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Abstract

Prediction of un-muffled and muffled noise from internal caistipn engines requires knowl-
edge of the acoustic attenuation performance of the muffiygiem along with the engine
noise source characteristics. Here, in addition to theeoinnal cascade type analysis, a novel
geometry-based user-friendly scheme has been employatdtyzing multiply-connected el-
ements. It uses the geometry of the muffler along with a nwakalgorithm to produce the
overall transfer matrix of the element. This scheme has beed in conjunction with the trans-
fer matrix based muffler program, which has a large numberedegfined, parameterized ele-
ments including the variable area perforated elementsydtyze the entire exhaust system of
the automobile. The source characteristics of the engs&yractions of the engine’s physical
and thermodynamic parameters, are predicted numericalgdans of a two load method and
incorporated as empirical formulas into the scheme to ptduxdith the un-muffled and muffled
noise with any muffler configuration. Thus, the insertiorslotthe muffler system is evaluated
for different speed orders or frequencies. Though this odlogy may not be able to predict
the actual noise spectra accurately, yet this is good enbrogh the practical point of view,
as manufacturers are generally interested in the totakrleiel. A Graphical User Interface
(GUI) has been prepared for ready use. This computatioatbpm, FRITAmuff, is applicable
for turbocharged as well as the naturally aspirated engines

1. INTRODUCTION

Prediction of the un-muffled and muffled noise from interr@hbustion engines is very criti-
cal from the production point of view, especially becausebllution control regulations are
getting increasingly stringent day by day. Accurate preaiicof the noise from an engine in
conjunction with the appropriate muffler at the design stege result in a great amount of
saving in time and money. This requires the knowledge of tiggne noise source character-
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istics along with the acoustic attenuation quality of theffimg system. Therefore, the final
prediction of un-muffled and muffled noise involves analgdgiboth the muffler and the engine
exhaust system.

The noise-source independent acoustic performance hieeTtansmission Loss (TL)
characteristic, can be evaluated without any knowledgbehbise source, using only the muf-
fler geometry. However, a more informative and practicabghle characterization, i.e., the
Insertion Loss (IL) evaluation, calls for a prior knowledgfethe Source Strength Level (SSL)
and the source impedancd,] in terms of the engine’s physical and thermodynamic patarae
1-D analytical methods are generally followed to evalubhtsé parameterd][ Experimental
determination of these parameters, as discussed in thetlite, has met very limited success.

The present paper discusses a comprehensive platform, RRiffAdeveloped at the Fa-
cility for Research In Technical Acoustics (FRITA), 11ISc, Bahgre, for predicting the un-
muffled and muffled noise from IC-engines by combining differtypes of muffler analysis
schemes and engine noise source characterization teelsnapveloped at FRITA over the
years.

2. MUFFLER ANALYSIS

2.1. Cascading Type Analysis

In spite of the generality and popularity of the 3-D FEM and BEMthods, analytical tech-
niques have been preferred for many reasons and effortsbiemremade towards developing
schemes based on one- and two-dimensional approximagpns [

1-D analysis has been used extensively for analyzing msfffased on the cascading
method, which uses transfer matrices of simple acoustineiés connected in series to ana-
lyze relatively complex mufflers. This method is very fastimalyzing and hence can be used
for designing of mufflers by performing a number of geomelrjzarametric studies in a very
short time. In fact, very complex mufflers can be built witldigious combination and a little
ingenious engineering assumption. One example of such #emwhich can be analyzed by
this method is depicted in Figudda) with its constituent elements (see Figl(b)).
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Figure 1. Schematic of a muffler analyzed by the cascading method; (apni@ete muffler (b) con-
stituent components of the muffler.

The cascading type 1-D muffler analysis depends upon thewvalfithe state variables:
acoustic pressurg and the acoustic volume velocity at the upstream and downstream ends
of each component of the system. Simple multiplication efitidividual matrices provides the
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overall transfer matrix connecting the state variablehatupstream point 'u’ and the down-
stream point 'd’. These can be written for a muffler system byadrix relation

I

Performance parameters like Transmission Loss (TL) arettios Loss (IL) of the muffler can
then be evaluated from the above transfer matrix and sone etigine source data by using
the following relations 1J:

TL = 20 logy, {(ﬁ) ‘ (T + Tho/Y1 + Yo Tor + (Yo /Y1) 1) ] ’ 2)

Y, 2
R 1/2
(7] ] , @
0,2
where R, is the radiation resistancg is the radiation impedance, subscripts 1 and 2 denote

‘without’ and ‘with muffler’, respectivelyy; is the source volume velocity,/ Z, anduvy is the
radiation-end volume velocity downstream of the muffler.
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2.2. Multiply-Connected Mufflers

