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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY

&
4ttt WASHINGTON, D.C. 20450

August 16, 1977

SURFACE TRANSPCRTATION EXHAUST SYSTEM NOISE SYMPOSIUM

Sponsored by the 1.8, Environmental Protecticn Agency
Conducted by the Environmental Protection Agency
and McDonnell Douglas Astronautics Company at
Howard Jchnson's - O'Hare, Chicago, Illinois

on October 11, 12, 13, 1977

The U.S. Envirocnmental Protection Agency/Office of Noise Abatement

and Control {EPA/ONAC) has initiated studies pursuant to requirements
established under Section 8 of the Noise Control Act of 1972 which may
lead to Federal requirements for the labeling of surface transportation
vehicles and mufflers with respect to noise.

One study is designed to assess the methodologies available to measure
and communicate the noise reduction characteristics of surface transpor-
tation vehicle exhaust systems. The information comminicated may be
actual sound levels or information relative to sound levels (i.e., veri-
fication that a vehicle with a particular aftermarket muffler installed
will meet an applicable standard), or other information such as warranty
claims, proper maintenance and operator instructions, etec. The informa~
tion would be used by dealers, repair facilities, enforcement personnel
and the general public,

The other study is to explore’avenues available to communicate to con-
sumers the noise characteristics of surface transportation vehicles (e.q.
total vehicle noise, interior noise, etec.). This second study, however,
is not the subject of this symposium,

In support of the exhaust system program the EPA desires information

on possible testing procedures which could be used in a Federal muffler
labeling requirement. EPA needs to know whether standardized procedures
exist or can be developed that can be used to characterize muffler per-
formance without having to test exhaust systems installed cn the vehicles
for which they are intended.

To gain the necessary information, EPA is sponsoring a three day symposium
scheduled for Cctober 11, 12, 13, 1977 in Chicago, Illinois. Inputs from
industry, research organizaticns and other interested parties are solicited
to provide information to the government on appropriate procedures.

iv



Papers submitted for presentation should be directed primarily to bench test
procedures and their relationship to total vehicle sound level methodologies
for use in a Federal regulatory requirement, The methods discussed may
include the following:

0 System testing using a standard sound source,
o analytical simulation technigues, and
o combination of testing and analytical methods,

Information that muist be developed on vehicle or vehicle engine sound
characteristics (other than total vehicle noise) to make miffler labeling
useful should also be addressed.

While the primary purpose of the symposium is to assess "bench test
methodologies” and their use in a Pederal regulatory requirement, it may
be necessary to address other testing methodologies, in the event that

a suitable bench test methedology does not appear to be available. 1In
this light a limited number of papers will be accepted on stationary [near
figld) and dynamometer test methods, results and their relationship to
moving vehicle noise test methods.

Six sessions of in~depth papers are planned to cover all aspects of exhaust
system bench testing, Three plenary sessions will be held emphasizing the
application of various exhaust system bench test methods.

More information may be obtained from:

Environmental Protecticn Agency McDonnell-Douglas Astronautics Co.

John Thomas E. T, Oddo

Oftice of Noise Abatement McDonnell-Douglas Astronautics Co.
and Control (AW~471) 5301 Bolsa Avenue

Envircnmental Protection Agency Huntington Beach, CA 92467

Washington, D.C, 20460 Tel: (714) 896-4412

Tel: (703) 557-7666

Abstract of papers should be submitted to E. T. Odde, MDAC no later than
September 19, 1977.

Room accommedations can be arranged at:

Howard Johnson's - Q'Hare
10249 West Irving Park Road
Schiller Park

Chicago, Illineis 60176
Tal: (312) 671-6000



T e T e

‘r‘qcbtr.,'{
-
d UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
pCT WASHINGTON, D.C. 20460

AGEHDA
TUESDAY 11 OCTOBFR

B:30 --9:30 am Repistration

9:30 Opening Address
EPA, Washington, 0.C.

SOUND GENERATION BY AN INTERHAL COMBUSTION ENGINE EXHAUST
A. J, Bramaer, National Research Council of Canada,
Ottawa, Canada {Paper not availahie)

TEST PROCEDURES AND EX{IAUST SYSTEN PERFORMANCE PREDICTINNS
P.0.A.L. Davies I.S.V.R., University of Southampton,
Sguthampton, England

2:00 pm AUTOMOTIVE EXHAUST SILENCER EVALUATION
Dwight Blaser, General Motors Technical Center, Warren, Mich.
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Hineichi Inagawa, Hitsubishi Motor Co., Nanagawa, Japan
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Peter Cheng, Stemco !fg. Co,, Longview, Texas
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Donald E£. Baxa, University of Wisconsin, Madison, Wisc.
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#:30 - 9:30 am Registration

BENCH TESTS ARD ANALOG SIMULATINN TECHMIQUES FOR NUFFLER

EVALUATION
Ceci) Sparks, Southvest Research Inst,, San Antonio, Texas

COMMENTS ON EVALUATION TECHNIQUES OF EXNAUST SYSTEM NOISE

CONTROL CHARACTERISTICS
D. W, Rowley, Donaldson Co,, Minneapolis, Minn,
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A THEORETICAL EXAMINATION OF TUHE RELEVAUT PARAMETERS FOR DYNA-
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Professor G. ', Blair, Queens University of Celfast,
Belfast Ireland

viii



PR ]

327488 A

OPENING ADDRESS SURFACE TRAUSPORTATION EXHAUST SYSTENS
NOTSE SYMPOSIUN

l:y

William E. Roper
U. S. Environmental Protection Agency

It is my pleasure to welcome you to LPA‘s Surface Transportation
Exhaust Systems doise Symposium here in Chicago, This is the fiyst
major action EPA has undertaken through the labeling related respon-
sibilities of the Agency with regard to systems and compononts used to
a large deyree in the surface transportation velhicles. In the past,
EPA has set legal noise standards for medium and heavy trucks and has
recently proposed roise® emission standards for buses, truck-mounted
solid waste compactors, and truck-nounted refrigeration units; in
addition to a number of other standards applicable to non-surface
transportation type vehicles. 0On all these vehicles, the exhaust
system is one of the inportant noise sources and in Some cases the
principal source of noise, Throughout the 1ife of a vchicle, compo-
nents of the exhaust system, particularly the muffler and portions of
the exhaust tubing are replaced as a routine maintenance practice on a
cyclic basis throughout the useful life of the vehicle, Lecause of these
characteristics, vehicle exhaust systems appear to be a good candi-

date for consideration in a Federal labeling program,



EPA has already fuplementoed its general policy on noise labeling
and recently pubiished a notice of proposed rulemaking laying the criteria
for such action., The specific objectives of EPA's labeling program
in the noise area include:

(1} Providing accurate and understandable information to product
purchasers and users regarding the acoustical performance of designated
products sn that meaningful comparisons could be made concerning the
acoustical perfarmance of the product as part of the purchase or use
decision.

(2) Providing accurate and understandable information on product
noise emission performance to consumers with minimal Federal invelvement,

{3) Promoting public awareness and understanding of environmental
noise and the associated terms and concepts.

{4) Encouraging effective voluntary noise reduction and noise
labeling efforts on the part of product manufacturers and suppliers,

At this time, our study efforts are directed primarily at the assess-
ment of available measurement methodology techniques to adequately
define exhaust system noise porformance, Clearly, the development of an
exceptable measurcment methodology to be used to deteriine the appro-
priate acoustic performance information is central to Leing able to
properiy label an exhaust system or exhaust systew compenent., To assist
the Agency in carrying out this task, we have contracted tiwh NcDonnell
Louglas Astronautics Company to provide technical suppart in this specific

area, A portion of their contract calls for the assessment of existing



and praoposed total vehicle sound testing methodologies to report on the
status of current muffler labeling required by Federal, State, or local
regulation and voluntary labeling programs, development of a general
description of the current aftermarket muffler industry and to organize
and assist in conducting this symposium of acknowledged muffling system
experts on the feasibility of using methodologies other than hase-line
total vehicle sound procedures for evaluating exhaust system noise per-
formance.

We recognize -that the area we are ahout to enmbark on is one of many
technical complications and has enually sizable communication cririica-
tions in order to effectively provide simpiistic information to a consumer
or user. The initial step houever, remains the develonment of an accept-
able measurement methodology to identify the acoustic performance of
exhaust systems, The syinposium for the next three days is desiqned to
specifically focus on this ssue with particular emphasis on assessment
of bench test procedures and their relationship to total vehicle sound
level methodologies. The methods that will be presented and reviewed in
the following three days will include hut not be limited to: system
testing using a standard sound source, analytical simulation techniques,
and combination of testing and analytical methods,

For the next three days, we will Tikely have assembled in this room
some of the best expertise available on this subject, I hepe that through
a constructive and objective interchange of ideas, we as a group will Le
able tu focus on the issues and develop specific recommendations for
testing of exhaust systems that can be related to total vehicle sound

levels and have potential use in a Federal regulatory labeling program,
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BENCH TEST PROCEDURES AND EXHAUST SYSTEM PERFORMANCE
PREDICTION

by P.0.A.L. DAVIES

SUMMARY

This contribution reviews the present state of development of
a rational.approach to exhaust system performance evaluation based
on static test bed measurements, This depends primarily on &
quantitative understanding of the generation and propagation of
sound energy in ducts which are carrying a hot, high velocity gas

flow.

Elements of the approach are described which include methods
for characterising the sources, analytic or experimental metliods
for adequately modelling the acoustic behaviour of system components,
appropriate precautions for assessing inter-component interactions
and a scheme for identifying those situations where source system

interactions can be important.,

Component madels are expressed in terms of transfer matrices,
or their equivalent, relating the pressure and volume veloecity at
input to output. A useful range of linear analytic models for
reactive system components is described, Examples are presented
comparing bench measurements wich predictions for a representative

set of practical systems including the U.K. Quiet Heavy Vehicle Froject.
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BENCH TEST PROCEDURES AND EXHAUST SYSTEM PERFORMANCE PREDICTION

TNTRODUCTION

A systematic and rational approach to the control of piston engine
intake and exhaust noise requires a quantitative specification of the

silencing requirements, with a procedure for the quantitative evaluation

of system acoustic and mechanical performance. This contribution reviews

the present state of development of such an approach which is based on

bench testing. Such tests concern primarily test bed measurements with

& running engine, but some of the details required for modelling system

elements and their behaviour have been provided with special cold flow
rigs.
The prediction of system performance usually concerns the calculation

of the transport of acoustic energy through the system from the source

to the outler where,it {s radiated, [1]. For this.one requires a set

of models which describe the acoustic transfer characteristics of each
system element in quantitative terms |2|, with an analytical procedure

for combining the elements together to describe the overall transpert

of energy through the complete system |2, 3|. An element may be

described as any part of the duct system that has an effect on the

propagation of acoustic waves (or energy) through it. Thus, in this

connection, the engine, sections of connecting pipe, the open end of the

system and any duct discontinuity or muffler component are all acoustic

elements.
" Silencing requirements are normally determined by first performing

open pipe noise measurements, covering the full operational load and

speed conditions of the engine. This information can then be compared

with the statutory or specified noise limits to provide a quantitative

description of silepcing requirements. If the open pipe data are

properly evaluated, they can also be used to describe the acoustic source

characteristics of the engine. This information provides a starting

point for the quantitative evaluation of the inlet or exhaust system

acoustic parformance. Thus ope¢n pipe measurements with a loaded engine

represént one essential part of the test procedure.
7



Acoustic performance is generally described in terms of insertion
loss. This can be defined as the differcnce in sound pressure level,
measured at a fixed reference point, between the noise cmitted by an
open pipe and the noise emictted by the silenced intake or exhause,
Note that this definition assumes thact the observed difference is due
to thepresence of a puffler unit in the system and that the source

remains unchanged,

When the system i modified, it is well established |d|that the
observed performance can be strongly influenced by the relative
positioning of the muffler unit along the exhaust or inlet duct.

That this should happen is well understood, since the sections of pipe
connacting components of the system each have a clearly identifiable
acoustic behaviour, depending on their length. This then forms part
of the installed response of the muffler unit. For this reason trans-
mission loss alone is not an appropriate practical method for describing

the acoustic performance of intake or exhaust system components.,

Mechanical performance can be assessed in terms af the effect of
the intake and exhaust system on engine power and efficiency.  Other
mechanical factors include’ the packaging of the system components to
minimise flanking transmissicn, cost and weight, to provide adequate
durability apnd to fit in with dimensional or other installation constraints.
Some of these considerations have a direct effect on acoustic performance

and must be inecluded in the neoise control analysis.

The intake and exhaust gas is normally flowing sufficiently rapidly for
this to have a significant e{fect on acoustic performance, Furthermore,
the exhaust gas is hot so significant temperature gradients exist which
change with engine (or vehicle) speed and load. Due allowance for these
operational and gas flow factors must be made during the performance
predictions and sufficient data for this purpose assembled during the
measurements. The mean kipetic energy of the gas flow may alse be
converted to new sources of acoustic energy within the intake or exhaust
system, appearing either as broadband flow noise, or as regenerated pure
tone components, Finally, there is good evidence |5’ that ehanges in
system acoustic characteristics may also modify the eungine breathing
characteristics and consequently the acoustic source strength of the

engine,
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In summary, the procedures for bench testing and system performance

prediction for inlet and exhaust noise contrel can usefully be subdivided

into a set of study areas, namely:

a) Methods for measuring and characterising the acoustic source.

b) The specification of silencing requirements.,

c) The assessment of operational factors with their reluative
sipnificance. For example, pgas [low and gas temperatures,
wechanical performance, space constraints and flow wr internal
noise generatioen,

d} HMethods for modelling the acoustic transfer characceristies of
the system elements based on performance measurements or an analysis,

e) A procedure for assembling the clements togecher to provide an
appropriate description of the system, including all the inter-
actions between clements,

f)  An appropriate procedure for predicting or determining overall
system performance including techniques to idencify problems

arising {rom source¢ system interaction,
Each of these factors will be considered in the light of current
knowledge and practical cxuperience, indicarting the level of confidence

with which the evaluarion can be performed at the present time,

ACOUSTIC ENERGY PROPAGATION IN FLOW DUCTS

Sound propagation in flow ducts can be described by linear transmission
line equations, These are based on gonservation of mass, energy and
momentum and deseribe the variation of acoustic pressure and particle
veleoeity associated with the wave motion in terms of position in the duct,
In their simplest and perhaps most practical form the flows and the wave
motion are both asswoed to be one-dimensional. With these restrictions
exact solutions can be obtained for a comprehensive renge of duct geometry
and boundary conditions, However, if the solution is to remain realistic
in terms of observed behaviour, special considerations may be necessary

to svecify acoustic conditions at discontinuities, as will be shown later,



2.1

Empirical descriptions of acoustic perfermance become necessary
where a system element exhibits a strongly nom-linear bahaviour, Such
can be the case, for example, with acoustie transmission through orifices
with normal or grazing flow, or with sound transmission along passages
lined with absarbing materials, Other examples include flow-acoustie
coupling and amplification associated with flow.separation or edge-tones
as well as flow noise, Some exﬂmpies of such behaviour are also
considered later,

Plane wave propagation in flow ducts

Acoustic energy propagation is by a wave mechanism, the energy
being provided by a source which excites the wave motion. At each
duct discontinuity some of the energy is transmitted as a new wave the
remainder being reflected, both waves travelling with a phase velocity
c relative to the gas. With one-dimensional wave propagation in ducts
one can describe the pressure p* and particle velocity vt in the positive
going (incident) wave by.

L)

. .+ -

pt = p*clfut k x)e ox 2.1(a)
pt  ifut=ktx) -

vt o B G{urmkiadmax 2.1(b)

8

~
where B+ and v¥ are the pressure and velocity amplitudes, w the radian
frequency, k¥ the wave number w/(c+U), U the mean flow velocity and
o a coefficient which represents the decay of wave energy as it propagates

along the duct, Similarly the reflected wave is described by

- A i(mt+k‘x)enx

P =pe 2.2(&)
v = x;— ol (e k) ax 2,2({b)

s

where k= w/(c-U)}.

- 3 -
An alternative description is to express the pressure etc by p*elmte yx'

where Yy = a+ if, With hard walled ducts o and g+k* while the duct

impedance Z_%pec, the characteristic acoustic impedance of the gas.

The sound pressure and particle velocity at ony point are then piven by

10
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p=pt+p- 2.3(a)

v syt e v 2,3(b)

To represent discontinuities, ene first notes that some of the
incident wave energy will be reflacted and some tramsmitted.  The
ratio(usually complex) of the reflected to incident wave amplitude,

termed the reflection coefficient r,is expressed by

g2 {6
r=-§— =-7:9+Zs=ne ] 2.4
of ot L

when the boundary conditions at the discontinuity are specified as

an impedance Z For an open end, the phase angle ¢ can be obtained

D
{from the solution given in |6| for zero flow. The appropriate valuc
of R for variocus flow Mach numbers U/c can be found in ill. Similar

relations for a baffled apening can be found in |7].

Neglecting,for simplicity the attenuation along the duet with 2,4
- -
describing conditions at %, then the pressure amplitude p, 4t any
other point x in a plain duct is piven by
P . ey w
~ . —ik i
k'x 1¢e k x)

Py = po(e + Re

. - - + -1 * . P
. Bocel(k X )x/Z) [e ik*x it ik x} s a5
vhere k* @ J(k* + k7). = w/c(1-42), This shows that the distance
between the ncdes of the standing waves is reduced by the factor (1-M2)
with flow present, compared to the zero flow case. Thus the existence
of flow modifies the trequencies at which lengths of duct (and other

elements) resonate.

2,2 Acoustic Conservation relationships for flow ducts

Wich plane waves in a yniform flow duct, conservation of mass is

satigfied |2| if
A S e (=M e ;
3 Elﬂd)p (L M)p] a constant 2.6

where A is the duct cross—Section area.
11



Similarly it can be shown thut, for isentropic conditions,

conservation of encrgy is satisfied if
(1+M)p* + (1-M)F~ = a constant. 2,7

Given 2 uniform duct of length £ with a steady flow of Mach nuwber M,
one can show that conservation of acoustic energy and of mass flow for

non-decaying waves is satisfied by the simple transfer relationships

and Py = ;- LS 2,8

- - i1t -
* o pte ik'L
o

Py

The termipnation conditions are often defined by

pelp? + p) pe(py + P2
o= gz s —% 00 2,9
o et . 2 ~+

Py = Py Py, = B,

This result indicates titat it is necessary to include measurements of
flow temperature and mean mass flow, to evaluate k¥, k and M, If che
duct wall pressure Py is measured or determined, one also requires a
knowledge of Zo before p, can be decomposed into its two components

p; and p; . However, piven Z , Z, can then be evaluated, and so om,

Since the open pipe discharge impejance ZD can be specified from
established data, the modelling of system characteristics can copveniently
begin here. The decay of the wave amplitude in ducts of significant
length can be included by multiplying the right~hand side of 2.8 by &
factor e“l, with a negative and dependent both on frequency and Mach No.
At discontinuities, however, the assumption that the flow is
isentropic is hardly realistic, particularly at the rapid changes in
duct cross section that occur in expansion chambers ete, The transfer
characteristies can be established, however, along the lines set out in
reference ]2]. Flow lossess and the consequent entropy changes can
be represented by a loss factor §. (but see |8[). Describing acoustice
and flow properties before the discontinuity by the subscript 1 and those
well downstream by the subszript 2 and neglecting changes in mean density,

one can set out the conditions for conservation of mass flew, energy and

12
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momentunn flux across the discontinuity.

Conservation of mass is expressed by
“+ A g A
AplpE(1nMz) - RZ(1-Mp)] = Ay[py(l+My) = py (1-Mp) + &M{],  2.10
while conservation of euerpgy is satisfied if
» - at e
pI(1+Ma) + Pall-Ma) = py(l4My) + py{l-My) = 6/(y-1), 2,11

where y is the ratio of the specific heats, Mcmentum is conserved

if
A4 2 ~— 2
Pa[Ay + Az(2M + )] + Ba[A + A0y ~ 2My)]
~t 2 A 2 2
= pfa ) ®) & py A (1)) + sa 2 2,12

For one-dimensional flow, and known geometry, the incident and reflected
waves p; and py after ‘the discontinuity can be found in terms of the
known incident and reflected waves before it, after the unknown loss
factor § has been eliminated from the three equations, Thus thase
three equations can be used to define a transfer relationship for any
area discontinuity, Other types of discontinuity can be treated using
a similar approach, One should note that the phase changes occurring
across the discontinuity can be determined from a non-~propagating higher

order mode analysis, for zero flow,that satisfies the boundary conditions.

The mean acoustic energy flux per unit area of duct, or the

acoustic intensity, is expressed as
I = pv

where p and v are the r.m.s. pressure and velocities respectively and
the overbar represents a time average. In terms of the wave components

this becomes, using 2.6 and 2.7,

1 . -
Ie= '2-‘:;':[(1+M>2"<‘(p",’)2>‘(l“l‘[) 2¢(p ) 25] 2,13
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where the symbol < > represents taking the time mean value, The first
term in the brackets can be interpreted as an energy flux with the flow
or the incident wave motion, while the second represents energy flux

apainst the flow, or energy carried by the reflected waves,

The level of the sound radiated by the exhaust outlet can be
obtained by equating the nett cnergy in the tailpipe to that of a

spherically diverpging wave. This gives for a tailpipe of radius a

-~

+y2
2 <(p.i°> 2
I!.%_. 2 [1+m2 - Rz(l-M)aI o hmr® o2 2,14
pc pc_'r
oo rr

where p, . "is the'r.m.s. acoustic pressure measured at a distance r
from the outlet, Equation 2.14 can bhe employed to determine the
fluctuating pressure level in the tailpipe from free field measurements,

provided the Mach number and radiation impedance are knowm,

The analysis presentad above is restricted to situations where the
behaviour can be ecHaracterised by linear acoustic theory, Examples
are presented which indicates that this assumption is not restrictive
for many practical applications. The analysis presented is not the
only effective way of describing system characteristics sinee an alrer-
native approach using transfer mactrices has been described elsewhere ]3],[4[.
Though omitted for simplicity, the analysis can be extended LO
the decay of the waves as they propagate. Axial temperature gradients
may also be accommodated by sub~dividing elements into wmaller sections

where the tewperature can be reparded as substantially constant.

Some examples of sound transmission across discontinuities

To complete this review of acoustic energy propagation in ducts,
some cxamples are presented comparing the measured characteristics of
some typical discontinuities ocbtained with flow rigs with predictions
based on the analysis presented hare. A further series of comparisons
based on test bed or field measurements with silencer components and

systems can be found in references |1];]2|;]5|'and |9|.

The first example concerns acoustic energy LTransport across a
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contractien which includes a sidebranch, The measurcments were
performed with a special cold flow rig provided with a high intensity
acoustic source. Figure 1(a) presents the measurements made at three
flow Mach numbers, the predictions assuming plane wave motrion throughout
and a higher order mode (exact) analysis for zero flow. The plane
wave analysis, represented by equations 2,10 to 2,12, capnot model the
zero acoustic parcicle veloecity boundary condition on the wall at the
annulus between the inner and outer pipes forming the contraction.

The zero particle velocity condition here can be closely approximated by
including the first five radial modes, and this calculation provides the

exact result shown in the figure,

Comparison with the measurements shows that the plane wave analysis,
which includes a small decay factor for the waves in the sidebranch,
correctly predicts the amplitude of the transmitted waves, as can be seen
in Figure 1(b), but there is a constant frequency error, The exact
analysis for zero flow does however prediet the frequeney correctly.
Thus a combination of HPth methods of analysis provides an adequate
description of the transfer characteristics of the disecontinuity, with
plane wave analysis defining amplitude characteristics and higher order

mode analysis the phase change.

A second example concerns an area expansion with a sidebranch and
the results are illustrated in Figure 2(a) and 2(b). In this case the
boundary conditions at the discontinuity must also include the faet that
the flow separates at the end of the pipe, forming a jet. A derailed
analysis of this problem has been presented by Cummings |10} who shows
that amplitude characteristics are correctly predicted if the pressure
waves are assumed plane, but that the flow retains a top hat velocity
profile.  Apain comparison with measurements shows that amplitude
characteristics are adequately modelled by plane wave theory and that the

correct phase dhange can be predicted by higher order analysis.

The higher order mode analysis in laborious and a systematic
investigation'llll showed that the phase change can be calculated by
an appropriate end corvection. This is analegous to the well known end

‘correction of just over 0.6 of the pipe radius that is applied for

15



2.4

predicting the acoustic resonance of organ pipes to account for

fluid inertia effects at the discontinuity. The end corrections
appropriate to expansions er contractions in flow ducts are illustrated
in Figure 3. The dotred line indicates the lower frequency limit for
propagating higher order modes when plane wave analysis breaks down,

It can be seen that the cerrections tend to the open pipe limit at
large area ratios, Furthermore, as a percentage of the duct length,
they become small for long cennecting pipes and could be neglected

in practical prediction calculations.

A third example concerns the performance of folded chambers.,
Effectively these can be regarded either as a Helmholtz resenator,
or a sidebranch, which for convenience of packaging is wrapped around
the expansion sectiom, This geometry has the added advantage of
avoiding high velocity cross flow at the resonator neck, avoiding problems
with flow excitation, A detailed analysis including higher order modes
to match boundary conditions at the three connecting annuli has heen
reported by Cummings [1%]. The predictions with an alternative and
simpler appreoach based on end corrections etc, by Adams |11[ is compared
with flow rig measurements in Figure 4. This illustrates the way that
the system resonance can be rodified by changing the area of the neck,
a useful feature for tailoring acoustic characteristies within spacial
constraints, The good agreement between predictions and chservations

illuscratees the effectiveness of the modelling techniques deseribed abave.

Acoustic sources in intake and exhaust systems

An account of acoustice energy propagation in flow ducts would be
incomplete without some consideration of the sources. The primary sound
source provided by the unsteady flow precesses at the valve. The
amplitude of these pressure fluctuations ean he as high as 0.5 bar,
while the frequency spectrum consists of the first 100 or more harmonics
of the fundamental firing frequency for one cylinder. Cne can show,
by dimensienal reasoning, that the source strength at any fixed frequency
varies as Ns, vhere N is the engine rotational speed. Broadband neise
at higher frequenciés is also provided by brosdband flow neise generated

at the valve, and at discontinuities where the flow can scparate.  This
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spectrum exhibits a flat peak at a characteristic Strouhal number FL/U

of argund unity, where L is a characteristic scale of the source region
and U the phase velocity of the disturbances acting as sources,  Such
noise will vary, at fixed frequencies, as N?. Noise gencrated by flow
turbulence at the duct walls, bends etc. may also represent a sipnificant
source of high frequency sound. Its strength will vary as VE, where V

is the mean duct flow velocity.

Turbocharging modifies the exhaust noise signature since it tends
to reduce the amplitude of the low frequency components arising from
gas release proeésses. Tt may add new sources of noise generated by
unsﬁeady flow interactions in the turbine or blower, by wake noise from
the blades or nozzles and so on. The strength of such sources cends
to vary as Vns where Vo is the wean turbine outlet flow velocity, The
characteristic frequencies of such sources may be high, of the order of

the turbine blade passing frequency and its harmonies.

The strength of the sources associated with the enpine breathing
or the turhochargey cap be studied and evaluated on the test bed, Flow
noise and acoustic regeneration within the silencer system represents
a different problem that can bekter be studied with special rigs., These
latter are generally lower in intensity than those associated with the
engine but are of practical significance since they set an upper limit
to the maximum attenuation that can be obtained unless care is taken

to minimise them,

Flow noise is brecad band, generaced by flow separations at valve
lips, bends, expansions, contractions and by turbulent boundary layer flow,
It is of most significance when amplified by cavity resonances which
provide feed back to intensify the source, Noise generation by the
impingement of the jet formed at the chamber entrance on the lip of the
exit pipe in a steady flow rig is illustrated in Figures 5 and 6. The
broad band specﬁrum in Figure 5 has been modulated by tailpipe (peaks)
and chamber {troughs) resonances. Figure 6 illustrates the way source
strengfh varies with pipe separation x/d and with flow velocity.
Practical separations lie close to x/d = 2, whare the strength is
Scaling the measurements to correspond to a 75 mm diameter

greatest.,
tailpipe with a flow Mach number of 0.26 at 600°C yields a sound pressure
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level of B5 dBA at 7.5 metres, This represents a minimum level for
tailpipe self-excitation unless this noise producing mechanism can

be suppressed,

Figure 7 indicates how this source of neise can be controlled
or reduced in strength by bridging the gap between the inlet and cutlet
with a perforated pipe. The acoustic behaviour of the expansion
chamber is not significantly changed if the perforated pipe has about
207 open area, that is the hole pitch is of the erder of twice the hole
diameter. Perforate C had stabbed holes l.9mm across at 3.8mm pitch
giving an open area of 20%Z, while perforate D had holes 4,5nm diawcter
at 7.5mm pitch giving an open area of 277, The details of the hole
formation can be critical if high frequency discrete tone generation
(singing) by the perforate is to be aveided. Figure 8 shaows that
perforates are of value in reducing back pressure and indicates the
magnitude of the back pressuras penalty that must be accepted, when sharp

changes in flow direction are employed in a silencer system,

The measurements ip Figures 5 to 8 correspond to steady flow rigs
with a specially acoustically treated quier supply system. Other
experiments were performed with single tone hiph level (up to 160 dB)
acoustic excitation. Sume typical results are illustrated in Figure 9.
The solid lines on the figure repregent the amplitude transfer charact~
eristics calculated by the linear acoustic methods deseribed earlier,
The behaviour of an acoustically excited jet has been studied in connectien
with jet noise and is fairly well understood {13|, but the mechanisms
are non-linear and have been difficult ro quantify. The results
illustrate (a) a relative iperease in transmitted sound at low forcing
levels due to high ampliiicaticn by the shear layer, (b) a close approach
to predicted transmission at high levels of excitation due to saturation
when the shear layer amplification becomes negligible, and (c) a complex
interaction between the travelling vortex potential field, the sound
field and the tailpipe resopance at intermediate levels of forcing.
Fortunately, this complex non-linear behaviour can be effectively suppressed
by fitting perforated bridges as illustrated by the measurements in

Figure 10,
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An example which illustrates this noise generation mechanism in
more detail is provided by the acoustically syneronised vortex shedding
that is found at an expansion, The observations and analysis are
itluscrated in Figure 11, The ocoustic standing wave with zero flow
that is predicted by linear acoustic analysis with 130 dB excitation in
the upstreum duet is shown in Figure 11{a). This wave can be described
by

pd(x,t) = Eaainklxelmn.

The form of the travelling potential field associated with the shed
vortices in Figure 11({(b) has been developed from & number of observations
of excited jet flows [11]. It is an estimate rather than a predietion
but can be closely described by

~ =al idur - kox +
p,(x,€) = f e e (e = kgx +9)

The combined pressure distribution is the sum of the potential and
acoustic fields, The mean square value of the sum has been calculated
and then plotted for comparison with observations made with a travélling
probe micraphone in Figure 11(e). The agreement is within the seccuracy

of the measurements.

Though not efficient radiators in free space, the travelling
potential field of the vortices can interact with nearby surfaces
which then may radiate strongly. This is what appears to happen within
the expansion chamber, the effect being awmplified by resonance in the
chamber and tailpipe. The role of the perforate bridge is thus to
suppress the vortex formation while leaving the other acoustic properties

unaffected,

It is tempting tao speculate whether, perhaps, many of the non-linear
acoustic characteristics found with silencer elements or silepcer systems
may not be the result of similar mechsnisms that include vortex shedding

at discontinuities,
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3.

MEASUREMENT AND PREDICTION OF EXHAUST SYSTEM ACOUSTIC PERFORMANCE

As outlined earlier, evaluation of exhaust system acoustic performance

is based on insertion loss measurements or predictions.  For this
purpase open pipe (unsilenced) system measurements on a test bad are
required as well as measurements with the muffler units included. The
prediction of insertion loss invelves ideally, first calculating the
transfer characteristics of the open pipe and then, starting at the
tailpipe, calculating the transfer characteristics of the system with
silencer units included. The insertion less can then be calculated

from the ratio of the two transfer characteristics.

For simplicity (see for example |8]) the open pipe cransfer chara~
cteriscies may be taken as unity, and the prediected attenuation af the
system is then taken as the insertion loss. This can be acceptahle
in situations where the run of exhaust pipe between engine and muffler
is at least twe or more wavelengths long at the lowest exhaust frequency,
with the muffler situated near the exhaust discharge. Predicted
attenuation may nuc‘corrflace well with measurements of insertion loss
when the exhaust pipe is relarively short and the system contains two

or more distributed muffler units set well apart.

As menticned earlier, the transfer characteristic can be calculated
working with the incident and reflected waves as described here, or by
using transfer matrices representing the relation between inpur and
output pressure and volume veloeity for each element,  The two methods
should give praeisely che same results, if based on the same assumptions
and boundary conditions, as long as the input to each element in tura

is taken as the output of the preceding one.

This procedure is valid so lang as the source characterisites
remain invarient ac each of the preseribed engine running conditions.
Uncertainties will also arise due to flow noise generation within the
system unless due allowance for this can be included in the medel for
each element. From what has been shown already, it is clear that the
appropriate flow and temperature conditions must always be included

in the analysis.
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Scurce characteristics

The acoustic source characteristics of the engine can be deduced

from open pipe measurements. To illustrate how this can be carried

out we must first set out a model of the system which identifies the

source as an element.
The primary sources are provided by the unsteady flaw through the
valves which can he represented acoustically by a fluetuating volume

To complete the description of the source one must also
Each valve flow provides an

veloeity.
specify the effective socurce impedance.
individual contribution to the rotal souree strength which combine in

the manifold., A convenient reference plane for definition of source

characteristies is therefore the manifold er turbocharger outlet flange,

The source strength can be specified at this reference plane as a

fluctuating volume velocity U with an effective source inpedance Zm,
The exhaust system {(ov
This

both being quantified as complex variables,
inlet system) represents an acoustic load applied to the source.
can be specified asra fduectuating volume velocity ug with an effective

impedance Zs. With these definitions the acoustic model of the source

and system appears as shown in Figure 12,

Unm Zm Zs

Figure 12  Acoustic model of engine and exhaust system

The driving pressure at the manifold or turbocharger ocutlet flange

p, can be expressed azs
Py = U2 = (umﬂus)ém ) 3.1

Acoustic measurements obtained with microphones or transducers are

usually expressed as sound pressure levels, This infermatvion is uasually
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reported as the root mean square value of the pressure. Such
information, e.g. PS which is an r.m.s. pressure say, is not directly
comparable with the sound pressure Py defined by equation 3.1, since

phase information has been discarded in the signal processing.

Open pipe measurements

Open pipe noise measurements dare usually sound pressure level
recordings made under effectively frec field conditions, The results
are normally presented as a narrow band spectrum of the radiated noise
and represents the radiated sound energy. Thus the record represents
the spectrum of the signal Pr in equation 2.14. Provided the necessary
flow data have been recorded at the same time, this information,
together with a definition for tailpipe impedance Zp» can be used with
equation 2,14 to evaluate the amplitude spectrum of the tailpipe

incidenc wave p;.
With a straipght open pipe of length & , the fluctuating volume
velocity Us..at the, source plane can then be calculated as

AT‘;; -ik*g i{k™24) | iuwe
U = ~;€[(1+H)e ~ R(1-M)e ]e 3.2

where A is the cross section area of the pipe. The pressure at the

driving plane, p, can be found from
N TR . = .
b, = p;[(moe HTE L pramel O 24 lue 55

Repeating the observations, with a different acoustic load (i.e.
thange of &) provides a second estimate of Us and Py Provided Um
and Zm are unaffected by changes in ZS, this information can be used to
solve equation 3.1 for these two variables which characterise the source.
Some evidence exists [11[ that Uy and Zm remain unaffected with a turbo-
charged engine, but will alter with a change in Zs for a single cylinder

raturally aspirated engine.

Alternatively, one can predict the insertion loss or predict the

sound radiated by a silenced syscem from the open pipe measurements.



The obhserved radiated spectra are adjusted assuming Um remaing

unaltered, but rather than p; changes as the system is altered, in
accordance with the known changes to ZS. This procedure is illustrated
by the results in Figure 13. The measuvrements were taken from refercnce
14, and were obtained on a special flow rig where the volume velocity of
the source was maintained constant. The results show that the silenced
system performance can be closely predicted from the open pipe
measurements using linear plane wave theory even though the pressure

wave amplitude was in excess of 0.5 Bar,

The ealculations for the comparisons in Figure 13 were fairly
straightforward, since the flow temperature, mass flow and source
frequency were all constant. Test bed measurements on an engine
involve covering a wide range of speed and load ‘conditions, which result
in large changes in flow temperature and temperature gradients, mass
flow velocity, source strength and sc om. In noise contrel analysis for
the engine, the predicted system performance must provide a specified
though perhaps different minimum insercion loss for ecach operating

condition.

The problem can be simplified somewhat, by first assembling the
measuyred data in the mest general way. One method of doing so is
illustrated in Figure 14, The upper figure is a carpet plot of a
narrow band analysis of the open pipe radiated neoise for five epgine
speeds at full lecad rorque, Each recovd has been normalised in sound
pressure level by dividing by the corresponding mean flow dynamic head
at the manifold exit plane. This provides a plot where the increase
in radiaced sound pressure due to increased engine speed has Heen

normalised.

A second nermalization has been carried out on the data in Figure l4(b).

The data from each run have been replotted on a basis of k™ (sce
equation 2.5). The modulation of the radiated noise amplitude is
ciearly in step with the open pipe load impedance changes. Figure 14(b)
then represents the presentation of open pipe data for which insertion

loss comparisons are most likely to correspond to predicted system

performance.
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3.3 Comparisons between predicted and measured system performance

Cne exawple of a comparison between the measured performance of
an exhaust system and that predicted with linear acoustic theory from
open pipe measurements was presented in Figure 13. A further example
of a similar comparison based on measuroments with an engine on a test
bed is presented in Figure 15 and 16,  These results formed part of
the systematic exhavst system bench test and design studies for the
quiet heavy vehicle project sponsored by the Department of the

environment in the United Kingdem.

The unsilenced noise of this turbocharged engine was 105 dBA at
7.5 metres under full load with an open pipe exhaust sytem. The design
specification for the system required exhaust levels below 70 dBA at

7.5 metres for any speed or load condition with a baek pressura limicg

of 45 ym of mercury. Open pipe measurements were performed and apalysed

using the linear acoustic methods already deseribed in this report.
The resulting open pipe noise 1/3 octave spectrum is shown by the full
line in Figure 15, . Included within this figure are two further sets
of spectral measurements with a silenced exhaust. The two silenced
systems were of the same design which is alse sketched in Figure 15,
but the perforated bridges were omitted in one of chem. The acoustie
performance predicted for the design, neglecting flow noise, is alse

plotted in the figure.

The results for the two silenced systems demonstrate the value of
perforate bridges for suppressive flow neise. They also confirm thac
flow noise levels of around 85 dBA can be expected if the bridges are

omitted as implied by the results in Figure 7. The performance of both

systems predicted by linear acoustic theory is the same if the flow npise

excitation by vortex shedding ar the expansions is ignored. However
only in the case of the system with the perforate bridges can good

agreement be found with the predicted performance, since only with these

present have the non-linear acoustic regeneration effects been suppressed,

There is a significant discrepancy between predicted and measured
performance around 1600 Hz. The reason has not been established bug
tailpipe resonance might be responsible, while it is worth noting that
this is just above the frequency when the first of the higher order

propagating modes will become cut on,
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The measured insertion loss for the system with bridges is
recerded in ¥Figure 16, The information plotted here is raw data
with no actempt to account for modifications to the open pipe
measuresents to allow for changes in flow conditions (e.g. temperature),
The cross-hatehing indicatres the range of variation that this can
produce, since careful measurements with difference acoustic loads
had already indicated that this cngine behaved acoustically as a
constant volume veloeity source at each mechanical load and speed.
The predicted insertion loss was in excess of 35 to 40 dB above 200 iz,
while the measurements indicate two pronounced dips in the neighbourheed
of the 1250 liz and the 4000 Uz, 1/3 octave bands. This result reinforces
the suggestion that acoustic energy propagation in the higher order
modes might be responsible for the diserepancy. Calculations show
that the first circumferential mode corresponds to about 1200 Hz in
the expansion chamber and 3000 Hz in the pipe with the flow conditions
in these components. These observations indicate that the predictions
of linear plane wave theory will only be reliable at frequencies below
those at which acousticrenergy will propagate in the higher order modes.

A proper understanding of higher order mode propagation with flow present

lies to the future.

Some ohservatiens concerning pressure measurements

The measurements of the sound encrgy radiated from the exhaust outlet
is a well established technique and should present few problems. The
interprecation of the results is alse scraightforward provided free field
conditions obtain for the experiments, The measurcment of pressure
within the duct poses more severe experimental problems, since both incident

and reflected wave systems exist together producing standing waves.

A traditional approach to standing wave measurements is to employ
a traversing probe microphene. This is a laborious procedure and requires
great care if reliable observations are to be obtained. A £ull account
of the experimental problems appears in reference 1, Special care is
also required in the interpretation of the results of pressure traverses
near expansions, due to the nen-acoustic potential fields that can
exist there, see for example Figure 11, Except for special research
situvations this does not appear a satisfactory or practical technigue for
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normal production test bed measurements for component evaluation,

An alternative is to employ wall pressure measurements, but these
may involve practical problems in the evaluation of the information
obtained, There is no sorious problem if there are no standing waves
or disturbed flow in the pipe, a condition that obtains with some trans=
mission loss measurenents. However, with any practical system strong
standing waves will always be present. The problems created by their
existence can be overcome, if simultanecus records are cbtained with
two pressure Bauges. These should be sited on the wall with a
separation that is less than the wavelength of sound at the highesr
frequency for which pressure measurements are required. Fast Fourier
transform techngiues can be employed te extract the amplitudes of the
positive and negative travelling components of the standing wave system
from these two signals, This procedure relies on the assumption that
the waves are plane and that the pressure signals are whelly acoustie,
so may not be appropriate downstream of bends or other discontinuities

which introduce strong disturbances in the flow,

A third possibility is to make simultaneous aobservations of wall
pressure and particle velocity at the same duct position, Simultaneous
pressure and particle velocity measuvrements are particularly suitable
for direct application in matrix methods of system perfaormance evaluation.
Velocity measurements in a hot gas flow are difficult but the new optical
techniques may offer practical possibilities. Intake system performance
evaluations have already been undertaken |15f using wall pressure
measurements and velocity measurements made with hot wires. In this
case, though the temperature changes are relatively modest, they were
large enough to introduce difficulties with the hot wire calibration
and signal interpretation.. Though much more expensive, aptical techniques

should be free of such difficulties.

DISCUSSION

The analysis and results presented here represent ome approach to
improving the understanding of the acoustic behaviour of exhaust and inlet

system elements and how they interact, It has been shown that concepts

26



based on linear acoustic modelling are applicable to the control of
intake and exhaust noise provided they are employed with an adequate
understanding of their limitations. Current knowledge and practical
experience confirms that lipear acoustic modelling can define the
relacionships that govern the interactions between system clements and
ptovide vseful predictions of system performance, These facts have
beaen appreciated by intake and exhaust system designers and manufacturers
for some time, see for example references |4] and [5|. At the same

time shortcomings with the approach have been experienced in cases where
there has been a failure to achieve the predicted insertion loss by a

substantial margin.

In reviewing progress in the study areas (a) to (f) listed in the
intreduetion, it has become clear that successful application of linear

plane wave acoustic techniques depends on

1) Taking due account of flow conditions, Including temperature
gradients.

2) Employing appropriate boundary conditions, ineluding end
corrections where required.

3) Recogniring that the plane wave analysis is limited to those
frequencies below which significant acoustic energy propagation
can take place in higher order acoustic modes,

4)  Appreciaring the importance of correct packaging, in particular
the measures needed to maintain lipear acouscic behaviour in

system elemepts and aveid excessive flow noise generation,

§) Taking care that pressure measuv-ments are correctly performed,
processed and interpreted.

6) Recogpising that insercion loss not transmission loss is

required for practical pcrformance predictions.

In the light of all the exiscing evidence it appears unlikely cthat,
with the pressure amplitudes normally experienced in intrake or exhaust
systems, any significant errors are introduced by employing linear
acoustic theory for noise control analysis.  Non-linear behaviour is
however likely whenever uncontrolled flow separations oecur, and also

appears to be exhibited by system elements employing absorbing materials.

