarding the
non plane wave part the total sound power level is 159.2 dBuddgg the measured cross spectra
the total downstream sound power level is 156.6 dB and 198.%ltden the non plane wave part is
discarded. Estimating the downstream acoustic power mgukie measured acoustic pressure Cross
spectra gives fairly similar results as the sound powenegion based on wave decomposition at the
main engine cycle harmonics, i.e. the difference of the ditmeam sound power level was 0.9 dB
and 2.1 dB at the octave bands of center frequencies at 25dHzaHz respectively. As a conclusion
the effect of the non plane wave range sound power can bedsyasi minor to the total sound power
level.

As can be seen from the sound power level Fig. 4, the induchdts@am sound power in the
exhaust piping is dominated by the first engine cycle harmomithin this 1/3 octave band the
difference of the measured and the simulated downstreandgoawer level was 1.7 dB. Totally the
measured low frequency in duct sound power level downstrgasnl55.6 dB and simulated 156 dB.
As a conclusion the simulated acoustic source data can lsedewvad quite accurate.

7. Conclusions

The goal of the present study was to investigate the mediwadsflC-engine acoustic source
characteristics numerically and experimentally not onlyhie low frequency - plane wave range but
also in the high frequency range.

In this study the possibility to extract the acoustic soulat for an exhaust system of a medium
speed IC-engine using one-dimensional process simulattiware has been tested. It was shown
that the low frequency - plane-wave range induct exhaustenoi a medium speed IC-engine can be
predicted reasonable accurately by using the GT-Powewradt To predict the high frequency range
noise, some other methods than the one-dimensional precestation used in this study must be
developed.

The high frequency range was included in the experimen@ligtc power estimation using
spatial averaging methods. The source data was estimateddogging the measured auto- and
cross-spectra and assuming negligible reflections and adifuse field. The sound power levels
were higher when using the measured acoustic pressure [@tta than the levels when using the
measured acoustic pressure cross spectra. Estimatingwrestieam acoustic power by using the
measured acoustic pressure cross spectra gave fairlyasiragults as the sound power estimation
based on wave decomposition at the main engine cycle haesioAiccording to this study, using
the simple cross spectra averaging method instead of twmptione method to estimate the in-duct
downstream acoustic power of medium speed IC-engine ekhaise seems promising. To estimate
the accuracy of the averaging methods used in the high fregueinge, more experimental and
numerical studies are necessary.
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