The aforementioned technique of analysis lacks the fleiilof analyzing very complex muf-
flers, with multiply-connected internal elements which npgduce better attenuation with
lesser back pressure. The generalized scheme (Volumee&symthlgorithm) developed by the
authors P] uses a simple and novel method of dissecting most of the angially usable com-
plex mufflers into five simple elemental blocks. Subseqyeaoii the lines of the FEM and BEM
based analysis, it uses the geometric data to extract rélefarmation about the interconnec-
tivity among various regions of the muffler to construct thetem matrix taking into account all
the boundary conditions. Then the system matrix is reduzaddow echelon form using Gauss-
Jordan elimination with partial pivoting, from which thedirtransfer matrix for the muffler is
evaluated. Emphasis has been laid on minimizing the ust#og & input the 2-D geometric
data for the muffler under investigation and the procedurekes the requirement to deal with
the mutual dependencies among the elemental blocks. Tieis/olume synthesis algorithm
proposed and used, is more comprehensive in applicatiquires less pre-computation effort,
and is faster in execution. An example of this type of mufflas been shown in Figuzand
discussed in detail in a subsequent section.

2.3. 1-D Analysis of Generalized Conical and Variable Area Mtflers

Matrizant approach is a useful technique to model complefflengeometries having multiple
cavity resonators, with varying cross sectional areas andgated tubes using one dimensional
wave propagation analysi8][ Figure 3 shows one such type of muffler in the form of a folded
conical concentric tube resonator. Many suchlike mufflens lbe designed with multiple in-
teracting perforated ducts to have varied desired perfocear his kind of mufflers, currently,
cannot be analyzed using the volume synthesis algorithoustied above.
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Figure 2. An example of multiply connected Figure 3. Folded conical concentric tube res-

muffler onator muffler.

3. ENGINE SOURCE CHARACTERIZATION

In the case of internal combustion engines, one needs to kmeevtion loss of a muffler as
well as the unmuffled exhaust noise. Both these parametdrfocadrior knowledge of the
source characteristics, andZ, [1], which can be evaluated indirectly by means of the two-load
method [1, 4-8]. Unfortunately, however, unique sourceratigristics don't exist for a highly
non-linear and time-variant geometry source like the eghaystem of an I.C. Engin&]. One

of the alternatives is the hybrid approach, combining timetdomain analysis of the nonlinear
exhaust source making use of the method of characteristibgive frequency-domain analysis
of the linear muffler, by means of the frequency transfornr paithe collocation technique
[9-13]. Hybrid approaches are cumbersome and prone tabilistaconvergence of the itera-
tion process is not guaranteed. Turbocharger and emissitnot devices introduce additional
problems. In view of all these difficulties, one may resoruge of the two-load method, im-
proving the accuracy by averaging over several two-loadaoations. The exhaust system can
be modeled numerically by means of a standard commerciava like AVL-BOOST [14].
Acoustic loads can be in the form of exhaust pipes of diffelemgths B, 15].

At a point in the exhaust pipe, just downstream of the exhanastifold or turbocharger
or catalytic converter, as the case may be, one computesthustic pressure as a function of
time over a steady-state thermodynamic cycle for a pair ofistic loads, evaluates the discrete
Fourier transform of the two arrays to find acoustic pressutbe frequency domain for dif-
ferent speed orders: 0.5, 1.0, 1.5, 2.0....... upto 50 (s&ferring to Figurel(a), simultaneous
solution of the two equations for two different acousticdeampedanceg;; and Z;, yields
(1,4, 8]

I >
O, |

@) (b)

Figure 4. Electrical analogous circuit for (a) an un-muffled and (b) filealsystem.

L — Lo D1 — P2
and Z,=7;,,7 . 4
[ 2YAR R SVAY & L2p22L1 — D122 ( )

Ps = P1P2

We may define the Source Strength Level (SSL) as
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SSL = 20109, |ps/pin|,dB, pwm =2 x 107°Pa, (5)

and source impedancg (= R, + jX,) may be normalized with respect to the characteristic
impedance of the exhaust pip&, = poco/.S. Computed values of SSL anifl /Y, are averaged
over nine different pairs of acoustic loads, and plottedresi@peed orders. Writing the Source
Strength Level for a 4-stroke engine with,; cylinders, as

speed order\ ?
SSL = A (p—) .dB, (6)
ncyl/Q

expressions for A and B have been obtained in the form of @ Equares fits. It may be noted
that A represents the source strength level at the firiegiiency of the engine, where it peaks
in nearly all cases.

Parametric studies have been performed for the followingrpaters, varying one at a
time keeping other parameters constant at their defaultglined) values:

Turbocharged diesel engines without catalytic converter:
Air fuel ratio, AFR= 18.0, 23.729.2. 38.5, 46.0, 58.8
Engine speed in RPM= 1000, 1300, 1600, 2100, 2400, 3000, 3500, 4500
Engine capacity (displacement), V (in liters)= 1.0, 1.9,2.5 3.0, 4.0
Number of cylindersy.,,=1, 2, 3,46

Naturally aspirated diesel engines without catalytic conerter:
Air fuel ratio, AFR=14.5, 17.029.0, 39.6, 47.5, 59.6
Values of RPM, V and.,, are the same as for the turbocharged engines above.