The two approaches to linear system analysis that have been discussed
here are, in principle, equivalent to each other, The one described in
27



detail presents the analysis in terms of incidene and reflected pressure
waves or transmission line equations, (e.g. references [1],]2],[5],|7],
|8],]9], |10],|11],|12|,]|15] ). An alternative is to present the
analysis in terms of transfer matrices relating to input and output
partiecle velocities and pressures for each element (e,g., refercnces

|3|, lk!, ). It is recognised that other methods of analysis (e.g. [14]),
have also been developed which can provide useful alternative approaches
for noise control analysis. These may be particularly relevant (e.g.
finite element methods) for providing new insight into the acoustic
behaviour of components for which linear acoustic analysis has so far
proved inadequate. A valid criterion by which each of the methods may
be judged is that they should be flexible and readily applicable to
practical situations and must provide reliable predictions of acoustic

performance.

Finally, an outstanding problem in the noise control analysis of
engine intake and exhaust systems lies in characterising the source.
Some results have been reported here, but these have been restricted to
examples where the ‘source characteristics appear to be independent
of the acoustic load. There is clear evidence that many other examples
exist where this is not the case. So that new developments in measure-
mentment and source analysis techniques are required to provide reliable

noise control predictions in such situarions.
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The resules of several exhaust nolse studles that have bheen performed at

the Gteneral Motors Kesearch Lahoratories are presented.  The principal
contribution Is a vew cransfer=fynction method of measuring the acoustic
characteristics of cxhaust systems with flow. The method appears to provide,
for the first time, a means of making routine test measurements over the
Frequeney ranpe of interost without being too time consuming and without

the need to use o computer system other than g laboratory type analyzer,
Ocher results presented dn thils poaper relate the acoustical pressare {n the
tall ptpe o phe rodiated sound and indleate how exhaust noise is determined
Iy engine tvpe and operating ronditlon,
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INTRODUCTION

A fow years ape, a program of exhaust nolse research was {niclated at the
UM Bescarch Laborataries that had as Tts goal an inereased understandiog of
eshaust system performance and of the mechanisms of nolse generation in
exhilust systemd. AU the outser of the progran it became apparent that,
althoagh the acoustical theory of slleocer clements such as expansion
cligmbers, resomaitors and peoustically=uhsorbing linings wis reasonably well
umderstond, the effect of gas (low, temperature, high=amplitude waves and
other imporiant Testures of real exhaust systems was not. Alse, It seemed
that there was Tictle basic experlwental information oo exhaust system noise
and that suitable test methods were lacking, It wos declded, thervfore,

to concentrate inltlally on experimental tescs and test mechodology before
pruceceding to theoretical nodels und desfgn methods,

This paper presents some of the results of this work, Several toples are
covercd., Pirst there Is a short discusslon ol exhaust system nolse as
determined by engine type and operating conditfon,  Next some data are
presented on polse as [t iy radiated from the tall pipe. Flnally a new
transfer fupctlon method of measuring the acoustie characreristics of
exhaust systems (such as rellection coefffelents and triansmlssion losses)
is deseribed.

ENGINE EXHAUST SYSTEMS

Exhaust noise Is determintd by o complece system comprising the engine and
varluus exhausit components such as shown In Figure 1 which depicts a typlical
automotive exhiust system.  The caompunents shown In Flgure 1 include the
manifold, downpipes, catalytic convertor, silencers, resonators amd tall
pipes.  Exhaust system nolse comprises taill pipe-radiated noise and shell-
radiated nojse from the structural wvibrations of the various compenents of
the exhjaust, Boch aspects hive to he consldered slnee occasionally they

are comparable In magnitude,

Exhaust podse is caused by the pressure pulsations emanating {rom the
cxhause valves of che enpglne,  These pulsacions are affected by the con-
figuration and the mede of operation of the valves as well as by the operating
condition of the enpine.  To a gresr extent the pulsatlions, which can
typically be of the order of 175 dl, are reflecewed back from the silencer
and resonater so that they are retained within the exhiust system and
attenuated Lhrough varfous Jdissipative mechanisms,  Typleally the pulsa-
tiong are reduced by about 20 dB ac the downstream side of the silencer

and resenater.  These pulsations interact wich the struccure of the exhaust
system and usually are the primary cavse of the shell-radiated noise from
the systen,

Various types and sizes of cengines are used o power ground cranspartacion
veldeles, ranpging from small d-cylinder spark ignicion enpines for compact
ciars to Jarge 20-cylinder Dicsel engines for locomotives, Although the
erhaust system requirements miy vary considerably over this range of
vehilcolod, the nelse generated at Lhe exhaust ports of the various engines
have several foeatures (n common,
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Flpure 2 presents unsllenced exhaust noise data for a V-8 spark fgnition
englne and an BV=-71 DLiesel epgine., Althouwgh the loud and speed conditions
are not the same, both enpgines exhibit tonal noise below 1 klz composed of
harmenies of the engine firing frequency, and broadband nelse above 1 kHz
composed primoclly of {low noise generated during the Initial opening of
the exhaust valve, Sinpce all engines create exhaust nolse spéectra similar
to those appeacing In Figure 2, desipgn of evnpgipe exhaust systems would
appear to be a relatively stratghtforward task, lowever, complexicies are
incroduced by stringent space limitatlons in a vehicle, the extensive range
of aperating conditions over which the designer has te limic the nodse, and
the back=pressure requirements which are different for different engines.

A diesel cngine vperates unthrottled continuously and, hence, the ‘back
pressure at part lead las a greater cffect on engint performance than in a
spark lgnition engine which 1s throctled at part load, . A Dlesel-engine
exhaust system must, therefore, in general be designed to have a smaller
back pressure,

The effect of engine operacing condiclons on A-welghted exhaust noise is
shown in Flgure 3. These data represent noige vadiated from the tail pipe
af an unsltenced V-8 spark-lpndtlon englne throughout fcs complete

range of operacion. Althoupgh exhaust nolse is known to Increase in level
with inereasing enpine speed and with Inercasing load, these data show that
the level of exhaust neise 1is poverncd principally by the exhaust gas mass
flow rate. This ls not too surprising since pressure pulgations are created
by the exhaust gas blow-down process during exhaust valvl opening, T¢ is
recognized that other engine parsmeters such as exhaust valve timing and

cam shape, exhaust manifolding, cte., can a#lse affect exhaust noise; however,
once the engine s designed chese parameters are [ixed, thus the exhaust
nolse level is set by the exhaust gas moss flow rate,

TAIL PIPE

The tail pipe opening plays an important role in the acoustie performance
of the engine exhaust system since [t 5 at the tail plpe that a major’
portiop of the acoustic energy of the exhaust pressure pulses is radlated
as sound. There was considerable confusion concerning the details of this
radiarion process until 1948, when Levine and Schwinger [1]* developed the
theory of the reflected wave from an unflanged circular pipe without flow,
Since then, several experimental studics have been perlormed to determine
the effect of flow on the reflection process [2,3]. In this more recent
work the most slpnificant result is probahbly that obtiined by Alfredson and
Bavies |2] who, by assuming monopole radiation from the plpe {i.e. equating
the energy of thé plane wave in the pipe to the encrgy in the spherical
spreading wave outside the pipe), developed che following relation between
the nmplitudes of the pressure p, of the plane wave inside the pipe to the
spherical wave pressure Py outside the pipa,

* Numhers In brackers [ refer to References at the end of the repoart.
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wheee 40 the radda) ddstance from the end of the pipe, d Is the plpe diameter,
(pedp and (eed, are the characterlsvle Impadances fuslde and outside che plpe,
respectively, oM L the Mach oumber ol the flow in the pipe and R ois the tall
pipe reflection coeliedent,  The theee terms In equation (1) represeat the
vitects ol arva divergenee, (luld propertics ar temperature, and acousiic vnergy
reflection aod convoctlon, respectively on the radiation of souwd from the tail
pipe,  Apart from i few experiments in the original paper by Alfredson and
avies {J], Hietle or so data has appeared in the llterature to confinm the
valldity of Lhls equition, Uowever, it appears to be a useful Tormilacion and
It has been used In Davestigatjons at the M Researeh Labs to study the un-
silenced radlacien of nconstic cavrgy from the tatl plpes of different engine
exhaust systems.  Some of thuse dath are dlscussed here,

Narrow band spectra of the exhaust polse radinced from the pipe conmpared with
similar speetra for pressures ac two lovations withis the pipe, vie close to
the end and the other 1, 385 m uypscream, oare shown in Figure 4, Far up the
pipe, the spectrum Is seen to be dominated by low-frequency enoergy composud
primarily of harmemles ui the eagine [iring frequency,  Near the end of the
pipe and {o the outslde nelse, the dominance ac lower Frequencies s
somewhat reduced.  Beflecclon at the end of the tall pipe and the nature

of the radiatlon process in the extuerpal sound ficld are responsible for
this change,

An Interesting obscrvation from Figure 4 {s that the shape of the spectrum
near the end of the vafl plpe s very siwilar to that of the vadiated noise
exterdor to the pipe, the nolse spectrum being abouc 43 dB lower.  From

these data [t would scem, therefore, that ic might bhe possible to dercrmine
exterior noise levels from a measorement of the pressure neav ithe end of the
call pipe, Ruceh a siopie acgasureoment does not separate the [ncident and re-
flected waves near, the end of Lhe pipe and hence dues not provide the
information peedoed to cvaluate all the terms In Equation 1 precisely.
llowever, the equation can be wsed to examlne the dB difference observed in
Flgure 4, The plpe dlameter was about 50 mm so that the arcva divergence
effect is about 36 dBb which accounts for most of the difference In level,

The temperature effect 1s about =2 dB which leaves o net of 4§ dBb for the
reflection and flow effeces, It is oot clear ot present why this combinatlon
of effects should appear to be wnlTorm across the (requency range of the data,

The divectivity of the neise radiated from the tail plpe s imporvant ip
addition to the Jevel and Trequency content, A typleal divectivity plot iy
shown 1o Figure 5 Tor an unsilenced engine,  Engine nolse was separated from
exhaost woise by passing the exhoust pipe Into an acoustically=lined room
where the radlated sound pressure was measured 1.5 om from the tall plpe
autlet,  The linear sound pregsure §s falrly anilorm due to rhe dominance

of low Irequencies as shown Ip Figure 4. A-welghting of che sound pressure,
which pives an npprnx{mutv measure uf the loudness of the oxhaust, pives a
ralber interestiog pattemn to the divectivity, A quiet reglon oceurs un Lhe
agls of the vafl plpe, with the loudeyt nolse radlated 40° ta 60° off the
axls, ML bs believed that refraction of acoustlc waves by the velockty and
temperature pradients In the reglon of the exhasst-gas Jot, fs responsible
for this varlsrion {o directivity,
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Unly frequencles for which the wive length {s smaller than the jet region
will he strongly refracted, thus, low frequency sound is radioted vather
uniformly while hMgh frequency sound s dlrecred of f the ta2dl pipe axis.
This frequency splicting effect is illustrated by the frequency specera in
Flgure 6. Helow 1 kiz the two spectrit are very similar; however, above thig
frequency, the sound pressure fs nearly 10 dB hlgher of I the tall pipe axis
{at 45°) than on cthe axls {at 0°), Since A-welphting makes the level more
sensitive to higher Frequencies, the d-welphtod sound pressure leve)] af
Flgure 5 reflects this shift of high Itequency sound of 1 the tall pipe axis
while ehe lincar level does not,

Radiatien directivicty patterns similar to the laboratoery measurements of
Fipure 5 have alse been obscerved 1o nolse toests of velldchs. For example,
the directivity of sound measured 15 m (50') from the rear of o cransit
toach is.shown in Figure 7. Althouph these latter data also contain
directivity pesks duc to other sourves of nofse (such as engine block
nelse, fan noise, ete.),. the quict repion nt the rear of the coach and the
secordary directlvity lobes at 45" arce esseatially caused by refraction of
the » ailse radiated from the tall pipe opening.

A TRANSFER~FUNCTION TLCHNIQUE FOR MEASURING THE
ACOUSTIC CHARACTERISTIES OF EXHAUST SYSTEMS WITH FLOW

For exhaust systems, it is Important to have an efficient method of measuring
normal ineidence scoustle properties, such as reflection coefficients,
transmisslon covfflelencs, acoustic Impedances and transmission losses,

The sound has to be separated imo (ncldent and reflected components and

this can be a relatively di¥ficult problem when the sound Is belng penerated
continuously and standing waves are belng formed  in the exhaust system, Once
the .separation has bheen achfeved, however, Into so-called right-running and
left—running waves, as depicted In Filpure 8, all of the normal-incidence
#coustic properties in an exhaust system can bo determined.

The classical method of decomposing standing wave systems in ducts is the
standing-wave—-ratio (SWR) method [4] In which a small micrephone or
microphone prebe is moved axially along the duct to measure the amplicude
and location of the acoustic pressure maxima and minima. From this Informa-
tion, the reflection coefficient can be decermined, The SWR method has
several disadvantages:

a, The method requires acoustie exeltation of the duct sysctem at dlscrete
frequencies and, hence, is time consuming.

b, The microphone position must be known quite accurntely to resolve the
phase of the reflected wave, This causes difficuley at Ligh frequencies.

c. The mlcruphnnu must be moved ac least a half-wavelength at cach
frequency su that the microphone system has te be quite cumbersome
in order to make mensurements at lower frequencles.

d, Meaaurements that have to ho made within a long duct section are
affected by dissipation at the duct walls,
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e, When there 1s flow in the duck, the flow noise generated by the
microphune system can completely mavk the acoustlié waves belng
measured.

Thdse disadvantages virtually climinate the SWR method as a proctical tool
for the routine testing of exhausc systems with flow.

Other less-cumbersome metheds of separating incident apd reflected waves
lave been tried to avold some of che difficulcies juse cited., A direct
separation of incident and reflected sound can be achieved with the use of
broadband short-duration excitation pulses in a relatively long secction of
duct [5,6]., Decause of the length of duct nceded, dissipaticn problems
occur ab the walls as mentioned in (d.) above., Also theré 1s:difficulry
in creacting sufftcient high-frequency content in the shorc-duration pulses
to overcome {low and/or background nolse in the upper frequency range,
Another method of separating incident and reflected sound uses correlation
techniques with o discrete frequency excitation [?7], Two wall-maunted
microphenes measure the standing~wave-amplitude and phase relative to a
comman reference voltage and the eroas-correlation between these measure~
ments is wsed to decompose the standing wave into {ncident and reflected
waves. Although the wall-mounted microphones reduce flow noise, the method
ig essentially as time copsuming as the SWR method

A brogdband method is to be preferred, therefore, for practical testing
since, 1in peneral, discrete frequency methods appear to be too time
consuming. As we have seen, short pulges do not seem to work too well for
broadband excitation in a duct., This leaves random-nolse excltation,
Random-nuise excitation methods are now widely used in conjunction with
Fourier analysis equipmena, particularly in vibration analysig, and {t would
obviously he heneficial 1f such powerful procedures ceuld be applied to
pxhaust nolse testing, During the past two years, a practical transfer-
function technique of this kind has, in fact, been developed at the GM Rescarch
lLaboratories for acoustic mesgurements iy duct systems with flow, We would
like to present here a derivation of the mechod together with test Jata
relative to some known no-flow theorcctical solutions, JTe should be noted
that this Is not the only randod-noise technique that has been proposed for
exhaust-nolse testing. Seybert and Ross recently proposed such a method [8]).
llowever thelr procedure involves a mathematical formulation, baosed on

puto- and cress-spectra, rather than cransfer functions, that cannot casily
be used in practical testing, The transfer-function methed that we describe
here can provide an instantaneous readout of quantitles such as reflection
coefficlents and transmission losses over o reasonably broad frequency range
using a two-channel laboratery analyzer.

Theory

Referring to the schematic dlagram shown in Figure 8, consider two
arblerary microphane locstions 1 and 2 at the duet wall with a scparation
diatance s, in a upiform duct of finite lepgeh with flow from left to right
as indicatud, The acoustlc pressures measured by the microphenes at these
locatrions may be expressed as the summatlon of right~ and left-running
cumponents ad follows:
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[ I‘I + plq (¥3]
and

|’2 = Py + Pz H (1)

where the subseripts 1 and 2 indicare the locatlons, and v and 2 denote the
righe= and lefe-rumning components of the pressure, The reilectlon co-
elficients R and By at ehe two lacatlons are defined as,

k, = F {p, rip, ) {4)
1 \E lr
and

R, = 1" {p, W¥lp, }, (5
2 2, Pzr

where F denotes che Fourder transTorm,  Also the transfer functions assoeinted
with the right= and left~rennlng pressures may be expressecd as,

m,, = Flp, Yrip, } (6)
l!r Zr 1r
and

l,, =Fl{p, WFlp, }, 7
122 2R lE
while the transfer function fur the total pressures may he written as
iy = Flpyd/Fie ) {8)

From equacions ¢ to 8, it is scen thar,

UTRLITS (TR, /{1HR ) (%
while equatlons 4 to 7 show thar,
R2 u (”121[“1}2:—) II‘ {10)

L]

Subscitut Ing equation 10 into eguatlon Y and solving for R]. ie loltows that,

Ry = (u]2 - ulgr)/(nlzl - H“_,J {11}
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Equatlons 2 to 11 are valid cither for deterministic or random aighals,
provided Fourfer teanaforms exdse® i the case of the random signal,
Gencrally, for a randem signal, the (requency spectra, rather than the
Fourfer transforms-are estimated, In order for equatfons 2 to 11 to be
valid, it can he shown that the following requlrement has to be satisfied,
i.e.,

F{pmp]F*{p“q} " F[pmpl . F*{p"q] , (12)

; me=1, 2 ;p =r, %

na|l, 2 q=71, L

where the bar denates an average value, and the asterisk {ndicutes a complex
conjupute, Equatlon 12 is satisfied as long as the data segments among the
different sample recovds In the Finlte Fourier Transform are mutually up=
correlated.  This condicion cap he achicved by appropriately separating the
sample rucords.

The transfer functions associnted wlth the righr= and left-running pressures
con be expressed uas,

—ikrs
H = e (13}

H, =o . {14)
where s is the distance between the two microphones and

ko= k/(1+M) (15)

kﬂ = k/{1-M) (16)

are the wave numbera corresponding to the right- and left-running wave cum-
punents,  In equations 15 and 1o, the wave pumber k is defined as the
frequency divided by the speed of sound, whtle the Mach numher M 1s the mean
(law velocity V divided by the speed of sound,

* Strictly, the Fourler transform of a random signal does not exist because
o ramlow time-function [s net absulutely Integratable. The Fourier
transform referred to here {a the (inite Fourier transform used [n
numarleal computarivas,
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The values kg and kg can be determined Yronm the correlatlon funetion between
" and Py Thus le and sz cun be determined using kr and k2 together with

v 3 :
the known distapee s,  However, “l’ In equation 11 is obtained directly from
the ratio of the cross-spectrum between I and the auto spectrum of Py
T.e.,

Mg = 600y an

Using the quantitles provided by cquations 13 co 17, the reflecclun coelficient
Ry can be determlved from equatlon (1E). This computatfon is relatively
slmple and con be readlly programmed {ntu the analyzer co provide a direct
readout of the reflect Len coef [ Lefent. '

Moasurement Accuracy

The accuracy of the ncoustic propervics measured In a duct system with flow
by the transler-function method is poverpoed by many factors, The most
[mportant ol these are diseussed briefly in this section,

As with all other acoustic mensurvments, the signal-to-nofse ratio of the
geousitic signals with respect to the Mlow or backpround poelse must be
sufficiencly high. Also, for the frequency range of the measurcements, the
dynamic range of the acoustic slpnals wust be kept within the approprigte
ranges of the Instrumentation Lo avoid cxcessive interference from ipstrument
nulse.

The spacing of the mic.aphones must be chosep with severol conslderatlions

In mind, Mlcrophones tou cdo=ely spaced will ereate orror due to the [{nice
slze of the mlcrophone's diaphragm s hice, cheoretically, each microphone is
assumed tu measure acoustic pressure at g pelnc.  Micvrophones spaced too far
apart will introduce excessive wall dissipacion effects. At (requencles for
which the spacing {s a hall-wavelength of the sound, the two microphones
measure redundant portions of the standing wave and the reflection coulficient
valculated from equation )1 becomes fndeterminanc,  Near these [requescles,
wall dissipation and statlscleal errors will become dominant in the reflection
covfflcient caleulacion and large errors result.  To reach a compromise among
these different Tactors the spacing should be ae least a few diamcters of the
microphone, no greater than a half-wavelength of sound ac the maximum
frequency, and equal to an integrol waltiple of the speed of gound tines

the cime domaln resolation of the ADC* unlt., This latter requlremont,

coupled wich adequate temperature and (low velocity information, should

assure reasonably accurate comprtat lon of the Tunctions ”t2 and le .
r 2

The Froequeney range In which aceurate measurements can be obtained has to
neeur In the range where only plane waves propagate In the duct. For a
elrenlir duct of diameter dy this fmplics that the frequeney [ has to he
less chan 0.580 (c/d) while for o square doet of side d, {c fmplles that
{ has to bu Juss than ¢/2d whoere ¢ iy the speed of seund,

A ADC s the Analop~to-Digital Convertur unit of the Fourler analvzer.
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The wtatlstical error of the measurument s dependent on the colwridnce
butween the two mlerophone signals and vn the number of averages used (n

the cvanluation of the

transfer functlon.

To achieve equivalent gccuracy,

a hiph coherence requires fewer averages than a low cohorence.  However,
Lthe best approach 1s co repeat che tusts using progrussively more averages
until the Minal result is vssencially waffected by the number of averages,

Latibrat fan

The callhraticn of the nierophune systems Is aceompliished by mounting two
microphvnes o a cime In o plate that van be pigldly actached tu the open

end of the ducee.

The Lwe mlvrephones van then be assumed to be expused to

the same nodse Field,. and the transfer fupnction measured In this configura-
tlon representy the respanse (both fn amplitude and phase) of one microphone
system relative co the other #ystem,

If microphone #1 (sce Flgure 8) I3 chosen as o reference, successive cam-

parlisens of eoch additional microphune system wich the system of microphene #1

will result §n megsurement of the set of transfer functions [le ’ “13 |
c €

where the subscript o refers to the calibration configuration of the

microphunes,

This set of transfer luncilons is then used Lo ecorrect mensured

aute-gpectra and transfer functiuns for microplone system response .according
to the Mullowlng lNormulae:

IGlllcurrﬂcmd

[G22]currnctcd
[633]cofre¢tud

[”lzlcurrcc:ed

{“IBlcorrnc;ed

=

= ./
221,

= 0,/ |

11

2
|

2
l
13,

a um/u]2
c

= Wy4fhyy
[

(18)

(19)

(20)

(2

22)

Thege corrected forms of the auto-speetra and transfeor fupctions are used o

the vileulation of the reflleccivn cuelficlents,

transmission Josses, and other

normil-ineidence acoustic properties of o duct system,

1 UBocause microphone #1 1s chosen as the reference system.

58



10

Instrumentation and Associated Measurement I'rocedures

The funstvumentation ruequired to perform in-ducc acoustic measurements using
the transfor function technlque is shown schematically {n Flgure ¥, A random~
nolse penerator {s coupled through o power amplifler te an acoustlc driver
unit and penerates acoustic sigpals In the pipe. The inslde diameter of the
pipe used {n the experiments wag 51 mm, and 6,35 mm (1/4") diameter lruel and
KJaer condenser microphones were mounted flush with the Enslde wall of this
pipe. For this plpe diameter, the upper limit of the frequeney range In
which only plane waves propagate is 4 kliz.

For the reflection coyfficient measurements, an axial spacing of 27 mm was

uged between the two upstream microphones. Thus, according to equaction i1,

the first indeterminant frequency occurs at 6.4 kHz which 18 above the frequency
range of interest In the measurements. A third microphone, mounted Jownstream
of the stlencer, and an anecholc plpoe termipation ave used in the transmlission~
loss measurewents. The anecholc termination, which consists of a long wedge

of acoustic [iberglas within a 51 mm diameter pipe, prevents the [ormacion

of downstream reflected waves and thus permlits measurement of transmitged
waves with only one mlerophone. [If such a termination were not used, two
downstream microphones could be wsed in conjunction with the tranafer-function
techndque to decompose the downstream scanding wave to determine the
transmission loss.

Amplified microphone signals were fed to an HF Merlin (Model #5420) Fourier
Andlyzer for measurcmene of aguto-apectra and transfer {unctlons. These
neasuroments are stored on the digital cvape unic built inteo the analyzer

und reecalled for subsequent computations, The calibration transfer functiens
were measured using paifs of microphones as described in the calibration
aection and used to modify the auto-spectra and transfer functions according
to equations 18 through 22,

The function Hyqg and le were computed by feeding Gaussian white noise
r L

voltages simultancously to both input channels of the analyzer, time delaying
one channel by <kes/u and kgs/w, respectively, (according to cquations 13

and 14) and computing the transfer functions, The microphone spacipg of

27 mm was chogen so that these time delays (both equal to 78 ps) were equal
to the time domain resolution of thie analyzer's ADC unit for the 3.2 klz
frequency range.

The computatiuvn of cquation 11 wns performed completely within che analyzer
unle. Therefore, spectra of acoustic parameters such as reflection co-
efficients, transmisslon losses, ete., could be displayed directly on the

~anatyzer's oscillogcope undfor an x-y plaocter., The simplicity of the form

of cquation 11 ls o key feature of this technique since it permits immedlate
digplay of the measured acoustic parameter in the laboratory without resorting
to a pre-programmed diglecal computer,
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Experlmental Results

Twe experinents were conducted during the Lwo-week pueriod thag the HP
Merlin onalyzer was avallable.  Choloe of the experiments was based on
available hardware and on ahiliey to predice the results from known thoory.

Open Mpe Termipation: Heflection coefficiencs from an unllinged open
pEpe terminatlon woere measured withont {low uding the transfer [unceion
techinique and are compared [n Flgure 10 with the theory of Levine sind:
Sehwinger [1]. As shown, the microphones wore placed only 30.am and 57 mm
Ceom the end of thu plpe to mintmize wall dissipation effeces, Since che
quantity. caleulaced (rom equation 1l is complex, Figure 10 presents both the
magnitude and the phase angle of the reflectlon coeffleient,

The ageeement betwaeen cxperiment and theery (s seen ro he quite guod through-
out the measured [requency range. At high frequencies, che experimentally
measured refiection eoefficlents tend co be lower in magnitude thun the
theoretical values, This effect has been observed In previous neasurements
using the vcorrelation technique |7]. It s probably due to wall-dissipation
effecty and the loss of acoustic energy through the walls of cthe pipe.

Inaccuracices also tend te be greater at higher frequencles due to errors

caused by the finfte size of che microplones and to errors in the functlons

le and le caused by the approximace values used for the speed of sound
r £

and microphone spacing, Typleally, such errors vary linearly with frequency
and Lthus ave more upparent at bigh frequencies. The excellent agrecment
botween theoretical and experimental reflectlon coeffilcient phase angles is
somewhat surprising, Usually errors arising from Inaccuracies In spatial
rosolution and the speed of ‘sound create larger variacions iIn phase than

fn magnicude,

Expans ion Chamber Silencer: Ruefleection coefficient apd transmission loss
measurements were performed using the trans{er Tupetion technique for the
expansion chanber silencer shown schematilcally in Figure 11, The inlet and
ouclet pipes have a dlameeer of 5 mm and the chamber diameter. {s 152 mm
giving an area expansion ratlo of 9 to 1. The outlet pipe protrudes a
discance of -5 mm {nto the chamher. Teskts were conducted with an ancchole
termination downstream of the silencer, as shown In Plgure 9 and discussed
above {n the section on {ostrumentatfon and assuvciated measurement procudures,

el lection covflicients measured for this silencer are shown In Flgure 12.
Also shown are theoretical calculatlons for the silencer using the methuods
of Alfredson and Davies {9,10],  The magnitude of the measured toeflection
coof flelent is quite low at frequencles for which the chamber leapth 18 a
meltiple of half-wavelengihs of sound., The greatest differences between
theary and experiment oceur ot these frequencies duv to resonant enurpy
dlgsipation within the silencer, Simllar losses at the entrance and exit
reglong of the silencer prevent the reflecerlon coefficient from huelny unity
at the off-resopance frequencles, 1t appears that these losses are under-
estimited dIn the theorcetleal ecalealations.
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Above 3 kllz, the experimental results fal) far below the theoretical
prediction.  7This is believed to bu due to the occurrence of the firac
radinl cross-msde within the. silencer. The loweat frequency at which this
mode wlll propagate unattenuated in the chamber {s given by [11]

¢, (1.22)(344 nfs) _

9
3 15T m 2760 tHz. (23)

The theoret teal ealeulacions do not account for che higher order modes, A
similar dif Cerence between predictilon and experimental resules has been [ound
using the SWR mechod [12].

At low [requencics, the phase angle agrees very well with theory. As the
frequency Loercases the measured phase angles gradually lead the theoretical
vilues more and more. This effect might be atcributed to wuve action
vecurring at the entrance. to chie chamber which, at high frequencivs, ls
simllar to o flanged open pipe termipatlon, For the inflnite [longed plpe,

a small end correction R' = 0,42 d must be added to the plpe length te predict
the phase of the refleected wave {173], and such an extension of the inlet plpe
Jength would greatly Improve phase agreement between theory and experiment in
the present situacion. In fact, the phase correction, AD, would approach the
value,

AB = 2kE' = 0,04 (2%)

at high frequencles. To iLl]ustrate chis effeet, a modified theorctical curve
for phase Is shown In Figure 12 between 1,1 kifz and 2,7 kHz. As expected,
the Infinite flanged pipe correction slightly overestimates the correctlon;
however, it does result in a better mateh with the measurements. Thus, the
comparlson of measured results to theory not only serves to verify che
experimental technique but can he used to check and possibly to improve the
accuracy of the theory.

Transmission loss (TL) data for the expansion chamber silencer are presented
in Flgure 13. These data are computed using measured reflection coefficlents

A guto-gpectra upstream and downstream of the silencer in the expression
)
L = 10 log, ——— (in dit) (25)

nsn (1+R1)

where Gy is the vpstream auto-spectrum at the point of measurement of the
reflection coellickent Ry, amd (39 s the downstream auto-spectrum. ‘lhis
expresslon assumes wse of an anechole termination dewnstream of the silencer.

The measurements are compared to theoretleal predictions of transmission

logs alse using the nethods of references 9 and 10. Quarter=-wove resenances
aver the length of the expansinn chamber are responsible for the lobe structure
in the Tl spectra that repeats approximately every 600 Hz. The large peak

near 1200 Mz Is due to a quarter-wave resonance Ln the apnular chamber reglon
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formed by the protrusion of the exit pipe {nte the chamber. 7The decrease
in the experimental TL dats above 3 kilz i due to the uccurrence of the
(iryr radial cross-mode wichin the' chamber, as discusscd earller for the
reflection coefficient data.

The gwerall trend ol the experimental TL data follows that of the theuretical
prediction. Nowever, the measured datn exhibit [lucruations throughout the
[requency rapge which are not accounted for by the theorv.  Although the
arvipin of these fluctuations fa not knewn, refilecced wayes from the anccholc
termination are suspected, I roellectlons were present downstream of the
silencuer, then Gqy used In equation 25 would be in error due to the standing
wave patteros.  The assoclated error in TL would be of the fluctuating nature
similar to the dota of Figure 13 due to the presence of pressure nodes and
antinvdes ot the downstream microphune Jueacdon. A study of the acoustic
characteristics of the anechole terminstion sectlon and of uther siluncers
will be conducted In future tescs.

CONCLUDING COMMENTS

In this papur we have presented results that we hoped would he of particular
Interest at this Symposium, The mechanism of the radiatlion of sowd from the
end ol a tall plpe ls an important copic in exhaust nolse studles aud the
posaibility that the acouscic pressure In the pipe may be directly relured to
the vadiated sound should be further Investlgated, The trans{er-{function
tuchnique developed by GM Research lLaboratories appears to provide, [or the
first vime; che means of making roucine measurcments of the acoustic charac-
toristics of exhaust systems wich flow, We feel that this capabilicy should
be of considerable wse both in exhaust system development and for possible
exhaust system evaluatlon purposes,

Whether trunswmission loss data obtained In bench ctests with the transfer~
funcilon teehnique deseribed here van be used to predict the performance of
slluncers as installed {n vehicles has not been Investigated yet ar the

CM Research Laboratories, Such an investigation should involve conslderation
of rhe following-effects in order to decermine whecther or noet the effects are
accounted for ond, if not, what corrections are required:

1, Mean [low

2, Temperature and tempenature gradients

3. Flolte amplitude waves

4. Engine source impedance and tall pipe radiation impedance,

Since the tronsfer Tfunction techndgue can be used with mean flow, that elfect
could be accounted for directly In any bench test using the technique, As far
a8 the two-part temperature effect Is concerped, bench resting at room tem-
perature would Introduce n reduction in the speed of sound from that for che
actual higher temperatures, and thls cffect could be accounted fur by a
relavively stralghtforward frequency correction of the transmission loss data,
The cffect of tempernture gradients in the exhaust system, however, {s not
currently understood and thus the effect oo silencer performance [s ot
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prodleiable by gny prosently known method,  As Indicated In referencues 2,

, 1 and U4, nodlinear effects due to Tinite amplitude waves in expansion-
chambur sl lencers vecur pear resenant frequencles and, heace, can usually

be neglected for design purposes. lBocuuse bench-test transmission loss

data do not foelude the ef fece of the engine and tall pipe impoedances,

they cannot be used directly to prediet eicher the level of nofse radiated
from the tall plpe or the decrease In nelse level due to the insertion of

the silencer, This latter measurement of silencer performance, whilch [g
termed the dnsertion loss, can be related to transmission Inss T che englne
amd tall pipe fmpedances are known. Several workers have attempred to specify
these impedances usiong experimental measurements [2,15].  However, thelr
resules wore not suf flelently general to dover the ‘complete range of conditions
that exist In vehicle exhuust gystoe o,

In summary, therefore, sufficient data are not yet avallable to correlate
beneh toest transmisston loss of siluncers with nolse reductions vbtalned
when these silencers are installed In velhicle exhaust systems, Thus before
bench tests can be used te develop silencer ratlngs, a series of sllencers
shuuld he beneh tested and alse should be evaluated on veblcles to determine
the degrvee of correlation, If such a correlation can be established, a
frequeney=dependent eriterfon (similar In nature to nolse criteria curves
used {n'nrehlcectural design) could perhaps be developed to determine a
silencer ratlng from tronsmission loss data obrained in bench tests,
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A METHOD OF MEASURING EXHAUST SYSTEM HOISE

Mineichi Inagawa
Trucks & Buses Engineering Center
MHitsubishi Motors Co.

In Japan, noise regulation for motor vehicles is on the verge of
becoming the strictest in the world. The noise level of heavy duty
trucks and buses will be limited to under 86 dB{A) from the present
89 dB{A} by the IS0 method by 1979,

Figure 1 shows the contribution of each sound source to the total
noise level of Japanese heavy duty trucks and buses measured by [50 R362
method. The engines of the iilustrated vehicles have from 250 to 300
horse pawer outputs. Engine noise is responsible for the greatest
percentage of exterior noise. Exhaust system nofse, and cooling fan
noise come next In order,

Our bench test on mufflers can be classified inte four types,

(1) Measurement of Acoustic Attenuation of ‘a Muffler,

(2) Measurement of Flow-Generated tioise of a Muffler,

{3) Exhaust loise Test on a Stationary Vehicle, and

{4) Exhaust Noise Test on an Engine Bench.
(1) Neasurement of Acoustic Attenuation of a Muffler

The setup. of the measuring system is shown in Figure 2, The
output noise is measured in a cubic anechoic test chamber. Its dimensions
are 2.5 meters or 7.5 feet on all sides,

Input sound pressure to a muffler is controlled constant at
110 dB{A), and as a noise source, sinusoidal wave, white noise and
taped spectrum from the exhaust of an engine arc used,

Obtained data is recorded and post-processed by a computer.

Figure 3 shows our way of expressing "Acoustic Attenvation".
The difference of noise level between the reference straight pipe which
is referred to as the "Base Model", dnd the tested muffler is designated
as "Acoustic Attenuation®,

An example. of frequency response of the "Base Madel" 1s shown in

Figure 4 in order to compare the fundamental elements of muffiers,
In this case, the equivalent Tength 5 175 millimeters or 6.9 inches.

78



" e AT

The fundamental elements configuration and their paraneters are
illustrated here (Ref, Figure 5). Though the expansion chamber type
and the resonator type muffier seem to be the most popular, the multi-
hole type is videly used and reveals an interesting feature which I
will mention later,

Figure & shows acoustic attenuvation which I mentioned earlier
in relation to sinusoidal wave, Ue have shown an expansion chamber
type here as an example, This example {s a very simple one-chamber
model. In this case, it is meaningless to illustrate the measurements
and calculations of frequencies above 2000 llertz,

Figure 7 shows one response of the resonator type muffler. As
the number of holes is increased, its features begin to resemble
those of the expansion chamber type.

Hext is shown an example of a response using white noise to
compare with that of sipusoidal wave. This comparison is made with
the multi-hole type muffTer (Ref. Fiqure 8).

The attenuation characteristics using sinusoidal wave are
represented by the dotted Vine and those of the 1/3 octave band using
white noise are shown by the dots. In such simple models as this one,
the 1/3 octave band noise is sufficient to illJustrate the acoustic
features of the muffler, When white noise is the input, an attenuation
at frequencies beyond 2 kiiz, and overall, are obtained.

Figure 9 shows the attenuation characteristics of an actual muffler
for a vehicle, A1l the mufflers have a diameter of 280 mm, and are
1 meter in length., Frequencies of above 2000 Hz are best attenuvated
by type C. The A-scale level also shows the best results, Figure 10
shows an example of acoustic attenuation with respect to a twin muffier,
When the actual exhaust noise of the engine is used instead of white
noise, the spectrum poses a problem., Figure 11 is the spectrum of
the exhaust poise from a V8 14,8 Jiter diesel engine without a muffier,
This 2400 rpm spectrum resembles that of white noise and this was
used as the sound source.

The acoustic attenuation of the noise of a muffler with white
noise input and the noise of a nuffler with actual engine exhaust noise
input vere compared using overall dB(A), The difference in acoustic
attenuation due to the difference in input spectrum was slight and
good correlation was seen. Accordingly, we decided to use white noise
input for acoustic attenuation studies,

{2) lleasurement of Flow-Generated Hoise of a Muffler

As a flow source, ve used a rotary blever and a normal air flaw
was supplied to the test muffler through a silencer, The flow-
generated noise was measured using a cubic anechogc test chamber.

The rotary blawer used, had a flow volume of 54 m™/min at 200 mmlg
in order to simulate the exhaust gas flow at full load of a 300 horsa-
power class diesel engine which we manufacture, (Ref. Figure 13}
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Using this equipment, we tested various mufflers to obtain
their flow-generated noise levels. (Ref. Figure 14)

The change in noise levels according to the differences in flow
speed were as follows;

When flow speed is less than 50 m/s, noise level is proportional
to the value of V to the fourth power, where ¥V represents the flow
speed,

When flow speed is Jess than 100 m/s, noise level is proportional
to the value of V to the sixth power, and when flow speed is more than
100 m/s, noise level is proportional to the value of V to the eighth
povier ar more.

We discovered the following tendency when testing the fundamental
elements of the muffler (Ref. Fiqure 15). The flow-generated noise
showed a tendency to be higher in the expansion chamber type and the
multi-hole type muffler.

I would 1ike to show typical exampies of the spectra, Two tendencies
viere observed, (Ref. Fiqure 16). First, as the amount of flow increases,
the dominant frequency was seen to rise to the higher range and at
the same time noise level is increased,

In the case of multi-hole type muffiers the noise level gradually
increased, and as you can see in the figure the dominant frequency
is abgve 2 kHz.

The flow-generated noise level was evaluated the same as acoustic
attenuation using differences of the levels of the test mufflers
based on the straight pipe. (Ref, Figure 17)

We tested a typical muffler and found that in mufflers which
do not produce a whistling noise the flow-generated noisc level
remained constant when the amount of flow exceeded a certain limit,
{Ref, Figure 18)

Next, the correlation between the data obtained using the Tlow-
generating equipment and exhaust noise of the actual vehicle depends
on the correspondence of air-flow, The effect of engine rpm and the
temperature of the exhaust system was studied using testing equipment
for the exhaust noise of stationary vehicles. | will mention this
tater, (Ref, Figure 19)

The difference in temperature between the inlet and outlet of
the exhaust system is from 200 to 300 degrees centigrade, and when
the back pressure of this flow-generated noise and that of the actual
vehicle are compared, it was found that better correlation is seen
when the rate of flow is converted at the outlet temperature of the
tail pipe.
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from this resuit, engine rpm apd the exhaust flow rate can be
approximately related as shown in Figure 20,

When correspondence is made at the outlet temperature of the
exhaust system, the actual exhaust noise and the flow-generated noise
of the vehicle, when compared in the same muffler, is as shown in
Figure 21. And in this case, the flow-generated noise accounts for
only a small percentage of overall exhaust noise,

And also from our experience, if the muffler 1s normal and does
not produce any whistling noise, it can be said at present that
flow=generated noise contributes only slightly to overall exhaust
system noise.

{3) Exhaust Noise Test on a Stationary Vehicle
Figure 22 15 the layout of the testing equipment,

The base of this testing equipment is a heavy-duty truck of a
maximum payload of 11 tons, equipped with a 305 horsepover V-8
diesel engine.

An Eddy Dynamometer was mounted on the rear body of the truck
and connected to the engine through a transfer to absorb the engine
output and also for automatic speed control of the engine.

For this test, the exhaust system was mounted at the side of
the vehicle and a sound insulating wall was set to avoid the influence
of engine noise and other noise from the vehicle. By using this
app?ratu;. radiated noise from the exhaust system can also be easily
evaluated,

Fiqure 23 shows the changes in the exhaust noise with respect
to its temperature. The engine was operated at the speed of Tts
maximum output, and the level of exhaust noise which is represented
by "NL3" in this figure, goes up as the temperature rises while the
Tevel of radiated noise goes down,

The change in the spectrum is shown 1n Figure 24, For the exhaust

noise, the spectrum below 2000 Hertz tends to rise as the

temperature rises, And for radiated noise, the spectrum ahove
1 kiz tends to decrease as the temperature rises.

The Figure 25 shows a nuffler which was shown earlier, This
figure shows the relationship between the exhaust noise and the
back pressure vhen different arrangements of pipes, tail pipes, and
sub=niuffier vere applied to the muffler shown earlier, From this
resuit, you can see that a difference of a few dB(A) 5 seen when
the exhaust pipe and tail pipe are arranged differently,
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The relationshin between the back pressure and the attenwation
1s inversely proportional, When one increases the other decreases,
and the quickest (fastest) way to achieve sufficient attenuation
without rajsing the back pressure is to carefully add another
muffler,

The relationship between the attenuation of stationary vehicles
and acoustic attenuation which was mentioned bafore is shown in
Figure 20.

The solid line shows a one-to-one correlation ratio and as
you can see, there is bad correlation between acoustic attenuation
by white noise and the attenuation by using the engine of the vehigle,
The attenuation on the vehicle is much greater,

When this is compared using the spectrum it can be expressed
as the following. (Ref. Figure 27} In the attenuation spectrum
obtained from the engine, attenuation above 2 kiiz tends to increase
compared to the acoustic test and on the contrary, the attenuvation
of the spectrum near 500 Hz tend to be much lower. At present,
we have not been able to explain the causes for these phenomena,
And this will be the object of further study.

{4) Exhaust Noise Test on an Engine Bench.

The method of measuring the exhaust noise in engine bench test
is specified by the Japan Industrial Standard 1616, (Ref, Figure 28},
This standard spacifies only the microphone location and the running
cond{tions of the engine, but we have also considered the tength of
the exhaust pipe and the tail pipe.. Also some measures should be
taken to avoid the influence of radiated noise from the exhaust system,

"La" must be equal to the length of the exhaust pipe of the actual
vehicle, and also “Lb* must be equal to the length of the tail pipe
of the actual vehicle.

The microphone is set at an angle of 45 degrees and a position
of 50 centimeters with respect to the exhaust pipe axis.

The engine bench test, in essence, is the same as the bench
test of the stationary vehicle which was mentioned before so the
correlation between these two tests were not checked.

Figure 29 shows the relatianship between the attenuation and
the back pressure of different engines and a variation of nufflers
on the bench test, The figure on the right shows the amount of noise
attepuation and the figure on the ieft shows the back pressure.
They both show good correlation,
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The engines compared lere are the V8 pre-combustion chamber
type with a valume of 13,27 1iters and maximum output of 265 horse-
power and the V8 direct-injection type with a volume of 14,8 liters
and maximuym output of 305 horse-power, We regret that we did not
make any comparisan with the in-line 6 cylinder type.

Hext, Figure 20 shows the relatjonship between the exhaust
noise of the engine bench test and that of the actual vehicle,
And in this case, the relationship changes greatly depending upon the
ratio of the exhaust noise to the various other noise of the vehicle,
For this vehicle the amount of exhaust noise on the right side of the
vehicle is about 30 percent. The upper line shows the acceleration
naise measured by 150 method when the microphope was set at 3 meters
from the center of the vehicle, and the lower 1ine when the microphone
was set at 7.5 m from the center of the vehicle,

He have drawn the conclusion that the most practical method of
measuring the noise from the exhaust system is to use the engine bench,
However, sufficient consideration must be given to thé lenqth of the
exhaust pipe and the tajl pipe, also it fs necessary to consider the
influence of radiated noise, and to estimate the level of back pressure.
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A Study oo the Teduetion of the Exhins!
Naise of Large Trucks

By Tumoyuei HIRAND®
Katsu 101D "
Tanhinmisu SAPTO e
Minwchi INAGAWA !
Koo NARAMURA#v+

Summary

Traffic neive i yrhon arcas is posing a serions problem in many cowntries of the world
o the reduction of the veliicle noge of Iage prucks §5 now a soeial problenr regquiring
fminediaie solution in awr counpry,

Tu cope with the yuclel circumsitanees, fune maior large ruck pansifaciuers ave heen
conducting a joint pesearch on the reduction of the waise of hrge trucky wcder the h-m.‘rrﬂug

of the Minisry of huerstational Trade and Imfustey w8 a three-year projees, Minsibis i Heaiy
Indgustrics iz in charge of the reduction of exhanst noise whicl is one of the main suurees of
veliicle noixe,

The exhenst nojre of tnicks run be divided into diseharge noise emitied from the exharat
outiet and radigred nuise emanated from e surfuces of the exhonse pipes aod murfleds.

This paperreports on the resulis of our cxperimeriis srde on the pedvetion of the ex s
nowse of acrual triecks on the basis af the resulis of our basic studies including acoustic s rdy
and studics out alr fluw notse and radiated noise,

1. INTRODUCTION

The worldwide prablem of reducing céty traffic noise has increasingly drawn the attention of many
countrivs, We, in Japuu, are also deeply concerred about the urgent prablain of redueing vehicle naise,

The effect that Jurge-seale trueks and buses hive on traffic naise vasics somewial depending on such
factors as vehicle speed, Iraffle volume and the ratie of Jerge-scale vehicles 1o other veliicles moa vertan
arer. However, it s a fael that they do contribute a geest dead to tralfic noise and rurthermare, the
general public also point to Largescale iricks and buses oy being noisier than other vehicles.

Conscqiiently, the admipistrative authurties of vounnies all over the world are sucessively
estoblishing noise control laws mainly for largescale trueks and biisses, Japan was one of the firssl anes to
realizd such laws, for in Septembes, 1975, the Japanese Ainistey of Transportation set strive regilations
of lowering ~3dBA for Lurgescale trucks and - 2dBA fur passenger cirs. Moreover, the Central Counvii
for Putlic Nuisance Measures proposed a drafi for turther restriciing noise another -3¢BA which will be
put into effect in 1979,

Undet these cireumstances, the Misistry of [nternutinal trade and Iadustiy started in 1974 a mujor
technical research and development project on noise rediection of karge-scule trucks, and a joink research
program was begun based on a Joyear plan by four linge-scaute truck munulactorers (fsuzu, Nissan Dicsel,
Hino. and Mitsubishil,

& Truck/Bus Testing Department Manager, ‘Fechnivel Center, Miesubishi Modues Comaration
** Component Tusting Scvuan Manager, Trock/bus Testing Departmens, Techmenl Contet
*¢* Camponent Testing Seetion, Tracks Bus Experiment Departiment, Technical Center
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During the first two yeras, research work was divided and each of the four companies was put in
charge of studying different subsysiems such as engine noise, cooling system noise, exhanst system noise,
gre, On The third year, the four companws exclianged the results of their twosyear stwdics apd then, ezch
company began working on eveloping i1s own lowsnoise proto-rype ek,

In Ihis preject, the research area that Mivsabishi was in charge of noise reduction of the exhaust
system, We wuere able to olitain substangil results during this two year pesiod, Therefore, we would like
to jrresent a bricl summary of our results,

2, CONTENTS OF INVESTIGATION

In studying the exhaust system noise reduction, feasibility of large-scale truck exhaust system was
laking into consideration in determining the target and conditions, Test and research were vonducted
acconlingly.

2.1 Target of Study and Counditions

(1) Reduction larges: B &BA in exhpust poise reduction  (at the maxim output of the
engine}

(2)  Muffler back pressure: Less than 60 minHyg in pressure fosses at the muffler

{3) Mofler size: 1,006 mum in cavity length, outside diameter Jess than 300 mm

(4)  Typeof muffler: Regetance type without using any sound absorbing marerial

To systematically investigate noise from the exhaust system, a lot of fundamental elements of the
exhaust pipe and tail pipe composing the mulfler are fabricated as pratotype  exhaust systems with the
basic and mountable shapes on the vehicle, The following items are tested for study,

2.2 Investigation 1tems
(1) Acoustic investigation

Investigation of 1he acoustic attenvation characteristics of the exhaust systems using a speaker as
the sound source
(2)  Investigation of draft noise (flow generated noise)

Envestigation of naise which is produced due ta o drafi correspanding to an exhaust gas siream
Mowing throsgh the exhause system of the vehicle
(3) Investigation of radiated noise from the exhaust sysiem

Investigation to obtain correlation between vibration and noise which are produced by vibrating
the exhaust system, also to grasp the rediated noise in the vehicle, '
(4} Investigation of the exhaust noise in vehicle '

Investigation of the exhaust system fabricated for trial bused on the investigation resulls of jtems
(1) and (2) on the vehicle

3. ELEMENTS TESTED

The fundamental clements of the exhaust  system which are currently used for trucks are
provided as test elements. To fucilitate a variety of combinations of these fundamental elements, the
outer shell of the muffler and scparator ure constructed to permit splitting and coupling, Typical
examples of e test elenients are shown in Table I, The premufiler, main mufiier tail pipe submufiler,
exhaust pipe and tait pipe are provided as test clements for the vehicle,

(1) The premuffler is fabricated for trial bused on the resonence and expanpsion type fundamental
elements,
{2} The main muffleris fabricated for trinl based on combinatian of the perforated-pipe gas dispersion
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Table'l Fundamenial elements configurations and their parometers of exhaust system

Type Paraneter Shape
1y -
Eapansion chamiber iy pe II.'. __'I'_ﬁ gda
L ;._..._’:: i
Lo [
L e e
»
Resonator Lype " —1,
4 i
L YD
A Nuber of holes
v n: Nitimbwr of holes
Pueeforated-pipe Gas Dispersion v ———
(Mulii-hales type) n ._,..L_i._j__“
Separator B e "":""'_"_ .
iniialled Mote  |_Js Separator
o7 not diameter Yu
Exhaust pipe R N i 4
s —_;I} _J/_h'_
Tail pipe Ellipse ot
Squaie R o A D -~
l;flpc = —

and expansion type elements taking into consideration the acoustic and draflt characteristics and back
Ppressuse.

(3) The tail pipe submuffler is constructed with easy mounting and dentounting mainly based on the
tesonance ty pe in trial fabrication to secure attenuation of 4 characteristic frequency.

4. SOUND TESTS

4.1 Calculation of Mulfler Sound Allenuation

In calculating the acoustic attenuation characteristics of the exhaust system, there are the Davies and
Mirata methods which take into consideration the mean Air flow of exhaust gases. However in this
paper, the calcuation were performed based on the analysis inethod of Fukuda and Ohers.

The fellowing hypothetic conditions are provided in claculating the nojse attendation of 1he exhayst
system.
(1) Sound pressure is much lower thon the mean pressure in the pipe.
{2)  The density and sound speed of the medium in the pipe are uniform,
(3)  Influences and energy losses due to the viscosity of e medium gre peglected.
(4)  The wall surface is not vibrated and acoustic energy does not transmuit the wall,
(5) Influences of druft ure neglectad.
(6) Thesound wave in the pipe is a plane wave which travels in un axial direction.

Underthese conditions, let us assume that without ihe muffler installed, radiation power at the autlet is
represented by Ity | avolume velocity of wave motion at the outiet opening by U, and radiation resistunte
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al the outlet opening by 8y , and that with the mulfler, these Tactors are tespectively 1epresented
by W' U, and &, .Acoustic attenuation of Hie nultler can be expressed us:

1wy Uy &y
Ate =10 logyph = 20 oy +10 LS LY

Assstening thid 2 oshaws an pms value of sowmt pressure, U oan rms vadie of the volome velaclly of
wave anotion, sty 1 the indet apendog amd swlfis 3 the owebel openmg, the matriv of the exhaust pipe
without Uie muller gpspe lengeh: Trean be eapreased gs:

AARIPO o R—

The matrix of the whole exhaust pipe system with the muffler is represented as:

P o) EE—

Let ars consider the case that when thie sound source hias a conpstant sound pressure, its sound pressure
does not vary repardless of installation of the mulfer (£)= #) and that radialion resistance a1 the out.
let opening has also ap expression of (K= #;) @s an assmpption. Equation (1) will be:

Att=2010gH =20 tog 1 e OIS ¥ )

Hence if values & and Ji* are found by substituting an electric cireuit for the matrix of the whole
exhaust system, attenwation can be obigined,

Fundamentally speaking, when g, ¢, 5 and ! respectively represent the density of a medinm, each
mean value of sound velocity, the sectionst area ol the pipe, and pipe length with the pipe apened at
both openings, the following Equation is given,

[A. B, [MH. ff-{sluu.] ©
= tremrrarRrreniEany
c: b, 'j‘;éslnkl, cosk!,

where k=2nflc
When the pipe closes at one opening, the equation is represented as follows,

[A: H;] [ ! 0] )
=| s, e[ §
c. b, ;p—‘-‘ tankl, 1

-Attennation is caleulated by abizining value B substituting eguation {5} and (6) for equation (3)
and uging equation (4) based on B/ = jipofs )sinkd  piven from equation (6),

4,2 Test Method

In the acoustic test, differnce between naise levels of the exhaust pipe without the fuffler (7= 1758
mm) and that with the mulfler is measured, to jradicate attenvation, The sound pressure level measuring
point is fixed at o given position from the exhaust system outlet.

A pure tone, white noise and exhaust nosse from the vehicle are selécted as sownd Sources, and
investigation is performed including the evaluation (weighting} method for the acoustic attenuastion-
distance elaracteristics,

4.3 Test Results

4.3, Pure Tone Test and Band Noise Test

The acoustic attenuation-distance characteristics of the 1/3;octave band noise, using white noise 1s 2
nolse source, matches well with the charaeteristics of a pure tone up to approx. 500Hz, when compured
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Iy the simple models shown in Fig, |,

Over o band 1o approx. 8KHz, distribution of actual eshaust neise spectra is close to that of white
noise luving considerable power, In the case of indication of the sald claracteristics of sinusoidal, its
evaluation is Jiffienll aver o band exeeeding 2K182 bat of e characteristios of band nowse is used, the
evalieation geddeline of the band can be abtained.

But spestral indication based on sinusoidal is required e aceurately weigh the characteristics over a
band of Jower than 2kHz. 1 is desirable to choeose 1l noise source considering its merits.
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4,3.2 The relationship between Caleulated Values and Measured Vilves

The relationship between caleulated values and measured values of the fundamental elements shows
almast satisfaciory spproximation. Combination of the expansion and resonunce Lypes is exemplified in
Fig. 2 a5 a combination of the fundamental elements.

This shows that also in the combined, models, coverition is excellent and that estimation of the
mitenuation churaclerisnics is possible.

4.3.3 Characteristivs of Fundamental Elements

(1) Expunsion chamber type
From colculatlon of equatlon (43, the practicul approximate equation to cheek o qualliative
tendency in the expansion chumber type is as follows.

S sinkl.  sinkl,

Att=20 |ugn?.m ........................(7)

where
S Sectional arca of the cavity
s: Sectional aread of the inlet and outlet pipes

In contrast, a qualilative tendency in parameter variations using the actual models is given as
follows, and the typical examples are shown in Fig. 3.

D (cavlty diameter):  The maxlinum attenuation is proportional to 20 logs( S/s).

L (cavily length): The number of passing frequencies increases as L s lenglhened.

Ly (1ail pipe length): [t shows the same tendency as variation of L

Ly, (insertion pipe):;  The characteristics of the resenance type can be superimposed on those
of the expunsion Lype when Lyamd L ure lengthened,

(2) Resonator type
Where the volume of the resonance chamber is represented by ¥ and the area of the resonance iole
by §,, resonant frequency () of the resonalor type is given as follows,

‘f'=§\[';ﬁ" (¢ : Sound speedy ()

Yariations of the paramelers with these factors are given below, and the typical example is shown
in Fig. 4.

L, (cavity length): 1 decreases with an increase of ¥ if £ increases, and the
number of pass frequencies which depends upon £ ulso
increases.

L, (resonant hote length): Sidecreases with an increase of Ly but attenuation does not
vary,

b, {resonznt hole diameter); The same tendency as in the expansion type is shown as Dp
when D, Dp is increases to some extent)

1} (position): Nao influence

a(the sumber of resonant holes): [, changes by +/in-folds as n increases, and when It is further
Increased, the tendency becomes close to the expansian Lype
(see Fig. 4),
(3) Perforated-pipe gas dispersion type (Multi-holes type)

This type lias the same tendency us the expansion type with respect to the scoustic characteristics,
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Fig. § Attenuation of various test mufflers for
vehicles

. With or without separator: No affectation upon the acoustic characteristics (see Fig. 1),
D, and n: Samie as stated alove,
The characteristics of the fundamental elements were mentioned above. Seeing the band noise
characterisiics, there is 2 tendency that the perforated-pipe gas dispersion type is larger than the expan-
sion Lype in the attenugtion characteristivs over a band of higher than 2Kz,

4.3.4 Chanscteristics of Mufflers for Vehicle

The ncoustic attenuation-frequency characteristics of a prototype muffler is shown in Fig. 5. It is
found from the attenuation characteristics that the mulfler showing extreme decrease at a particular
frequency is disadvantageous. But the damping effect of the exhaust system includes complicated factors
such as varistion aof ncoustic attenuation due to the influence of the exhaust gas stream, so it cannot
absolutely be weighed,
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5. DRAFT NOISE TEST (FLOW GENERATED NOISE TEST)

5.1 Test Methad

A rotary MHower is used a8 a draft souree, and steady gir eurrent is suplicd to the uxhaust sysiem lo
be tested vie the sibencer, Ta megsure deadt naise, g anechowe box s used, o microphone is installed o
m angle of A5° und 4 positen of 30 cm from the exbaust pord and o strageht pipe s used for the
evaluation staanlurd, Tl test sysien block diagram is shown in Fig. 6,

5.2 Test Resulls

When steady air flow is sent fo (he exhaust system, power of draft noise ®hich will be produced
froim the exlaust port can approxime to flow velocity as follows from data of types of muftler shawn
in Fig. 7.

With ¢ < $0 mis P IV L (07 )

With 50 2 »< 100 m/fs, PV Le ()

With » > 100 mys, PV Lo

5.2, Features of Fundamental Elements
(1Y Expansion type
{a)  Dafl noise level is 10 to 20 UBA higher than that of the straight pipe.
(b} If a gap of the inputfomiput insertion pipes is reduced, whistling close to the spectrum of a
pure tone tends to be produced (see Fig 8)
(¢} When qhe outlet insertion pipe is lengthened, draft noise increases (see Fig. 2),

IJDF
]mumu
120}
Bypass valve . Mierophont pacy pressure
Rotary gwiy  Sileméer  Test controller
Blower ownicler . Ha)- X
) straight
- pipe
3 00|
I}
&
Fig. 6 Experimen{al layour for flow geperated noise g 90
&
50]-
o)
80~ T2

[ 20
Q (a?/mn)
W Tom
v (m's)

;

Fig. 7 Flow generated nojse level under varlous
mulflers
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() Resonanee type
fay  When holes having o divaneter of Pess than 10 mio are placed in fwo or three rows ies juise
level rise @5 2 ta 3 diA as compared with the steaight pipe,
() When an apesing diameter exceeds 20 mm, exiteme whistling is produced.

(3} DPerforatedspipe gas dispersion type
fu) When the sepurator is installed to this type, itis the sanie as e expansion 1y pe,
(b)  Without separator, whistling leasds to by produecd,

The charactestics of the Tundamemal elemenrs are given in Table 2,

5.2.2 Reduction of Draft Noise

It is considered that draft noise is produeced due to such factors as variex, conftiction, fictian and
resonunce when high-speed exhaust gas fow pisses through the muffler, s spectiuan is predeninated by
2 high-frequency components as shown in Fig, 10,

As o reduction ieans, it is important firsl to select a muffler having low druft noise level, especiilly a
hard-toswhistle elernent in the fumdtimental elements. As o very influential part of the interna
component, the edge is imporiant, In order to prevent the edge fram getting too close 1o the vote of (he
jet stream, the edge is mode hom=shaped (referred 1o as with R} which greatly reduces flow generated
noise, .

Fig. 1} shiows the effect of noise reduction in the expiansion type, where the neise is reduced 10 to
20 dRA, When this is applied to the muffler for the vehicle, the effect shown in Fig. 12 is obtayned.
5.2.3 Consideration of Back Pressure

Fig. 13 shows the back pressure-draft naise characteristics of the fupdamental clements, OF the ty pes,
especially the perforated-pipe gos dispersion [ype witl the separator is in quespion, and as approx. 2
folts as many as the siraight pipe in pressure foss. An increase of pressture loss is 3 fatal dedect for this
type, B ois required to seleet o perforation raie of more than 1.5 as shown in Fig. 8. n practive, an
effect of 40% reduction in buck pressure s achieved by selecting o perfozation rate fram 1.3 (o 3.0, 2
folds as many as the originad onedn the pratorype mafler for e veticle.

Comparison of ulivnugtion, dritt poise level and back pressure based on the straight pipe is shown in
Table 2.

6. TESTS OF RADIATED NOISE FROM EXHAUST SYSTEM

6.0 Test Method

The schiematic test system block diagram is shown in Fig. 15,

In this test, the extiaust system on the vehicle is vibrated on 2 base to investigale the vibration response
charaeteristics, and radizted noise from the pipe widl is ypically measueed ona close lovation mamly to

investigate the correlition between vibration amd poise. For that reason, normal sine-wave vibrgion sand
random vibration close to the condrions of rupning vehicle are selected,

6,2 Test Results

6.2.1 Shaker Test Result

Disturbance which the exhoust system suffers from the engine is 15 Gin maximum at the exhaust
manifold, and its predominant component ranges flom 300 te 2,000t Wheas random vibration is

applied based on white naise of the exhaust system, a spectrum of each parl obtuined is almost sinilas to
# spectrum seen while the vehicle is running. A spectrum example under vibration is shown in Fig. 16,
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Table 2. Rough characieristies of fundamental muifler elements
Expanston ! Mutti-born type
Stralght pipe chamber Resanator (Supamur) Sepurator not
¥ type installed ) 0 tstatled
Attenuatlon (dBA) o 4106 Jdto? 8te?d Tl
Dialt aaise Level (ADA) 0 15t0 20 2108 101020 [51025
Whistling Nane Small Middle None Large
Back pressuee (%) 100 130 106 210 114
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The prominent peaks whiclk appear in the spe
the system. T he response aceeleranan rilio, ohby
proves s Gl The comparison is shown in Fig. |

ctinm depend upon resonant oscillation perticular 1o
amedd by (he sinc-wave vibration, more prominently
7.

These peak frequencics ofien approximately carrespond 1o caleulited values of proper oscitlation of

The model system (see Talile 3},

Table 3 Measitred and caleulated resonar frequencies of exhaust system

(Unie: 110y

Megsured values
= - Caleuliled prarper vahies
Randon excitation Sinusaidial excitation
Lst - - 7.2
nd 30 37 44.8
d 106 108 125.3
4th 218 214 245.3
Sth 356 360 410.2
6th 537 534 604.3
Tth 915 914 843.0
FIT Fexible pipe ) Sound Back pressue Swmd
ey H=d== - imsulation 30 presre g S
Random excitition . will -Irmmn ::'_:" ation
2 i nglnc

i Flexible ipe
! 1ol inmﬂa
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1
Flexible -\ |

Vibsation attenuition {e)

Fig. 18 Reduction of the radiated noise and the
vibration of exhaust system by insertion
of flexible pipe .
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6.2.2 LEffects of Anti-vibeation Elements

There ure types of fexible pipe as anit-vibration elaments which are applicable 1o the exhaust syslem.
Bur almost all the elenents do nat satisty conditions sach s heal prootess, gas leahipe, anti-vibration
perfarnuanee and durability, In this gest, wn interlock type Plexible pipe (kaown ay bellows] s used.

The welationship hetween viknation response and nubated noise af e exhaust systen i tamdam
vibration 35 as shown in Fig. 18, In such an exbause system model, tiere s alimost i soml pressire
attenation i the exloust pipe and ais level tends o increase ot the mid-vetion of e mufiler cavity.
Butradiated naise can be redweed approx, 1O AR Dy using the anti-vibigion clement, ind s esdinple s
shown,

7. EXHAUST NOISE TEST ON VEHICLE

7.1 Test Method

To test exhaust noise and radizted noise from the exhaust system on the vehicle, an Lddy
dynamometer having 300 PS5 is mounted 1o contral engine outpur. The system, shown m Fig, 19,
is used  to mwasure only the noise from the exhaust systern separating thal trom 1he engine noise,

For meuasurement, data are processed in online made by the meisuring vehicle which mounts a
miniature comsputer,

The measurcasent procedure is shown in Table 4,

Table 4 Outlines of Measurement Method

Measweement method-
Type af test N ot Test condition
ok Mlessiire Temperatuze Aveeleras ! Varded
Noise Back pressure Pl tion press. ) o
Sound Mike position: - Norinal - - (1) laput sound
20 2 Trom pressure; Cotistany
extiaust port (2) Sound source:
(3} Sine wine
(b) Rundam
(e) Engine noise
Flow Migu: pusitian: [ §0 mm befare M40 - - Flow e 0 (e 30
genenoise | 457, 80 um exliaust pipe m? fmin,
fram exhaust
port
Radiated Mike positien; - Natmad g pick-up (1) Yibratien input:
naise fram | SO nvn (10m Jpnn
:;‘j;ﬂf‘ pipe wall {2) Oscillator:
() Sinc-wave
, () Rardom
Ex!\uu;t Mike position: | (1) 100 mm from | (13100 mm from - 200 mm | (1) Lopine speed:
awjse In 457, 80 ¢cm manituld out mamiold out- beloge 1,000 10 2,500
vehicle from exhaust let tet nwnitold 0
pott ()260mm 4 (2} 200 men {2) Lead: 444
before nni- bejore mani-
fold fold
Radiated Mike position: | As stated above As stired above g pickup | Asstated [ As staled sbove
foise from | 100 mm Itam abuve
exhaust pipe wall
sysjem of
vihiche
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7.2 Test Results

As compared with the fundamental study of sound, draft noise and radiated noise mentioned above,
whun studying the aetual vehicle, one must atso eonsider the effects of exhaust gas Tlow containing
exhaust putlsation nd of temperature,

7.2.1 Exhanst Naise froun Veldele

Duslng neeasimement of noise (rom the exhiust system on the vehicle, a factor to make e measure
ment diffienlt is varlition of exhaust pas teaperahoe. Fig, 20 shows variation ot exhiost system noise
with emperature, Spectra af exhaust naise and sadiated nakse wnder that condition are shown in Fig. 21,
Exiraust poise level increases with temperature rise. Phis is probably dug 10 the inctease of flow
generited noise caitsed by increased exhaust gas tlow rate, [n the meantime, radisted noise terds o
lower in level with temperatatre rise,

7.2.2 Reduction of Velicle Exhaust Noise

Fig. 22 shows the relationship between exhiaust noise teduction and back pressure in combination of
the prototype exhaust systems which have been fahricated for teial this time,
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Type C, shown in Fig. 5, is used as the main muffler here, 1t is delicately affected by the tail and
exhaust pipes, and thus it is imporrant to sclect the most suitable length and elements when arranging
them in the exhaust system.

The typical models selected and required'layout for goal values for reduction are shown in Tubles §.

Model 1 is a reference mode) havirig a muiTter eapacity of 33.2 it €2.23 folds as much as displacement
of the engine tested). Model 11 Bas a muffler capacity of 61.5 it which is sbout 2-fals us much as the
reference model’ Model TV is 3,7 folds as much as the reference madel in marfler capacity,

it is known that to clear a reduction target of - B dBA, u muffler capacity which is 2.7 falds as much
as the reference juodel is required.

7,2.3 Radiated Noise from Vchipln Exhaust System

The vibration response characteristics of the exhaust system on the vehicle matches well with 1hat of
bench test mentioned above, As fur as radiated noise level an the vehicle is concerned, attenuation in
the muffler is poorer than the bench test as shown in Fig. 23, This is estimated that rudiated noise from
the exhaust pipe close to the mufiler, and also fromexhaust pulsation is amplified and Lransmilted, For

2
1
i
h

Noise tevel (esa}

0 y \
-1

I Y5V

f

o - o r‘\b

5 A

B Exhaust pipe ’:'-“-@, Tail pire  Fig, 23 Example of radiated noise from exhavst

§ aysiem of vehicle
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that reason, the flexibie pipe which provided a reduction effect of mare thas =10 JUA Jor rdiated
noise in the bepch test provides aaly -2 10 4 JBA in this case.

As an effective ancasure for radisted noise, there 15 kipging. A lagging effect of 10 to 15 A is provided
by a heat proel snti-vibration material (7= 25 ) amd ironsheet (0= 1,0 may) buy Jaggiog is unavoidable
whea a rashinted nodse weasuie iy csseatial,

8, CONCLUSION

The follawing guide Jies were obtaiacd for noise reduction of the exhanst system an the
divsel-engine velticle thraugh this study,

8.1 Acoustic Characteristics

A spectrum of exhaust noise without the muffler is almast clase to that of white noise, and a com-
ponent in enging combustions aver the low-lrequency region viries 2 ociaves or-so in the engine speed
range, For that reason, g s adeal that the sttenuation spectrim requdred Tor e muatfles is a1 over
almost the entire Trequeney regon and that attenuation fevel is high,

lhet it is impossible in practice to ehtain 1he characteristics which are ulmost flat in the restricted size
range of the exhaust system. Ta this test, it is considered Detter that the perforated-pipe gas dispersion
type providing comparatively high attenuation in the high-Trequency regron snd the expansion type to
permit Jugh altenuation at lower than 1 kllz should be combined together, and that the region winch
will need more atteruation even in this combination should be covered by the resonance type,

8.2 Draft Nojse

1€ is desirable to avoid as much as_possible the wse of elements wiich tend to produce drait noise,
amdl shape the owtlet insertion pipe 1o a homn when the expansion rype is wied, When using the
peeforated-pipe pas dispersion type wherher the separator s installed or nat, consideration must be faken
to do so at the prestage of the mufiler,

8.3 Radiated Noise

It is found that of types of noise from the exhaust system, nojse radiared from its outer wall oceupies
o Jarge share, and that it is not negligable in nojse measures, Tt s also gualitatively proven that exhaust
pulsation deus preatly aflect the level of radinled nodse, gnd that in qelation te this, mounting of the
premuffler is effective to reduce radiated noise,

Shutt-ofT of transmission of eppine vibration to the exhanst sysiem and Jugging effects are ascertained
as counter-measures tor radiated nose, but many problems stili remain in practival durability and
relinbitity,

The influence or rigiklity of the exhaust system upen radisted noise and transmitting noise
charaeteristics were not covered by this investipation, and these will have to be solved through tarther
reseurch,

8.4 DBack Pressure

As far as back pressure in the exhaust system is concerned, pressure Josses in the exhaust pipe are
larger than in the mulfler. [t is important in design to ingrease the diumeter of the exhaust pipe and
take a Nirge rading of vurvature at thie bending sections when piping,

To reduce pressure Josses in the muifler, it is required Jor the perforated-pipe gas dispersian type o
secure o perforation rate and for the expansion dype, to design u hornshaped outlet mseretion pipg.
design,

Reference Literatures

{1} I[.O.A.L-. Lavies, R, J. Alftedsun, Design of Silencers for {nternal Combrustion Enpioe Exhaust System
(2) Fukuda and Ghuda, Mechanicd Socicty Magazine, 72-604, May 1969
(3} Tsuloma Ranal, NLIR—12, fune 1959
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The measured quantity in our test facility is not the transmission
loss nor insertion loss, but the pure exhaust noise under conditions
simulating those specified by state and federal truck noise laws.

The tool to evaluate the pure exhaust noise is a bench test conducted
at a test facility where total isolaticn of all other noise sources
is feasible, The cross section of exhaust noise test lab is shown

in Fig. 1,

The installation features an underground structure to mount test
engines and water brake dynamometers. This structure serves to
isolate the mechanical and air intake noises from the exhaust noise.
All the exhaust from the test engine is piped directly above the
ground to the muffler. The exhaust pipes are positioned in a manner
as close to that found on the vehicle as possible.

The site was chesen for it's compliance with SAE specification for
stationary and drive-by test. That is, it is an open space test
site with no nearby reflecting surfaces., Typical ambient sound
level is below 50 dB(A), well below the measured levels. The height
of mierophone and separation between microphone and muffler is
specified as 4 ft. and 50 ft. respectively, so that the measured
exhaust noise level would be about the same as that from a moving
truck undergeing a drive-by test per SAE J-366b procedure,

Before the testing medes are introduced, let us review briefly
thru Flg. 2 the drive-by test per SAE 366b.

The vehicle under test approaches point A with 2/3 of the rated
engine rpm and begins acceleration at point A under wide open trottle
so that the rated engine rpm can be reached somewhere within the end

Zone.

To simulate the vehicle test conditions, three test modes Aare con-
ducted.

(A) Steady state mode
- rated engine speed and full load

(B) Varing speed full load mode
- engine speed slowly varied from rated speed to 2/3 of rated

speed at wide open throttle

(C) Acceleration modé - accelerate the engine from low idle to
governed speed until the engine speed stabilizes and return to
low idle by rapidly opening and closing the throttle under ne
load conditions.

Modes (A) and (B) clearly have the drive~by test in mind. Mode (C)
simulates the stationary vehicle noise test.
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(2)

The "sound level rating” in Stemco aftermarket catalog is the highest
recorded pure exhaust sound level measured in above mentioned tast
modes.

The "sound level rating" defined above may be too conservative in
many cases. To illustrate this point, three hypothetical cases
listed below will be examined.

Sound Level {(dBA)
Engina Speed(rpm) Muffler A Muffler B Muffler C

2100(rated) 71 71 71
1500 73 73 73
1400 75 70 77

In the case of Muffler A, the peak value of 75 dBA at 1400 rpm (2/3
of rated rpm) may not be a factor in the drive-by test. The distance
between the microphone and point A is 70.7 ft. instead of 50 ft, and
usually other noise sources do not peak until at higher rpm's,
Muffler A and B may yield identical total vehicle noise per drive-by
test. On the other hand, the peak level at 1400 rpm in Muffler C's
case may indeed affect the total vehicle noise in drive-by test. A
peak value at 1900 rpm or 2000 rpm may also be important because the
vehicle would be close to point B in Fig., 2 and be right in front of
the microphone.

It is therefore difficult to use one dBA level to correlate bench
test results and drive-by test results without being either too liberal
or too ceonservative. But to a large extent, muffler designers can
usually use ,the bench test results and judge how the muffler will
perform in a drive-by test.
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Optimum Design of Mufflers

by
D, Baxa, A. Baz and A. Seireg
University of Wisconsin
Madison, Wisconsin

Abstract

This paper describes a computer based-design procedure for selecting the
optimum configuration of automotive reactive mufflers and acoustic silencers.

The procedure utilizes a specially developed schema that predicts the pressure
histories, and accordingly the accompanied attenuaticn or amplification of the
noise level, resulting from the simultaneous reflection and transmission of sound
waves propagating through variable inpedance exhaust tubes.

The developed procedure is general in nature and can be used for synthesiz-
ing the optimal configuration of mufflers for any given operating parameters and
design objectives.

Several examples are given to i1lustrate the optimum muffler configurations
necessary to minimize the transmission of noise Tevel at different working condi-
tions. The examples demonstrate the potential of the developed procedures.

The described computer aided design approach can be readily applied for dif-
ferent patterns of exbhaust pressure waves, mufflers with excessive temperature
gradients and wall frictional losses as well as any other operating conditions

and design objectives.
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Introduction

The continuously increasing demand for high performance internal combustion
engines has forced the automotive engineers to raise considerably the cycle pres-
sures and the engine speed. Such modifications have contributed considerably to
the increase of the exhaust noise level to the extent that it became a major
environmental pollution problem, Consequently, efforts have been exerted to de-
velop several forms of exhaust silencing systems in order to meet the severe re-
quirements of the noise pollution statutory limits without reducing the engine
performance. Realizing the importance of developing better mufflers the automotive
industry in the USA is expected to spend $16. to $100. per car o meet the 1978
noigse pollution standards [1]*. Such figures will definitely be higher in years
to come to meet the growing need for cars with better handling, i.e. with low
center of gravity, and therefore with very limited space for the exhaust systems,
With the emission control components, the muffler designer will, thus, be under
pressures to develop even more efficient and compact silencing systems.

The development of automotive muffiers has generally relied on empirical
skills guided by past-experience and simple acoustic principles, Some design
guides can be also found for simple muffler configurations as given by Magrab [2].
Only in the recents years has the development of automotive exhaust systems taken
a more systematic and rational approach as can be seen in reference [2] to [6].
These efforts have presented different simulation techniques that utilize the

wave propagation theory to predict the dynamic performance of reactive mufflers.

*  Numbers between brackets refer to references at end of paper
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The validity of the developed muffler simulation modeis has generally been tested
either experimentally or against close-formtheoretical formulas that are developed
for simple muffier confiqurations, Common also among these studies is the fact
tqat all have.been used only to analyze the performance of reactive mufflers at
different operating conditions rather than to devise means fer selecting the op-
timun muffler that is best suited for a particular application. Few attempts
[7.8] have been made to optimize the performance of mufflers but they were based
on exhaustive-experimental 'search for the geometrical parameters or the properties
of the lining materials for a muffler of a particular configuration.

The purpose of this study is to develop a computer-based design procedure
to synthesize the optimal configuration of any reactive muffler for any given
operating conditions and design objectives. The anaiytical procedure is based
on a computerized one-dimensional wave propagation technique deveioped by Baxa
and Seireg [3]. This technique is used to monitor continuously the reflection
and transmission of pressure waves as they propagate through variable impedance
exhaust tubes. Consequently, the pressure-time history at any location inside the
muffler can be determined together with the accompanied degree of attenuation

of the noise level,

This optimal design anpreach of mufflers will aliminate the exhaustive trial and

error search for the best muffler ft any given situation and therefore reduce

the cost of development of the car's exhaust silencing system,
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The optimization procedure used in this study is an adapted version of
that developed by Wallace and Seireg [9] to optimize the shape of prismatic
bars when subjected to Jongitudinal impact.

Computational Scheme for the Analysis of Wave Propagation in Mufflers with

Step Changes in Impedance

The ¢lassical theory of one-dimensional wave propagation enables us to pre-
dict the pressure P at any location X and at time { by relating these para-

meters by the following eq :

2 2
_Q”Eé - _JE. .iL{; (1)
ax c at

where C is the speed of propagation.

This theory assumes that there are small changes in the instantaneous density
and consequently the instantaneous value is approximately equal to the average
density Py that the wave propagation is frictionless, the medium is homogenegus ,
and the sound levels are below 110 dB re 0.0002 micrabar.

This equation has Jong been the basis for the analysis of one-dimensional
transmission of waves and their reflections where changes in impedance occur.

The evaluation of pressure variations in tubes can become more difficult as the
number of impedance changes increases., However, with appropriate schemes, such
as that developad by Baxa and Seireg [3], these problems can be conveniently

and economically analyzed.

119



The following are some of the basic assumptions made in the develaped
muffler analysis program:
(1) Pulse Tength is long compared with the tube diameter,
(2) The source moves the entire cross-section with the same
particle velocity.
{3) Pressure fluctuation levels remain in the linear elastic region.
The first assumption implies that the wave would have a constant speed
of propagation, which 1s determined by:

YPO
c =\ 0 {2)

where v = 1.4; P0 * mean pressure; py = mean density, The second assumption

indicates that the waves move as plane waves through the tube. Finally, the
third assumption suggests that the waves and their reflected and transmitted
components can be combined by superposition.

The time necessary for a disturbance to propagate through a tube segment

of length L can be calculated from

ty = L/e (3)

In a complex tube comprised of many different segments (Figure 1), a
propagation time is determined for each segment length. By comparing propa-
gation times, a ratio of numbers K]. KZ""' Kn is determined from the

following expression:

¢ =(tp)1 - (tp)z — Eﬁ, (4)
- K1 KZ Kn
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The significance of these integers is that it takes a wave K1 units of time
{where one unit is tu)_ to travel the iength of the first segment, K2 units to
travel the length of the second segment, etc. Because the propagation times
are multiples of the unit of time, tu, the initial wave and 211 reflected and
transmitted waves will reach the interface at times which are some multipie of
tu. |
Every section of the tube has an acoustical impedance which depends.upon

the mean density (po). the velocity of propagation (¢}, and the cross-section
. {S) of the pipe. The relationship is as follows:

POC
Z= 3 (5)

Pyt is often referred to as the characteristic impedance of the medium.
By considering the pressure and velocity equalities at the interface of
a wave going From tube 1 to tube 2, it can be shown [10] that the. transmission

and reflection.of the velocities are as follows:

1,-1
Ug = —£ 1 Y4 (6)
Z, + 1,
21 s
1 2
U, = u
T 1 (7)
Z,+1, 54

where UI' UR and UT are incident, reflected, and transmitted volume velocities,
respectively; Z] and 2:,~ are the impedances of the two tubes. Since pressure

and volume velocity are related by:

P=uU poc/S {8)
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equations (6} and {7) become:

7, -1
2 = I

p. =21 p

R 1 (9}
22 + Z1

Pr = =2 Py (10)
7,41,

LA TR A8 (1)

1
s, s
Pr = (1 +] Pr - (5 R R (12)
5, S VoS

Where Cy is the transmission coefficient.

Consequently, when the magnitude of the incident wave and the physical
properties of the gas in the tubes are known, the transmitted and reflected
portions of the wave can be determined from equations (11} and {12).

In order to analyze a general wave being emitted from the source, the
physical properties and {nitial conditions of the source and of every segment
of the tube must be known. These properties should include the impedance,
speed of wave propagation, area, and Tength, In the case of a homogeneous
gas the reflection and transmission coefficients can be reduced to a function

of area only., The ratio of the propagation times must also be known. The initial



condition of the tube is considered to be that of no pressure waves inside.
Therefore, it can be seen that knowing the parameters of area (Si)' Tength
(Li), static pressure of the gas (PO), static density of the gas (po), and

the ratio of the specific heat of the gas at constant pressure to that at con-
stant volume {y), one can determine the pressure history inside the tube. The _
wave propagation speed can then be determined from the relationship c =\/fZP0

or

C= JQFT: where r is a constant dependent on the particular gas and T {s the
temperatura of the gas in degrees absolute. To determine the impedance of each
tube segment, the density (po), the speed of wave propagation (¢), and the area
of each segment (Si) are substituted in the equation Z = E%E. The propagation
times are determined from the segment lengths and the wave propagation speed

as tp = L/c.

A'ratio of integers is found from this array of propagation times, either
by visual nspection or with the help of a computer program. Since it is assumed
that each tube segment contains the same gas at the same pressure and temperature,
the speed of wave prepagation remains constant and the ratio of propagation times
will be the same as the ratio of segment lengths.

Once all the physical properties and initial conditions are known, the
pressure-time history can be determined as follows. After each unit of time,
each interface is checked and the reflected and transmitted portions of the
waves are calculated by using equations (11) and (12)., A1l of the waves travel-
1ing in the same direction from an interface are summed. By knowing the magni-

tude of all the waves arriving at and leaving a given interface, it is possible
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to construct the "pressure-time" history at every interface. This procedure is
repeated for each unit of time until a steady-state condition is achieved.

The analysis scheme utilizes this approach and can be used in one of two
modes. First, the response to a sinusoidal input can be determined and the
transmission Joss can be calculated in decibels for the entire system., In the
second format, a general periodic pressure input can be read in and used to
calculate the pressure responses of the system., This second approach is particu-
larly useful in determining the effect of a tuned exhaust system on the pressure
history.

The computerized routine is developed to include as many segments as can
conveniently fit into the computer. Each segment corresponds to a particular
portion of the muffler. It is also possible to set the source and termination
impedance in order to investigate the effect of this varjation on the system,

If the sourte or end is completely absorptive, the areas chosen would have the
same area as the connecting segment. If the source or end is completely reflec-
tive, the area chosen would be zero. A flow chart of the developed scheme i3
shown in Fig, (2) to i1lustrate its different features.

Strategy for Designing Qptimum Mufflers

The design of a stepped-configuration reactive muffler for attenuvation of
exhaust noise levels 1s formulated as an optimal programming problem, The major
considerations in this formulation are the identification of the decision para-
meters, the description of the constraints impesed on the design, the explicit
statement of the objective and the development of a suitable search technigue

for locating the optimum design parameters.
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Muffler Parameters

Far the general case of a segmented muffler, as shown in Fig. {1}, is sub-
Jjected to general periodic pressure waves of known amplitude, frequency and
temperature, then the system variables are; -

a. number of muffler segments .. n

b. Length 'Li‘and area 'Si'of each muffler seguent where i = T,....,0

c. Source and termination impedances.
It can therafore be seen that for the n segment - muffler the total number of
system parameters 1s (2n + 2), Some of these parameters are specified beforehand.
The remaining variables represent the decision parameters and have to be selected
within the constraints imposed on them in such & way as to provide the highest
possible performance,

Explicit statement of Muffler design Objectives

An explicit statement of a merit criterion which accurately describes the
designer's objective constitutes a very important matter since this criterion guides
the search and determines the selection of the optimum values of the decision
pars  .urs.

Examples of the possible objective criterion for this class of probiems are: -

(a) Maximization of the noise transmission losses at the engine
operating speed.

{b) Maximization of the noise transmission losses aver a wide range
of engine speeds.

{c} Maximization of the negative pressures developed during the

suction stroke when using a tuned muffier.
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Other design objectives can be used to guide the selection of the muffler de-
sign parameters in order to meet the requirements for any particular situation.

Search Method

The steepest ascent method is utilized to serach for the optimum design
parameters of mufflers in order to achieve the maximum attenuation of the noise
level, or any other objective, associated with the incident pressure waves. The
optimization method guides the search for the optimum parameters along the di-
rection of maximum attenuation, or any other cbjective, by changing the value
of each design parameter xi independently by a small perturbation Axi and noting

the accompanied change in the noise level AU. The new value of the design para-

metar Xi is determined from the old value xi according to the following
ARl J
relationship:
xi = xi‘ + A (abzax;) i=1 H {13}
41 j i aeres

where M is the number of decision parameters. A {s an optimally selected step
size that controls the changes between points j and j+1.

If no improvement occurs, the parameter is varied in the opposite direction.
If this also fails to produce an improvement in the merit value, this parameter
is kept constant for this step and the value of the other parameters {s changed
in a similar way.

The details of the adopted optimization scheme are shown in the flow chart
of Fig. (3) to indicate the means included for selecting the maximum step size
without violating the constraints and for avoiding the termination of the search

at regions where the attenuation level vanishes. Such features make the use of
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the steepest ascent method very suitable for searching the complex design region
of the mufflers because it. is extremely sensitve to parameter changes.

Therefore, for regions where no sharp ridges exist in the contours of the
objective criterion, this algorithm is equivalent to a gradient search, But
for situations where a ridge exists in the design space the algorithm is in effect
a univariate search.