Figureb(a) shows typical values of SSL of a 4-cylinder turbocharg@dpression-ignition
engine as a function of speed order for the default valuelseohir-fuel ratio, engine speed, en-
gine capacity, and the number of cylinders.

Least squares fits have resulted in the following generkrapirical expressiond.§]:

Turbocharged engines:

A =115(1 = 0.00182AFR) (1 + 0.459N — 0.067N?) (1 — 0.00405V") (1 — 0.0268n.,;)

(7)
B =—0.189 (1 4 0.0142AFR) (1 — 0.1134N) (1 — 0.00832V') (1 + 0.0178n.,)  (8)

Naturally aspirated engines:
A=175.4(1-0.00197TAFR) (1+ 0.111N — 0.02N?) (1 + 0.0022V) (1 — 0.0196m.,;) (9)
B = —0.124 (1 — 0.00123AFR) (1 + 0.02245N) (1 — 0.0144V') (1 + 0.124n.,)  (10)

However, values oR, /Y, and X /Y;, the real and imaginary components of the normal-
ized source impedance; /Y,) show considerable variation for different pairs of acaulstads
(see Figures 5(b) and (c)). In fact, this variation is sudt the average values fall around a
horizontal line parallel to and nearly touching the spestepabscissa, thereby suggesting a
constant pressure source; i.8,,X, << Y, or tending to zero. But this situation is not re-
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alistic. It is due to the fact that for a nonlinear time-vatigeometry source, unique source
characteristics don't exisb]. Therefore, different pairs of loads yield substantialijfferent
values of source impedance, even negative valuég of, [17].

Incidentally, Prasad and Crockekd observed that at speed orders>ef0, the exhaust
system of a multi-cylinder engine is nearly anechdic Y;. Later, Callow and Peat suggested
a relatively more realistic formuldlp):

Z,/Yy = 0.707 — j0.707 (11)

As the un-muffled exhaust sound pressure level and insdassof a muffler are known
to be weak functions of source impedance, we may as well aelpdtion 11) for source
impedance.
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Figure 5. (a) Source strength level (SSL), (b) real part and (c) iimaag part the of normalized source
impedance of a 4-cylinder turbocharged Cl-engine. In Figures (@)@ndotted lines show results for
different pairs of loads and the solid line shows the average over them.

4. COMPREHENSIVE 1-D PLATFORM: FRITAMUFF

All the above mentioned concepts have been put togetherseitie more relevant and neces-
sary features to build a user-friendly platform for anahggihe exhaust system of an IC-engine.
Figure6(a) shows the Graphical User Interface (FRITAmuff) devetbfoe the implementation
of the same. The platform provides the user many ways to fypiha frequencies of analysis
under different situations. The user has the liberty to skbdbe engine data, such as the speed
(RPM), air-fuel ratio (AFR), engine swept volume (V), numbéwcyglinders (), which are
then used to evaluate the SSL by using the developed empspaessions for the specified
engine. The source impedance also can be selected to syatheular situation. These are
then used to predict the un-muffled noise of the engine.

The muffled noise of the engine is then evaluated using thdlenwonfiguration (see
Figure4(b)) prepared using the GUI. In this regard, either pre-p&taized elements can be
used to create the muffler or new elements can be createdthsinglume synthesis algorithm
based element creator. Four-pole parameter data from Jaysas or experiments conducted
on any muffler can also be imported and used in conjunctioh thi¢ available elements. Fig-
ure 6(b) shows the comparison of TL curves between the resul@iredd from 3-D analysis
and those predicted using the present platform for the nmgfHewn in Figure2. Correlation
between the present analysis and the 3-D analysis resulisecaeen to be quite well for even
such a complex multiply-connected muffler upto the cut-dfiiency.
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Figure 6. (a) Graphical User Interface (GUI) for analyzing the cotem&haust system of internal com-
bustion engines and (b) comparison of transmission loss performancatecausing the FRITAmuff
platform and SYSNOISE.

5. CONCLUSIONS

With the capability of combining pre-parameterized muflerments with the new-element cre-
ator module, FRITAmuff provides a wide range of muffler opi®a be analyzed with different
types of IC-engine configurations for the prediction of unfited and muffled noise. Using
this computational platform, one can analyze a majorityutbmotive commercial mufflers in
conjunction with the engine which is difficult with AVL-BOOSAlone. Same methodology can
be adopted to characterize the source in the intake systéhe @ngine as well. Though this
approach may not be able to predict actual noise spectrasphgget this is good enough from
the practical point of view, as manufacturers are genenai@rested in the total noise level.
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