Numerical Examgles

The optimum design procedure is used to develop. the optimum-muffler config-
uration necessary to maximize the attenuation of the noise level of a particular
pressure wave with a frequency of 1000 Hz and flowing through the mufflers at
a temperature of 70%F. The procedure is utilized to illustrate the effect of
changing the number of segments of the muffler on the degree of optimum attenua~
tion of the transmitted nofse. Mufflers having a fixed length of 3 feet but
with 3, 6, and 12 segments are considered to illustrate the petential of the
procedure in optimizing muffler configuration,

In all the considered exampies the design problem is formulated as follows: -

Find the areas of the segments S5 i=2e3>np-]

P
To maximize the transmission Joss .. TL = 20 Tog,, (piﬂﬂﬁﬁ ) db
cutput

such that S] = Sinput

Sty Soutput

Snin 25§ = Spay (14)
Li:l'f-i 1=I,....n
where each segment lengths Li is equal to a given value Lf.

i
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In the above formulation the muffier designer can select the desired limits on

the area and length of each muffier segment, Consequently Sinput' Soutput. Smin,

Smax and Lf are fixed values specified according to the designer requirements.
.i

In the following examples these limits are taken as follows: -

Sinput ® Soutput !
Smin/sinput = 0.1
Smaxlsinput = 10
Lfi/A = 3/n

where A is the wave length of the incident pressure waves

Example 1

Fig. (4) shows the results for a 3 segment muffler, as that shown in Fig.
{4-a). The optimization procedure with a initial configuration will produce the
configuration shown in Fig. (4-a). Such an optimal configuration results in a
noise trapsmission loss of 10.3 dB as compared to the 5.09 dB loss produced
by the configuration of Fig, (4-a}. It is interesting to note that the area
of the middle segment in the optimal configuration, has increased to reach the
maximum allowable limit set by eqn-(lsl. Tihis agrees with the common practice

of single expansion chamber muffler discussed, for example, (2 and 3}).
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Example 2

This example illustrates the effect of changing the number of segments of
the muffler on the noise attenuvation while operating under the same conditions
4s in the previous example.

Fig., {5-a) shows that starting with the 6 segment muffler illustrated in
Fig, (6-a-1) then the optimal configuration will pe as shown in Fig, (§-a-ii),
and the noise transmission losses will be 9.6 dB which is a less efficient de-
sign than that produced by the 3 segment configuration of Fig. (4-b).

But {f we start with the configuration of Fig. (5-b-i} then the optimum
configuration illustrated in Fig. (5-b-ii) shows a considerable improvement,
nearly 24.3%, over the optimum 3 segment muffler. If we consider, however, the
muffler configuration of Fig., (5-¢-i) as the initial starting point for the
optimization routine, then ‘the obtained optimum configuration of Fig. (5-c-ii)
yields a considerable improvement of 61.4% over the optimum 3 segment muffler,

1t can therefore be seen that increasing the nurtar . soyments of a muffler
of z given total Tength, is expected to produce a considerable increase in noise
attenuation,

Also, it is interesting to note that starting with different initial con-
figurations does not produce the same optimum configuration, This is due to the
complexity of the design space and emphasizes the need for optimization tools

for designing mufflers and acoustic silencers.
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Exampie 3

This example shows the improvement in noise attenuation resulting from in-
creasing the number of segments of the muffler under consideration to 12 segments.

Fig. (6-a) shows the initial and the optimized configurations which result
fn a noise attenuation of 30,24 dB. This is almost three times as much as that
¢f the optimum 3 segment configuration, This optimal 12 segment shane has been
obtained in a single iteration by the developed optimization routine.

Fig. {6-a-11) shows another optimal configuration which is a symmetrical
arrangement of multi-connected expansion chambers,

If we consider the initial 12 segment configuration of Fig. (6-b-i) then the
resulting optima) muffler will attenuate the incident noise level by 32,34 dB
which is 6.94% better than that produced by the configuration of Fig. (6-a-ii).

Summar

The paper has described a computer-based design procedure for optimized
configurations of reactive mufflers with step changes in their acoustic impedance
when subjected to periodic pressure waves, The existence of multiple optimum
configurations 1s evident by the dependence of the fipal design on the selection
of the number of segments and the starting point of the search. The considered
examples illustrate the potential of the developed computerized optimization
approach as a powerful tool for synthesizing the optimal configurations of

reactive mufflers.
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Although the optimization in the considered exampies is based on the
maximization of the noise transmission losses at one frequency, the technique
can be readily used to optimize the muffler design over & wide range of fre-
quencies as well as optimizing the exhaust pipes for improved engine performance,

The procedure can also be applicable to situations where factors such as
mean flow, frictional losses, temperature gradients, variable source and

temination impedances should be considered in the design scheme.
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ABSTRACT

The problems associated with laboratory evaluation of engine mufflers are
primarily those of (1) designing a facility which will provide a meaningful
measure of muffler noise reduction, and (2) relating this physical (acoustic)
data to the action of the muffler when placed on a specific engine exhaust sys-
tem. While a wide-band siren can be designed to provide 2 suitable noise
spectrum and source impedance, perforwmance of any muffler must ultimately de-
pend on the exhaust piping configuration into which it is placed. Experiment-
al work 1n the 1960's at SwRI has shown that a bench test facility can provide
useful acoustic data if the candidate mufflers are being evaluated for a rela-
tively narrow range of engine applications, and @ Toudness evaluation technique
was evolved which could reliably relate data from the bench test facility to
performance (sone reduction) on an engine.

In addition, electronic simulation techniques have been evolved whereby
the entire exhaust system {(muffler, manifold, and piping) can be guantitative-
1y evaluated on an electroacoustic analeg. Although designed principly for
simulating pulsation filters, this analog has been extensively used for sim-
ulating the exhaust systems of reciprocating engines, and for the design of
mufflers specifically tailored for that engine, exhaust system, and range of
operating conditions.
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BENCH TEST AMD ANALOG SIMULATION TECHHIQUES FOR
ENGINE MUFFLER EVALUATION

BY
CECIL R. SPARKS

BACKGROUND

The problems associated with evolving 2 bench test procedure for eval-
vating the acoustic performance of mufflers lie chiefly in the fact that there's
no such thing as an inherently good muffler. Regardless of muffler design,
the NR afforded by any muffler is not a function of the muffier design alone, as
the muffler is merely one part of 3 complex acoustic piping system, The "best"
muffler for one engine may actually amplify noise frem another.

Being -a passive acoustic network, a muffler's performance {amplification
or attenuation) depends not only upon its internal design but also upon. its
source and termination impedance (i.e., the attached piping), upon the spectral
distribution and amplitude of the engine noise spectrum, flow rate, pressure
drop and, of course, acoustic velocity (temperature and gas composition).

This is not to say that some muffler designs are not better than others for
a given range of conditions, or that an optimum muffler cannot be designed for
a specific set of conditions (and assuming a specific set of constraints on size,
etc.), but as soon as engine operating conditions change, or the muffler is appli-
ed to a different engine, its performance can suffer markedly. HMomnally, muffler
design fs tailored to cover the range of engine operating conditions expected,
and is designed as an acoustic low pass filter with a minimum of pass bands and
the lowest back pressure {flow resistance} possible. These are, in fact, the
major marks 'of a “quality" muffler.

The first step in seriously undertaking a program of bench testing, there-
fore, lies in defining the application and operating conditions for which the
candidate muffler is to be evaluated., The more precise we can be in defining
these conditions and the more narrow the variations in application and aperating
conditions are, the better job we can do both in designing a muffler and in
bench testing it.

We at SwRI did a study some 12 - 15 years ago for MERNDEC {then ERDL} to
evaluate the feasibility of developing and utilizing a bench test facility as an
Army procurement aid for several classes of more or less similar stationary
engine applications. The most questiopable part of the effort was simply to
define if the military standards engines used in these applications were suf-
ficiently similar in exhaust spectral content and the acoustic properties of
their exhaust system that any one set of bench facility tests would be of sig-
nificant value for extrapolating performanrce to all engines in the selacted
class. Perhaps the results of this program will be of interest to this group
in defining just how a bench facility might be utilized in testing muffler
"quality" and in defining some of its inherent limitations.

In this discussion, I regret that time will not permit a full discussion

and description of the exact design procedures used in evolving the bench test
facility (e.g., the siren), to analytically prove some of the assunptians made
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{linearization procedures in extrapolating acoustic system response) or in pro-
viding experimental documentation of the validity of scaling some of the com-
ponents. \e could argue extensively about where to locate the microphone(s) at
the muffler exhaust. Mevertheless, the results of testing on the facility may
be worthy of note. [ shauld also note that results of the bench test program
vere publiished in SAE Paper 771A, dated October 1963, and entitled (appropri-
ately enough}, "A Bench Test Facility for Engine Muffler Evaluation“, by I. J.
Schumacher, C. R. Sparks, and D. J. Skinner.

The first step in the program was to field test some half dozen different
engines, and 47 standard design mufflers from some 6 or 8 of the major sup-
pliers of mufflers for the MIL STD engines. This testing provided a data base
on the noise from the various standard engines with exhaust sizes ranging from 1
1/2 to 3 inches, data an the performance of various muffler designs {see Table
1), and data on the sensitivity of results ta operating conditions,

From.this point work turned to the designing of a prototype facility, and to
developing techniques whereby facility data might be used to imply how a muf-
fler might perform on an engine, or at least show a means of differentiating
between obviously good and cbviously bad mufflers for the appiication intended.
It was also recognized at this point that the facility had to be fool-proof in
the sense that "gimmicked" mufflers could not ke designed vhich would show up
well on the facility but which would not work well on the engines {either be-
cause of noise or performance problems).

DESCRIPTION OF BEMCH TEST COMPGMENTS

A photograph of the first prototype of the bench test facility is shown in
Figura 1, and a schematic & shown in Figure 2. It may be seen that in addition
to its poise testing feature, the facility includes provisions for making both
static and dynamic backpressure mgasurements on the test mufflers at various
flow conditions. In order to optimize upon bath the mechanical and operational
aspects of the facility and its component parts, comprehensive studies were
made of thase parameters in order to assure an optimum compromise between facil-
ity reliability and operational simplicity. Discussions of the major compon-
ents and the tests used to define their operational characteristics are pre-
sented below.

Siren lloise Source - The heart of the acoustic system is the siren exci-
tation source, shown at {1} in Figure 2. This siren produces wide band, al-
most "white" noise and is & constant power source by virtue of the near crit-
ical pressure drop across it. This high impedance noise generator is used in-
stead of more conventional voice coil devices in order to simulate the impe-
dance characteristics of an engine noise source and thereby simulate loading
effects experienced when an exhaust system is attached to an engine noise
source. Discussions of performance testing of this device are given in the
following sections.

Manifold System - The secend important component of the facility is an
acoustic conduit system which serves to couple test mufflers to the siren and
represents the manifolding system of an engine.. Far some types of testing,
this component is dispensable, and useful evaluation data can be taken without
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it. It serves chiefly to bring the absclute magnitude of the noise reduction
more in Tine with numerical data obtained in the field. For facility quali-
fication tests, this manifeld is a specially designed piping component as shown
in Figure 2. For other tests invelving the design of special purpose mufflers,
or for evaluating performance for a particular end-item application, excellent
cnrfil?zion with field data can be obtained by using the actual engine exhaust
manifold,

Effect of Siren Pressure and Speed -~ A series of tests were conducted on
the wide band siren to evaluate the effect of operating pressure and speed.
These tests shawed that the siren operatec well at pressures from 2 psi to at
least 15 psi. The generated noise output varies directly with the source pres-
surg although the .spectral distribution is essentially constant, The siren
operating speed has a decided effect on the spectral output of the siren, It
has been designed to produce wide band noise above 40 cps while operating at
approximately 240 rpm. At speeds above this level, the low frequency output
falls off markedly.

Microphone Pasition - Extensive tests were made on the piping configur-

ation for each size of muffler to evaluate the effects of microphone position.

A comparison of muffier performance characteristics measured at various micro-
phone positions show correlation s quite good so long as the microphone is lo-
cated in the acoustic far field, The exact position of the microphene is not as
important if one position is selected as a standard for each muffler size, and
so long as the microphane is not in the direct noise jet. Based on these tests
the microphone lgcation was set at 45 deg. from the center line of the outiet.

Effects of Gas Temperature - The effacts of gas temperature on muffler
performance are primarily in two areas:

1. Acoustic velocity varies directly with the square root of gas temper-
ature, and thus the cut-off and band-pass frequencies of a given muffler shift
in essentially the same proportions.

2. fias viscosity increases with the temperature and thus dissipation
elements are generally more effective at elevated temperatures. In general,
this means that the percent damping of each muffler will go up as temperature
increases {that is, the Q will decrease).

Test results showed that the measured octave band noise reduction character-

istics of the experimental muffiers differed slightly when measured with high

and low temperatures. As anticipated, the results showed that an increase in
cut-of f frequency was experienced at high temperatures (450 F air temperature)

as well as a slight increase in the high frequency attenuation characteristics,
The use of high temperature air showad no particular advantage as far as dif-
ferentiating between high and low quality mufflers and as such did not warrant
the added complexity to the facility.

High Flow Tests - A series of tests were conducted to svaluate the neces-
sity for and the effect of high flow through the muffler during acoustic tests,
tests. The most pertinent results from these facility tests conducted on all
three muffler sizes show that the quality mufflers can be conveniently differ-
entiated from the Jow quality or empty sirens without reproducing total muffler
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flow velocities experienced on the engine. Based on these tests no appreciable
improvement was realtized from the acocustical tests conducted under high flow
conditions and as such, this requirement was exciuded on the facility design,

DESCRIPTION OF FACILITY MUFFLER EVALUATION TECHNIQUES

The output spectrum of the wide band siren is shown by curve A in Figure 3.
Shown by curve B on this plot is facility unmuffled output with a typical engine
manifold attached to the siren. If now we superimpose on this plot curve C,
which shows output nojse of the siren-manifold facility with a muffler attached,
the difference between curves B and € represents the noise reduction afforded by
the mufflér, Since the siren is designed such that each octave interval shouwn
is rather completely filled with generated noise, specially tuned muffiing de-
vices (as contrasted to high quality mufflers) may be shown to be relatively
ineffective in reducing total noisa, and a numerical rating of noise attenua-
tion can be ascribed to each test muffler an the basis of the octave band noise
reduction measured.

In order to relate the octave band noise reduction figures obtained from
the facility to muffler quality or loudness reduction, one must compensate for
the variation of ear sensitivity with frequency, and the dependency of this
fraquency variation with absolute amplitude. In the program described, final
evaluation of muffler quality was based upon the reduction in sone loudness
afforded by a muffler when its decibel noise reduction properties are super-
imposed upon a typical engine noise spectrum. In order to illustrate both the
concept and the procedure involved, consider a muffler with fdcility-measured
decibel neise reduction properties as shown in Figure 4. If now we consider
that the unmuffled exhaust noise spectrum shown as curve A in Figure 5, is typ-
ical for engines which might use this muffler, we can attest quality of the test
muffier by computing the drop in loudness level {in sones) that the db noise
reduction of the nuffler would produce when superimposed upon this spectrum. If
we graphically subtract the noise reduction figures from the engine noise spectrum,
we get the predicted muffled noise spectrum shown by curve B. When each of these
curves is converted to SAE sones, then the resulting tested quality of the muf-
fler is the difference in these sone levels. For convenience the sone 1oud-
ness scales are plotted directly on the octave ordinates of Figure 5, and it may
be seen from the nenlinearities of the scales that reduction in some of the
octaves is more important than in others insofar as loudness (sone} reduction is
concerned. In order to supply proper weighting to the reduction values obtain-
ed for each of the octaves, some typical engine noise spectrum must be -used.

In order to determine the final evaluation factor for each muffler subject-
ed to these tests, one needs merely to sum the sone reduction afforded in each
octave, or alternatively subtract the total calculated muffled sone loudness
from the sone loudness of the reference engine spectrum shown. The engine spec-
trum used is not critical, as variations in the band levels used as reference
have a second order effect on the octave band weighting factors used.

It may be seen that the process described above involves first of all, the

derivation of octave band noise reduction from the bench test facility, and
then the weighting of each of these noise reduction fiqures based upan noise
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conditions typical of those to which the muffler might be subjected in field
service. The entire process may be simplified considerably by graphical tech-
niques using the sone evaluation chart shown in Figure 6. This chart again has
the eight octave band ordinates. teasured muffler noise reduction values may be
plotted directly upon the ordinates, and corresponding values for sone reduc-
tion may be read directly. The typical engine spectrum weighting factors are
automatically included in the loudness reduction (db) figures on each ardinate.
To evolve the muffler quality factor (the sone reduction value) using this chart,
the process is as follows:

1. Obtain octave band NR figures for the test muffler from tests on the
bench test facility.

2. Plot these decibel values on the cb ordinates in Figure 6.

3. Read the corresponding sone reduction figures from the right hand
scale of each ordinate.

4.  Take the algebraic total of all inferred octave hand sone reduction
values. This is the quality factor of the muffler.

After design and fabrication of the bench test facility shown in Ffiqure 1,
an extensive series of tests were conducted on a series of mufflers with 1-1/2,
2, and 3 inch inlet sizes. It was shown that when a sophisticated simulation
of the exhaust system was utilized (for example, using the actual engine man-
ifold between the siren and muffler), facility tests ranked quality mufflers in
virtually the exact same relative order as engine tests. Such numerical cor-
relation is illustrated graphically in Figure 7, where loudness ratings from
field data on the 2 inch test muffiers are shown as the center ordinate, and
facility rankings using two sone calculation techniques are shown on either
side. It may be seen that both field and facility tests rate the mufflers in
virtually the same order, and that the facility easily differentiates the more
quality mufflers (B-12 through B-21} from the empty shell (8-11).

Similar tests, but using a different manifold were shown to rate the serias
B-12 through B-21 in a different relative order, but they were still easily dif-
ferentiated from strazight pipe sections or empty shells. Since the objective of
this development was a device to attest general muffler quality for use with a
variety of manifolds, the standardized manifold was adopted. The entire system
was thereby shown to be effective in differentiating between quality and non-
quality mufflers on a rather general basis.

MUFFLER BACK PRESSURE EVALUATION

The back pressure characteristics of the military standard mufflers is per-
haps the most important single evaluation criterion for most end-item applica-
tions. Since the military standard muffler design is not tailored to a specific
application, a compromise in the ncise reduction characteristics was favored to
meet the maximum back pressure limits. An extensive series of tests were con-
ducted on the mufflers under a variety of both steady flow pulsating conditions.
Data were recorded using both a water manometer and a flush-mounted pressure
transducer, and were compared with field data obtained with a flush-mounted
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transduceyr installed in the engine exhaust system. The results showed that
under steady flow facility conditions (with siren off}, excellent correlatien
was obtained between field results and facility results using either a flush-
mounted transducer or a water mancmeter for facility measurements. The data
also indicated that full engine flow rates need not be simulated to perform
these tests and that the anount of flow required is dependent anly upon the
resolution of the back pressure measuring system. Comparatively high flow rates
(240 scfm) are required for the large size mufflars in order to obtain necessary
reading accuracy when a water Teg manometer is used, Alternately, icwar flow
rates could be used with a more sensitive pressure transducer, but this system
would suffer from the complexity of calibration and data interpretation. The
correlation of steady flow back pressure measurements recorded on the facility
to engine back pressure data obtained during the field tests is presented in
Figure 8.

ARALOG STMULATION TECHMIQUES

Another means for evaluating engine mufflers, at least in the difficult law
frequency portion of the spectrum, lies in electronic analog simulation of the
proposed muffler-manifolding configuration. The most sophisticated and well-
documented basis for this contention in the 5GA Compresser Installation Analog,
develgped and bperated by Southwest Research [nstitute for the Southern Gas
Association's Pipeline and Compressor Research Council (See Figure 10). lhile
the primary purpose of this analog is to simulate pulsations in the piping sys-
tems of reciprocating compressers {to date some 3000 such studies have been
conducted), it is also useful and has been used as a tool for design and eval-
uation of engine muffler and exhaust systems. Using this analog, the total flow
characteristics (steady state and transient] of a piping system such as a muf-
fler and exhaust system can be modeled using electronic delay line elements
which are simply coupled together to simulate the acoustic impedance network of
the exhaust system regardless of complexity. Lumping lengths can be chasen
arbitrarily short to acconadate whatever upper frequency 1imit is desired, but
pipe diameter does impose some upper frequency limitatiens. The simulation as-
sumes ane-dimensional compressible flow, and is therefore limited in applicability
to frequencies whose wave lengths are large compared to pipe diameter. For a six
inch exhaust system, therefore, the upper freguancy limit is on the order of 500 Hz.

It is readily noted, however, that it is precisely in the Tow frequency
ranges where muffler performance is difficult to predict analytically, and
where piping interaction effects are most important on muffier performdnce.

High frequency attenuation is relatively easy to achieve in a muffler, and once
low frequencies are controlled, the high frequencies nomally take care of them-
setves, Standard acoustic theory (viz. lined duct absorption effects) serves as

gn gde§$ate tool to design additional high frequency attenuation if it should be
esirable.

The process of simulating an exhaust system on the analog is a relatively
straijght- forward impedance simulation using a series of analogies where voltage
repraesents pressure (AC and DC), and current represents mass flow.

[f we start with the equations of motion, continuity and state for one-
dimensional, isothermal, compressible flow, and compare these to the electrical
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d§1ay111ne equattons, we find that a very convenient set of analogies occur
wherain -

‘Blectrical Inductance « Acoustic Inertance
Electrical Inductance « Acoustic Compliance
 Electrical Resistance « Acoustic Damping.

‘Specfically, the electrical parameters of inductance {L}, capacitance (C), and
resistance (R), per unit length of pipe are:

1
rom Ky ——
i ‘1 A
c';“ﬁa A
c2
and
R= K3 H
vhere

p = flowing density

A = pipe flow area

¢ = acoustic velocity
M = mass flow rate
K-= .constant

Using acoustic theory the same set of equations are derived, except that
the resistive term is assumed linear of the approximate form

w172 pe
R o= 1.42 (57 3

nr
as contrasted to the fluid dynamic viscous resistance which is of the form

2
fc
R = X H
3 20082

Considerable experimental work has been conducted to evaluate the relative mag-
nitude of the two resistive mechanisms, and results show that for all pipe
sizes of practical concern {i.e., larger than capilary tubing) and for all flow
rates on the order of several fps or greater, that the fluid dynamic term pre-
dominates. Thus for most systems, the non-flow acoustic resistance mechanisns
{e.g., molecular relaxation} can be ignored with neqligable effect,

It may be seen by inspection that of the three basic impedance terms defined
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(R, L and C) both L and C are quite linear with flow. Since these two parameters
determine electrical (and acoustic) propegation velocities, an excellent simula-
tion is achieved of muffler attenuation rates, cut-off frequencies, internal reson.
ances or pass-bands, and interaction frequencies caused by attached piping. The
only parameter undefined by R and C is the amplitude of the various resonance

peaks which are controlled by resistive damping. Since the R is non-1linear with
flow, simulation can be achieved either by inserting nonlinezr resistance circuits
into the delay lines, or by linearizing the R for the average mass flow rate M,
Experience with many simulations have proven efther approach is adequate,

The question which usually comes up at this point is "What about perfor-
ations". Again, both analytical and experimental data shows that for non-floy
acoustics, perforation size must be quite small before the elements become re-
sistive rather than reactive. In Figure 1l perferaticn ( is plotted as a func
tion of hole size for various freguencies. HMNote that hole diameters must be
1ess than a quarter inch before the R predominates (i.e., before 0<1).

In the case of flow through perforations, analog data has been compared ex~
tensfvely with laboratory and field data, and again the results show that the
predominating effect in achieving pulsation damping is the same mechanism which
produces pressure drop. Specifically, the dynamic {acoustic or pulsation re-
sistance) is numerically equal to twice the steady state resistance, i.e.,

Ryw = 2 %Ry = 2 4B

AC be H steady flow

Using this approach, excellent corralation has been obtaired between the an-
alog and field data for perforated element acoustic filters. An example is
given in Figure 12 which shdws the pulsation spectrum from 0 - 100 Hz for a re-
ciprocating compressor. Hore specifically, the data shows the envelope of pul-
sation amplitudes as compressor speed varies over a range of + 10%.

Again, the problem of using such a device for evaluating mufflers lies in
the question of what constitutes quality in a muffler. Although the analog will
accurately map filter attenuation as a function of frequency, including all pass-
bands and interaction effects of attached piping, the noise reduction data ob-
tained is for that particular exhaust system. I[f significant changes are made in the
manifold, tail pipe, etc., then data can be modified substantially. Figure 13 is
one example of analog data taken for a proposed muffler design for a large
stationary natural gas engine., Hote that noise levels and spectra can be ob-
served anywhere in the system, but that as the piping configuration is changed,
output noise from the muffler will likewise change.
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Table 1 - Field Results From Engine Tests on Expetimenial Muffler,

Engine Exhaust Sjze - 3 in,

Engine  Open
Muffler No, Nofse Exhaust  A-l

Nolse Level, db 83 165 104.5
Loudness, Sones 28.6 102,2 93.8

Engine Exhsust Size - 2 in.

Engine  Opan
Muffler No, Noise Exhaugt B-11
Nolse Level, db 176 95.5 92

Loudness, Sones 19.8 53,2 38,3
Engine Exhaust Size - 1-1/2 in.

Engine  Open
Mufflet No.

Loudness, Sones 17.4 31.8

Nolse Exhaust €-23 C-04

A-2Z A~ A-4 A

101 103.5 1005 102
68.4 853 7.1 BMLD

B-12 9-13 B-r14 B-15 B-16 B-17 B-18 B-19

AG A
101
735 153

A-0

100.5 102
17.6 B3.B

102.5

A-20 H-21

4.5 94 9 93

86.5 895 945 96

95 9

45.% 42,7 467 39.6 29.2 40.2 46.) 487 35.1 36.%

91.5 81

8. 86
2348 29.5 20,1 24.5

C-25 C-26 C-27 C-28 C-29 C-30 C-3] C-32 C-37 C-M4

Noise I'.J.:vel. db 4 94 B8 @99 85 A8 90
28,0 N.2 267 2W.T 294 331 NG 390

88.5 &8

SONCALLY CHOmED
CONSTRICTIONS FOR
BACKPAESSUAL TESTS
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O

—
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FIGURE 2

Schematic of Bench Test Facility
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Comments on Evaluation Techniques
327488 #

of Exhaust System Noise Control
Characteristics

D, W. Rowley
Donaldsen Company, Inc,

Before discussing possible exhauset system bench evaluation technlques as
charged by Dv, Roper in his introductory comments yesterday, let me first
stace my vantage peint, In tie ares of surface transportation noise con-
tral, Donaldson is a wanufacturer of both induction and exhaust system
products for medium and heavy duty trueks .., primarily incake air cleaner-
silencers and exhaust wufflers. Donaldson also provides produccs for

recreational vehicles, light aircraft, and for railroad locomotives,

This morning I would like to discuss with you those steps we find necessary
to Ilnsure ocurselves and our customers that the muffler and exhaust system
for a given truck and engine indeed do the job for whieh they were intended,

Primarily I'll be speaking toward the heavy duty, diesel truck,

I'm going to review "how we do the job of developing hardware and then its
evaluation," To this point In the symposium, most of the speakers have

been heavily concerned with nen-engine, bench test, acousktie theory, Well
now we're going to spend a few minutes concentrating on the real world of

engines, trucks, and thelr exhaust systems,

First, when a request is received for a given job, it's worthwhile to
determine 1f a suitable product is already in existence, For this a cacalog
or recommendation sheet may be referred te, Fig. 1, The data shown is from
actual engine testing, Note that the performance of a particular product

depznds on the engine and the exhaust system with whieh it is used,
If a muffler with the desired configuration and performance cannot be Ffound

In the recommendation sheets, a computerized selection program may be used,

The program consists of two major listings, The first describes the flow
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and acoustic characteristics of approximately 135 engines, and the sccend
describes the flow lose and nolse contrel properties of our standard line

of truck mufflers -- about 80 models are included,

By inputing the engine and truck type and che exhaust system to be used,
the computer will "match" the two lists, perform the required calculations,

and "seleet" those mufflers most applicable. Performance is predicred in a

"form similar to the recommendation sheet, The accuracy of the predietion

1s within 3 dBA of actual engine-dynamomecer tests, It is also pessible to

select a glven muffler and predict that muffler's performance on all engines

for which 1t will "£it" backpressurewise,

These methoeds have been reviewed because elther eould conceivably be used in
a labeling scﬁeme,-but please remember thelr accuracy and again note, they
depend on engine-dynamometer testing as well as Elow bench pressure drop

data for’a basis,

1f a suitable product is not available, a development program must be
implemented. The design and analytical stage invulves utilization of math
model analysis techniques to provide an escimation of the muffler's trans-

mlssion and insertion loss, Next samples are obtained and evaluated, First,

‘the samples are tested on a flow bench te determine if flow pressure drop is

sétisfactory. If OK, "non-engine' acoustic bench ctesting 1s then used to
evaluate the acoustic performance of‘the muffler and exhaust gystem, For
this loud speakers, sirens, shock tubes, alr reinforced electrodynamic
speakers =~ all have been employed. Many of these methods are worthwhile
development tools. They can, 1f properly utilized, rank mufflers by
perfdrmaﬁce quite effectively ,.. some methods better than others, The

closer to the actual exhaust system conditions, the more accurate the

ranking,
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.To do a good job of evaluation on a "non-engine' beneh test, one must

somehow slmulate actual engine exhaust system conditions of:

* Gas flow, temperature and temperature gradient down the exhaust system.

* The ctotal exhaust system must be used: exhaust plpe and silencing
devices, connecting pipes and tailpipe, and probably most difficult,
something to simulate epgine impedance,

+ Generation of nolse with a similar spectral content to the engine of
concern, and

. of high enough amplitude {140 = 170 dBA} such that non-linear acoustic
conditions exist, Non-linearity cannot be ignored since 1t can
significantly affect acoustic velocity ,., especially in a naturally

asplrated engine,

A’ large amount of complicated material to attempt to handle! Perhaps
sopeday it will be possible, but at the moment we can't do it with any-

where near the accuracy required,

Frankly, it's easier to bbtaln an engine, provide adequate control measures,
and p;rform‘the tests on the actual engine and exhaust sﬁstum. this in icself
is quite demanding, The engine must be right, It wust have proper fuel and
intake alr flow, with rated power oubput and nowmal exhaust gas temperatures,
A tope-notch technician to perform the test is a must, along with equally top~

notch ingtrumuntation,

We're almost ready to talk about engine test data, but first let's define
exhaust noise, Fig, 2 is an illustration of exhaust noise ,,, being made
up of tailpipe discharpe nolse, muffler shell noise, exhaust pipe surface
radiated noise, and alse the noilse transmitted through any leaks in the
exhaust system, At the bottom of the figure is a typical example of the

levels of these subsources required for 1978 trucks,
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Let me explain., Although the manufacturers are faced with meeting an
83 dBA overall truck level, their prototype truck design goal, because
of regulated test methods and manufacturing variations, is from 80 to
8l dBA in order to be safely under the 83, And since it is oftentimes
desirably to reduce exhausE nolse so that lc is essentially a non-
contributor, the goal for exhaust noise becowmes 10 dBA less ,,, or the
low 70's, This in turn then requires the very low values shown for the

subsources,

Now as we look ahead to the 80 dBA 1982 cruck, the subsources will become
that much more difficult to control to the very low levels required,

Fig. 2.

The subsources can in turn be broken down ,,, sub-subsources, zs presented
in Fig. 3., The tailpipe discharge noise is made up of the exhaust noise
created by the englne that escapes through the muffler and is radiated out
the tailpipe. It also includes muffler generated noise caused by gas flow
through the muffler, and '"jet" noise creaced by high velocity exhaust pases

escaping Into the atmosphere.

Exhaust pipe surface noise is caused by the high interpal dynamuc pressure

within the exhaust piping,

Muffler shell noise 'isp't as straight forward as it might appear, It's
mainly caused by the internal pressures within the muffler, but it alsc
radiates engine and ehassis vibrations that are transmitted to it via the
exhaust system, The muffler surface cap also radiate exhaust pipe vibra-

tions as set up by the internal dynamic pressures,
Now with that background, let's get into engine testing, Flg., 4 presents

50 fr, exhaust noilse from a fully loaded engine, The information was

gathered by isolating engine mechaﬁical noise by using a full enclosure
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and a heavy iselation wall, The wall is acoustically treated on the
outside, creating a free field above 150 hz., The data in the Eigure

is within 1 dBA of a completely free field over a reflecting plape,

This particular engine is rated at 2100 rpm, The engine is warmed up

and szt to Full load ac 2100 vpm, The exhaust system is allowed to
stabilize at operating temperatures, Ynder these conditions much of

the analysis work is done .., spectrum, octave band, wave shape, and

the muffler internal elements ave evaluated, 1In this particular case,

& 72 dBA would be reported at full load and rated rpm, Then the

"lug-down" mode dis run, For this, load is taken off the engine uncil

it speeds up against the governor, 1In thils case the governor is controlling
the engine rpm to 2400, Then load is slowly added, such that the englne is
"lugged" down through Lts operating range to approximately 2/3 rated rpm,
The 2/3 is Important because of the agreement with the SAE 366b drive-by
test, Only ene serious peak was found ,,. 75 dBA at 1500 rpm which would

be reported accordingly.

One other test mode is considered, Fig, 5., This is the sudden accelleration,
run up, goose, idle-max-idle. (IMI), or whatever, Notice the differences
from the lug mode,. Values of 73 dBA at 1700 rpm and 73,5 atv 2250, Beth
would be reported,

There is yet anpother test mede required .., one that will show the effect
of temperature on system performance, Surface radiated nolse hecomes of
more importance as muffler attenuation inecreases, Surface noise is a
function of the temperature of the exhaust system parts. If the surface
is cold, it is more "live' (high Q) with a rasulting greater surface
radiated noise, This is demonstrated in Fig, 6, Muflfler, and again iu
Fig. 7, Exhaust Plpe, These ara copies of the actual work sheets, Note
the difference between stabilized conditions in the exhaust system and
cocl conditions .., approximately a 5 dBA difference for the muffler, and

about 7 for the pipe ... quite considerable,
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In essence, five or six pieces of peak data are rccorded, Obviously we're
leoking for the worst condition, That's the condition very probably chat
the truck manufacturer would run into, or possibly could run into, as he

evaluates his truck,

Pipe surface noise was further investigaced as a function of time, Fig. 8,
A 55 dBA can be seen for pipe surface radiated noise at idle, 500-600 rpm,
Then cthe throtble was punched wide opun creating an exhaust nolse peak of
78 dBA, As the momentum of the engine is overcome, the level drops down
to 63, At that point, load was put on the eunginc. Inmediately, the pipe
surface noise went up te 75 dBA and then as the system absorbed heat and
the temporature of the material increased to a stabilized condition, the

pipe noilse likewise deereased.

The purpose of presenting the last serics of figures was to provide some
indication of the difficulty of rating system performance even while

testing with the actual engine and syscem,

Now let's look at - -other brobiems of cevaluating systems ... In this case
distributed systems, Fig, 9, which are becoming more pepular in che
industry, Discributed systems coptain more than one silencing device,
These additional components are acoustically interrelated wich the primavy
muffler and ene another. That is,the performance of the primary wmuffler
is affected by other devices iu the system, and vice versa. Fig, 10 is
further evidence of this, Consequently, it's very difficult to say this
particular muffler or silencing device has such and such acoustic
characteristics without referring to the performance in an actual system,

The "whole'" system must be evaluated,

With the complete data from an enginc-dynamometer test, we have a pretcy

good handle on the performance of the exhaust system on a given engineg;
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buc, we're still not completely convinced, So the next step obviously 1is
golng to a truck, which is the real "proof of the pudding'" (includes truck
noise source ldentification), fThe type of data gathered from g truck test

is shown in Figs. 11 and 12,

By utilizing the type of testing just reviewed, we try to meet our

comvittment te the truck manufacturers and the trucking industry ... striving

to make certain that the exhaust system controls the noise as Lntended and
without compromising engine performance. It is also required via testing

to provide proof of conformance to manufacturers' specifications,

In conclusion, any evaluation method selected must meet certain degrees of
accuracy. The lower the overall truck noise levels establishéd, the more
sophisticated che mufflers and other silencing components will become; aund
ic follows, the more critical the accuraecy of evaluaticn also becomes, As
of this peint in time, this can best be done with an englne-dypamometer

type of test,

Presented at: EPA Surfage Transportation Neise Symposium
Chicago, Tllinois
October 12, 1977

Reference: SAE Paper No, 770893, "“Exhaust System Considerations for
1982 Nleavy Duty Trucls,"
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A BENCH TEST FOCR
RAPID EVALUATION OF MUFFLER PERFORMANCE

by

g A. F. Seybert
Department of Mechanical Engineering
University of Kentucky
Lexington, Kentiucky 40506
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TNTRODUCTION

The United States Environmental Protectlian Agency has published
general provisions for noise labeling standards (1}!. Among other
things, these provisions indicate the need for test methodologies
for the evaluation of the acoustic characteristics of products to
be labeled. This paper discusses some of the problems associated
with the prediction of exhaust system performance and presents a
novel technique for the measurement of muffler characteristics.

It is shown that exhaust system performance can be predicted using
measured muffler characteristics in conjunction with other known

information such as engine impedance and pipe lengths,

BACKGROOND:  FPACTORS INFLUENCING EXHAUST SYSTEM PERFORMANCE

Pigure 1 shows some of the factors influencing overall exhaust
system performance, where "performance" can be measured by some
acoustic descriptor such as the sound power radiated by the tail
pipe outlet or the sound pressure at some point in space at a fixed
distance from the tail pipe outlet., There seoms to be mild confusion
and some misunderstanding within the automotive industry on how the
factors in Figure 1 interrelate in determining overall exhaust
system performance. Yet, it is essential that we understand these
effects if we are to develop a rational, workable test methodology
suitable for muffler labeling. For example, if we know quantita-

tively how engine source iwnpedance and scurce strength affect exhaust
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system performance, we may pessil:ily develop a bench-test methodology
in which the cngihc is replaced with an electronic noisc source
such as an acoustic driver or loudspeaker. The data obtained from
the beneh test would be used to predict the overall exhaust system
pcrformancé for any ongine for which source impodance and source
strength information are available. In a similar way we would like
to account Ffor variations in exhaust and tail-pipe lengths in order
that a standard pair of pipes can be used for the benchltest. Thus,
by increasing our understanding of exhaust system behavior, we can
develop a simplified test methodology suitable for muffler labeling.

We can divide the factors listed in Figure 1l into two categories:
factors that can be accounted for using proven acoustical theory,
and factors that must be accounted for with empirical data. Source
impedance and source straongth are examples of the latter category.
On the other hand, pipes are classical acoustical systems, and the
effect of pipe length and diametcr on sound propagation and radia-
tion is well:known.

In general, muffler characteristics must bo determined imper-
ically, except for very simple geometries, in which case analytical

results are reasonably accurate.

EBXHAUST SYSTIEM MODELING

Exhaust system modeling has evolved over a period of about 50
years sincé Stewart [2] analyzed muffler systems using lumped
parameter approximations.*® .Davis et al, [4] made significant
advances in exhéust system modeling by applying traveling-wave

techniques to evaluate expansion chamber and side-branch

*Crocker [3] has recently reviewod exhaust system modeling,
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configurations. Following this work, Igarashi [5] applicd electrical
four=-pole techniques to cxhaust svstem modeling. Recent developments
in exhaust system madeling are roviewed by Sullivan [6]).

The four-pole theory used by Igarashi is .very poﬁerful and easy
to apply, and scems to be an ideal method for exhaust system design.
Four-pole theory is based op the concept that in any linecar, invariant
gystem the input and output gquantities can be related by four
"system"” parameters, called the "four-~pole parameters." As an
example, consider a straight section of pipe of length L and cross-
sectional area S, Figure 2, The input and output quantities are

the acoustic pressure and volume velocity at cach end of the pipe.

The expressions relating these guantities are:
P, + a,, Vv (1)

P, + a.,V (2)

17721
where Pl and Vl are the acoustic pressure and volume velecity at
the pipe entrance, and P2 and V2 are the acoustic pressure and
volume velocity at the pipe exit. The four-pole parameters for the
pipe-—all, CIPTRCPSE and 8, "~are functions of frequency, pipe
diameter, and pipe length:

a;;=cos kL a12=(pc/sjj sin kL
{3

a21=(nc/8)j sin kL a,,~cos kL
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where k=21f/c, c is the specd of sound, rn is the densily of air, and
j ddanotes -\imaginary cquantity.

For complex acoustical systems (e.q. a muffler) the four-po.e
parameters can be computed from measured impedances. Tt can be

shown (7] that Lthe four-pole paramcters are related to the driving

point and transfer impedances:

[ n . = _2 r
a317%11/% 5 Ayam By Rga=2y5) /2,

(4}

ayy=1/%, 5,722/ %)2

where le and 2 are the driving point acoustical impedances looking

22
into the acoustical system at the cntrance and exit respectively,
and 215 is the transfer impedance (defined as the ratio of the

acoustic pressure PP, at the entrance to the acoustic volume velocity

1

V. at the exit). If we can measure the impedances of a complex

2
system, then we will have the four-pole parameters for the system.
The four-pole theory is useful in combining acoustical sub-
systems, such as mufflers and pipes, to obtain overall system
performance. This can be illustrated by representing an exhaust
system in terms of four-pole parameters as shown in Figure 3. In
Figure 3, Ze is the engine source impedance and VC is the engine
gource strength (the acoustic volume velocity of the engine). The
various subsystens are represented by cascaded four-pole parameters,
and Z, is the radiation impedance of the tail pipe. For the four-
pole model shown in Figure 3, Ve, Lot and the mufflar four-pele

parameters must be obtained empirically; hut the four-pole parameters
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for the exhaust and tail pipes ace given in Equation 3. The radiation
impedance zr'is known from theory [8].

Equations 1 and 2 can be written in matrix form:

v el P

Likewise, the relationship bétween acoustic pressure and volume

velocity at the entrance and exit of the rmuffler can be expressed as:
[Pz]r-[bn blzJ ["3]=H["3] (6)
Wal by Bpal vy V3

Equaticons 5 and 6 can be combined:

bL IR I

ERIN
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Because the four-pole parameters for A, B, and C are known (either
from theory or experiment), the overall four-pole clecments of the
matrix D are also known:. We can rewrite Fguation 8 asy

P + 4.,V

1793,Py + 43,V (10}

Vl=d211’4 + 622V4 (11}

'ngknow also that P4/V4=zr and V1=Ve-pl/ze. Combining these

equations with Equations 10 and 11 to eliminate P Vl' and v, yields:

1’ q

PV /12,y 4dy,/2 2 H(dy  +dy /2 )] (12)

The insertion loss (IL) is a useful parameter for evaluating
the acoustic berformance of exhaust éystems. One way to express
ingertion loss is to compare the agoustic pressure at the exhaust
systen éxit {(e.g. Equation 12) with the acoustic pressure P at the
e#it pf the exhaust manifold when no exhaust system is prescnt.

That is:

2

IL=10 Log 7 2’ (13)
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fhe analoqgous circuit for the vnpine with ne exhaust system is
shown in Figure 4, whore O is the radiation impedance of the

exhaust manifold, From Pigure 4:

Zrze
P=V \T T (14)

The insertion loss is found. by combining Equations 12 and 14 with

Equation 13,

B {dyy 2 4dyp)t(d) 8 +dyy)

{15)
Ze+Zr

IL=20 Log

This equatiaon shows clearly the relationship between the exhaust

system variaples and how cach affects exhaust system performance.

MEASUREMENT OF ENGINE AND MUFFLER PARAMETERS

~Equation 15 shows that we can predict exhaust system performance
for a given combination of engine, muffler, and exhaust and tail
pipes, providing we have the appropriate information. As mentioned
previously, the four-pole parameters for the exhaust and tail pipes
are known from theory, as is the radiation impedance 2. but the
engine source impedance and the muffler impedances must usuvally be
measured. This section will deseribe a novel mcthod of lmpedance
measurement, This method, referred to as the "two-microphone,
random~excitation" technigue was developed about two years ago by
p. F. Ross and the author at the Ray W, llerrick Laboratories, Puraue

University. The theoretical basis for the technique, as well as a

188



R i)

litorature survey of other technijues used to measure agoustical
properties, is the subject of a roecent paper [9]; only the practical
aspects related to the measurcment of exhaust system properties will
he presented here,

The oxperimental setup used for the measurement of muffler
properties is shown in Figure 5. With this arrangement, onc can
determine the nuffler impedances [rom which the four-pole parameters

for the muffler, b and b22‘ can be obtained (using

110 Biae Baye
equations like Eguation 4)., At the same time one can also determine
other muffler parameters such as the transmission loss, the reflec-
tion coefficlent, and the absorption coefficient, Tt should be
emphasized, however, that these properties arc not suitable for the
prediction of overall exhaust system performance.

Referring to Figure 5, random noise is introduced into a pipe
on cne side of the muffler to be tested. Air flow may be introduced
tae simulate actual operating conditions, if necessary. Two micro-
phones, located on the source side of the muffler and mounted flush
with the inside of the pipe, sample the sound pressure. The micro-
phones are separated a distance of approximately 50mm and located
as close to the muffler as is physically possible (to minimize
attenuation effects in the pipe). The microphone signals are
digitized and stored in a Fourier Analyzer or Fast Fourier Transform
(FFT) processor. A spectral processing technique [8) is used to
decompose the sound field in the pipe into incident- and reflected-
wave spectra, The muffler' impedance and other nuffler parameters
can be determined from these spectra. To test the accuracy of the
technique, the input impedance of a straight tail pipe was measured

and comparad with theory. Fiqure 6 shows the experimental and

theoretical data of the real (resistivel and imaginary (recactive)
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components of the tail pipe impelance, f%he oxcellent agrooment
between theory and experiment verifices the experimental tcehnigue
and, at the same time, shows the accuracy of the theory ({10].

This data supports earlier statements which noted that exhaust

and tail pipe properties could be accounted for by using theoretical
models.

In a second test the transmission loss of a prototype muffler
was measured and compared to data obtained using the conventional
standing wave ratio method. This data is presented in Figure 7;
again, excellent agreement is noted.

Fiqure 8 shows how the two-microphone, random-excitation
technique might be used to measure engine source impedance. The
measurement of engine source impedance has not yet been demonstrated,
but this and other work is underway at the University of Kentucky,
Figure 9.

The two-microphene, random-excitation technirue has several
advantages over conventional methods of measuring acoustic properties.
Conventional techniques such as the standing wave methed {11] use
traversing probe-tube microphenes that are of complex design.  In
addition, flow~generated noise may influence microphone measurcments
made within exzhaust pipes. The stationary, wall-mounted microphones
used in the two-microphone, random-gxeitation technique avoid
these problems. A sccond advantage is inereasced resolution. Because
random excitation is used, the computed acoustical properties are
essentially continuous in the frequency domain. With conventional
methodé using discrete frequency (sinusoidal) testing, data is also

discrete, and importani aspects of the acoustjical properties (i.e.
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coceurring between test [requencios) can be overleoked, A thirpd
advantage is increased spead,  Pecause random exeitalion is usoed,
and becausc the data is acquired and processced automatically,
impedance measurements are conducted rapidly. Only about 7 seconds
of actual measurement time was needed to obtain the data in Figures
6 and 7.

The two-microphone, random-cxeitation technique is simple in
design, and because the test isg essentially a "hands oft" test, the
technique should yield highly consistent results. %his is an impor-
tant aspect of any testing technique that is to be used by a larqge

number of individuals or groups in dilffercnt rogions of the country,

SUMMARY = A TEST METHODOLOGY FOR MUFFLER LABELING

The above discussion indicates that the inscrtion loss iIs a
suitable parameter for predicting exhaust systoem performance. It
is not practical to measurc inscrtion loss for every enginc and
exhaust systom configuration, bul inscrtion loss can be predicted
(e.g. Equation 13) using proven theory in conjunction with empirical
data for engine and muffler impedances,.

Much research remains before a Lest methodology suitable for
muffler labeling can be implemented. For example, our knowledge
of engine source impedance is quite incomplete, In predicting the
insertion loss using Feguation 15, how accuratec must we know engine
source impedance? Deoes engine source impedance depend on engine
type? Load? Speed? The derivation of Eyuation 15 neglected the
effects of flow and temperature gradients. liow important are these

effects in predicting insertion loss? (Can thesc cffects be included
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using some Lype of "corroction factors" or is a rigorous analysis
called for here?

In conclusion, it appears that additional research is needed
to answer some of these questions and to test the feasibility of
using a scmi-empirical test methodology, such as described in this

paper, as a basis for muffler labeling.
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Abstract

The results of a research effort sponsored by Yamaha Motor Co. of
Japan are presented, The main objective of the project was to quiet
the exhaust from 2-stroke engines without sacrificing {too much)
performance.

Anailytical and experimental programs were undertaken to acquire
a fundamental understanding of 2-stroke engine dynamics, to measure and
predict noise levels associated with various exhaust systems, and to
design innovative muffling systems. The results show that predicting
absolute noise levels is difficult; however, comparative studies are
well suited to analytical techniques.

Primary emphasis is placed on experimental procedures which allow
testing of mufflers in an anechoic chamber and in the absence of an
operating engine. One of these is a positive displacement acoustic
level source to which mufflers can be attached and sound power levels
determined. This procedure was used to corroborate acoustic theory
and to determine the extent to which acoustic theory could be used in
the design of engine mounted mufflers.

Another procedure involves the use of a rotary valve and compressed
air to generate very realistic (motorcycle-like) large amplitude pulses
with the proper through-flow and frequency content, This very clean
experiment has proven to be a very excellent method for duplicating
actual engine tests. It is apticipated that further development will
result in a variable displacement, variable through-flow rotary valve air

motor that can be used to accurately assess real muffler performance.
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Introduction

Under sponsorship of Yamaha Motor Company of Japan. a vesearch effort
was initiated at the University of California, Davis fo study exhaust
silencing of two-stroke engines. The three authors were coinvestigators
on the project. The project resulted in several publications (refs. [11*
through (7]}, two patents for Yamaha, and supported several graduate
research assistants.

The principal objective of the effort was to quiet two-stroke engine
exhausts without sacrificing performance. To accomplish this goal, the
research was channeled into several-parallel paths. One of these involved
a major analytical and experimental study of the gas dynamics and mechanical
dynamics of the two-stroke engine in order to gain a fundamental understanding
of its operation and why it produces (so much) noise in the first place. This
study is representative of refs. [1], [4], [5], [6], [7]). Another major
research channel involved analytical modeling and experimental testing of
mufflers in the University of Califarnia, Davis anechoic chamber. This aspect
is described in refs. [2] and [3].

In the following section the operation of a two-stroke engine will be
by1ef]y described in order to gain a qualitative understanding of the noise
generation problems involved. Following this, the analytical engine and
exhaust modeling are described in some detail along with noise prediction
medels. Finally, the analytical and experimental anechoic chamber tests are
presented and the entire project summarized with emphasis on regqulatory tests

for EPA monitoring and control of motorcycle noise.

*ﬂumbers in brackets [ ] refer to references
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Two-Stroke: Engine Operation

The two-stroke engine is shown schematically in figure 1 for two
different crank positions. The associated conventional expansion chamber
is shown in figure 2. Assuming a fresh charge of air/fuel mixture has just
been ignited, the piston is driven downward on its power stroke. [t first
uncovers the exhaust port (EP) and most of the exhaust gasses are forced
into the exhaust pipe due to the still relatively high pressure inside the
cylinder. Alse, as the piston moves down, it compresses the fresh charge
of fuel already resident in the crankcase. As the transfer port (TP} is
uncovered this fresh mixture is forced through the transfer passages and into
the cylinder above the piston. As the piston moves upward from bottom dead
center (BDC) it first uncovers the inlet port (IP) and frash mixture flows
into the crankcase as a result of the increasing crankcase volume., The
piston then covers the TP and finally the EP and compresses the remaining
fresh charge in readiness for the next spark ignition.

Some of the factors influencing the overall engine performance are the
amount of fresh charge inducted through the IP, the amount of fresh charge
pushed through the TP, and the amount of fresh charge that leaks out through
the EP prior to EP closure. These considerations are what make the two-stroke
engine a most interesting dynamic system, Qualitatively, it is the "inertia" of
the gasses in the intake passage and transfer passage that insure proper charging
of the combustion chamber, and it is the expansion chamber that contrgls the loss
of fresih charge into the exhaust system,

When the exhaust gasses are forced through the EP, a large amplitude pressure
wave begins propagating down the exhaust system (see fig. 2). As this wave passes
through the "diverging cone", a negative (or rarefaction) wave propagates back up-
stream and helps empty the cylinder of exhaust gasses. This process is called

scavenging. When the pressure wave reaches the "stinger", most of
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the energy is reflected and this returning pressure wave either pushes
fresh charge back into the cylinder or prevents too much from leaking away.
This "stuffing" phenomenon of course dapends on engine RPM, exhaust system
Tength and varijous other system parameters, From the point of view of
performance this type of expansion chamber can provide significant super-
charging of the combustion chamber. From the point of view of noise, the
straight through-flow expansion chamber is perhaps the worst possible
design.

In the following section the analytical modeling of two-stroke engines

and their exhaust systems is described along with noise prediction,
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Analytical Models for Performance and Noise Prediction

The model used for performance prediction is described in ref. [5],
Since performance is not the main consideration here, this model will not
be described in great detail. [t consists hasically of a hond graph [8]
mode] of the complete engine coupled with an approximate model of the
exhaust system. Dynamic considerations in¢lude the intake, exhaust, and
transfer passages as well as crankcase compression and combustion. The
model s ideal for performing extensive parametric studies of port timing,
port geometry, crankcase volume, exhaust system dimensions, etc. The
operation and capability of the model are discussed completely in ref, [5].

Of more importance with respect to noise prediction is the gas dynamic
modeling of the exhaust system. The gas flow was assumed to be one-dimensicnal

and time dependent. The equations of motion describing this flow are

gt(pA) = %y(ouﬂ) {Continuity)
3 3 d
2.o0n) = - L(ouPa v pn) ¢ p g - oar
(Momentum)
M—E_Sl = - g... - -
A o {(u{ Es + PA} ) Hork
{Energy)

Es = pA(CVT + U%/2)
p = pRT
where p, p and T are the thermodynamie properties pressure, density and
temperature; u - the fiuid velocity; A - channel area; t - time; x - posi-

tion; (v - specific heat at constant volume; and R the gas constant. The

frictional losses have been included in the term pAF where F is given by the
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following expression

U2 U
ol

F =

Ol
s

(f and D are the friction factor and diameter respectively). The procedure

for solving the above equations s given in ref. [1] where all unusual
circumstances such as boundary conditions and interpal choking are discussed.
For an average case, 150 spatiai node points, similar to figure 2 viere used
throughout the engine and exhaust system and 800 time steps were needed to
complete one engine cycle. As can be suvmised from the above comments and
equations the numerical simulation is very complete and general, and capable
of good spatial and time resolution. The spatial and time resolution is
extremely important for making nojse predictions since high frequency waves and
large sound speeds are common in two-stroke engines.

The model is capable of predicting pressure, flows, temperature, etc.
throughout the entire exhaust system; however, for the purpose of this paper
only results associated with the "stinger" will be presented (see figure 2).
AMlso, all results are for a Yamaha 360 MX engine.

Figure 3 shows the predicted volume flow rate from the "stinger" into the
atmosphere for the engine operating at full throttle, under load, at 7000 RPM.
This 1s approximately the maximum power RPM for the 360 cc engine. The steep
fronted wave in the center of the figure is the dominant cause of the very
loud, high frequency snap associated with two-stroke engines. This is also
apparent from figure 4 where pressure and velocity inside the stinger section
are shown. Pressure in excess of two atmospheres is predicted with velocity
surges fn excess of 450 m/s. If_we assume that any realistic muffling device
wi1l not change the engine performance too much, then we see that extremely

large amplitude, high frequency waves will exist at the muffler entrance.
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This suggests that the type of nonlinear modeling presented here 1s essential
for accurate prediction of muffler performance for smail, high performance
power plants.

" To predict exhaust neise levels for this engine, the volume vejocity of
figure 3 was assumed to be that of a simple source radiating into an anechoic
far field., The pressure predicted at 50 feet from the source was digitally
transformed into a frequency spectrum and is shown in figure 5. An A-weighted
sound scale was assumed. A significant characteristic of the spectrum is that
it 15 relatively flat and contains a broad band of frequencies. Aise, there
i5 very substantial contribution from frequencies over 1000 cycles per second,
The total SPL, weighted for ‘the A scale, that is associated with the spectrum
is 102.85 db for 50 feet from the simple source. This number is in goed
agreement with SPL measurements on unmuffled expansion chambers.

The next results to be presented are concerned with the addition of
mufflers to the exhaust system. In figure 6 is shown the geometry of two
mufflers analyzed. The nonlinear muffier shown in the top of figure 6 was
analyzed with the new methods mentioned previously, while the Tumped parameter
muffler was analyzed with classical acoustical type approximations. In figure
7 the valume flow rate out of the nonlinear muffler is shown. It can easily be
seen by comparing with figure 3 for the unmuffled case that considerable
smndthing has occurred due to the muffler. However, there is a very distinct
and regular high frequency variation in the flow, This regular variation 1s
due to the reflection and formation of waves in the muffler itself, and the
frequency is characteristic of the muffler dimensions and gas sound speed. This
frequency and its harmonics are very evident in the sound square spectrum shown
in figure 8. It fs also apparent from the spectrum that frequencies below

1000 cycles/sec and very high frequencies have been substantially attenuated.
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The overall SPL for the nonlinear muffier is 95.8, which is less than the
unmuffled case, but still not very liveable.

One of the primary reasons for selving the lumped parameter muffler
was to compare with the nonlinear case and to make an asessment of the
quantitative value of standard acoustical approximations., In the modeling
of the lumped parameter muffier the system is represented by two volumes, two
nonlinear resistances and two inertias and this system is solved simultaneously
with the flow in the engine and expansion chamber. The valume flow rate from
‘the tumped parameter muffler is shown in figure 9 and it is seen to be extremely
smooth, The spectrum shown in Figure 10 fllustrates that all frequencies have
been suppressed by the lumped parameter muffler and the SPL was 58.9db, Since
the dimensions of the nonlinear and lumped parameter muffier are very similar
it must be concluded that the use of the lumped parameter analysis for the
Targe amplitudes waves in two stroke engines 15 questionabie. The one region
of the spectrum where there is qualitative agreement between the two mufflers
is in the low frequency part of the spectrum,

Another important interaction between the muffler and exhaust system that
should be mentioned is the influence of back pressure caused by frictional
losses on the transfer of gasses into and out of the engine cylinder. For both
thg muffiers analyzed there was enough back pressure to cause a significant
amount of exhaust gasses to be left behind in the engine cylinder.

The mufflers analyzed here are quite primitive; .owever, the new technique

| employed reveals some interesting physical processes which are not included in

classical approaches to the subject. The simple source assumption used to convert
exit volume flow rate intc a SPL prediction proved to be quite accurate when
compared to actual drive-by tests (see ref. [4]). Further development of the
nonlinear analysis discussed here seems to offer the hope of gaining considerably
greater insight into the nonlinear physical processes in mufflers and two-stroke

engine expansien chambers,



The Experimental Progran

Coupled closely to the analytical effort, the experimental program was
designed to first corroborate, in so far as possible, the computer models
developed far performance and noise prediction. This aspect of the program
is discussed thoroughly in refs. (31, (41. [51, [6], and [7]. At this time
this corroborative experimentation is not directly applicable to muffler
evaluation and will not be discussed further.

Another aspect of the experimental program was the design of procedures
and devices for evaluating mufflers in the University of California, Davis
anechoic facility. The main purpose of these experiments was to test muffier
models designed from acoustic considerations and to compare muffler devices
subject to realistic large amplitude ipputs. Two experimental apparatus

were developed., These are described next.
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Acoustic Filter Apparatus

fhe acoustic filter apparatus was designed to test mufflers subject to
small amplitude volume flow inputs, This device is shown schematically in
figure 11 and pictorially in figure 12. Basically it consists of a high
impedance electromagnetic shaker driving a piston and this producing a known
frequency dependent flow source. As shown in figures 11 and 12, the shaker
and piston are enclosed in a thick wall pipe to prevent acoustic leakage.
The device could be modified to include mean flow but at this time no mean
flow is available, This device is perfect for measuring insertion loss of
muffling schemes; however, it is restricted to small amplitude input and

corralation with actual muffler performance is guestionable,
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Large Amplitude Simulater Apparatus

In order to use the anechoic facility to test mufflers subject to

~realistic input, the apparatus of figures 13 and 14 was developed. [t

consists of a high pressure supply to a plenum chamber which feeds one
side of a rbtating cylinder driven by a 1/15 horsepower electric motor
The inside cylinder has a port which allows charging with high pressure
air as the port rotates past the plenum opening.and then subsequent dis-
charging as the port uncovers the exhaust opening. This simple device,
when connected to a stock Yamaha 360 MX expansion chamber produces pres-
sure spectra which are virtually identical to that shown in figure 5.

.Thus far, the rotary valve has been used for qualitative comparison
studies of various muffling schemes and has proven 100% effective with
respect £o comparison noise studies of actual motorcycle tests. It was
not attempted to duplicate quantitative results as this was not essential
for the Yamaha project. _However, there is no fundamental reason why the
rotary valve could not be used to produce quantitative comparisons of
anechoic chamber versus actual motorcycle tests. It appears that attention
need only be given to exhaust pulse amplitude, volume through-put, and
gas temperature in order to obtaijn quantitative comparisens.

The question of performance degradation associated with various muffling
devices is not as easy to infer from the bench tests as was the noise com-
parisons. Again, however, it appears that if some attention is given to
this specific problem, there is no fundamental reason why correlation cannot

be obtained.
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Does a bench test procedure exist for certifying motorcycle exhaust system
performance with respect to noise and performance constraints?

At the present time, such a procedure does not exist. However, it is
felt that rotary valve is a candidate for devéiopment into a dependable,
inexpensive, and fast procedure for evaluating, at the very least, two-
stroke engines for motorcycles and spowmobiles. It is also anticipated
that small, four-stroke power plants can be tested in a similar fashion.
What is required is a research effort directed specifically at the cer-
tification issue and relying heavily on the research results already

developed.
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ABSTRACT

Various procedures for the evaluation of exhaust system performance are
presented and discussed, Analytical as well as experimental techmiques are
considered. Comparisons are made with measurcrents on actual engine exhaust
noise. The major approaches are ranked with respect to accuracy and cost,
INIRODUCTION

In order to select an appropriate technique for the evaluation of exhaust
system performance, the specific goals of the evaluation must be determined,

The needs of the development engineer are quite different than those of the non-
technical consumer. This paper will attempt to present the various considerations
present in making such a selection and to illustrate a wide variety of available
techniques.

There are essentially no "good" or "bad" mufflers. A given muffler may
produce good noise control results on & given system or application while preducing
poor results for another., In addition, many secondary parameters must be in-
cluded in order to fully characterize the performance of a given muffler. A
sumary of some basic design considerations is given in Fig. 1. Thus, to cbtain
an accurate statement of the muffier's performance, it is necessary to specify
the precise exhaust system confipuration and engine application Including
operating conditions such as speed and load.

Two of the primary acoustie considerations are whether to measure sound
pressure or sound power and whether to use the actual level produced or the
difference between the silenced and unsilenced levels, A 'difference approach"
has the advantage of relating more directly to the muffler performance independent
of the noise source involved, while a 'level approach has the advantage of re-
lating more direectly to the sound perceived by the listener and asscciated

loudness.
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The cholce between sound pressure and sound power is essentially a choice
between & 'point measurement' versus an '"area mepsurement', Ench approach has
certain advantages. Sound pressure level must be given tor a specified location
and is mast apprepriate when such o location muy be clearly determined, Sound
paver level is detemined from a measuranent of the average sound pressure level
over areh and, thus, may be more appropriate when the location of persons near
the exhaust system is not clearly determined. Some of the practical considerations
in making these measurements will be presented later.

I, EVALUATION TECHNIQUES

A flow chart of some of the major evaluvation techniques that are available
is shown in Fig. 2. Analytical and experimental approaches are listed and will
be discussed in more detail in the following sections., The complexaty of an actual
engine exhaust svstem mokes the selection of a single technique difficult, Severe
temperature gradients, rapidly varying turbulent flow, high amplitude pressure
variations and non-linear effeets are among the primary factors contributing to
this complexity. TFor this reason, most actual exhaust system engineering uses a
conbination of techniques to assist the exhaust system designer in obtaining
optimm performance.

A 'wide variety of parameters are available for use by the designer in
specifying the exhalst system performance (1-3). Some of these are listed in
Fig. 3. In general, transmission loss is preferred for theoretical calculations
because it does not depend on the engine source impedance. The determination
of engine source inpedance is a difficult problem that has received only limited
study. For experimehtal work, insertion loss and noise reduction have come to be

preferred because of their relative ease of detemmination,
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The method of excitation used varies from the actual engine to a white
noise source. While white noise has been recommended in the past as a solution
to the problem of measufing the performmance of highly tuned mufflers (4}, in fact,
this éan be inadéquate. A white noise source can produce conservative
or optimistic predictions of a muffler's performance depending on the specific
source, exhaust’ system, and measuranent procedure used. Shock wave excitation
has received considerable past study and has specific advantages in evaluating
exhaustsystems used on high-performance engines. (5,8}

IT. ANALYTICAL TECHNIQUES

Analytical techniques offer the advantage of not requiring the time or

ost of experimental procedures. They can range from simple parametric analysis
chniques such as the use of muffler volume, as shown in Figs. 4 and 5, to
mplex acoustic models, (7-9) In general, the parameter technique is quite
ude ih comparison to acoustiec modelling although very sinple to apply.

The acoustic model developed and used at Nelson includes the effects of
devated temperatures, temperature gradients, mean flow, termination impedance,
source impedance, higher order modes, and a wide variety of silencing confipurations
or elements, Derived from work by Alfredson and Davies (10-13), this model has
been considerably improved and extended at Nelson to be applicable in a wider
variety of cases., Although useful from a degign standpoint, quantitative
agreement with actual enpgine measurement is undergoing continued study in order
to obtain improved correlation, Typical results are shown in Fig. 6, The
prediéced transmission loss plot shows major minima at about 425 Hz, 850 llz and
s0 on corresponding to the length of the expansion chamber equalling a multiple
of a half wavelength., Additional secondary minima are present at about 150 liz,
300 Hz and so on corresponding to the length of the tailpipe equalling a multiple
of a half wavelength. The predicted insertion loss plot illustrates somewhat
increased complexity, partially due to the effect of the exhaust pipe, Neither

v’ 1s In good quantitative agreement with the engine measured insertion loss,
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although the frequency characteristics show some qualitative agreement and the
amplitudes reflect some general trends. [Even with these limitations, this
camuter model has been successfully utilized in o nunber of comercial design
activities,

IIT. EXPERIMENTAL TECIINIQUES

Experinental techniques fall into the two general categories of clased and
open system techniques, A variety of these techniques nre illustraied in Fig, 7.
Closed system measurements do not include the radiation fraom the wills of the
muffler shell or exhaust system piping. The most common example of such o system
is the impedance tube. (14-16) Typically used to measurec transmission loss
using a pure tone source and anechoic termination, this device can also be used
with a white noise source. Very similar results are cbtained in considerably
less time. Results from such measurements are illustrated in Fig. 8 along with
results from the Nelson analytical model. The agreercnt between the top two
curves is very good and typical of the results obtained using this technique
with the pure tone or white noise source. In this esumple, the solid extended
inlet and outlet of the pass muifler are approximately equel to half the length
of the muffler resulting in the peaks at about 300 {Iz, 900 Hz and so on.
Measurements may also be made using taped engine noise and other temminations as
will be shown later,

The closed impedance tube may alse be used in the time domtin as a '“pulse
tube". This technique, 'which has received considerable development at Nelson,
offers the advantage of presenting the pressure wavefomm as perceived by the
listener and as asscciated with the engine in the time domain. Results will be
shown below.

Open system measurements include the noise radiated from mui{fler and tailpipe
walls by terminating the impedance tube in an open space such ns a semi-anechoic

or reverberant chamber. The excitation may be typieally an electronic noise
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source, blower, standardized engine, or actual engine, At Nelson, two semi-anechoic
chambers and a reverberant chamber are available for use in such mensurements
as shown in Figs. 9 and 10. (17) The semi-anechoic chamber is the most widely
utilized scund chamber for muflfler evaluation. Its primary advantage is its
correlation without the nssocinted weather problams with measurancnts
made oufdoors on actual equipinent, The reverberant chanber allows measurement
of the spatially averaged sound pressure level from which the sound power level
may be readily calculated. For applications in which the desired point of
measurement is not readily apparent, the reverberant room measurement provides a
potential advantage in that the average value is obtained. However, if the measure-
ment in the semi-snechoic chamber is simply made at the angle of maximan sound
pressure level, this advantage is minimized since the spatial average will be
strongly dominated by this maximum value, Thus, for muffler werk, the main
advantages of the reverberant chamber become its lack of anechoic wedges allowing
greater flexibility in exhaust system piping and a decrease in installation and
maintenance expense.
IV. COMPARISON OF TECHNIQUES
A, BASIC SILINCING ELI2ENT

The performance of a basic expunsion chamber silencing element was evaluated
using a variety of the above techniques. In Fig, 11, results using the analytieal
model with an anechoic termination and Tree-field temination are compared to
results measured on the impedoance tube developed at Nelson., The expansion chamber
and tailpipe effects as well as the higher order mode effects {at about 2800 Hz) are
predicted with fair accuracy, especinlly for the anechoic termination case, by
the analytical model.

In Fig, 12, results for the smre unit using the analyticil medel with an
anecholc termmination, tailpipe, and tallpipe/exhaust pipe combination including
source impedance effects to chtain inscrtion loss are conpared to results measured.
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on an actual engine. The qualitative agreement is fair, but the arplitude and
details of the frequency dependance again show considerable lack of quantitative
correlation. Many of the same leatures menticned in Fig. 11 are again evident.

In Fig, 13, results for the same unit using various arranpements of the
impedance tube are conpared to results measured an an actual engine.  Asrocmnent
of the simulated tests with the analytical results in Fig, 12 is lairly geod,
but agreement with the engine results is again less than desired even with proper
correction for the higher exhaust gus temperatures,

In addition te the transmission loss and insertion loss measuroments il-
lustrated above, transfer function measurements may also be made as shown in TFig.
14 along with the associated ccherence, (18) The inversion of the transfer
function ploet produces a curve proportional to the transmission loss plots
presented earlier. The minima and maximsz asgree quite well with the values espected
from analytical considerations for this pass nuffler.

While frequency domain analysis is most commonly used in muffler analysis,
time domain analysis using the pulse tube approach described above can provide
& useful alternative. At Nelson a pulse tube has been developed for this purpose.

Resilts of such a measurement are shown in Fig. 15 for a variety of cxpansion

chambers, The transmitted pressure pulses show good agrecment with the analytically

expected values of anplitude and timing. Specifically, the time between output
pulses may be calculated to be about 2 msec corresponding to a round trip
distance of about 2 feet or twice the chamber length.
B, INDUSTRIAL, MUFFLER

The performance of a typical industrial muffler was evaluated using white
noise excitation with the impedance tube and the intake and exhaust noise fran
an actual engine as shown in Fig, 16. (19) The lack of agrecment of the insertion
loss measured on the intake to the inpediance tube results is increased by flow
generated noise in the intake system., The lack of agrecment of the insertion

loss measured on the exhaust to the impedance tube results is increased by
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interfercnce effects due to floor reflections. The overall A-weighted sound
levels were reduced from 117 dBA to 99 dBA for the white noise source, from 100 dBA
to 83 dBA for the intake noise and from 119 dBA to 94 dBA for the exhaust noise,
C. TRUCK MUFFLER

The performance of a typical truck nuffler was evaluated using white
noise exeitation with the impedance tube and the exbaust neise from an actual
engine as shown in Fig. 17, The lack of detailed correlntion is again readily
noted. The overall A-weighted scund levels were reduced from 115 dBA to 78 dBA
for the white noisc source and from 111 dBA to 72 dBA for the engine noise.

Other detailed studies at Nelsen have demonstrated the dependence of
exhaust noise on exhaust system configuration as shown in Fig, 18, (20) The
overall A-weighted sound level can be seen to vary as much as 7 dB for the same
muffler. This again emphasizes the inportance of specifying the application for
a given muffler, In addition, the directivity pattern from an exhaust outlet
can be an important variable as shown in Fig, 19. The shape of the spectra
varies considerahly as a function of angle from the outlet. As discussed
previously, in a semi-~anechoie chamber, the measurement location must be carefully
selected, usually on the basis of maximum sound pressure level. In a reverberant
chamber, this problem is avoided by obtaining a spatial average of the sound
pressure level. Of course, directivity information is lost in such a sound power
measurement.
V. SUMMARY

The selection of an evaluation technique must be based on the specific
goals of the evaluation procedure., In Fig. 20, the major techniques described
above have been ranked according to the primary characteristics of acecuracy and
cost. It is clear that many tradecffs must be considered before a given technique

can be selecteod, Altheugh various appronches can be useful miinly for desigm
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purposes, final muffler evaluation usually demands an actunl engine test.
Only in this way can the required accuracy be achieved (21). Errors of 5-10 dB
in muffler performance prediction, often encountered in other techniques, are
not acceptable for today's application problems.
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DBA
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NOTATION FOR FIGURES
Incident pressure anplitude
Reflected pressure anplitude
Imnedance
Directivity factor
Room censtant
Measurement distance
Muffler volume
Fngine displacement
Insertion loss (Lp)
Transmission loss (L,I.L)
5.6 inch diameter, 24 inch long nmuffler
65 inch long tnilpipe
18 inch long exhaust pipe
feet per second
70 depree Fahrenheit average exhaust gns temperature
Unit for sound pressure level in decibels
Unit for A-weighted sound level in decibels

3600 IIPM engine speed
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MINIMUM TEMPERATURE

ATTRACTIVE APPEARANCE
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COMPARISON OF EVALUATION METHODS
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INTRODUCT ION

Enginecring accustics has been an area of study In the Mechanical Engi-
neering and Mechanics Depar ment at West Virginia Universicy since 1971, with
student involvement froﬁ freshman projects te graduate rescarch. Somewhat of
interest to some might be the fact that muffler design, development and testing
is taught to freshman engineering students, and in only three weeks, during
only one day each week, and only for three hours in the aftrerncons of theae
three days. Thus, because of student project grading requirements, I have
béen evaluating and 'labeling' mufflers - with a letter grade - for years.

My 'regulatory policy' for muffler labeling must be a good one and maybe, quite
humorously of course, should be considered bv the Environmental Protection
Agency because I have yet to be taken to court concerning my regulatory policy,

Durfng the summer of 1975, I participated as one of two summer faculty
research participants at Nelson Industries, Inc, of Stoughton, WI under a
National Science Foundation grant te the Nelson Research Department. As Larry
Eriksson, vice-president of rvesearch, and I formulated a work plan for the ten-
week perlod that summer, it was decided to attempt td expand the exiéting com-
puter-aided design capabilities at Nelson Industries, At that time, improved
computc--alded design wvas visualized as being an impertant compliment to an
oanoing tmpedance tube muffler development study, Now, today at this symposium,
after considerable success as an anslytical déveloPment, design, evaluation and
(potentially) optimization tool for the manufacture of mufflers, this "Con@uter-

Aided Approach Toward Performance Prediction for Engine Exhaust MuFElers" is
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being présented to exhibit the increased extent, possible merie, ctc of this
computer-gided methodology to predict and to communiente noise reduction
characteristics of vehicle exhaust systems., My presentation here will be an
extension of a paper (l) presented in Januvary 1976 at the Eighth Annual Noise
in Intermal Combustion Engines Seminar base on the initial work completed at
Nelson Industries the previous summer, Presentation of informaticen contained
in that paper entilted "Some Progress in Computcr-Aided Design for Analysis
and Optimization of Basic Exhaust Systems" will be followed by some romments
on the state of the computer program as it exists today as well as on the
Judged applicability of the computer program to function as an analytical
simulation technique toward usefulness as a 'bench-type' methodolopy in repgu-
latory muffler labeling.

This 1976 seminar paper just mentioned began with a brief description of
three of the more recent approaches which seemingly offercd wotential for con-
tinuing future progress taoward effective computer-aided design of exbaust
systems, Secondly, the paper then discussed extension featurcs which were in-
corporated inte a recent National Aeronautics and Space Administracion prepared
computer-aided muffler design program to provide improved capabilities for
Nelson Industries to complement its on-going muffler development work utiliz-
ingimpedance tube experimentation, Thirdly, the paper then provided an example
of how this extended NASA computer program permitted A parametric study for an
extended inlet-extended cutlet muffler to produce generalized computer-aided
muffler deaign curves., Finally, several potential additions cto expand the deslgn
analysis and optimization capabilities of the extended computer program were

identified, This material will be presented in the next four section of this

paper.
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RECENT COMPUTER-AIDED MUFFLER DESIGN METHODS

Murnjal (2) had recently proposed a revised transfer matrix method,
utilizing a modification to a previously defined velocity ratic funecion, Ffor
the coﬁpucer evaluation of inscrtion loss for exhaust mufflers with mean flaw,
Acoustic pressure and mass velocity were redefined considering the convective
coupling between acoustic phenomena and Incompressible mean fiow. Transfer
matrices for various basic muffler elements were derived, Unlike the case
for zero mean flow where each of the transfér matrices corresponded £o0 one of
the three ﬁypes of impedances, auch a correspondence did not appear to be the
casé for non-zero mean flow. See Figure 1.

Work by Karmopp, et al., (3) on modeling engine exhaust mpufflers in bond
graph terms had been recently reported in connection with the compurter pre-
diction of power and nolse for two~stroke englines with pawer tuned, silenced
exhausts, From the equivalent bond graph model of a lumped muffler (Sece
Figure 2), recursion formulas relating acoustic pressure and volume flow rate

in terms of the volume of fluid stored by the compliapce clement and the

momantuym of the fluid of an inertial element were formulated, The assaciated

finite clement computer program was developed to handle the one~dimensional
effects of nonlinear wave stecping, flow resistance and high mean flow, The
conclusion, however, seemed to be that such a one-dimensional computer program
could not accurately describe complicated muffler configurations in which
:hrée dimensional effeets are imporcant,

In a then recent paper, Young and Crocker (4) used variational methods te
formulate a mathematical description of the acoustic fleld existing in a
muffler, See Fipure 3. Solution of tﬂis variational method formulation for

the acoustic field was obtained by finite eclement methods, For this approx-
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imaté solution numerical method approach, the muffler is divided inte a number
of ‘subregions of nodal eclements. Nodal parameters descriptive of the waria-
tion of acoustic pressure at each node were then defined, The prediction of
the desired muffler transmission loss was then made by forming the equivalent
acoustic four-terminal transmission network Ffor which the nodal paramerers
are used to determine the four-terminal constants, Future papers werce then
plammed to shew that when applied te mufflers with complicated shaped chambers
for which plane wave theory predictions are not available, transmission loss

predictions using this method are in good agreement with experiments.

EXTENSIONS TO NASA MUFFLER DESIGN COMPUTER TROGRAM

The above three relatively new methods of computer-alded muffler design,
as well as other possibly methods which were uot mentioned, indeed projected
prospects for more progress in the analysis and aptimization of exhaust mufflers
in the near [uture, llowever, for Immediate short term (ten weeks) applicability
with some potential for later extension, 1v scemed wost appropriate at that
time to develop computer-aided design capabilities using the most complete
computer program available based on muifler modeling which used essentially
linear wave equation theory, Filgure & illustrates how the planned compucer-
aided design capability would be incorporated into the overall scheme of manu-
facturing mufflers from specifications,

Such a rather well developed computer-aided muffler design program as
suggested above for reactive extended inlet-extended ourlet expanslon chamber

mufflers had been made available Dby the NASA through Technical Note TN D-7309.
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This computer program is largely based on the work of Alfredson and Davies (3).
The key features of the NASA cempurer program are listed in Figure 5,

In order to appraeciate the complexity of a typical commerical muffler
relative to the existing capability of the NASA computer program, Flgure &{a)
shows a drawing of a two Lube-three pass muffler taken from page 3117 of the

Handbook of Noise Control, Harris, ed.,. As the projected and unfolded ver-

sion of this muffler shown in Figure 6(b) illustrates, several features, such
as multiperted chambers and perforated tubes, are not rradily handled by the
existing NASA computer program,

As an initial effort to extend the MASA computer program, the program
was converted from 'complete chamber' analysis to 'individual section’ analysis,

Further, efforts were divected at providing sectlonal models for plug and two-

pass muffler sections which are quite common in Nelson mufflers, For all secctiens,

variable diameter pipes and chambers were now permitted. A pictorial description
of these initial extensions to the NASA computrer program is shown In Figure 7.
Figure 8 shows a more detailed definition of how various example mufflers would
be sectioned for inputing to the extended NASA computer program.

Using the secrional approach te the prediction of transmission loss for a
particular muffler required internal modification to the flow logic of the NASA
computer program, A flow diagram deplcting how the transmission loss is deter-
minad by stepping individually through the secticnal subroutines, compiling and
storing the rosults until the complete muffles performance is printed out in
gither tabular apd/or plotted form is shown in Flgure 9, Sectioning of the

exhaust system is performed by first defining the type of tailpipe radiation

anviroament and proceeding up to and including the type of engine source impedance,
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EXAMPLE OF COMPUTER-AIDED STUDY OF MUFFLER DESIGN

The extended computer program served a primary Fupnction of confirming,
evaluating, predicting, ete, the theorctical transmission loss for experimental
basic muffler models as they were evaluated using the impedance tube technique,
Another function of the extended NASA computer program was its capability to
perform analysis of muffler transmission loss behavior as a funection of parti-
cular muffler design parameters. For example, consider the extended inlet-
extended outlet expansion chamber muffler with both extensions initially one-
fourth the length of the chamber. Keeping the distance between the internal

ends of the extended inlet and extended outlet pipes constant, this Eixed distance

‘was then offset by the varying amount $ . Ssee Figure 10, In Figure 10 below

the sketch of the muffler being considered is a tabular example showing che
changes in value of the quarter-wave length resonances with amount of offset G .
Figure 1l provides an appreciation of the resultant influence on transmission
loss for several values of offset 5 . Generalized curves rcprésenting the
behavior of the rescnant frequencies are shown in Figure 12, Observe that as
the centered fixed distance representing a double resonant frequency at say
1000 hz is offset to the maximum value, the one resonant frequency for the
lengthing inlet {or lengthing outlet) approaches one half its initial value or
500 hz, while the other resonant frequency for the shorting outlet (er shorting
inlet) rapidly increases toward infinity. Of addicional note is the decreasing
resonant frequency from- 3000 hz to 1500 hz with offset distance § which could

contribute te certain advaptageous transmission loss features Ln specific situ-

ations. Many such parametric studies of muffler geometry, ctec can be conceived

and readily perfbrmed using the extended computer program,



POTENTTIAL ADDITIONS TO FURTIHER EXPAND COMPUTER DESIGN CAPABILITIES

With the eomputer program operatianal and functioning both in its initial
intended role as a compliment to the impedance tube study and in its inherienc
capacity to perform paramoter variation studies of muffler performance, pro-
Jjections were made at the end of the ten weeks of possible additional extensions
that could contribute to the further development of the extended NiSA computer
program, These extensions included a) sectional model for a flow reversing
chamber muffler (6) and b) sectlonal model for a parallel duct muffler (7).
Theoretical development and experimental vecification both offer attractive
encouragement to their possible inclusion in muffler systems, Descriptional
and performance features from the literature for the flow reversing chamber
muffler ia shown in Figure 13. This cype of chamber i{s quite common in commeri-
cal mufflers, A parallel duct muffler is described and experimental perform-
ance results shown in Figure 14, The cxperimental curve on the left shows
quite good wideband transmission loss,

Addition of muffler -sections such as these two mepntioned offered increased
imﬁrovement to the extended NASA computer program as it had been developed at

that time about two years ago,

COMMENTS ON ADDITIONALLY EXPANDED CAPABILITIES OF COMPUTER FPROGRAM

Crowth of the computer-aided desigh capabilities for exhaust muffler
analysis since the initial summer development work by the author has been quite
substantial, Efforts by Nelson research personnel have made advances toward

the additlon of temperature gradient effects, reversing chambera, perforated

.
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tubes, and higher-order modes within the exhaust system as well as the incor-
poration of engine source impedance deseription for permitting insertion loss
pfédiction. Experimental work is currently being undertaken at West Virginia
University to better define engine source impedance for use in the computer
program,

The principal uses made of this continuously expanding computer-aided
approach for muffler design by Nelson Industries have been 1) as the theoret-
ieal predictor of transmisalon loss for conceptual mufflers and large industrial
silencers proposed by persons within and outside the Research Department, and

2) as the analytical compliment to assistthe direction of experimental bench
and/or laboratory engine muffler development research projects, such as the
initially intended impedance tube muffler development study (8). Evidence of
the computar program's succéssful application as a compliment to experimental
engine-exhaust system studies in cerms of providing analytical compariscn pre-
diction plots is provided by Fipures 6, 11, 12 and 13 of the paper by Larry J;
Eriksson entitled 'Power or Pressure - a Discussion of Current Alternatives in
Exhaust System Acoustic Evaluation’ presented at this Symposium, (Reference 9)
Additional expression of the computer program availability for incorpoeration
hto experimental studles conducted at Nelson Industries can be found in Refer-
ence 10, Figure 15 and Figure 16 of this paéer provide comparative analysis of
the ability of the computer program to predict the wmea:ured acoustic performance
of typical pass and plug exhaust mufflers respectively af engine operating
conditiens,

The optimization capabllity of the computer program has served a limited

purpoge and use to this time, mainly because its cost-effectiveness operation

has not been totally explored,
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APPLICABILITY OF COMPULER PROGRAM IN REGULATORY MUFFLER LABELING

In regards to the possible applicability of this amalytical simulation
technique- toward usefulness as a 'bench test' methodology in regulatary
muffler labeling, the following four statements seem appropriate:; 1) this

'methodology' potentially can "measure' (by theoretical calculation) the noise

reduction characteristics (transmission less, insertion loas, ete.) of engine-

exhgust systems, assuming continued successful efforts toward definition of
muffler sectional eonfigurations, engine source impedance, etc.; 2) this
'methodology' can communicare the noise reduction characteristics by means'of
single number (overall) and f[requency band {third octave, etc) evalua;ion and
could compare these cvaluations with any applicable standards, Also, through
a de;sign' oprtimization procedure, suggestionz for exhaust system improvement
might be made; 3) this ‘methodology! cannot provide '"total vehiele' evaluation
toward labeling of surfaae transportation vehicles with respect to all posslible
veliicle nolse sources; 4) this ' methodology' might provide information which
would be compatiable with regulatory policy once the regualtory policy itself
is eventually formulated, Currently, this 'merhodology' is quite useful for

muffler design purposes which was its initial intent,
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(2) A TYPICAL STRAIGHT-THROUGH EXHAUST MUFFLER

(b) ‘ANALOGOUS CIRCUIT FOR THE EVALUATION OF VRpyy

(c} ANALOGOUS CIRCUIT FOR THE EVALUATION OF VRc,rH-l

Figure 1, FORMULATION FOR VELOCITY RATIO-CUM-TRANSFER MATRIX METHOD.
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(a) MCDEL OF EXPANSION CHAMBER MUFFLER

(b) EQUIVALENT SOND GRAPH FOR MUFFLER

Figure 2, FORMULATION FOR BOND GRAPH METHOD,
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NASA TN D-7309

AN IMPROVED METHOD FOR DESIGN OF EXPANSION-CHAMBER
MUFFLERS WITH APPLICATION TO
AN OPERATIONAL HELICOPTER

KEY -FEATURES OF COMPUTER PROGRAM
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® CALCULATES TRANSMISSION LOSS
© HANDLES UP TO FIVE EXPANSION CHAMBERS
© INCLUDES MEAN FLOW EFFECTS

© VARIES COMPONENT LENGTHS WITHIN SPECIFIED
LIMITS TO OPTIMIZE PERFORMANCE

-Figure 5, FFATURES OF NASA MUFFLER DESICN COMPUTER PROGRAM.
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REVIEW OF INTERHAL COMBUSTION
ENGINE EXHAUST MUFFLING

by
Malcolm J, Crocker
Ray W. Herrick Laboratories
School of Mechanical Engineering
Purdue University
West Lafayette, Indiana, USA

" SUMMARY

This paper will dascribe types of mufflers in existence,
discuss definitions of muffler performance, briefly review
historically some of the theory developed to predict muffier
acoustic performance, describe some of the work done at the
Herrick Laboratorieston predicting muffler attenuation, and
lastly comment on the possibility of designing a practical
bench test for a muffler which does not involve an engjne

as a source.

INTRODUCTION

Exhaust noise is the predominant noise source with
most internal combustion engines and thus mufflers and
silencers have been des1gﬁed to reduce this noise.
Unfortunately, although thé acoustic performance of
a muffler can.sometines be successful!y predicted in

the laboratory with artificial (loudspeaker type) sources,
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until recently most attempts ‘.o predict the perforh.a.cc

of a muffler on an engine have been disappointing. ilow
ever, in the last few years progress has woen made and

now prediction of the acdustic performance ¢f real muffloecs
on engines can be made with more accuracy, although un-
known effects still remain,

Most muffler designs manufactured still rely heavity
on a great deal of empiricism, experience and experiment,
Recent U.S. legislation to impruve fuel efficiency of
automobiles has produced increased pressure to save
weight in mufflers and optimize acoustic performance.

It is to be expected that this pressure will increase
efforts to improve theoretical models of the
acoustic performance of mufflers still further in the

near future.

MUFFLER CLASSIFTICATION

Mufflers. can be classified into.twe main types.

reactive and dissipative., Reactive mufflers are composed

of chambers of different volume and shape and work by
reflecting most of the incident acoustic energy back towards
the source (the engine). Dissipacive mufflers on the othe:
hand are lined with acoustig material which absorbs the
gound energy and converts it into heat [1,2,3]., Mufflers
can be designed to be partly reactive and partly dissipa-
tive and in fact some internal combustion engine mufflers

do sometimes incorporate absorbing materials. lowever,

296



AL A o G

L TP IR

this material usually deteriorates hecause of the scvere
temperature conditions and becomes clogged, melts or
fatigues. , Thus most automobile mufflers manufactured

teday are of the reactive type and do not incorporate

absorbing materials. Nevertheless some dissipation

can s5till occur in a reactive muffler due to viscous
dissipation.

Reactive mufflers can be further subdivided into
straight-through and reverse-flow types [4,5]. Figure 1l
shows some typical straight-through types. These
mufflers are usually comprised mainly of expansion
chambers (chambers in which the area is suddenly increascd
then decreased) and concentric tube rescnators (side
branch Helmholtz resonators). Reverse-flow types car
be built in many different configuraticns, A typical
reverse-flow muffler is shown in Figure 2., Figure 3
shows a photograph of another similar reverse-flow
muffler., As shown such mufflers consist of several
chambérs éonnected by straight pipes. There are usually
two end chambers in which the flow is reversed and cone
or more large low-frequency Helmholtz resonators. Some-
times louver patches are used to produce side branch
Helmholtz resonators (which reflect high froyuency
noise). 1In addition cross flow is often allowed to occur
and attenuation i1s then created by interfarence of sound
traveling over different path lengths. Most automobile

mufflers are of the reverse-~flow type, although trucks
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can use either reverse-flow or straight through mufflers.

DEFINITIONS

The definitions of muffler perforimance in mbst common
use will be given here [5,6,7,8]. It should be noted,
however, that some authors use different nomenclature
and confusion can sometimes arise.

A. Insertion Loss (IL). This is thé difference in the

sound pressure level measured at one point in space with
and without the muffler inserted between that point and
the source [7,8). Insertion loss is a convenient quantity
to measure and its use is favored by manufacthrers.

B. Transmission Loss (TL). This is defined as 10 log,,

af the ratio of the sound power incident on the muffler to
the sound power transmitted. This is the qqantity which
is most easily predicted theoretically and its use is
favored by those engaged in research.

C. Noise Reduction (NR). This is the difference in sound

pressiure levels measured upstream and downstream of the
muffler.

D. Attenuation. This is the decrease in propagating sound
power between two points in an acdustical system. This
gquantity is often used in describing absorption in lined
ducts where the decrease in sound pressure level per unit

length is measured (7,8].

298



The firsﬁ three definitions are used frequently in
work. on mufflers for automobile engines and they are
illustrated in Figure 4. It is of interest to note
that these definitions are also used with similar
meanings to desecribe, sound transmission through walls
or enclosures.

In general, the insertion loss, the transmission
loss and the noise reduction are not simply related,
since, except for the transmission loss, they depend
on the internal impedance of the source (engine) and
the termination impedance (radiation impedance of the
tail pipe). However, if the source and termination
impedances are equal to pc/S (i.e., the source and
the termination are non-reflecting), then

IL = TL < NR,

and usually,
NR - TL = 3dB.

DEVELOPMENT OF MUFFLER_THEQRIES

Although Quincke in the last century discussed the

interference of sound propagation through different lengﬁh

pipes, theory of real use in muffler design was not
developed until the 1920's. This was probably partly -
because prior to this time it was difficult (if not

impossible to measure sound pressure quantitatively)}

due to the lack of guitable microphones and partly due to

lass need, because of the lower noise produced by engines.
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In 1922 Stewart, in the USA began developing acoustic
filter theory using a lumped parameter approach {%]. In
1927 Mason developed this theory further [10]. 1In Britain
and Germany in the 1930's work was conducted on designing
mufflers for aircraft [1l) and single cylinder engines [12],

However 1t was not until the 1950's when another signi-
ficant improvement in muffler theory occured. Davis and
his co~-workers [13,14] then developed theory for plane
wave propagation in multiple expansion chambers and side
branch resonators. They made many experiments and found
that in general their predictions of transmission loss
were good proﬁided the cut~off frequency in the pipes
and chambers was not exceeded in practice. Above this
frequency, cross modes in addition to plane waves can
exist and one of their theoretical assumptions was
violated.

When Davis et al tried to use their theory to design
a helicopter muffler, their prediction was very disappoint-

ing,since they only measured about 10 4B insertion loss,

compared with the 20 dB they had expected from their

transmission loss theory. Davis et al tried to explain

this by saying that finite amplitude wave effects must
be important. However a more likely reason is their
neglect of mean flow which can be of particular importance

in insertion losg predictions, For a more complete

discussion of the assumptions made by Davis et al in their

theory see [5].
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In the late 1950's Igarashi et al began to calculate
the transmission properties of mufflers using equivalent
electric ecirecuits [15,16,17]. This approach is very con-
venient. The total acoustic pressure and total acoustic
volume velocity are related before and after the muffler
by using the product of four-terminal transmission
matrices for each muffler element [5]. The equivalent
electrical analog for a muffler is quite convenient since
electrical theory and insight may be brought to bear.

The four~terminal transmission matrices are also useful
since it is only necessary to know the four parameters
A, B, C, D which characterize the system. The parameter
values are not affected by connections to elements up-
stream or downstream as long as the system elements can
be assumed to be linear and passive.

Several transmission matrices have been evaluated
for various muffler elements by Igarashi et al [15,16,17]
and Fukuda et al [21,22,23]. Parrott [18] also gives
results for transmission matrices, some of which include
the effects of a mean flow. However, note that the
matrix given for a straight pipe carrying a mean flow
of Mach number M (equation 28 in [18]) is in error.
Sullivan has given the corrected result in [24],

In the middle and late 1960's and early 1970's
several workers including first Davies [25,26] and then
Blair, Goulbourn, Benson, Baltes and Coates [27-32]

developed an alternative method of predicting muffler
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performance based oﬁ shock wave theory. Perhaps this
work was inspired by Davis's belief [13]) that the failure
of hié helicopter ﬁuffler design was caused by the fact
exhaust pressures are much greater than normally assumed
in acoustic theory so tﬁat finite amplitude affects
become important. This alternative method involves the
use of the method of characteristics and can successfully
predict the pressure-time history in the exhaust system.
Also, one-third octave spectra of the acoustic noise

have been predicted [32]. However, the method is time

‘consuming and expensive and has difficulties in dealing

with complex geometries and some boundary conditions.
Although such an approach is probably necessary and
useful with the design of mufflers for single cylinder
engines, so far this method has found little favor with
ﬁanufacturers of mufflers for multicylinder engines.
It appears furthermore that Davis's belief (13] may
have been incorrect., There are several other possible
reasons why Davis failed to obtain better agreement
between theory and experiment, each of which can be
important. Tﬁese include [33): neglect of mean gas
flow (and its effect on net energy transport), incorrect
boundary conditions for cxhaust ports and tail pipe,
neglect of interaction between mean gas flow and sound
in regions of disturbed flow, and, neglect of mean

temperature gradients in the exhaust system,
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In 1970 Alfredson and Davies published work which
shed new light on the acoustic performance of mufflers
[33,34,35,36,37). Alfredson working at Southampton
University mainly considered the design of long expan-
sion chamber type mufflers commonly used on diesel
engines. Alfredson's work has been important since
he has shown that (at least with the mufflers and eugine
he studied) that acoustic theeory could be used to predict
the radiated exhaust sound and the transmission loss of
a muffler and that finite amplitude effects could be
neglected, provided that mean gas flow effects were
included in the theory. BAlfredson concluded that as
the mean flow Mach number approached M = 0.1 or 0,2
in the tail pipe, the zero flow theory overpredicted
the muffler effectiveness by 5 to 10 dB or more. The
most serious discrepancy occurred for values of reflection
coefficient R 4 1. This would cccur for low frequency

{large wavelength). Alfredson computed this error te he
Error = 10 log,,{f(1 +m? - 1 - m?%1/ - ’R%)) (1)

and the result is plotted in Figure 5.

As a check on his acoustic theory and on Equation (1),
Alfredson later measured the attenuation of an expansion
chamber and compared it with theory [35]. "The result is
shown in Figure 6. The good agreement between theory
(with flow included) and experimeht and poor agreement

with theory when flow was neglected seem to confirm
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that acoustic theory is probably adequate in many instances
in muffler design provided the effects of mean flow are
included in the model where necessary. These conclusions
are very important.

Another newv development occured in 1970 when Young
and Crocker began the use of finite elements to analyze
the transmission loss of muffler elements [38}. The
reason for the use of finite elements is that some
chambers in reverse-flow mufflers (e.g., flow-reversing
end chambers and end-chamber/Helmholtz-resonators combinations)
are not axi-symmetric and thus difficult, if not impossible,
to analyze using classical assumptions of continuity of
ﬁressure and volume velocity at discontinuities, even
in the plane wave region. The use of a numerical technique
such as finite element analysis makes the acoustic per-
formance of complicated-shaped chambers possible to predict
even in the higher frequency cross-mode region. The work
of Young and Crocker [38,39,40,41,42] will be described in
some detail later in this paper.

Other investigators have since used finite elements
in muffler design. Kagawe and Omote [43] have used two-
dimensional triangular ring elements., Craggs {44] has
used isoparametric three-dimensional elements, while
Ling [45], using a Galerkin approach, included mean
flow in his acoustic finite element model. However,
Ling's work was mainly concentrated on propagation in

ducts rather than muffler design.
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Side branch resonators (known by manufacturers as
bean cans or spit chambers), see Figures 2 and 3, have
recently been studied by Sullivan and Crocker [46,47)
in practical situations, axial standing waves can exist
in the outer concentric cavity of the resenator. Previous
theories have been unable to account for this phenomenon
(aésuminé the cavity acts like a lumped parameter stiffness).
Sullivan's work will be described in more detail later
in the paper.

Other developments in muffler desigq have included
the Bond'Graphlapproach by Karnopp [48,49}. It is claimed
that this approach can extend the frequency range of
lumpad parameter filter elements.

Another important topic little touched on so far is
the effect of flow in mufflers. Various phenomena can
occur. Noise can be generated by the flow process.
Interactions can occur between the flow and sound waves,
Fricke and Crocker found that the transmission loss of
ghort expansion chambers could be considerably reduced
[50]. The effect appeared to be amplitude dependent
and a feedback mechanism was postulated. Kirata and
Itow [51] have studied the influence of air flow on side
branch rescnators and concluded that the peak attenunation
is considerably reduced by flow. Anderson {52] has con-
cluded that a mean air flow causes an increase in tha
fundamental resonance frequency of a simple single side-

branch Helmholtz resonator connected to a duct.
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Perhaps the most important development recently is
the two microphone method for determining acoustic pro-
perties described by Seybert and Ross [53] in work con-
ducted at the Herrick Laboratories. White noise is used
as a source. Two flush-mounted wall microphones are
used and measurements of the auto and .cross spectra
enable incident and reflected wave spectra and the
phase angle between the incident and reflected waves
to be determined. The method can be used to measure
impedance and transmission loss. Agreement between this
two microphone random noise method and the traditicnal
standing wave tube method is very good and the method
is very much more rapid {(only 7 seconds of data were
used to obtain the plots given in Figures 7 and 8},

Figure 7 shows a, comparison between theory and experiment
for the power reflection coefficient 32 for an open end
tube and the phase angle. Piqure B shows the transmission
loss, TL, of a prototype automobile muffler with a com-
parison between this method and the classical standing
wave ratio (probe tube) method (SWR). For TL measurements,

a third microphone was used downstream of the muffler.

CLASSICAL MUFFLER THEORY

A. . Transmission Line Theory

We will first make some simplifying assumptions:
a) sound pressures are small compared with the mean pressure,

b) there are no mean temperature gradients or mean flow and
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c) viscosity can be neglected, If plane waves are assumed
to exist in a muffler element (see Figure 9) then the
acoustic pressure p anywhere in the muffler element can

be represented as the sum of left and right traveling

waves pt and p~ respectively

p=pt+p7, (2a)
p = pt e—ikx +p- eikx‘ (2b)
v=vtiy, (3a)
V = (S/pc) (Bt e"HkX L pm glkx) (3b)
vV = (S/pc) (pt - p7). (3¢}

Note that p and V represent the magnitude {and phase) of

the total acoustig¢ pressure and volume velocity. The time

dependence (constant multiplyihg factor elwt) has been

omitted for brevity. The right and left traveling acoustic

_ waves are represented by the * and.' superscripts, respectively,

while P representé the pressure amplitude, & the cross
sectional area, pc/S the characteristic acoustic impedance
(traveling wave pressure divided by traveling wave volume
velocity), k = w/c, the acoustic wave number, w the angular
frequency, c ﬁhe speed of sound, and p the fluid density.
bDavis ét al used theory such as this to predict the
tranamission loss of various expansion chamber type
mufflers [13,14] by assuming 1) continuity of pressure

and 2) continuity of volume velocity at discontinuities.
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For example if there is a sudden increase in area at
station 1 and a sudden decrease in area at station 2,
then the chamber.is known as an expansion chamber and

its transmission loss is given by:

H)

2
TL = 10 1og(|pi/ptf) .

TL

n

10 log o1 + %(m - 1/m)2%sin’kL). (4)

Equation (4) is easily derived from equations (2) and (3)
above by assuming the sudden area changes occur at

x = 0 and x = L and by assuming the continuity of pressure
and volume velocity at the area discontinuities. In
Equation {4), P, and P, are the pressure amplitudes of
the right traveling waves incident and transmitted by

the expansion chamber. Figure 10 gives a comparison between

theory (Equation (h)),and experiment from Davis et al

[13,14].

B. Transfer Matrix Theory

An alternative approach is to assume that the pressure
p and volume velocity V at stations 1 and 2 in Figure 9 can

be related by:

Apz + BV2, (5}

o
n

and

Yy

i

Cp, + DV,. (6)

An electrical circuit analogy can be used where the

pressure p is analogous to veltage and volume velocity V
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to current., This is known as the impedance analogy.

Note that an alternative mobility analegy is sometimes
used [S5]. The circuit element can he represented byl'
the four pole element shown in Figure 11, If the muffler
section is simply a rigid straight pipe of constant cross-
gection, then from Equations (2b) and (3b), the pressure

and volume velocity at stations 1 and 2 are:

py =P+ P, (7)
py = B+ e”HKL 4 po G IKI, (8)
vy = (8/pc) (P* - P7), (9)
and v, = (S/pc) (p¥ e TIKL . p= olKL) (10)

The parameters A, B, C and D may be evaluated using
a "black box" system identification technique. To evaluate
A and €, assume that the matrix output terminals are open
circuit, or V, = 0. Then Equation (10) gives pt/p- = el kL
and Equations (5) and (6} give: A = pl/p2 and C = vl/pz.

Using this result for pP*/P~, and Equations (7), (B8) and (9),

.after some manipulation, it is found that A = cos kL and

¢ = (S/Pc),i gin kL. Similarly, to evaluate B and D assume

that the matrix output terminals are short-circuited and
Py = 0. Then Equation (8) gives P/pP~ = -eisz and Equa-
tions (5) and (6) give B-= pl/V2 and D = vl/vz. Usiné this
result for P+/P' and Equations (7), (9} and (10), it is

found that B = (pe/8) 1 sin kL and D = cos kL.
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Substituting these results for A, B, C and D into

Equations {(5) and (6} and writing them in matrix form

gives:

= 1 (11)

where the four peole constants (for a straight pipe of
length L) are:

A B cos kL i{pe/S)sin KL
= . (12)

c n i{8/pc)sin kL cos kL
Note that AD - BC = 1. This is a useful check on the derived
values of the four-pole parameters and is a consequence of
the fact that the system obeys the reciprocity principle [5].
The matrix in Equation (12) relates the total acoustic
pressure and volume velacity at two stations in a straight
pipe.

If several componenlt systems are connected together in
series, as in Figure 12 then the transmission matriy of the
complete system is given by the product of the individual

system matrices:

Py Ay By||P2
Vi €1 Ba|V2
BRI
G Puf[C2 BajlYs
A, B sz B2, 24 p,
B 1 by e, Bylfey o[ v ' 13
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This matrix formulation.is very convenient particularly

where a digital computer is used. The four pole constants

A, B, C and D can be found easily for simple muffler

elements such as expansion chambers and straight pipes

as has just been shown (see Egquation (12)). They can

also be found in a similar manner for more complex

muffler shapes (reversing end-chambers and reversing
end—chamber/Helmholtz resonator combinations) by the

finite element method using the same black box identification

technique mentioned above (with alternatively P, = 0 and

EXHAUST SYSTEM MODELING

"It will now be shown that for any linear passive muifler

element that the transmission loss is a property only of the

muffler geometry li.e., four-terminal constants A, B, C

and D) and unaffected by connection of subsequent muffler

elements or source or load impedances. O0On the other hand, it

will be shown that the insertion loss is affected by the

source and load impedances., Finally if it is desired to

predict the sound pressure level,outside of the tail pipe

it is necessary to have a knowledge not only of the source

(engine} impedance and load impedance but also of the

source (engine) strength - either pressure or volume velocity.
The transmission lecss of a muffler is the quantity most

easily predicted theoretically and ie certainly of guidance

in muffler design. However insertion loss or a prediction
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of the sound pressure radiated from the tail pipe arc
much more useful to the muffler designer and these are
now discussed.

A. Transmission Loss

The engine-mgffler-terminétion system may be modeled
as an equivalent electric circuit [19,20,24,54]. The
velocity source model in Figure 13b will be used in the
derivations of TL (although the préssure source medel gives
the same result). For simplicity, the mean-flow Mach
number M = 0, the cross-sectional areas of the muffler
inlet pipes So°are assumed equal and there is no mean
temperature gradient in the muffler system. To determine
the transmission loss, the incident and transmitted pressure
amplitudes [pII and‘]pgl are needed. The transmitted pres-
sure ]p;[ is most easily determined by making the tail
pipe non-reflecting (zr = pc/so). Thus pE = 0,

From Figure 13b (see Equations (2a) and (3¢)):

p, = P} + PI, (14)
v, = (s,/pc) (p} - 1) (15)
v, = (so/pf:)pg, {16)

and from Egquation (11):
pf + P = A pj + B pj(S,/pc), (17)
(8,/p¢) (p] = p7} = € p§ + D p}(S /pc). (18)

From the definition in Figure 4b;
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_ oty R 4 +

TL = 10 log;, | +|2 20 logy, Ipll /|p2 . (19)
Pal /pc

Then eliminating pI in Egquations (17} and (18} and

substituting inte Equation (19) gives:
TL = 20 log,,{|A + B(s_/pc) + /(5 /pc) + pl/2}. (20)

Equation (20) is a similar result to that obtained by
Young and Crocker [40]. Except note that in [40] particle
velocity was used instead of volume velocity and so A, B,

C and D have slighly different definitions. Sullivan [24]
has also derived a result similar to Bquation {(20) in which
the mean temperature, cross-sectional area and mean flow in
pipes 1 and 2 are different.

The transmission loss TL is convenient to prediect but
inconvenient to measure experimentally. With some care it
is possible to construct an anechoic termination from an
absorbently'linea horn or absorbent packing {15,41] enabling
|pf| to be measured directly. The quantity |pf| can also
be determined when the source (in Figure 13) is a loudspeaker,
by measuring the standing wave in the exhaust pipe, using a
microphone probe tube (although it is a laborious process).
However if the transmission loss is determined in the
"real~-life" situation with an automobile engine as a

source, the microphone probe tube is placed under severe

environmental conditions of high temperature and moisture condensation

Alternatively the transmission loss can be measured using
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two microphones instead of a probe tube as suggested by
Seyhert and Ross [53]. However if a tail pipe anechoic
termiﬁation is used it, must be of special design to with-
stand the high temperature. Of much more practical
interest and much easier to measure with an engine as

a source is the insertion loss which is discussed next.

B. Insertion Loss. Using Figure 13b again gives:
vy =V, - P/, (21)
Vy = By/2,, {22)

where Z, and Zr are the engine internal impedance and tail
pipe radiaticon impedance, respectively, Then from Equation

(L1):

w

Py = APy + BPy/U.. (23)

v

1 sz + Dpz/zr. (24) ,

Substituting for v, from Equation (21) into Equation (24)
and combining Equations (23} and (24) to eliminate Py

gives:

Py = 22,V /(AZ, + B + CZ 2. + DZ.). (25)

If a different muffler with four-terminal parameters A',
B', €' and D' is now connected to the engine, a new

prassure pé regults:

[ 1 ' ' '
P) zezrve/(A Z, +B' +C'3,2. 40D 250 {26)
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Thus

1
[:i2 B I\Zr + B + CZle + DZe (27
5 5 0 0 e
p2 Aerl‘B +CZP‘Zr+DZe

This result is similar to that obtained by Sullivan [24).
If pé is measured with no muffler in place and only a short
{in wavelehgths) exhaust pipe,then A' = D' =1, and B' = C' = 0.
Then
py AZ + B + CZ,Z. + DI,

= . (28)
P2 ze + Zr

This ‘result is similar to that obtained in [20]. Since
IL = 20 loglolpifpzl it is seen from either Eguation (27)
or (28) that unlike the TL, IL depends on bhoth the internal
impedance of the engine and the tail pipe radiation impedance,
.besides the transmisgion characteristics of the muffler
itself, Several workers have predicted the insertion loss (IL)
of mufflers installed on engines, e.g., Young [40] and
Davies [55)]. However they have normally had to rely on
assumed values of engine impedance (e.g., 2, = 0,
pc/sO or =), since measured values have not become
available until recently.. Young's results for IL, [40],
will be discusscd later,

In prediction of insertion loss, Zr must also be known.
Discussion on the problems of estimating 2, and 2z, follows
in a later section.

If the engine and :adiation impedances are assumed to

be 2,5 2%, = pc/SO, then Equation (28) becomes:
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Py Alpc/Sy) + B + Clpe/S )2 + D(pe/S,)

Py 2pc/8, ! t29)
and
IL = 20 logyy|ps/p,|
IL = 20 logy o {|A + B(S /pc) + C/(S,/pc) + D|/2]; (30)

a result identical to Equation (20). This demonstrates

the general case that the muffler transmission loss is

not egual to the insertion loss except when the insertion
loss is ‘measured with source and termination impedances
equal to the characteristic acoustic impedance pc/So. The
same conclusion can be reached intuitively or theoretically
{although it is more difficult than with transmission
matrix theory) by, studying the travelling wave solutions
(transmission line theory) in mufflera and the exhaust

and tail pipes.

c. Sound Pressure Radiated From Tail Pipe

A prediction of this gquantity is of probably more impor-~
tance to muffler designers than a knowledge of either trans-
mission. loss or insertion leoss. After all, the radiated
sound pressure level is the guantity which finally detar-
mines the acceptability of a muffler. Examining Equation
{25), shows that 1f the engine volume velocity source
strength Var engine impedance Zg radiation resistance 2,
and muffler four-terminal (fourpocle) parameters A, B, C and D

are known, then the total pressure amplitude (and phase)
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at the end of the tail pipe p, can be calculated, It is a
fairly simple matter to calculate the radiated pressure
amplitude |p_| at.distance r from the tail pipe outlat
[33,34,36), The method used is to assume monopole radia-
tion from the tail pipe so that the net acoustic intensity
transmitted out of the tail pipe is equal to the intensity

in the diverging spherical wave at radius r. This gives:
) 2
2n a?([pg] /20,00 11 + 2 - (1 - m2R% )
= 47 r2|p |2/2p c (31}
r o0

where a is the tail pipe radius, and R{M) the tail pipe re-
flection coefificient (dependent on Mach number) of the
mean f£low. Subscript 2 refers to conditions just inside
the tail pipe. From Equations (2a) and (3¢), at any

station in the muffler:
2pt = p + {pc/S,)V, (32)
and at the tail pipe exit:
Py = Vo2 . {35)
Thus, at the tail pipe exit, from Egquations (32) and (33):
Py = 2p3/[L + (pc/S,) /2] (34)
and substituting Equation (34) into (25} gives:

+
Py = Vo2 (2, + pc/S,)/2(A2, + B + CZ_Z_ + Dz J.  (35)
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Taking the modulus of Equation (35) and substituting it
into Bquation (31) eliminates p} and gives the pressure
|pr] in terms of the source volume velocity, V., the
engine and tail pipe radiation impedances, Ze and Zr,

the muffler fourpole parameters, the tail pipe reflection
coefficient R(M). and the mean-flow Mach number in the
tail pipe, M.

TAIL PIPE RADIATION IMPEDANCE, ENGINE IMPEDANCE AND SOURGE
STRENGTH

A. Tail Pipe Radiation

Early work on mufflers was hampered by a lack of know-
ledge of the reflection of waves at the end of the tail pipe.
As Alfredson discusses [33], various assumptions have been
made in the past about the‘magqitude and phase of the
reflection (some workers assuming the reflection coefficient
R was zero ana some, one). In 1948, Levine and Schwinger [56]
publ;shed a rigorous, lengthy theoretical derivation of the
reflected wave from an unflanged circular pipe. The
solution assumes plane wave propagation in the pipe and no
mean flow, In 1970, Alfredson measured the reflection
coefficient R and phase angle 8 of waves in an engine tail
pipe using the engine exhaust as the socurce signal. 'The
motivation was to determine if a mean flow and an elevated
temperature had a significant effect on the zero flow reflection
coefficient and phase calculnted by Levine and Schwinger,

Both the theoretical results of Levihe'and Schwinger and

Alfredson's experimental results are given in Figure 14.
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Alredson's experimental results show only a 3 to 5 per-
centage increase in the reflection coefficient and virtually

no change in the phase angle, as the flow and temperature

increase to'those conditions found in a typical engine tail pipe.

Either Alfredson's or Levine and Schwinger's results for
R and & can be used to determine the tail pipe radiation
impedance 2, used in insertion loss or sound pressure
predictiong [Equations (27) and (28) or (25) and (35)].
The ratio of the pressure and volume velocity at

the tail pipe eﬁit yields the radiation impedance [

P, = B + p; = P5(1 + Re'?),
= + - = + - 19
Vy {5,/p,84) (P] — P3) P} (85,/p,€,) (1 = Re™),

“ 2. 0= pz/v2 = (p2c2/%)(l + Relﬂ)/(l - Reia). (36)

B. Engine Impedance and Source Strength

Until recently, values of engine impedance have been
completely speculative. Values of ze of 0, pc/S and =
have been assumed by various workers in making insertion
loss caleulations. Other experimenters have tried to
simulate these different values in their idealized experi-
mental arrangements. Values of Ze = @« and 0, correspond
to constant volume velocity (current) and constant pressure
(voltage) sources, respectively, Suppose the muffler and
termination impedances shown in Figure‘la are lumped
together as a load impedance, then Figures 13b and l3c

reduce to Figures 15a and 1l5b respectively.
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For the volume velocity source, Vl = veze/{ze + ZE)

and if the internal impedance 2o " ™ Vy V,- M constant
volume velocity is supplied to the load, independent of its
impedance value, (provided it remains finite). When ze o,

this source is known as a constant volume velocity source.

For the pressure source, p, = pezz/(ze + ZE) and if the
internal impedance o ™ 0, By ™ Pgr A constant acoustic
pressure is supplied to the load terminals independent of

of the impedance value (provided it remains finite also}.

When Ze + 0 this source is known as a constant pressure
source. Note that if Ze = pe/$ in either model, that
coristant sources are not obtained in either model. These
constant volume'velocity and constant pressure sources are
equivalent to constant current and voltage scurces which
afe wall known in .electrical circuits (see, e.g., [57]).
It is of course unlikely that engine impedance approxi-
mates either 0, pc/S or =, However, it could approach one
of these values in certain frequency ranges. Some have
even questioned the meaning of engine impedance since it
must vary with time as exhaust ports close and open.
There are at least three approaches to model the engine
source characteristics. Without directly using the con-
cept of engine impedance as such, Mutyala and Soedel
[58,59], working at the Herrick Laboratories, have used
a mathematical model of a single-cylinder two-stroke
engine connected to a simple expansion chamber muffler.

The passages and volumes are treated as lumped parameters
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‘and kinematic, thermodynamic and mass balance equations are
used, Good agreement between theory and experiment was
cbtained for the radiated exhaust noise.

Galaitsis and Bender [60] have used an empirical approach
‘to measure engine. impedance directly. Using an electro-
magnétic pure tone source and by measuring standing waves
Jin an impédance tube connected to & running engine they
were able to determine the engine internal impedance. At
low RPM the impedance fluctuated. However, at high RPM
the impedénée approached pc/S at higher frequency. Ross
[61) has also used a similar technique.

A third approach to the determination of engine impedance
(and source strength) is the two load method. This method
is welllknown in eiectricity but has been little tried in
acoustics. Kathuriya and Munjal [54] have recently discussed

this method‘thgoretically but apparently have yet to ‘try it

in practice.

Using the pressure source representation [54] (see Figure
15b) and--two different known loads z2 and Zi, two simultaneous

equations are obtained:

P = Pezg/ﬁze + 25}, {3M
Py = Paly/ (2 + 7). (38)

Eliminating Pe in Equations (37) and (38) gives:
2, = (p) - Pi)/(Qi/Zi - Plle)- {39)
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Substitution of 2o in Bquation (37) or (3B) now gives the

source strength p,. Kathuriya and Munjal suggest using

" two different length pipes so that there is little change

in back pressure and so that (presumably) the leoad impedances, 2

1
and ZR

well known. In order to remove the necessity to measure

(comprised of straight pipe and radiation impedance} are

Py inside the tail pipe {(where the exhaust gas is hot) it
should be possible to measure the sound pressure radiated
from the talil pipe P, Since this can be related to the
pressure p, in the straight pipe by equatidns such as

(31) and (34).
Egolf (62] has used this two load method in the design

of a hearing aid. Sullivan [24) discusses the limitations

of the method.

RESEARCH WORK ON MUFFLER DESIGN AT HERRICK LABORATORIES

A program of research on the acoustic performance of
automobile mufflers has been conducted at Herrick laboratories

since 1970.

Finite Element Analysis

Young and Crocker [38,39,40,41,42] were the first to
use finite element analysis in muffler design. So far in
this paper it has been assumed that acoustic filter theory
[13,14] provides a sufficient theoretical explanation for
the behavior of muffler elements. This filter theory is
normally based on the plane wave assumption. However when

a certain frequency limit is reached (known as the cut-off
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frequency), the filter ceases to behave according to plane

wave theory. (This cut-off frequency is usually proportional
to the pipe or chamber diameter.) In addition, if the muffler
element shape is complicated, the simple plane wave assumptions
and the boundary conditions are difficult to apply.

In Young and Crocker's work a numerical method was
produced to predict the transmission loss of complicated
shaped muffler elements. In this approach,variational
methods were used to formulate the problem instead of the
wave equation. The theoretical approach is described in
detail in [38-42] and will not be given in detail here.

It is assumed that the muffler element is composed of a
volume V of perfect gas with a surface area $S. The surface 8
is composed of two parts: one area over which the normal
acoustic displacement. is prescribed and the other area

over which the pressure is prescribed. The pressure field
in the muffler element is solved by making the Langrangian
function stationary [38]}. Thus this approach is essentially
an approximate energy approach. The muffler element is
divided intc a number of subregions (finite elements).

At the corners of the elements the acoustic pressure and
volume velocity are determined. The four pole parameters

A, B, C and D relating the pressure and volume velocity
before and after the muffler element are obtained in a
similar manner to that described above assuming that

the matrix output terminals are alternpatsly open-~circuited

or short-circuited [38].
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At the corners of the elements the acoustic pressure
and volume velocity are determined. The four pole para-
meters A, B, C, D relating the pressure and volume velocity
before and after the muffler element are obtained in a
similar manner to that described above assuming that the matrix
ou£put terminals are alternately open-circuited or short-
circuited [38).

In order, to check the finite element approach and
computer program, it was first applied to the classical
expansion chamber case [40]. The dimensions of the simple
expansion chamber used are given in Figure lé6a. The
chamber was B inches (0,20 m) long and 10 inches {0.25 m)
in diameter. Since the chamber was symmetrical, only
half the chamber was represented with finite elements.

Three finite element models were studied. The first had
8 elements with 16 nodal points, the second had 16 elements

with 28 nodal points (see Figure 16b). The third had

'24. elements with 38 nodal points.

- Figure 17 shows the transmission loss predicted by
the three finite element models and by the classical
theory for an expansion chamber (see Equation (4)). Figure
17 shows the rapid convergence of the finite element
approximation. Eight elements are insufficient to predict
the transmission loss .(TL), although the TL predicted
by 16 or 24 elements is about the same. Note, hawever,

that’ above about 1100 Hz, the classical theory and the
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finite eiement TL predictions diverge. Above this
freguency the chamber-diameter-to-wavelength-ratio
becomes less than 0.8 and higher modes, in addition
to plane waves, can exist in the expansion chamber.
However, the classical theory (Equation (4)) only
predicts the plane wave performance.

Having shown that the finite element program could
be used to predict transmission loss successfully on known
chambers, it was now used to examine chambers such as
reversing flow end chambers (see Figure 3), end chamber
Hélmholtz resonator combinations and finally mufflers
comprised of combinations of straight pipes, end
chambers and up to twe Helmholtz resonators.

A typical end chamber examined is shown in Figure 18,
The measurement of transmission loss was based on the
standing wave method, see Figure 19. An acoustic
driver (H) was used to supply a pure tone signal and
the standing wave in the test section (J) was measured
with the microphone probe tube (I). Using standing wave
theory the amplitude of the incident wave was determined

by measuring the maxima and minima of the standing wave

‘at different freduencies, The transmitted wave was doter-

»ined by a single microphane (M) since the reflections
were minimized by the anechoic termination (L), A steady
mean air flow could be supplied to the plenum chamber

(G) and was ugsed to investigate flow effects on transmission

loss in some experiments.
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Figures 20 and 21 show the predicted and measured
transmission loss of two different shape reversing end
chambers, with and without a mean air flow of 110 ft/sec
{33.%5 m/s). Neither end chamber examined had a pass tube,
The first chamher has side~in side-out (SI-50) tubes and
the second side-in center-out {(5I-CQ) tubes. It is
chserved that experimental agreement with theory is
good and that flow effects appear small at the mean flow
velocity {Méch number) used. Part of the volume appeared
to act as a side-branch with the SI-CO chamber (Figure 21}.
The theory developed was then used to conduct a theoretical
parametric study on reversing end chambers as dimensions,
and locations of inlet, outlet and pass tubes were changed.
The results are given in [41].

Figures 22 and 23 show the predicted and measured
transmission loss of similar SI-~S0 and SI-CO end chambers
both of which have pass tubes. Both the cases when the
end chambers have Helmholtz resonators attached (solid
line) and when there are no resonators (broken line)
are shown., The no-resconator cases are similar to‘Figures
20 and 21, except that here pass tubes are present.

It should be noted that the experimental points were
measured without f£low but with resonators attached.
The predictions were made by dividing both the end
chamber and the resonator into finite elements [41].
Although only two-dimensional finite elements were

used, the third dimension and the elliptical cross-
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sevtional shape were allowed for by varying the mass of
the elements corresponding to their thickness [38-42].
It is noted in Figures 22 and 23 that the addition of
the Helmholtz resonators produces sharp attenuation.
peaks in the transmission loss curves. The first
resonance frequency peak at 350 Hz agrees well with
the value of 356 Hz calculated for the resonance fre-
quency of a Helmholtz resonator using lumped parameter
{(mass~spring) theory {[42]. The higher frequency peak
must be produced by a higher mode resonance caused by
interactions between the Helmholtz resonators and the
end chambers.

Figure 24 shows that the positioning of the resonator
neck is theoretically an important factor in determining
the transmission loss curée [42].

Figurgs 25, 26 and 27 show the predicted and measured
transmission lpss for three different muffler combinations.
The predictions were made by combining the predicted four
pole parameters of the end chamber systems with those
of the straight pipes using the matrix multiplication
method discussed earlier (see Equation (13)). The

muffler combinations shown, in Fiqures 2%, 26 and 27

are typical of automobile reverse flow mufflers used

in the USA except that cross flow elements and side
branch,concentriclreaonators are absent, It was shown
that at least at the low Mach number used (flow velocity

of 32 m/s) that there was very little difference in the
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transmission loss measured with or without flow. Flow

effects may be more important at higher flow rates {correspond-
ing éo higher engine leoads). Also flow is expeéted to have

a greater effect on the radiated sound (see Equation (1)

and Figqure 5).

PREDICTION OF CONCENTRIC TUBE SIDE BRANC! RESONATORS

Sullivan and Crocker [46,47] have examined the trans-
mission loés of concentric tube resonators {(sometimes
known as "spit chambers" or "bean cans", (See Figure 3).
These resonators which are often used to provide higher
frequency attenuation are constructed by placing a
rigid cylindrical shell around a length of perforated
tube, thus forming an unpartioned cavity. Sullivan and
Crocker used a one-dimensional contrel volume approach
to derive a theoretical model which accounted for the
longitudinal wave motion in the cavity and the coupling
between the cavity and the tube via the impedance of
the perforate.

Figures 28 and 29 show the transmission loss for

both short and long resonators (46,47]. In short resonators

the primary resonance frequency £, is less than the .first
axial modal frequency fl of the cavity, (f1‘= ¢/28) where
e is the speed of sound and & the length, If fr > fl’

then the cavity is said to be long. The transmission

.loss of short resonators (Figure 28) is characterized by

two peaks, The first resonance peak results from the
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coupling of the center tube with the concentric cavity
and its freguency fr can be calculated approximately

from the branch Helmholtz equation [46,47]). However

in Figure 28, the Holmholtz frequency fo is less than

the fundamental frequency fr by 27%. The frequency

of the second peak in Figure 28 is related but not

equal to the first axial cavity modal frequency fl = a/28,

The performance of concentric tube resonators is
dependent on the parameter k_£ where ko = 2w fo/c = Jﬁﬁ?
Here ko is the wave number of thé Helmholtz resonance
frequency fo' ¢ 1s the speed of sound, and C, V and
2 are the conductivity, volume and axial length of
the resconator respectively.

In Figure 29 the transmis: ‘on loss of a long resoanator
ls shown. Here the primary res ance frequency fr occurs
above the first and several other zavity longitudinal
standing wave modal frequencies. I’ ure 30 shows the
theoretical effect of changing the porosity of a vesonator
of constant length 66.7 mm so that as the porosity is
increased from 0.5% to 5.0%, the primary resonance fre-
guency fr and the first axial modal frequency fl are
gradually merged to provide a wide band of high trans-

mission loss [46,47].

INSERTION LOSS

The effect of source impedance on insertion loss

wag investigated theoretically by Young [39). Some results
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are shown in Figures 31 and 32. 1In Figure 31 it is
seen that there is a large difference between insertion

loss curves for a muffler for the three different

‘source impedances investigated: Z; = 0, pc/S, and =,

i
when the prediction is made for discrete frequencies.

Howevef Figure 32 shows that'if the insertion loss is
averaged on an energy basis (with a thecretical 25 Hz
filter) that the differences in inserfion loss predictions
are much less. Note that the vertical scales in Figures
31 and 35 are different and that a different engine firing
frequency is chosen. Also of considerable interest is

the fact that in both figures the transmission loss

curve passes through the middle of the insertion loss,
curves. In Figure 32, the hills and valleys in the
insertion loss curves are thought to be caused by
_standihg waves in the lengths of straight {exhaust and

tail) pipes inithe muffler systems.

CONCLUSTIONS

This paper has reviewed briefly the historical develop-
ment of theory to predict the acoustic performance of
mufflers (silencers) used on internal combustion engines.
Research conducted at Herrick Laboratories has been
reviewed in a little more detail.

It seems that theory has now been developed which
can predict faifly accurately the transmission loss (TL)

of mufflers particularly when loudspeaker {or acoustic
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driver) type sources are used. It is more difficult
to predict the transmission loss of a muffler when it
is installed on an engine and high mean flow rates
and severe temperature gradients exist in the muffler.

It was shown theoretically that if it is desired
te predict the insertion loss of a muffler, then it
is necessary to know the source {engine} and radiation
impedance. Although the radiation impedance of a
tail pipe has been known theoretically for some time

B6), the impedance of engines has only recently

been measured [60,61]. However Young has shown
theoretically [39] that source (engine} impedance be-
comes less important, provided narrow band predictions
of insertion loss, IL, are not required and some fre-
quency averaging can .be tolerated.

It would seem that for the purposes of a quick
bench test to compare the transmission lecss and/ox
insertion loss of different mufflers, an acoustic
driver source could be used. However, in this case,
flow effects and teﬁperéture gradient effects would be
lost., These, however, may be less important in trans-
mission loss predictions then in insertion loss pre-

dictions. Flow effects could be included by supplying

.a mean flow through the muffler from a fan or blower

source. Insertion loss could be measured with such an
experimental set-up provided narrow band results are

not required.
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Because flow, temperature gradient (and engine
impedance) effects are known to be important in muffler
acgustic performance, the only real way to test a muffler
is on a real engine. Thus a "standard" engine could be
used and insertion loss of different mufflers measured
with it and compared with each other. The comparisons
between mufflers should be applicable to other engines
provided the mean flow is not vastly different and
provided some frequency averaging is used. In any
case it may be almost as easy to use an engine as a
source,than to try to make an artificial source from

an acoustic driver and fan or blower combination.
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Figure 22, Transmission loss characteristics for $1-50
muffier chambers: = ~ - -flow-reversing
chamber anly- predicted ;—~=flow-

reverting chamber and rejonator - predicted;

and +is the measured data for the flow.
revarsing chamber and resonator

Figure 23. Transmission loss characteristics for S1-CO
muffler chambers: =~ ~ ~flow-reversing
chombar only- predicted;—— flow-
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and + Js the moasured data for the flow-
revorsing chambar and resonator
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Figure 26. Transmission loss characteris-
tics for combination of 51-CO and CI-80
flow reversing chambars;«~— it predicted;
a is measured without flaw and ¢ is mea-
sured with a flaw speed of 32 m/fi

Flgure 26, Transmission loss characteris
tics for combinatian of 51.C0 and CI.50
flaw raversing chambers;——is pradicted;
o it measured witheut flow and  is mea
sured with a flow speed of 32 m/s

Figure 27, Transmittion loss characteris:
tics for combination of CI-SO and 51-50
flow reversing chambars with two reson:
Blors; = i$ predicted; o measured with-
out flow; and & is meatured with a flow
speed of 32 m/fs
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- SHOCK-TUBE METHODS FOR SIMULATING EXHAUST PRESSURE
PULSES OF SMALL HIGH-PERFORMANCE ENGINES

B. Sturtevant and J, E. Craig

California Institute of Technology
Pasadena, California

ABSTRACT

The unique aspects of steep-fronted, large-amplitude pressure
pulses that occur in the exhaust systems of small high-performance
internpal-combustion engines are reviewed, Some special analytical
and experimental techniques that are useful for testing, simulating and
analyzing such exhaust sfrsterﬁa are described. Two examples are given
of wave-diffraction effects which are particularly important when the
incident waves are steep-fronted and which significantly aflect the per-
formance of simple muffler elements in these circumstances, The
radiated noise due to these diffracted waves after their passage through
the exhaust system can be strongly affected by gas dynamic nonlinearity.
It is concluded that any procedure for qualifying mufflers of hiph-
performance engines must accurately simulate the unique features of

the exhaust dynamics of these gystema.
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1, Iatroduction

In this paper we review the unique aspects of the exhaust
dynamics of samall, high-performance inlernal-comhustion engines
and the special techniques that shouold be used in testing, simulating
and analyzing their exhaust systems, In lthis regard, the most important
feature of small engines operating al high rpmis the fact that the pulses
generated by the opening of the exhaust valve or port tend to be steep-
fronted and of large amplitude, Risctimes of pressures measured near
the exhaust port of both 2- and 1-stroke engines commonly range from
0.1 to 1 myec (Refs. 1-4), go the thickness of the first pulse as it exits
the exhaust port is in the range 2- 20 cm. Furthermore, 2 large-
amplitude pulse tends to get thinner as it propagates, by nonlinear
ateepening, A pulse with amplitude 0.5 bar will steepen to a discontinuity
after propagating a distance only 3 times its initial thickness. Therelore,
for example, a pulse with an initial risetime of 3/4 msec will steepen

to a discontinuity after propagaling 0,8 in.

When steep~fronted pulses occur in an acoustics problem it is
more natural to treat the problem in the context of the theory of geometrical
acoustics (Ref. 5), than by spectral decomposition and harmonic analysis,
In geometrical acoustics the analysis is carried out in the time domain,
so the physical processes are more transparent and the results more
intuitively obvious. The theory of geometrical acoustics has been
extensively developed, ircluding the treatment of diffraction effects (Ref, 6).
Application of nonlinear boundary conditions is straightforward., Furthermore,
pulse theory can be directly extended Lo account for effects of gasdynamic
nonlineziril;y (Ref. 7}, while consideration of nonlinear effects in the

frequency domain is cumbersome and unproductive,

Therefore, when the thickness of the compressive portions of
the pressure pulses in the exhaust systems of small high-performance
engines is of the order of or smaller than typical iransverse dimensions
{i.e., the largegt diameter), it is ugeful for determining acoustic
performance to trace the propagation of the pulses thrdugh the system
and to stedy their interactions., This is especially true if one ig interested

in the emitted noise bocause noise in the far field ig generated by the
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rate of change of volume flux at the source. Therefore, most of the noise
originates at the stéep fronts of the waves. Al Caltech we have conducted
some experiments in shock-tube facilitics *, in which the pulses.incident
on exhaust systems are discontinuous fronts {weak shock waves), This
simplification has permitted the chservation of two previously unexpected
diffraction effects which may bhe important sources of noise {sell noise)

in applications with steep-fronted pulses. The spiked waveforms Lypical
of diffracted waves are sensitive to the effects of gasdynamic nonlinearily,
so propagation in straight sections of pipe (e.pg., the tailpipe) can have

important effects on the emitted noise.

It is concluded that any procedure for testing mufflers for
small high-performance engines mustinclude provision for measuring
the eifects of fast pulse risetimes and finite amplitudes. Though the
apparatus used at Caltech has not been developed for use in a slandardized
prclcedure. it is possible that shock-tube {acilitics can be used to simulate
these features of exhaust pulses of high-performance engines. Of course,
shock tubes do not duplicate all the characteristics of engine noise sources,
go they should be used only to supplement the informalion obtained in

other, perhaps more convgntional, tests,

In this paper we first describe the test apparatus and then cite,
as proof-that finite-amplitude effects must be accounted for, two examples
of two-dimensional diffraction effects which are influenced hy gasdynamic

nonlinearity.

2, Experimental Apparatus

In systems with large - amplitude unsteady motion, the max-

imum instantaneous flow velocity may be substantially larger than

-the mean velocity. Therefore, there may be substantial inflow from

the atmosphere into the exhaust system during ceriain portions of
the cycle, Because of viscous effects and separation, [low out of
an area expansion (jet flow), is fundamentally different from flow into a con-

verging section of tube {sink flow), so the occurence of flow reversal

3
Complete details of the experimental apparatus, the research program
and some findings of the fundamental behavior of finite-amplitude waves
in exhaust systems may be found in Ref. |,

36l



during a portion of the cycle can be an important source of departure
from ideal acoustic behavior. For example, our work has shown that
the performance of perforated tubes in mufflers can be greatly alfected

by the existence of inflow into the muffler from the atmosphere before

arrival of the main pulse. In the present experiments we use twa different

facilities, a periodic source and a single-shot source, to bracket the
effects of inflow. The two davices are represented schematically in

Figure 1.

Resonance Tube The resonance tube (Figure 2) is a long

gas-filled tube which is excited at one end by a reciprocating piston and
terminated at the other end with the exhaust system te be studied, The
piston is driven at the fundamental acoustic resonance freguency of the
tube, and its amplitude ig large enough that at resonance the compressive
portions of the waveform steepen to form a shock wave travelling back
and forth in the tube. Thus, the resonance tube is used as a wave
generator to supply large-amplitude steep-fronted periodic waves for
exciting the exhaust system, A comparison between the resanance-tube
waveform and a typical pressure history measured at the exhaust port
of a 250 cc single-cylinder two-stroke engine, when hoth sources are
connected to a high-performance expansion chamber exhaust system, is

given in Figure 3,

Provisipn is made for measuring internal pressures at several
locations in the exhaust system and for measuring free-{ield radiated
noise, Data are acquired by a computer-controlled data acquisition
system, and all data are processed in real time and the results are
output in plotted format shortly after completion of a Tun, The data
acquisition is synchronized with the pisten crank mechanism through
a 256-tooth gear mounted on the crank shaft and a magnetic pickup.
This has the important consequence that spectra calculated by a
Fast Fourier Transform {(FFT} algorithm are actually exact Fourier
analyses of the periodic signal, and'it is not necessary to apply window
functions, etec., to the sampled data to insure adequate accuracy of the

results.
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Shock Tube, The shock tube {(Figure 1) is a conventional
pressure-driven shock tube to which is attached the exhaust system to
be stidied, In order to maximize the aniformity of the input shock wave
a '"cookie-cutter" configuration, in which the exhaust pipe is extended
inside the shock tube, is used. Provision is made for measuring internal
pressures and [ree-field radiated noise. The same datas-acquisition
system as was used with the periodic system described abave is also
used with the single-shot shock tube. Further details of the experimental

technique are given in Ref, |,

Only very simple muffler configurations have heen stodied
in this work, for the purpose of examining the fundamentals of wave-
propagation in exhaust systems, However, the resulls are sulficient
to demonstrate the utility of the experimental method. The repeatability
of the results and the accuracy of the measurements are soch that many
effects related to noise suppression are easily visible on Llie prussure
traces. Therefore, the method is aldso ugeful for diagnostic analysis

and for ruffler-design optimization.

3. Perforated Tubes in High-Performance Muiflers

Experiments have been carried out to determine the muechanism
by.which perforated tubes in mufflers attenuate acoustic pulses,

Figure 5 shows the simple straight-through configurations teated

{enclosures A, B and C are defined in Figure 9) and identifies the

notation for the transducer locations U, D1 and D2 uved in subsequent
figures. The perforations are 6.35 mm dia drilled holes and are
arranged so that the open area per unit wall area is approximately 1/6,
The total area AE of the perforations in a given test is set by the number
of holes in the tube and is characterized by the ratio 'A‘E /A, where A ls

the tube cross-sectional area.

QOscilloscope traces of interpal pressures measured at three
different locations in a single-pulse excited system, with three different

values of A, for an "infinite' enclosure (perforations opun to the room)

E
are shown in Figure 6. They generally confirm results obtained in
previous studies of perforated tubes (Refs. B and 9}, The upstream

traces show the incident shock followed by an expansion wave reflected
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from the perforations. The downstream traces show the detailed
structure of the lransmitted wave. The final steady-state pressure
behind the transmitted wave is well accounted for by a simple analytical

model of the sink effect of the flaw through the perturbations {with a

- reduced orifice discharge coefficient due to axial momentum in the jets),

but the .fspike and p‘reasure minimum ohserved especially for large AE/A
are unpredicted 2 - dimensional effects and are obviously impaortant

with regard te noise emission. When the perforation area is large,
evidently the shock is not immediately attenuated to its theoretical
value. Particularly in the case AE/A = 0,89 in the figure, the effect

of propagating between D] and D2 in the tailpipe is evident; the shock
discontinuity and the very rapid expansion wave, 'which is probably made
up of { 2 - dimensional) diffracted waves from the numerous orifices,
interact, resulting in an attenuation {and slow disappearance) of the pressure
spike. This attenuation is due entirely to gasdynamic nonlinearity; if
there were no nonlinear effects the spike would be much larger, a'fact
which is born out by the fact that it shows up much more strongly for
the weaker waves in our experiments (Figure 6) than for stronger
waves, where nonlinecar :effects are larger. The fact that important
attenuation can occur during propagation down the straight tailpipe
emphasizes the importance of testing complete muffler systems in

obtaining noise suppression data for high-performance engines.

Figare 7 summarizes the overall effect of perforations on
radiated noise. Though a small spike pcréists at D2, the main effect
has been to slow the rise of the compression in the pipe to a very much
larger value than that of the input discontinuity, vastly reducing the
far-field {lacation T') noige level (a shock of the same amplitude would
yleld about 1 mBar amplitude, va. the 0.12 chserved). However, the small

surviving pressure spike remains the major noise source!

Figure B shows the effect of finite enclosures surrounding

the perforations, The effects of waves cxcited by the pawssage of the

ineident shock reflecting back and forth in the eaclosures are evident,
particularly in the radiated noise, where secondary spikes now
occur. With the experimental technique used in this work it is even
possible to see that the odd - numbered secondary peaks at D1 are
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amoather than the even-numbered, due to the nature of wave propagation
in the mmuffler, with the consequence that the corresponding spikes in

the far field are much weaker!

4. Expansion Chambers

Figure 9 shows the simple expansion chamber configurations
tested in the present work. Itis well known that when the acousties

of expansion chambers is considered from the pulse point of view onc

can trace the waves as they reflect back and forth in the expansion chamber

ihteracting with the discontinuous area changes, as shown schematically
in Figure 10. Indeed, each and all of the infinite number of infinite
series of waves can be summed in closed form to give the overall
transmitted wave field, but this always gives too large a value for the
radiated noise because viscous dissipation during the wave interactions
has been neglected, However, within the pulse point of view it is a very
dii:ect and effective artifice to simply truncate the series at some finite
number of terms to provide a first-order correction for the effects of
dissipation. In any case, if the spectrum of the transmitted waveform
is calculated it iy seen that the multiple reflections of the discrate
fronts have the same eflect as the familiar superpoasition of incident
and reflected waves in a spectrum of harmonic excitations, both points

of view showing the effects of destructive interference.

The geometrical point of view shows immediately that the
manner in which an expanéion chamber serves to-attenuate an acoustic
pulse is to break up the single incident pulse into a series of weaker
waves, In a gense, the transmitted wave igstretchedout into a more
gradual compresaion, 5o the net effect is the same ag with the perforated
tube discussed above., Indeed, after a comparative study of both devices,
one would conclude that the optimum combination of elements in systems
where wave amplitudes are large would be a series arrangement with
the expansion chamber first, followed by the perforated tube (cf. Ref, 1},

However, one phenomenon that one-dimensional theory can not
predict is the diffractien of wave fronts at discontinuous area changes.

Figure 11! depicts schematically the geometry of the actual wave fronts
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generated when a wave diffracts [rom the end of an extended inlet and,

in the bottom sketch, the represcentation of the process by one-dimensional
theory. To the extent that the multitude of dillracted fronts persist

as they propagate in straight seclions of tebe, the noise emitted by the

system may be seriously underestimated by one-dimensional considerations.

Figures 12 and 13 show two oxamples of interior and free-
field wave forms observed in experiments with two different expansion
chambers., The multiple reflections of the incident front in the ex-
pansion chamber arc cvident in the refllected and transmitted waves,
but superimposed on these waves are very high frequency fluctuations
due to diffracted waves, In this case, contrary to the behavior in
perforated tubes, gasdynainic nonlinearity aggravates the situation,
because, as is well known, the wavelength of o nonlinear sawtooth
wavetrain tends to saturate at a constant value, while linear diffracted
waves tend to "'merge' simply by geometrical spreading from their point
of origin. In Figure 13 the diffracted waves at location D3 have farmed
a sawtooth waveform containing shocks and have the same spacing as
at DI, indicating nonlincar saturation, Their large contribution to the
radiated noise at location F is obvious. At D3 the amplitude of several
of the diffracted waves is more than 10% of the amplitude of the single
incident shock, The relative strength of the diffracted waves increases
ag the expansion chamber diameler increases, so in fact the noise
attenuation of an expansion chamber peaks out at a particular area ratio

and fails to increasc beyond thal value.

5, Conclusions

It has been shown that some unique features of the steep-
fronted large-amplitude pressure pulses in the exhaust systems of high-
performance internal-combustion engines require accurate simulation in
procedures for testing and qualifying mufllers. An experimental technique
which simulates the actual pulses with discontinuous pressure'rises.
{weak shocks) is described. The technique has the advantage that is also
useflul to the designer for diagnostics and designh modification. Two
examples have heen given of two-dimensional phenomena thal are not
accounted for in one-dimensional analyses but which are particularly

important when the pulses are steep-frontcd.
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NOQISE SYMPOSIUM IN CHICAGO -~ OCTOBER 11-13, 1977

CORRELATION QR NOT BETWEEN BERCH TESTS AND CUTSIDE MUASUREMENTS

FOR SNOWMOBILES,

As you probably know, cur company, BOMBARDIER LIMITED, is
inveolvad in recreational vehicles and more particularly

in SKI-~DOO snowmobiles,

With snowmobliles we are faced to three certificaticon standards:

See slide no. 1

S5CC~-55 which is a 15 MPI pass-by test;
SAE J-192a which is a full acceleration test;

IS0 R-362 which is the EBuraopean procedure.

During this sympesium, up long, we have heard a lot in
theoritical predictions versus practical measurements on
bench tests. In this presentation I do want to go away from
this interesting aspect for having a good exhaust labelling,.
I will try teo compare practical bench test measurements to
actual measurements on the snowmobilec itself.

WHY?

Because I am interested in the consumer point of wview.

Fora future buyer of any transportation vehicle, it is

impertant te give him the truth.
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So we try to take the problem by the end. Let us suppose
we have the right method to obtain practical measuroments
on bench test and let us try to sge what ia going to happen

on the actual field test.

And, from now we are going to notice all the parameters
which are involved in the sound of the exhaust. And, I am
gura, that any of you can.find even more than what we are

going to spaak of,

In order to eliminate partially the discussion of the
iqfluence of the other sources (air intake, track etc...)

we use a vehicle in which muffler noilse. was supposed to he
the greater source at least by 3 dB at fifty feet. You will
ask why not more than 10 dB? Because this is never an actual

sltuation and wa ware interested in seeing how changing

muffler is combining in the spectrum with the other components,

At this point, concerning a possible method to measure sxhaustk

noiase at bench, please refer to next speaker, Jim Moore who
i8 going to show you how bench test and outside measurement

correlate Iin some particular conditions.
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Firs

i)

1i)

iii)

t of all we have physical parameters which are generally:
WIND, which should not be more than 12 MPH,

But from "O0" to 12 MPH you can easily imagine the consequences
on performance (with free air engine),. temperature of

exhaust and angle of ipcidence which can help you a lot

or not, Differences: wup to 1.8 dB(A)

NMIR PRESSURE, we Xnow that it affacts sound transmissibility

and performance. HNot a lot for sure bhut enough to be

considered, Differences: up to .8 dAB{A)

AIR TEMPERATURE, this cof course 1ls quite an important factor

especially on snowmobiles which will run in a -40°c te 0%

range, and it ls not easy to mix «cold chamber and a

seami-anechoic chamber!

And of course, temperature will affect the muffler itself
but also the spectrum and the total value of each other

sources, So it is gquilte a job to separate those effects
and to obtain a significant compariscon or tygpical values

between different muffleras,

Ja3



I OUTSIDE EFFECTS

iii)

iv)

conttd

Remember that a two-stroke engine with free air ot

fan cocled version, it 1s much more affected by the
exhaust temperature than any liquid cooled engine.

Differences: up to 2.0 dB(A).

RELATIVE HUMIDITY, every one of us know that it could

affect performance quite a lot. It affects alsoc sound
reflexion and transmissibilicy. So arec wo gaing to take
care of the humidity? You ¢can centrol it on bench test,
Yes, but for certifying a muffler, are you going to make
thia humidity vary from step to stop to soe where is the
maximum? Certainly not. For devalopment purposes, Yes,
but not for obtaining a rating level of the axhaust
noise.

pifferences: up to .8 dB(A).
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Il GROUND EFFECTS

Now speak of the most importanc point: ground effects,

This is gquite particular to snowmobiles.

See slide no. 2.

In the procsedure they tell us that you can use:

firstly: packed show with not more than 3 inches of ordinary
snaw.

sacondly: dry grass, 3 inches.

The problems are:

What is exactly packed snow? It could be ice, it could be

.just packed by passing on with a snowmoblle.

wnat sort of grass and underground? We could get more than
1.5 dB{A} difference with the Qame grass type but with soft
or hard ground underneath.

And also we have to speak of the "fact that some models are
unaffected whan compared between grass and snow., Others
could get differences hp to 2.5, even 3 dB(A)}).

We know that snow is much better than grass and of course

asphalt, to absorb lew fraquencies.

. See spectrum no. 1.
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Let us go now with practical experience in the show:

" anaw ‘_4'““-—f""‘-"”—‘\\_ﬂf"-_—‘E‘M—-”'-‘-"‘_**“\./’1

packed snow

muffler output

A3 wa can see, distance from ground, reflexion incidence
regarding the exhaust are not always the same. So?
And, remember in the snowmobiles trails it is much more often

lika that:
tather than in a straight line.

And a snowmobile is normally running on snow, S0 according

to me you have to watch this sltuation very carefully.

387



77+ 00

Now speak of orientation of the output,

If you look at all sorts of mufflers on the market, you can

have an output like:

frame

T, A

e e . ' ground

’ » footrest

T DI ) A T TR,

fi;pe
-—:]—-—J —pfootrost

r//,‘;//r' f(,-/) AT A
Tt is another Ffactor that you have to consider,

For this we have made isesonic curves by having maximum

on a static vehicle.

Swea slide no. 2
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For finishing: sound direction related to spoed.

fani (1) Mayi (2} Masif3)
x Miuvo

See slide no. 3.

When you consider all other factorsg that we have talked
about (temperature, presgure, show, wind ete..) you can
understand easily that 1f your wvehileclo is net at the same
place bacause of different spaed you are to be involved
with a4 lot of difficultiess S0 you can have your maximum
5,P.L. at (1), (2) or (3).

Consider also that the track depending on conditions of
snow can spin all along the testing part or cannot spin.

0f course the result will not be the same.
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So, facing all these facteors, we have tried to find an
empirical formula which could be used of the major puts

of what we have explained. We were interested in predicting
the influence of any exhaust if set-up on any kind of

vehicle in any kind of conditions.

Par deoing thls we put on a vehicle senesors in order to
get temperature of exhaust {near the end of the muffler),
temperature and pressure at the spark plug, temperature
of the air intake, RPM (measured at the drive pulley),
real véhicla speed (measured at the driven pulley with
appropriate correction feor gearing), and of course we
measured ‘external temperature, humidity, pressgure, wind

and direction,

We also put coefficients for sort of packed snow, for
thickness of packed snow, for sort of above snow, for
thickness of ahbove snow, for dry grass, for wet grass,
for hard ground, fof soft ground, for asphalt .and also
using isocsonic curves for orlentation effact,

Mixed track: asphalt and grass (or asphalt and snow).

See dlide no. 4,
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A statistical apalysis has been done in ofder to find the
influence of each parametera. We want to have samething
absolutely general with no particulaf test site conditlions
or particular muffler with a particular engine, This is
going on right now., The first tries are not very good

(¢ 5 aB{A)}. We have to make some changes in factars to he

considered and in the program itself.

Conclusion

This statistical approach has the advaﬁtage of heing not
very complicated and not very heavy in terms of dollars.
It has the qualit; of.baing very near the field result
tha; is to say, very near from what consumeér pecple will
really obtain. -Tha.results that we have obtained seenm to
conflerm that it is guite difficult to predict field rasult

with good correlation for snowmchiles.

391



11/...

INSTRUMENTATION USED:

Sound level meter BRUEL & KJRER #2204

FM recorder BRUFL & KJAER #7003.

Low pass filter HP #5469a

Poawer supply HP #73a

WESTON voltmeter #4442

Rlectronic conditioner HP #5216a

Spectrum display HF #3720a

Correlator HP #3721a

Digital recorder HP #5055a

Statjigtical descriptlion analyser BRUEL & KJAER #4420

Plotter X, Y HP #44a
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31 October 1977 ' L
JAMES W. MOORE ) }‘7

MEASUREMENT OF ENGINE EXHAUST
NOISE IN DYNAMOMETER ROOMS

A method of measuring engine exhaust noise has been developed

as a substitute for the more complicated anechoic room or field
tests. It is simple and easy to use and does not require

expensive test facilities and equipment or modifications to

the exhaust system. The sound readings and insertion loss can

be determined simultaneously with dynamometer power measurements.
The results have shown good repeatability’ and are not subject to
the variations in weather conditions encountered during field tests.

The test procedure was developed by Richard Kostecki of

ACS Engineering in Toronto, Canada and has been used success-
fully by ACS for exhaust system development for several years,
A similar test method is also used by two other snowmobile
manufacturers. John Deere has used it extersively in the
development, comparison, and selection of spowrcbile and =small
four cyecle engine exhaust systems.

Figure 1 is a schematic diagram of the test system. The exhaust
gas discharges from the muffler {1} into a 4-foot long, 2~inch
diameter, flexible exhaust pipe (2} which is anchored at the loose
end to a 60-pound steel block(5). The exhaust gasses can be
evacuated from the test cell by the collector !(f), The sound
pressure is measured through a hole in the end of the pipe by a
microphone (3) in a special water~-cooled mounting (4).

The length and diameter of the flexible pipe were selected after
extensive experimentation and.are designed to isolate the
microphone from the enygine vibration and neise, and tg provide
adaptability to various exhaust system geometries. Engine
performance and exhaust noise generaticn are not affected by the
measurement system.

The sound 'level is read on a sound meter (7). Octave band
measurements can also be taken (B). Correction factors are
applied to each octave band to compensate for nonlinearities

in the measurement system and fer comparisons to field tests,

This correction process is simplified by a spectrum equalizer (9).
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A METHOD OF ENGINE BEXHAUST NOISE MEASUREMENT IN DYNAMOMETER ROOMS

The upper curve in Figure 2 shows a typical exhaust noise spectrum
of a snowmohile muffler measured on the test fixture. A correction
factor is subtracted from each of the seven octave readings to
extrapolate te the exhaust noilse spectrum in the lower curve that
would result from a snowmobile driveby sound test at 50 feet,

The sum of the corrected octave bands produces the overall
A-weighted level.

Figure 3} shows the spectrum of correction factors that are
subtracted from each octave of exhaust noise measured on the

test fixture. The upper curve is the difference between exhaust
noise measurements made in an anechoic chamber and with the test
fixture, It corrects the noise measured with the fixture to an
A-waighted, "free field" sound level at a distance of 1 foot.
{Narrow band measurements have shown that the frequency linearity
of the measurement system is excellent within each octave band.

A correction in the wider octave bands is all that is necessary

to compensate for the nonlinear effect of the 4-foot long flexible
pipe.} The middle curve converts the l-foot measurement to 50 feet.
The total correction is shown in the lower .curve.

Figure 4 demonstrates how the 50-foot correction factor was
developed. Octave bands of white, randem noise produced by an
acoustic driver were measured over a grass sest site at a distance
of 50 feat. The microphone was located 4 fee: from the ground
surface, and the sound source was placed at 1/9, 1/2, 1 and 2 feet
above the ground. {The test site confirmed to the reguirements

of "SAE J192 , Sound Level Measurement Procecure for Snow Vehicles".)
The variations in sound level with source height are caused by
ground reflecticns (see SAE Publication 740211, "Effect of Ground
On Near Horizontal Sound Propagation" by Ple:scy and Embleton;.

The 1/2-foot level, which is about the neight of a snowmobile
exhaust, provides the 50-foot correctien lactcis shown in Figure 3.

Tests have shown that this exhaust neoise measuring system gives
sound levels within 2 dB »f measurements wmade in an anechoic

chamber., Correlation with the exhaust noise predicted in snow-
mobile passby tests is also excellent. The sound level difference
between similar exhaust systems on the same engine or in the same
vehicle can be compared within 1 dB. The convenience, repeatability,
and simplicity of th's nec<nod of exhaust neise measurement mzkes

it very useful in small -nrgine muffler development, selection and

¥ating,

Noise measurements have not been attempted on exhaust systems
~ther than those on sm#l', two cycle and four cycle engines.
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THE APPLICATION OF THE FINITE ELEMENT METHOD

TO_STUBYING THE PERFORMANCE. OF REACTIVE &
DISSTPATIVE MUFFLERS WITH ZERO I4EAN FLOW,

by
A. Craqgs

Dept. of Mechanical Engineering
University of Alberta, Edmonton
Alberta, Capada,

INTRODUCT ION:
This paper gives a brief review of some of work carried out by

the author on the application of acoustic finite elements to studying muf-
fler performance. It is shown that the method can give plausible results

for a models having a simple geometry because the results compare very favour-
ably with those obtained by other methods. Because the elements used in the
work have a variable shape they can be used to simulate systems which might
have a difficutt geometry and still give weaningful information. This is
one of the prime virtues of the methad,

In two recent papers (1) and (2) it was shown that for transinis-
sion loss calculations the muffler has to be treated as one which has damp-
ing even when the nuffler is a reactive one. This is because reactive nuf-
flers lose energy through radiation at the inlet and exhaust parts., As
such the equations which govern the mgtion of the system are expressed in

terms of complex quantities. The general form of the equations are the same

for both transmission loss and insertion loss calculations.

As the theory is available elsewhere (1) and (2) it i$ kept to a
minimum in this presentation. However, the concept of an absorption element
has not been used before and it is introduced here, These elements are par-
ticularly useful when dealing with absorptive boundaries having an extended

reaction. A brief application of these elements is discussed at the end of

the paper.

2.0 GENERAL THEOQRY

The application of the finite element method results in a set of
linear equations. Because all of the situations are essentfally for damped
systems the problem has to be formulated in terms of complex quantities.

However, using the method given in reference {1}, the real and imaginary
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parts can be separated and the  system equations can be expressed entirely In
terms of real quantities, When this 1s done, the equation for reactive and
dissipative muffiers all have the general form shown helow:
2 I ! -
[A] - KP[B] - K[C[D1 - K[y (7%

+ k[Cp) L [A] - k28] - ke, | o | {9
—J \=J (1)
Here Pp is the real part of the acoustic pressure; P 1s the imaginary part;
Qp is the real solrce vector; Qq the 1maginary_sou?€é vectar; [A] and [B]
aFE.the kinetic energy and striﬂ; energy matrices respectively. - The matrix
[C] is a dissipation matrix which only has non-zero elements at points cor-
responding to the boundary nodes where the energy is lost either through
absorption as with mufflers having 2 dissipative 1ining or through radiation
at the input and output parts as {n a reactive muffler. In the general
problem the matrix [C] has the real and imaginary components [Cr] and [Cy].
Thus if we have a given sound source {Q)} then the acoustic pres-
sure at any point within the system may be found through matrix inversioﬁ,
using standard computer subroutines.

B e e

2.1 TRANSMISSTON LOSS CALCULATIONS:

The transmission loss refers to the performance of a muffler
when 1t is inserted Into an infinite transmission line. See Figure 1.
The source is due to an incident progressive wave, of magnitude p*, which
strikes the entrance of the muffler. The response then contains the reflect-
ed wave, P~ and the transmitted wave py, and pressures at numerous points
inside. The transmission 1oss is calculated from the formula, (see references
(1) and (2) :

T.L =20 og [P

o
Because of the infinite 1ine there are no reflected waves either at the input
of the output stations, and the impedance at these stations is accordingly
entirely real; being equal to pc, where p is the mass density of air and ¢
is the speed of sound.

Transmission loss calculations are usually the first step carried
out in the design of a muffler. However, because of the highly idealised
situation which is applied some caution is needed when interpreting the
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the results for a practical situation where reflected waves are present hoth
on the input and output 1ines., A much more meaningful calculation is for the
Insertion Loss.

2.2 INSERTION LDSS CALCULATIONS

The insertion loss rafers to the difference in the sound intensity
Tevels at a point hefore and after the insertion of the muffler. In general,
then, two sets of calculations are required; one for calculating the response
in the original situation and another for the situation including the muffler.
The results will depend upon the nature of the source and the output radia-
tion impedance. There is not a unique vaiue for insertion loss and the result
will clearly depend upon the individual case. Two different models are
shown in Figure 1; one case Figure 1 (b) having a constant velocity piston
source with the muffler terminated in an infinite transmissien line and the
other, Figure 1 {c), having a similar source, but being terminated into a
half space through an infinite baffle. The finite element results for the
transmission loss and insertion loss problems shown in Tigure 1 are discussed
in & later section.

3.0 THE ACOUSTIC FINITE ELEMENT MODEL

The acoustic finite element used to obtain the results for this
paper is shown in figure 2. It is a hexahedral element having 8 nodes and
allows for a linear variation of pressure between the node points. Because
the element is an jsoparametric element it can be distorted to any reasonable
shape. Therefore the use of this elemeat enables problems having a difficult
geometry to be treated. For the results given here only axi-symmetric cases
were studied. With axi-symmetry, the three dimensional oroblem can be
treated as a two dimensional one with a substantial reduv tion in the size of
the problem. In this case the reductian in size was achieved by forming the
hexahedran into & segment of a thick cylinder, then equating the pressures
having equal radif and length coordinates. The element thus used has effec-
tively 4 nodes instead of 8, (see reference 1).

A typical grid used for a simple expansion chamber model is shown
in figure 3. Although this is quite crude compared with those required by
many other finite element solutions the results obtained were quite accurate.
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4.0 RESULTS

Most of the results given below are to validate the method, Many
of these can be obtained from simple models of the system and they form a
useful check on the procedure. This is partjculariy true for reactive
muffiers when it can be assumed that acoustics within the expansion chamber
is strictly plane-wave and thus one dimensional. However, the plans wave
solution breaks down when the wavelength approaches the chamber diameter.

It is then that the finite element model shows a distinct advantage.

Results are discussed in turn for reactive mufflers, dissipative
mufflers with a locally reacting boundary and finally for 1ined mufflers with
extended yeaction at the boundaries. The extended reaction is modelled by
extending the finite element approach to an absorptive material and then form-
ing-an acoustic-absorption wodel,

4.1 REACTIVE MUFFLERS: TRANSMISSION LOSS

The transmission Toss of a simple expansion chamber in terms of
the area expansion ratio, m, length 1 and wave number k is given by a formula
due to Davis (3) :

e =10 Togy (1 + 1/8(m - 1/m)? sin? K1)

The finite element results are compared with those obtained form this form-
ula in figure 4. There is excellent agreement. Further results correspond-
ing to higher frequencies are given in reference (1), they show that when
diametral modes are excited they can either act as passing filters and thus
reduce the transmission loss or as blocking modes.

Figure (5) show the effects of extended inlet and outlet
pipes within the chamber, These act as quarter-wavelength filters which give
high transmission-loss values whengever the length of the extended pipe, le,
is given by Kle = nu/4, when n is any odd integer. The finite element results
show this to be the case.

4,1 INSERTION LOSS

Figure {6} compares the transmission loss results with the insertion
losses calcutated for the two situations shown in figure 1. There is an
enarmous difference and in one case, where the nuffler is terminated into
a semi-infinite space the insertion Toss shows negative values, thus the muf-
fler is ephancing the sound, where transmission loss calculations would indj-
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cate a substantial reduction.

4.2 DISSIPATIVE MUFFLERS : LOCALLY REACTING BOUNDARIES

The calculation of the transmission loss for an expansion chamber
having a cylindrical absorptive lining is not a simple matter, although design
procedures do exist. See Beranek (3). It can be handled with a finite
element model by solving the general equaticns given in equation. 1. When an
absorptive 1ining exists the terms in [C1] and [CR] are non-zero at points
corresponding to the boundary nodes where the 1iner js attached. The terms
in [C1] and [Cq] depend upon the form of the 1iner impedance. In this model,
the 1iner was assumed to be locally reacting with the impedances given hy the
empirical equations developed by Delany and Bazley (5). See also reference (2).
These equations allowed for a semi-rigid porous materjal in which the charac-
teristic impedance was a function of the materials resistivity, The imped-
ance for any thickness was then calculated by assuming that the outer end of
the layer was attached to a rigid layer.

Results for the transmission loss are shown in figure 6, these
show the changes which occur when the thickness of the liner is increased.
With a thin liner, there is Tittle change from the unlined reactive case.

As the thickness {ncreases, the multiple hump transmission loss character-
istic of the reactive muffler is replaced by & single hump which has a max-
imum when the thickness of the liner is 'approximately equal' to a quarter
wavelength. Thus the maximum value occurs at lower frequencies as the thick-
ness is increased.

However, there comes & point when the thickness is too great and
the magnitude of the reflected wave from the hard boundary is small, in
which case the boundary impedance of the 7iner approaches the characteristic
jmpedance of the liner material and no further changes in the transmission

lo-5 occur.

DISSIPATIVE MUFFLERS WITH EXTENOED REACTION

An dimproved model of the acoustic 1ining is obtained if the
assumption that the boundary is locally reacting is removed. In order to
achieve this an acoustic absorption element has heen developed based on a
Rayleigh model for a rigid-porous material. This element s again hexahedral
in form and is entirely compatible with the previously mentioneq acoustic-
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element, The general form of the response within the medium 1s again govern-
ed by an equation similar to (1), the differences with the acoustic equation
being found in the matrix[C]. For the absorption equations this matrix is
now fully populated and the magnitude of the terms are proportional to the
resistivity of the material. Further, details of this element are to be
published in reference {6).

The absorption eiements can be joined to acoustic elements by equat-
ing the pressures at the common nade points. A typical axj-symmetric model
is shown in Figure 7; this represents a cylindrical expansion chamber with
a thick lining. Results for such a chamber are also shown. VWhen the resis-
tivity R = 0, the mode] is then of a simple reactive chamber and the trans-
mission 1oss has the typical "squared sine wave" appearance. The lining great-
1y increases the transmissien loss when the resistivity R = 10,000 Rayls/
metre . Although experiments need to be carried out te verify the results,
the general form of the curve is in agreement with these cbtained from 1ined
duct silencers used in ventilating systems,

COMMENTS,

The use of acoustic finite elements for modelling silencer systems
has been described. The method at this stage is particulariy valuable when
difficult geometrias are to be simulated and for predicting the performance
at high frequencies when the wavelength approaches the diameter of the expan-
sion chamber and one dimensional theories no longer apply, It is also use-
ful for modelling dissipative liners either with, locally reacting model in
which there is no substantial increase in the size of the matrices compared
with the reactive case or with absorption elements. The method can easily
be applied to Transmission Loss or Insertion Loss caleulations.

The contents of this paper are mainly concerned with the work of
the author. However, the nethod has been applied to mufflers by other authors
with soma success, ?oung and Crocker (8) calculated the transmission Joss
of an expansion chamber using rectangular elements. Kagawa and Omote (9)
considered reactive mufflers using axi-symmetric ring elements and later
Kagawa, Yamabuchi and Mari (10} considered the transmission loss of a muffler
with a sound absoerbing wall.
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Figure 1

Figure Captions

Models for Transmission Loss and Imsertion Loss calculations,

(a) Transmission Loss (b) Insertion Loss : Constant Velocity
source terminated in an infinite line (c) Insertion Less Constant
velocity source terminated infinite baffle.

Figure 2
Figure 3
Figure 4.

Figure 5
Figure 6

Figure 7

Figure 8

The eight node iseparametric hexahedral element.
Two~dimension grid for an axi-symmetric expansion chamber model.

Transmission Loss. vomparison of finite element results with
exact one dimensienal solution at different expansion ratios m.

Finite Element results for the effect of extended inlet and out-

let pipes.

Comparison-of Transmission Loss with Insertion Loss. Finite
element results. See Figure 1.

Transmission Loss for Expansion chamber with a cylindrical
absorbent Tining. Impedance calculated using Delany & Bazley
equations, Figure shgws effect of 1ining thickness. (m=a)

(a) The Axi-symmetric Acoustic-Absorbent finite eiement grid.
{b} Transmission-Loss with and without any absorption.
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INTRODUCTION:

For the past ten years, Original bquipment exhaust systems have bheen
designed to meet the requirements of SAE Test Procedure J986a. J986a
was the first noise test standard for light vehicles in this country.
The original development work on the procedure was done in early 1966.
The standard was first applied to new vehicles in 1967 and was
revised to its current version in 1968,

SAE Test Procedure J986a formed the basis for the so-called California
Passby Test. The California Passby Test is required under California
Vehicle Code 27160, for new motor vehicles under 6,000# gross vehicle
weight. The code first becama effective in 1968. It has been revised
twice since, first in 1972 and again in 1973, when the current version
became effective. The California Passby Test procedure is defined
under Title 13, of the California Administrative Code.

A detailed comparison of the California Passby Test and the J986a
Passby Test will disclose that there are differences between the two
procedures. In actuwal practice the differences are minor. Test
results obtained by the two procedures correlate extremely well.
Walker uses the SAL procedure as specified by their Original Equip-
ment customers.

J986a. TEST PROCEDURE

To conduct the test, d sound level meter microphone is placed 50 feet
off to the side from the center line of vehicle travel as shown in
Pigure L. .The microphone is located four feet above the test surface.
The procedure calls for a flat open area, free from obstructions for
a distance of 100 feet in all directions,

Under the procedure, the test vehicle approaches the test section

at a steady state speed of 30 MPIl. When the vehicle reaches 25 feat
from the test point, it is acecelerated at wide open throttle. The
lowest gear ratio is used which will permit at least 50 feet of
accelerating distance without over speeding the engine. Passhys are
made under these conditions in both directions and the maximum ob-
served total sound pressure level for each passby is recorded. The
average of the two highest observations within two dB of each other
is reported as the test value for the vehiecle. The test results are
reported for the noisier side of the vehicle.

It should be emphasized that the California Passby Test regulated
only new vehicles sold in that slLate. It did not regulate existing
vehiecles, Nor did it requlate the replacement of noise-producing
or neoise-silencing components, nor of vehicle modifications which
increase the total. vehicle noise.
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20" STATIC TEST PROCEDURE

Accordingly, the 1371 session of the California Legislature enacted
Vehicle Code 23130 which regulates aftermarket replacement exhaust
systems. The Commissioner of the California lighway Patrol was
directed to conduct a study to define procedures and standards by
which exhaust systems could be certified as meeting the established
allowable total vehicle noise levels. The California Highway Patrol
commissioned the MchDonnell Pouglas Company to develop a certification
program, stationary test methodology and related law enforcement
techniques. The study formed the basis for the reqgulations promul-
gated in Novembher of '75 under Title 13 of the California Administrative

Code,

The test procedure adopted in the code was the so-called California
20" static test. The choice of a static test procedure was based
in large measure on the ineffectiveness of the driveby test proce-
dure in urban areas. The coverage attainable using the driveby test
in urban areas was limited because of the lack of suitable enforce-
ment sites with sufficient open area and low ambient noise levels.
The passby test was more appropriate to rural highways or freeways.
Moreover, heing a total vehicle noise test, it was unsuitahble for
regulating replacement mufflers., There was no simple enforcement.
means to ensure that a cited vehicle was subsequently made legal.

The 20" Static Test Procedure specifies that the test be conducted

on an outdoor pavement or on a shop floor., A clear open areca around
the test site of only ten feet is required. The microphone location
is dependent upon the-tailpipe routing as shown in Figure 2, Typi-
cally it is located 20" from the end of the tailpipe, 45° off-axis,
at the height of the tailpipe exit. The procedure calls for opera-
tion of the vehicle, after a suitable warmup, at 3/4 of rated RPM,
with the transmission in neutral. The value reported for the exhaust
system is the highest reading obtained, disregarding extraneous peaks,

CORRELATION STUDY

With the addition of a 20" Static Test Procedure which was to be-
come effective January 1, 1977, it was evident that the potential
existed for a dual design standard for exhaust system development.
Accordingly, Walker set about to determine whether there was suffi-
cient correlation between the two test methods to permit the pre-~
diction of static test performance based on driveby tests, which
were currently being conducted for Original Equipment product.

The prime motivation for this was to reduce the total engineering
test load and to establish a single acoustic design and acceptance
test criteria. Data was taken on a variety of new vehicles., A
reprecentative mixture of four, six, and ecight cylinder passenger
cars vere used in the tests,
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A number of different types of mufflers were tested. These included
the Original Equipment systems, with which the new vehicles came
equipped. The Original Equipment system sometimes incorporates a
smaller muffler or resonator. ''he system is usually made up on one
or more assemblies, with the pipe welded to the muffler. PFigure 3
shows a typical example of an OE system assembly. Welded assemblies
are used to minimize the installation labor in the car factories.
The 0.E., system is designed to mcet both the objective requirvements
of J98Ga and the particular car company's subjective sound quality
as it relates to the image of Lhe vehicle in question,

Walker's regular aftermarket mifflers and resonators were also tested.

Regular mufflers and resopators are sold as separate upits with the
system held together by clamps. Figure 4 shows a cut-away view of

a typical regular aftermarket mutfler. Walker follows the practice,
which is common in the replacement exhaust system industry, of con-
solidating a number of Original Pquipment designs into one after-
market design in order to achicve some economies of scale in produc~
tion and to minimize the stocking and inventory problems that would
otherwise exist. Walker's, indeed the industry's, ability to pro~
vide the consumer with an ceconomically priced replacement part, on

a moment's notice, is heavily dependent upon its ability to consoli-
date O.E. Designs.

The construction kechniques and acoustic design techniques of
Walker's regular muffler line is quite similar te the Original
Equipment. Figure % shows a cut-away view of an OE design for
comparison. The subjective sound quality of the regular line con-
forms to Walkexr's own-corporate standards for preserving the Orig-
inal Equipment image of the vehicle. A Cadillac owner expects his
vehicle to sound like a Cadillac; a Corvette, like a Corvette,

Also included in the tests were Walker's WACO mufflers. These are
a highly consolidated line for certain customers such as K-Mart and
Montgomery-Ward. The line Ls built to the same high quality and
construction standards as the regular line., Bushing adapters are
used to accommodate a wider varicty of applications. On average
they are slightly smaller in size than the regular aftermarket muf-
fler or the Original LEquipment design which they replace., Figure 6
shows a cut~away view of a typical WACO unit,

Walker's Unitized line was tested as well. The Unitized muffler

is a 4" round tubular design with swaged ends. This line has a
reasonably high degree of consclidation., Generally it uses a "Tri-
flow" acoustic dosign (See Figure 7) and is not as efficient at

the low frequencies because of the smaller physical volume. Single
and double tuned resonators are not used. The Unitized line was
introduced to satisfy the needs of car owners with older vehicles,
who are interested in economy.
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The fifth type of muffler included in the tests were glass packs.
Walker's glass packs also employ a 4" round construction with
swaged ends. In external appearvrance they look very much like a
Unitized muffler. Acoustically Lhey are quite different. They
employ a straight thru design with a concentrie perforated tube
surrounded by fiberglass, as shown in [igure 8. The design is
effective at absorbing high freqguencies and is characterized by
a throaty, straight-thru sound guality. Generally it is both
objectively and subjectively louder than the other lines.

In total 305 systems were tested using both the 20" static test
procedure and the J986a passby method. Fifty~nine Original Equip-
ment systems werc evaluated along with 110 regular mufflers, 50
WACO units and a combined total of 86 Unitized and glass pack
versions.

ANALYSIS OF RESULTS

The test data was analyzed using standard computer statistical
‘technigues, The data was examined in & variety of ways. Simple
statistics were determined for cach test method and each class
of muffler system; that is, the mean, the range and the standard

‘deviation. The simple statistics, while not very informative,

are presented in Tables I and 2.

Each class of muffler and the total population were subjected to
a correlation analysis from which the correlation coeificient was
determined. A correlation coefficient of one means a one-to-one
correspondence between the two test methods, A correlation cocffi~
cient of 0 indicates a totally randem relationship between the

two tests., The results of the correlation analysis are shown in
Table 3. It is evident that there is no significant correlation
between the two. The data was also subjected to a reqgression
analysis, From this, a best, least-squares relationship between
the two test methods was eatablished. 'The lack of correlation is
very evident from the scatter diagrams shown in Figures 9 thru 13.
It can be seen that the predictive accuracy of the J986a test is
about ' 20 to 30 dba.

From the analysis it is apparent that there are different accept-
ance criteria required for 0.E. and aftermarket product. It is
eveident one cannot eliminate the need for running both tests.

It was also evident that potentially different design approaches
would be required for aftermarket and 0,E. product.

It appeared that the internal construction of the muffler affects
the relationship between the test results obtained by the two

. metheds. This is apparent from the different correlation coeffi-

cients for the regular, WACO and Unitized mufflers configurations,
The increased correlation shown by the Unitized and glass pack
mufflers was probably attributable to the.lack of some low frequency
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tuning eiements in these designs, and to the presence of a larger
component of exhaust noise in the passhy test.

The test results lend Jredence to another set of conclusions that
can be reached about the process by which the two California laws
were developed. A new vehicle law was passed first, which requ-
lated total vehicle noise without defining what the exhaust system
contribution to it would be, and without adequate provisions as to
how exhaust noise would be reqgqulated on older vehicles. Next an
aftermarket law was passed to regulate ekxhaust systems, The end
result is two standards of acceptance of exhaust systems which
bear little relationship to each other. Perhaps this could have
been avoided had both 0.E. and aftermarket been considered together
from the start.

These light vehicle standards have now heen adopted almost without

change by the state of Florida and are being followed with interest
by the state of Oregon. The ultimate impact of these tests on the

industry's ability to continue the important practice of consolida-
tion is not yet fully known.

The federal government is presently developing a new set of accept-
ance criteria for passenger cars, This one will probably be based
on a totally different passby test. We have been meeting here the
last few days to discuss yet another criteria, this one a bench

test suitable for labeling exhaust system replacement parts. The
question of correlation between these two federal test methodologies
should be considered from the onset in their development.

The importance of considering the impact of these new regulations

on the industry's ability to consolidate Original Egquipment designs
cannot be overemphasized. Should the industry lose this ability

and the number of replacement parts proliferate, the result would

be increased engineering costs, shorter production runs, increased
warehousing space and higher inventory costs, The end result of all
that will certainly be higher prices to the consumer and potentially,
delays on the part of the installer in finding a replacement part
for his customer's vehicle.
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Basic Site Laycut

J-986a Passby Test

I Open throttle fully
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Mean Standard Range
Muffler Type Value Deviation Lo Hi
0.E. 76.6 3.2 71.7 B7.8
Regular 77.8 3.5 71.2 88.2
waco Bo. 8 3.2 74.4 88.2
Unitized & Glass Pack 80.7 4.1 73.3 94.0
Total Composite 78,8 4.0 71.2 9.0

J=-986a Test Results
Table 1
. Mean Standard Range
Muffler Type Value Deviation Lo H1
0.E. 84.4 3.6 78.1 52.1
Regular 85.4 4.5 78,2 95,8
WACO 86.6 4.3 79.0 96.9
Unitized & Glass Pack 82,2 5.3 82.6 105.4
Total Composite 87.3 5.5 78.1 105.4
20" Static Test Results
Table 2
Huffler Type Correlation No. of
) Coefficient Observations

0.E. . 245 59

Regular .333 110

WACO .282 50

Unitized & Glass Pack .451 B6

‘ 462 305
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Discussion of Proposed SAE Recommended Practice
XJ1207, Measurement Procedure for Determination of
Silencer Effectivenass in Reducgng Engine Intake or Exhaust Sound Level
Y
Larry J. Eriksson
Nelson Industries, Inc.
Stoughton, Wisconsin

ABSTRACT

The development of Proposed SAE Recomriended Practice XJ1207, Measurement
Procedure for Determination of Silencer Effectiveness in Reducing Engine
Intake or Exhaust Sound Level is reviewed. This Recommended Practice describes
a procedure for a measurement of the actual sound level produced, Successive
measurement may be performed to obtain relative performance values or insertipn
loss. Various considerations in the writing of the procedure are discussed
and Timitations reviewed.
IN RESPONSE to a need for a standardized test procedure for exhaust and
intake silencers, the SAE Vehicle Sound Level Committee (VSLC) formed the
Exhaust and Induction Silencer Subcommittee in December of 1974. The objective
of this subcommittee was to develop "insertion loss measurement methods in
order to provide a rating for the respective devices." Since it was felt
that a single procedure was feasible for exhaust and intake silencers, the
standard was to be developed in close liason with the Air Cleaner Test Code

Subcommittee of the SAE Engine Committee,

BACKGROUND

Membership was sought for the Exhaust and Induction Silencer Subcommittee
(EISSC} from a broad spectrum of technical personnel including those involved
with exhaust silencers, intake silencers, engines, and vehicle appiications.

An organizational meeting was held in March of 1975 to review possible directions
for the Subcommittee's work. Numerous existing test procedures were reviewed

at this meeting as well as subsequent meetings. These incTuded SAE Recommended
Practice J1074, Engine Sound Level Measurement Procedure, and the SAE Recommended
Practice J1096, Measurement of Exterior Sound Levels for Heavy Trucks -Under

Statfonary Conditions, as well as procedures developed by such organizations as
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the Industrial Silencer Manufacturers Association (I1SMA} and Department of
Transportation (DOT). Although useful ideas were.obtained from many of these
sources, no procedure was found to meet the requirements.for a standard test

procedure. for exhaust and intake silencers as specified by the VSLC charge to

the Subcommittee,

MAJOR CONSIDERATIONS

Two major areas of concern were discussed in detail. Thé first was the
type of noise source to be used in the evaluation of the silencer. Among
those consideved were a speaker, a blower, and a standardized engine. Finally,
it was concluded that in order to obtain sufficient accuracy, compatible with
other SAE Recommended Practices, it would be necessary to use the agtual
engine and silencer system for which the silencer was to be applied. This
approach was thought to have the potential of providing the most accurate
engineering data for these types of units,

The second major area discussed was the type of measurement that should
be made on the silencers. hgain, a broad range of possibilities were considered.
These included insertion loss, transmission Toss, transfer function, and actual
sound level. It was concluded in this case that in order to meet the dua) goals
of a test procedure that could be widely used as well as provide usable data
that could be-related to other measurements, the actual sound level praduced
with the silencer system installed on a given engine should be the measured
quantity, It was further noted that the option remained for the test procedure
in this form, to be applied successively to different silencers to cbtain relative

performance values or to silenced and unsilenced cases to obtain insertion loss

{IL).
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ADDITIONAL CONSIDERATIONS

Other areas discussed included the wide range of sizes of silencers,
engines, and test facilities that would be involved in‘usfng the desired test
procedure. Uhile the subcommittee felt that measurements at 15 metres (50 feet)
from the silencer were most desirable to be consistent with other test methods,
it was thought that other distances should be allowed in order to make the
procedure practical for use with small engines and 1ight duty applications where
the available measurement distances are often considerably less than 15 metres
(50 feet),

1t was also concluded that the procedure should ailow for measurements
in a free field above a reflecting plane. This may be obtained either in a
flat open space or semi-anechoic chamber, The former offers the advantage
of a potentially better free-field condition, but also the disadJantage of
potentiaily more problems with ambient noise, wind, temperature gradients,
and other weather variables. The latter approach, the semi-anechoic chamber
requires extensive wall treatment to obtain adequate free-field behavior,
but offers better control over weather conditions and ambient noise. In view
of these tradeoffs, the subcommittee decided to include both approaches with
specific requirements for both., This decision also resulted in data that were
more widely obtainable as well as comparable to these obtained using other test

procedures usually performed outdoars,

INITIAL DRAFT

Foliowing these discussions, the first draft of the test procedure was
completed in September of 1975, It included the above factors and required
an isolated test cell containing the specific engine to be used.in the measure-
ment with an adjacent free field above a reflecting plane. The exhaust or
intake system was to be piped to this open space' and placed in an orientation to

the ground as similar as possible to the actual end application, The piping
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from the engine to the silencer was to be acoustically treated to eliminate
all contributions to the measured level from this pipe.” This was done since
some pipe had to be excluded in order to connect to the isolated engine and
thus, excluding all of this nofse was the only practical method to standardize
various test facilities thqt might be used. However, a]j nofse from the surface
of the silencer as well as the tailpipe must be included in the measurement
along with noise frem the acoustical outlet.

This first draft was subsequently extensively modified until finally
reaching its final form as approved by the VSLC in June of 1977 and balloted
to the SAF Motor Vehicle Council (MVCY in August of 1977.

COMMENTS ON FINAL DRAFT

Among the areas receiving considerable attention during the various
revisions was instrumentation. The primary concern was to obtain sufficiéht
information to determine that the engine was functioning properly. The modes
of engine operation were also reviewed in detail. It was determined by the
subcommittee that the peak sound Tevel could occur under a fairly wide variety
of conditions depending upon the specific silencer-engine combination being
tested. Thus, a steady state and varying speed mode are required along with
an acceleration test for governed engines. Fast dynamic response of the
sound level meter was selected for al) modes as providing adequate results
with minimum potential for error.

The final version of the test procedure does rot include any measurement
of the restriction of the silencer system. While this is acknowledged to often
be an important parameter along withmanyother specifications, it was not felt

to be directly related to the sound level measurement and as such was excluded.
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Because of the wide varjety of test set-ups this procedure applies to,
it is recommended that a photo or diagram of the test set-up be included with

the test results,

LIMITATIONS

Among the 1l1'm1'tat‘ions of this test procedure are the lack of a direct
correlation to other overall vehicle pass-by tests as well as the lack of
spacification of the subjective quality of the exhaust or intake noise. This
aspect can be quite impertant for many applications in which the overall
A-weighted sound level is not an adequate description of the acoustic acceptability

of a silencer.
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APPENDIX A

Members of Subcommittee During Development

*3, Cahill (Secretary) Stemco Manufacturing Co.
*P, Lheng Stemco Manufacturing Co.
W. Dreyer Walker Manufacturing Co.
*J. Dreznes United Air Cleaner
*F, Egbert International Harvester Co.
*.. Eriksson (Chairman) Nelson Industries, Inc.
R. Heath HMalker Manufacturing Co.
R. Hunt Stemco Manufacturing Co.
:S. Koehler Panaldson Co.
*K, Ligot Walker Manufacturing Co.
*K. Nowak Cosmocon, Ltd,
*W, 0'Neil Fram Corporation
*R, Palmer AP Parts Co.
C. Reinhart Donaldson Co.
- *D, Rowley Donaldson Co.
G. Shaltz United Alr Cleaner
*0. Thomas

. with contributions from many others

* Current Members
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APPENDIX B

MEASUREMENT PROCEDURE FOR DETERMINATION QF SILENCER
EFFECTIVENESS IN REDUCTHG ENGINE INTAKE OR EXHAUST SOUND LEVEL

XJ1207

1.0 _Scope -~ This SAE Recommended Eractice sets forth the instrumentation,
environment, and test procedures to be used in measuring the silencer system
effectiveness in reducing intake or exhaust sound level of internal combustion
engines. The system shall include the intake or exhaust silencer, related
piping and components, This procedure is intended for engine-dynamometer
testing and is not necessarily applicable to vehicle testing {see Appendix
A). The effect of the exhaust or intake system en the sound level of the
overall machine muyst be determined usipg other pracedures, This procedure
may be successively applied to various silencer configurations to determine
relative effectiveness, Insertion loss for individual silencers may be
calculated through measurement of the silenced and unsilenced system.

2.0 Instrumentation - The following instrumentation shall be used for the

measurement required:

2.1 A sound level meter which meets the Type 1 or §14 requirements of
?mericgn National Standdrd Specification for Sound Level Meters, 51.4-1971
R1976).

2.2 As an alternative to making direct measurements using a sound ievel meter,
a microphone or scund level meter may be used with a magnetic tape re-
corder and/or a graphic Jevel recorder or indicating instrument, providing
the system meets the requirements of SAE Recommended Practice, Nualifying
A Sound Data Acquisition System - J184.

2.3 A sound level calibrator having an accuracy within + 0.5 dB. {See
paragraph 6.2.4.)

2.4 A windscreen may be used. The windscreen must not affect the microphone

response more than + 1 a8 for frequencies of 20 - 4,000 Hz or + 1.5 dB
for frequencies of 4,000 - 10,000 Hz. (See paragraph 6.3.)
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If outside tests are being performed, an anemometor or other means for
determination of ambient wind speed having an accuracy within + 10% at

A thermometer or other means for determination of amb ent ang eng1ne
intake air temperature, having an accuracy within + 1 C (+ 2°F

A thermometer or other means for determinatian of fuel tsmperature at
the fuel pump inlet having an accuracy within + 1 % (+ 2°F

A barometer or other means for determination of ambient and eng1ne
intake ajr barometric pressure, having an accuracy within + 0.5% of

A psychrometer or other means for determipnation of ambient and engine
intake air relative humidity, having an accuracy within + 5% of the

An engine dynamometer with engine speed and torque (or power) indicators
having an accuracy within * 2% of the rated engine speed and torque

A flowmetar or other means for determination of engine fuel rate having
an accuracy within + 1% of the rated fuel flow.

2.5

19 km/h (12 mph).
2.6
2.7
2.8

the actual value.
2.9

actual- value.
2.10

{or power),
2.1
3.0

Envirgnment - The silencer shall be measured in an environment such that

results are equivalent to those cbtained in a free field above a reflecting

plane.

Measurements may ‘be made at a flat open space or in an acoustically

equivalent test site as described in Appendix B.

3.1

3.2

3.3

The flat open space ar requivalent test site shall be free from the

effect of a large reflecting surface, such as a building or hillside
located within 30 m (100 ft? of either the silencer opening or micro-
phone. The area directly between the silencer opening and the micro-
phone shall be con¢rete or sealed asphalt with a total deviation of
+ 0.05m(+ 2 in.) from a plane extending at least 3.0 m (10 ft.) in all

‘directions from all points on the line segment between the silencer

outlet and the microphone.

The ambient A-weighted sound level (including wind effects and 6ther
noise sources such as the engine) shall be at least 10 dB Tower than
the level being measured,

Not more than one person other than the observer reading the meter shall
be within 15 m {50 ft} of the silencer opening or microphone, and that
person shall be directly behind the chserver who is reading the meter,

on a 1ine through the microphone and the observer, or behind the silencer

under test,
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4.0

4.

4.2

4.3

4.4

5.0

Procedure

The silencer shall be tested on the engine and silencer system for which
data will be reported.

The specified silencer system configuration shall provide for measurement
of the acoustical radiation from the surface of the silencer or silencers,
connecting pipes, and the acoustical outlet of the system, This does not
include piping from the engine to the silencer. The silencer system
should be oriented in the same relative position fo the around as for

the actual application. Any deviation must be reported with the test data,
All system connections are to be free from leaks. For determining the
insertion loss, the unsilenced system shall include a pipe of physical
Tength equal to the silencer.

The engine and fuel rate shall be measured at full load from 2/3 of rated
speed to governed speed, or to rated speed on ungoverned engines, to
determine whether the engine is within the engine manufacturer's performance
specifications prior to proceeding with this test procedure,

The engine shall be operated in the following modes after reaching normal
operating conditions:

(a) Steady state mode - rated engine speed and full load,

(b) Varying speed full load mode - engine speed to be slowly varied
from rated speed to 2/3 of rated speed at wide open throttle,

For governed engines only:
{c) Acceleration mode - accelerate the engine from idle to governed

speed until the engine speed stabilizes. and return to idle by
rapidly opening and closing the throttle under no load conditions.

Measurements

5.1

5.2

5.3

The microphone shall be located at a height of 1.2 m (4 ft) above the
ground plane and at a horizontal distance of 15 m (50 ft} from the
centerline of the silencer system., Other optional distances such as 7.5 m
(25 ft) may be used and must be reported. The angular location of the
microphone relative to the silencer system opening shall be recorded,

The sound level meter shall be set for fast dynamic response and for the
A-weighted network,

For the procedure specified in Paragraphs 4,3 and 4,4, report:
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{a) Engine power and fuel rate as determined in Paragraph 4.3.

(b) Ambient wind speed, ambient temperature, ambient barometric pressure,
anbient retative humidity, and ambient A-weighted sound levels for

the test site.

{c) Maximum A-weighted sound Tevel measured for each test mode in
Paragraph 4.4.

(d) Torque (or power), engine speed, engine intake air temperature,
barometric pressure, and relative humidity at which the maximum
sound level was obtained.

{e) Any deviations from recommended test procedure as described in
Section 4.2.

{f) The angular location and distance of the microphone relative to
the sflencer opening,

(g) Description of the test configuration, including.all pertinent

It is essential that persons technically trained and experienced in the
current techniques of sound measurement select the equipment and:conduct

lengths,
6.0 General Comments
6.1
the tests.
6.2

Proper use of all test instrumentation is essential to obtain valid
measurements, Operating manuals or other }iterature furnished by the
instrument and manufacturer should be referred to for both recommended
operation of the instrument and precautions .to be observed., Specific
1tems to be considered are:

6.2.1 The type of microphone, its directional response characteristics,
and its orientation relative to the ground plane and source of
nojse.

6.2.2 The effects of ambient weather conditions on the performance of
all instruments {for example, temperature, humidity, and barometric
pressure). Instrumentation can be influenced by low temperature
and caution should be exercised,

6.2.3 Proper signal levels, terminating impedances, and cable Tengths
on multi-instrument measurement systems.

6.2.4 - Proper acoustical calibration procedure, to include the influence

of extension cables, ete, Field calibration shall be made immediately

before and after each test sequence. Internal calibration means
is acceptable for field use, provided that external calibration
is accomplished immediately before and after field use,
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6.3

6.4

7.0

7.1

7.2

7.3

ANSI documents available from American National Stds. Inst., 1430 Broadway,

It is recommended that measurements be made only when wind speed s below
19 km/h (12 mph).

It is recommended that a drawing or photograph of the test configuration
be included in the reported resuits.

References - Documents referenced in this Recommended Practice are:

ANST §1.4-1971 (R1976), Specification for Sound Level Meters,
SAE J184, Quaiifying a Sound Data Acquisition éystem.
ANST §1.13-1971 (R1976), Methods for Measurement of Sound Pressure Levels,

New York, NY 10018.
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APPENDIX A

A typical test layout may include an engine-dynamometer located in an acoustically
isolated test cell adjacent to the test site, The piping from the engine to
the silencer should extend from the isolated test cell to the test site., The
silencer system should be oriented in the same relative position to the ground
as for the actual application. Al11 piping between the engine and silencer
should be acoustically treated to meet the requirements of Paragraph 3.2

The sound level measured during the test should include outlet sound as well
as shell sound fram the silencer and connecting pipes, but not inctuding the
piping from the engine to the silencer. The test site may consist of a flat
open space or acoustically equivalent indoor or outdoor test site,

APPENDIX B

If a facility other than a flat open space {(Paragraph 3.1} is used, the

A-vwieighted sound Tevel from a broad band sound source must not deviate over
the test distance from the response in a free field above a reflecting plane
more than + 1 dB. Measurement considerations in American National Standard
Methods for Measurement of Sound Pressure Levels, AMSI §1.13 - 1971 (R1976),

shall be used.
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A Theoretical Examination of the Relevant Parameters

for Dynamometer Testing of 2-Cyecle Engine Mufflers
by
Professor G, P, Blair

Department of Mechanical and Industrial Engineering,
The Queen's University of Belfast

Abstract

A powerful design tool has been developed for the prediction of
noige and performance characteristics for two-stroke cycle enpines of
the type used for motorcycles, chainsaws, outboard marine units, or
anowmobiles. Here it is used to assess the various parameters involved
in dynamometer testing of an engine when fitted with an exhaust muffler
by comparison with the normal utilization of the product. A motercycle
example ja used to illustrate the several problems inherent in such a
technique and the effectiveness of the computer program in providing

golytiona to them. The precise usage of the computer program is presented

in an appendix.
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1.1

Introduction

The history of the internal combustion engine is peppered with
theoreticiany whose dream it is to predict the performance of some
particular unit, or type. The history of i.c. engine silencers, or
mufflers as they are referred to in the United States, is equally laced
with theoreticians with absolute design pretensions. It has nlways
amazed this author that the former group rarely include the detailed
geometry of an exhaust (or intake) silencer as part and parcel of their
design for engine power or efficiency and that the latter section will
cheerfully design a muffler in ncoustic, pseudo-acoustic, or in
electrically analagous terms as if the engine barely existed. Yet

the interrelation of these components is all too obvious.

The blunt truth is that designers of either type have, with some
notable exceptions, failed to attempt their theoretical desipgn procedures
based on reality, nomely the mathematical tracing of the thermodynamic
state, position and velocity for every particle of pas from the time it
enters the "systen” until it leaves it. The "system" is of course the
engine and its intake and cxhaust silencers. Should such a ealculation

be carried out then in engine terms its performance characteristics can

be deduced as power, torque, fuel and air consumption and thermal efficiency

at some particular rotational speed and in noise terms the separated
intake and exhaust noise spectra and levels can be determined at any
desired location in space from their sources at the "system'. That is
a design procedure, for then the effect of changing the most detailed

of geometry on both noise and performance can be avaluated.

It will be noted in the foregoing that no mention has been made of
two-stroke or four-stroke eycle, Diesel or spark-ignition, rotary or
reciprocating pisten, super/turbo-charged or naturally agpirvated engine;

nor is there need to for the theories of unsteady gas dynamics are as
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2.1

catholic in application as the particles of air are non-sectarian on

the topic of into which engine type they should be ingested.

Theory

Computer programs can, and have, heen assembled for the derivation
of performance characteristics for most of the engine types listed in 1.},
but not many of these solutions have been extended to deriving the intake
and exhaust noise spectra created. In the appendix to this paper there
is a4 report issued from the (ueen's University of Belfast, report No.1096,
describing the input and output data from such a calculation for a
single-cylinder, naturally nspirated, spark-ignition, pgasoline burning,
erankcase compression, two-stroke cyele engine; several species of intake
valving can be catered for as can the most complex geometry for the “system"
for this common type of i.c. engine. The references in that appendix
describe the background experimental and theoretical work over the last
thirteen years and the level of correlation between measurement and
calculation which now justifies the computatienal method as a working

design tool. TFurther discussion here would be verbiage.

One of the computer programs, type GPBZ, will be used here to illustrate
the various problems asscciated with testing mufflers on a8 dynamometer
as a means of evaluating their perfermance in their natural environment.
As can be seen in the appendix, program GPB2 deseribes a typical sipgle-
cylinder engine with piston controlled inlet porting and having a
performance tuned exhaust system but with exhaust silencer consisting of
four expansion boxes in series and with a single expansion box type of
induction silencer. The actual data used is for an existing 250 cm?
machine sold in the United States for 'enduro' or 'desert' racing. A
listing of the 'standard' data is shown in Fipg.l with certain of the

values covered, for the datu and the engine form part of a design developed
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2.2

2,2.1

2,2.2

ar QUB for a particular manufacturer and are consequently of some
confidentiality. Also shown on Fig,l is the output [or the peak
horsepower specd of BOOO rev/min and the description of the symbols

and the data nomenclature is given in the appendix,

Theoretical solutions to some problem arcas

When a motorcycle engine is being tested on a dynamometer, either without
or within its production chassis, and a microphone is pltaced in the
dynamometer test area, unless some acouwstic cover is provided for it

then it will record the summations of the various noise sources, namely
intake, exhaust ond mechanical noise, In the nomenclature for program
GPB2 the microphone is positioncd at distance RPATHI and RPATHE from the
intake and exhaust noise sources. The program provides no information

as to mechanical neise levels.

The possible experimental solutien to the dynamometer assessment
of the effectivenessor otherwise of an exhaust muffler would he to
acoustically shield the entire test area but have the exhaust orifice
appear outside that shield and the positioning of the micrephone at

RPATHE from that orifice becomes & less critical faector.

A theoretiesl examination of these possibilities appears in section
3.2.1 by comparison with the neise made jointly by intake and exhaust
noise sources under the test conditions imposed by typieal acceleration
test procedures at 7.5 or 15.0 m employed by several legislapive

authorities.

One of the simplest methods of silencing any engine device is to throttle
the intake or exhaust systems; this has the distiner comercial ana

ecological disadvantage in chat, almost eercainly, engine performance

and efficiency deteriovate respectively, An examination of the effectivencss

or otherwise of this approach is discussed in section 3,2.2.



LI A AR L A T

2.2.3 Under accelevation test conditions on a track the vehicle passes through

# torque and power speed range as well as a neise-speed related spectrum,
The theoretical program allows one to examine in detail the performance

and noise-speed spectrum in detail and permits the redesipgn of the silencer
s0 as to climinate the worst noise case at a partieular speed point without
reducing the overall engine performance; for it is that 'worst' noise

point which will register on an acceleration test. Some riders of
motorcycles have demonstrated their ability to record lower {(by 1 or 2 dH)
noise values under acceleration test conditions and this is managed by
their instinctive ability to hold that ‘worst' noise-speed point to be
either well before or well after the minimum microphone to machine distance

point. Further discussion of this is contained in section 3.2.1 where

actual values are quoted,

2.2.4 One of the difficult assessment problems as to the effectiveness or

cotherwise of an exhaust muffler, and it applies equally to dynamometer
and acceleration truck testing, is when an exhausc muifler is being
employed in the presence of an intake noise level which is either equal
to, or is in excess of, that emanating from the exhaust source, The same
comments apply equally to mechanical noise but that is outside the scope
of the theoretical examination here. Discussion of this problem with

predictions from program GPB2 to assist in its illumination are presented

in section 3.2.3,
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3.2.1

Discussion

The information presented lere is but a minor fraction of the total
available from the several computer runs involved in numerically
highlighting the general nature of potential problems in sections

2.2,1 to 2.2,4,

A summary of cthe main performance characteristics of the engine are
shown in Fig.2 over the speed range between 5000 ~ 8000 rev/min which
would be that employed for & typical acceleration test, irrespective of
micrhphone positioning and tesr conditions. Presented on Fig.?2 are
both experimental and theoretical values at each speed point for

power (bhp), delivery rario and brake specific fuel consumption (1b/hp.hr}.
The theoretical values are predicted by the program GPB2 for the listed
data in Fig.l and the experimental or measured values were provided by
the engine manufacturer; thus not all theoretical values predicted here
have n measured equivalent, The engine is running at full chrottle
both theoretically and on the measured dyne test data, and as it would
be for an acceleration noise test. The theoretical/experimental

correlation is quite gaod,

"Aecceleration Test"

The contribution of the intake and exhaust noise sources to the
averall noise levels at each speed point on the 'acceleration' test
are shown in Fig.3, as predicted theoretically for microphone positions
of 15.0 m for both sources., The noise levels on Fig,d are computed
as dBa while the equivalent data For the same situation but with total
noise levels calculated are plotted as dBLIN on Fig.4. Ik can be seen
that the intake noise is lower than the exhaust noise in general, but
has two quite distinct peaks at 5500 and 7000 rev/min, 1t will be

noted that the peak exhaust noise occurs at 6500 rev/min. . The
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7000 rev/min, irrespeetive of vhether the noise recording occurs hy
dBa or DHLIN eriteria. The overall noise/speed spectrum is quite
flat, produced mainly by a noisier and "flat" exbaust noise/speed
characteristie. Should the intake noise have been at a higher level
a totally different situation would have occurred.

A Test Muffler Problem

The kernel of a potential problem for muffller assessment appears
here; let us assume for a moment that the sbove defined system passed
the "test", just, Let us suppose that a new exhaust muffler is ta he
assessed and it is found thact this slterpative device has a noise/speed
characteristic no higher in peak value than the standard unit, at
75,9 dBa, but the peak occurs at 2000 rev/min and not at the 6500 rev/min
for the initial silencer. The nett effect would be that the peak intake
and exhaust noise/speed points would coineide and produce a peak noise at
6500 rev/min perhaps 2dB higlier than the current highest wvalue. Does
this silencer then fail the “acceleration" test; almost certainly for
the peaks tend to get recorded!

Typical Noige Spectra

The program predicks the intake, exhaust and pverall ncise spectrn
at whatever independent microphone position is selected. JPresent in
Fig.5 is the noise spectra from the 7000 rev/min positions in the
calcuations discussed above, It can be seen that the principal source
of noise is the peak inlthe exhaust noise spectrum between 450 and 700 Hz,
whercas the intake noise spectrum has a dip at that position, otherwise
the overall noise peak would have been even higher. It can be seen that
the exhaust noise spectrum [alls off rapidly afrer 1000 Hz whereas the
incake spectrum stays very flat until 2000 Hz, The combination of these
two characteristics results in a sustained necise source with a relatively
flat overall residual spectrum, influences the overall sound level and

should be the frequency to be tackled by (say) a suitable side resenator

‘element in anv redesign of the unit,
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Microphoue Positioning

In a dynamometer test sitvation where the intake {and mechanical)
noise is not shielded from the micraphone which is being used to
record (or attempt to record) the exhaust noise then the microphone
positioning becomes critical, The relatively obvious conclusion is to
place it as clpse to the exhaust noise outlet as is practical. An attempt
to illustrate this poinc is made ip Figs, 6 and 7 in the form of tabular

data and in Fig.8 as a graphical representation.

In Fig.6 is shown the intake, exhaust and overall sound pressure
levels (dBa) for several combinations of microphone positioning relative
to the intake source point (RPATHI) and the exhaust outlet (RPATHE),
with the relative positioning being mostly 0.5 w nearer to the inlet
in most cases for dyno work and 7.5/7.5 or 15,0/15.0 m to represent
the acceleration equivalent, The reverse situation is shown in Fig.6
where the microphone is more logically placed closer to the exhaust

outlet,

At equal/equal microphone positioning it will be remembered that
the exhaust noise is some 2dB greater overall than the intake level,
A close examination of the figures reveals the relatively obvicus,
namely, the closer one approaches the exhaust outlet with the microphone
the more nearly dees the exhuast noise level and the overnll noise
level coingide, Thus any careless pesitioning of the microphone, such
as positioning (b) or (e) in Fig.6, would mitigate againse any clear
assessment of a ! or 2db difference in the performance of any particular
exhaust muffler. The curves of nolsu levels for intake and exhaust
noise at various independent microphone positions are shown together
on Fig.8. While equal/equal microphone positioning preduces an
approximately constant 2dB differential, the differential microphone

posicioning for equal noise levels from hoth soureces inc. qses with
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3,2.2

distance, 1In other words at lU0dB noise level from hoth sources
the differential microphone positioning is 0.2 m at about 0.75 m median

value but for 76dB equality the differential spacing is 3.2 mon a 12,3 n
median point.

Close positioning of the microphone to the exhaust outlet would not

necessarily require the acoustic shielding of other noise sources for

dynamometer test purposes.

Throttling the Exhaust Outlet

The four-box silencer used in the relatively simple silencer
design discussed in the previous sections has basically four clements of
different volumes connected by 24 mm diamcter tubes, The calculation
at 7000 rev/min was repeated for a microphoﬁe positioning of 7.5/7.5 m
equality of distance from intake and exhaust inlet/outlets respectively.

It will be remembered that 7000 rev/min was the highest noise point on
the noise/speed characteristic. In ecach of five calculations the diameters
opl, DE1R, DD2 and DD2R were changed successively from 16.0 to 18.0 to

20.0 to 52.0 and to 24.0 mm; the latter value being the original standard
enlculation, In other words the final outlet tube diameter was changed
from 16,0 mn te the standard 24.0 mm value in several steps. The results

for power, delivery ratio, brake specific fuel consumption and exbaust,

intske and overall noise are shown on Fig,9.

There is no doubt that throttling the exhaust outlet down to 16.0 mm
from 24,0 mm diamecer certainly reduces the overall noise by some 4dH,
but more significantly to below the levels for the intake noise which now
becomes the predominant source., The equality of neise level cccurs at
an outlet diameter of 22 mm; here the overall noise level is reduced by
just 1.5 dB for 0.5 hp penalty in power and none in fuel consumption,

Significantly, although the air flow was reduced by some 2% the intake

noise slightly increased,
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Further throttling to 16,0 pm produces a considerable drop in
power (6 hp), a deterioration in engine efficicncy (the bsfc increased
by some 10%); white the aiv flow rate decrecased by some 152 the intake-
noise barely altered, indeed it actually increased by 1dB at .the point

where the outlet diameter was 20 mm,

It can be seen that in any muffler assessment program, a device
which is overly restrictive on the entire system reduces both engine
power and efficiency, and must be rvecognised and categorized as such a
device, The test methods should be capable of differentiating between
the silencer which is allowing the engine to produce its rated power ,
and efficiency within the noise limits and the badly designed or produced
device which derates the power unit so as te fit within the legislative
framework, In these ecologically-conscious days retention of hiph engine

thermal efficiency is as important as excessive noise. |

In section 3.2,1 the importance of the desipn of the intake sitencer
was pointed out; particularly emphasized was the necessity to ensure
that rhe noise peak in the intake spectrum did not coincide with that

from the exhaust asystem.

On the "standard" engine the intake box, Box 1, had a volume of
7200 emd with a 40 mm outlet tube dismeter (all diameters DSl - DS2R).
This was replaced by a smaller box, Box 2, of 2500 em® volume and a
tube of 44 mn diameter of the same length, This was so arranged as to
produce the same total air flow at 7000 rev/min and therefore the same
power from the engine with a common "standard" exhaust system for each
"paper-engine computer—dynamometer test" situation, The exhaust noise

is unaltered in conscquence.

The overall noise (intake) levels and their frequency spectrum
are shown in Fig.10 and the first point to be observed Ls gpreatly

increased overall sound pressure level peak (dBLIN) at the first
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harmenic (116.7 Hz}. It is at this point that one must ohserve that
one has grave doubts about the legitimacy of the A-weighting factor at
this frequﬁncy; for be assured that should one ride a motoreyele with
such a veplacement {(Box 2) intake silencer hox then this low frequency
noise peak would be obtrusive and unpleasant, As the facts stand the
application of the A-weighting characteristic produces an overall sound
level for Box 2 only 0.6dB higher than the original design. Perhaps

it is time to reconsider the application of a total sound pressure

level (dBLIN) criteria for legislative purposes.

Conclusions

The theoretical procedures illustrated heve shew the usefulness of a
design tool which is that in a true sense; it has the capability to reveal
the separate intake and exhaust noise production at independent distance
assessment points as well as the interaction of the intake and exhaust mufflers

on the engine and its performance parameters.

The program here is oriented towards the two-cyele motorcycle, outboard,
snowmobile, chainsaw, or industrial engine type; there is no theoretical
barrier to its dpplication to any internal combustion engine which inhales or

exhales in the commonly unsteady manner.
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MICROPHONE POSITIONS

RPATHE  RPATHE  INTAKE dBA  EXHAUST dBA  OVERALL NOISE dDA
(a) 0.25 0.75 108. 6 101.1 109.3
{b) 0.5 1.0 102.6 98.6 104,1
() 1.0 1.5 96,6 95.1 98.9
(d) 2.0 2.5 90.6 90.6 93,6
{e) 7.5 7.5 79.1 Bi.1 83.2
(E) 15.0 15.0 73.1 75.1 77.2

{a)
(b)
(c)
{d)
(e)
(f)

FIG. 6 - MICROPHONE

PLACED NEARER TO INTAKE SOURCE

MICROPHONE _POSITIONS
RPATHI RPATHE INTAKE dBA EXHAUST dBA OVERALL NOISE dpa
0.75 0.25 99,1 110.6 110.9
1.0 0.5 96,6 104.6 105.3
1.5 1.0 91,1 98. 6 99,7
2.5 2.0 88.6 92.6 94,1
7.5 7.5 79.1 81.1 83.2
15.0 15.0 73.1 75.1 77.2

FIG. 7 - MICROPHONE PLACED NEARER TO EXNAUST  SOURCE
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A Computer Propgram for the
Prediction of Noise and Performance
Characteristics of a Two-Cycle Engine
by
Professotr G. P. Blair

Report Ne.1096

Summary

This reporc containg a description of the data sheets for the
use of a compﬁ:er program called "THROUGHFLOW" which predicts
the performance characteristies of power, tarque, fuel
consumption, air flow, etc., as well as the separate intake

and exhaust noise spectra and their overall separate and

combined noise levels, A brief deseription of the input and output
data is included, as is reference material for further study and
8s background material and as experimental proof of the accuracy

of the prediction method.

Ashby Institute, Stranmillis Road, Belfast BT9 6AH Telephono 45433 Telex 74487
661111
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YINROUCHFLOW' = a computer propram te predict the performance
and noise characteristics of a4 crankcase compression two-stroke

cycle enplne

Research work at The Queen's University of Belfast over the period
1964 to the present day has been aimed at understanding the unsteady gas
flow behaviour of all types of enpines, two and {our-stroke cycle, Picgel
or spark ignition, supercharged or naturally aspiraced, with reciprocating

or rotary piston mechanisms.

Recent work published by Blair and Cahoon (1), Blair and Ashe (2) and
Blair (3) shows how this research work has moved with a natural progression
from prediction of pas flow through the engine to direct evaluation of the
engine's performance characteristics of power, torque and specific fuel
consumption. Related work by Blair and Coates (4) and (5) described the
method of evaluating pgas-borne noise created by pulsating pipe systems and
this has now been incorporated with the above-mentioned prediction computer
program to give noise characteristics for the intake and exhaust systems

or their combined effect,

The data sheets which follow this section detail the geometrical
details of the naturally aspirated, gasoline burning, crankcase compression,
spark ignition two-stroke cycle engines whieh can be analysed with this
program. There are several variatiomof intake and exhaust systems which
can be handled, and for the ;everal types of induction system such as piston,

reed and disc valve control.

The main ctypes of engine handled are
(a) exhaust tuned units (motorcyecles and snowmobiles)
{b) non-exhaust tuned engines (industrials, chainsaws, lawnmowers)

(¢) the "in-hetween' units or part exhaust tuned (outboards)

The signature of the programs applying mainly to units typified in

(a) are:-

GPB2 and GPB&
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The signnture of the programs applyiniy mainly to units typilied in (b) and
{c) are:~

GPB1, GPB3 and GPOS
The middle initial P refers to the program indexing a "piston-ported”
induetion process, with the data oriented in sequence to suit that program.
Middle initials R and D refer to "reed-valve' and "disc-valve" inductien
chatacteristicda, In other words program GPBl refers to a piston-ported
industrial engine with a sinpgle exhaust and a single intake box silencer {see
data sheet later) and programsGRBl and GDHl would calculate the alternate
noise and performance characteriaties for the same systems but for 'reed'

and 'disc' valved unics.

The numeric symbol 1 = 6 definea the type of exhaust system attached to
the engine, all units having o single "box and tube' intake silencer. To
illustrate this, apart from examining the sketches in the data sheets which
follow ~
Program GPBl has a single box/tube exhaust silencer, without a tuned exhaust
system.

Program GPE2 has a ser of four box/tube exhaust silencers, with a tuned
ayatem.

Program GPE3 has two box/tube silencers, without a tuned exhaust system.

Program GPB5 has two box/tube silencers with one tube perforated, and without
a tuned exhaust aystem,

Program CPB6 has a single perforated tube silencer and a tuned exhaust pipe

system,

The following page, Fig.A, is a reproduction of an actusl computer output

for program GPB1 - a piston-ported induction unit, actually of the chainsaw type,

The firat half of the 'output' from the program is che "input" data as
specified in the dats sheets which follow and in the exact order of the data

listed in that section, In other words from BORE to ATOF (cylinder bore, mm

to air to fuel ratio) is-the data listing for the engine. The unita are metric
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(§1) and lincar dimensions are mm, with exhaust temperature (TWAL) listed
as °c.

The second half of the output is the result of the calculations for the
first six cycles of the engine running on the computer as a 'paper engine’',
with the fifth and sixth cycle calculations printed out for power EHPF, brake
specifie fuel consumption BSFC, ete., at the input value of enpine speed, RPM,

The ndise calculations, spectrum or overall values are for the last(aixtﬁ)
cycle only.

The pressure~crankshaft angle pictures are also drawn by the computer
graph plotter for the last {sixth) eycle calculation, see Fig,B, and an

explanation of the relevance of the particular graphs is written on that
figure.

The output contains symbols defined below:

RPM: engine speed rev/min (also an inpuc data value)
POWER: engine power as
BHF =~ based on brake horsepower (746W)
or KW -~ kilowatts, kW
BSFC: brake gpecific fuel consumption as
L8 -~ 1b/hp hr
or KG =~ kg/kW h
BMEP: brake mean effective pressure as
PSI ~ 1h/in?
or KPA ~ kPa
IMEP: indicatad mean effective pressure as
PSI - 1b/in?
or KPA =~ kPa
PUMPMEP: crankcase pumping mean effective pressure as
PST -~ 1lb/in?

or KPA - kPa
AT



FMED:

PTRAP:

PREL:

PMAX:

TWAL:

5CaAV:

or

friction mean effective pressure as
PSI - 1b/ia?

KPA = kPa

delivery ratio defined as

mess air £low induced per cyele
masg of engine’'s swept volume at STP .

* where STP is "“standard temperature (EOOC) and pressure

(760 mm Hg or 101.326 kPa)"
charging efficiency defined as

mass of air trapped per cycle
magss of englne's swept volume at STP

trapping efficiency defined as

mass of air trapped per cycle
mass of air induced per cycle

scavenging efficiency defined as

mass of air trapped per cycle

total mass trapped per cyele

(also can be seen as 'trapped charge purity')

trapping pressure, or pressure at exhaust port closure in
units of atm.

release pressure, or pressure at exhanst port opening in
units of atm.

mﬂximum cylinder pressure during combustion in units of atm,
also an input value, exzhaust temperacure, c,

SCAVDEG, the number of degreoes of 'perfect'scavenging after

transfer port opening, For'a fuller explanatian see reference (2).

The next section of output deals with the noise output analysed over

the last (sixth) cycle of calculation. The first part shows the noise spectrum

for the first to the nch harmonie up to a maximum of frequency of 2000 Hz

applied to. the intake system and the exhaust system at their respecrive

distance (RPATHI and RPATHE) from the ‘microphene'. Also shown is the total

or overall noise speccea, the combined nnise spectra of the intakevind exhaust
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system. The values are in d3 and are analysed as LIN (overall sound pressure
level in dB) or as AWT (weighted according to the A-weighting scale factors
in dBA).

The last line of the output shows the summation of all of these spectra
to give the total intake noise (LIN and AWI), the total exhaust neise (LIN
and AWT), and the combined noise for both noise sources (LIN and AWT).

The graphical output in Fig.B shows the pressure-time histories in two
sets, for reasons of clarity.

Set I: at the top of the picture are the crankcase and inlet port pressures
{in atm.) with the horizental line being atmespheric pressure
(1,0 atm.}.

Set IL: at the bottom of the picture are the cylinder, exhaust port and the
(middle of) transfer duct pressures (in atm.) with the horizental

line being atmospheric pressure (1.0 atm.),

The x-axis of the pictures run from TDC to TDC {on the sixth cycle) or

'360° crankshaft where BDC at 180° is the centre of the picture. TDGC and BDC

refer to top-dead-centre and bottom-dead-centre piston positions respectively.
The vertical lines drawn on the diagram; apart from TDC, BOC and TDC are IO
and IC (inlet port opening and closing), TO and TC {transfer port opening and

closing), and EO and EC (exhaust port opening and closing).
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ENGINE Hakk anb TYPE STT WL 092 File. A

TWOeS TROKE BF [NUUSTH] 1 H K nt
AAROCHAR BBy Y INQUSTRIAL ENGINE =ITH UNE EXP, HOX INTAKE ani DKE
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[T Jb,us 2,.un b, 00 W,
TRANSFER POHY DATA  THRANSPNU  TRANSPRTWID  TRIRAD THHRAD
2,dh 44 ,4p 290 2,00
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EXHAUST RIPE LIARETERS D Dy PIR
2b, 59 i1 FLPS-11
EXH, BDX A DATA LA NAy DAtk nDA2 DA2N VAH Kkl
. 2h, 14 20,0t 26,9¢ 26,50 FLIY 29n 4y Ih,de
INT dUX 5 DATA THROTTLE L5 Ds1 NSIR bs52 DS2H LEL Ash
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FRICTION FACTUWS FFE FFA FFI FFT FF§
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Datn Sheet for "Throughflow' -

a complete scavenging,

induction and exhaust analvsis of a erankcase

compression two-stroke eycle engine.

ENGINE NAME

ENCINE TYPE

NO. OQF CYLINDERS

INDUCTION SYSTEM: (a) Piston ported

{b) Dise Valve

(c) Reed Valve

Professor G,

r. Blair

Dimension Symbol Units Daca Value

1. Cylinder Bore, diameter BORE mm _
2, Cylinder Stroke, length STROKE mm
J. Connecting rod centres, length CRL mm
4, Crankshaft speed RPH Rev/min
5. Exhaust port timing, at opening, EXHSOPEN degrees

degrees ATDC ——
6, Transfer port timing at opening, TRANSOPEN | degrees

degrees ATDC
7. Inlet port opening, degrees BTDC ENOI'EN degrees
8, Cylinder trapped compression ratio | TRAPGR
9, Crankcase geometric compressien CRANKCR

racio, including transfer duct

volume

CRANKCVOL Cm3

QE Crankcase clearance volume
including volume of all
transfer ducts

TABLE

See Figs.l and 2, for Ffurther details

L
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volume trapped
Fig,1 Crankshaft position shown at exhaust elosing -position, the Crapping
position, usually EXNSOPEN deg BTIC.

VOLUME  THAPI'ED
TRAPCR CLEARANCE  VOLUME of COMMUSTION
CHIAMBER WITH PISTON at TDC

CRANKCVOL, cm3

Fig.2 Crankshaft position shown at bottom dead centre, B.D.C. = note all
transfer ducts are open, and the volume under the piston is then
the crankcase clearance volume, measured in Cm3. Tf SV is the swept
volume per cylinder, cm? then -

5V _+ CRANKCVOL
CRANKCYOL

480
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TADNLE 2
Dimension Symbol Unics Nata
Values
10. number of exhaust ports EXPNO
11. maximum effective width of each EXISPRTWID mm —_—
exhaust port
12, corner radius on top edge of EXTRAD mm .
each exhaust port
13, corner radius on hottom edge EXIRAD mm -
of each exhaust port
14, maximum height of exhaust port EXHSERTHTMAX mm —
i.e, not extended to piston
BDC position
Note: A data value for EXHSPRTHTMAX of 0,0 in the program judicates that

the exhaust port height extends to BDC,

Fig.3 Plan section on exhaust parts

yd
a

EXTRAD
EXBRAD
re

Fig.4 Elevation on an exhaust port

481
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Dimens ion Symbo | Units Data Valucs
15, Number of transfer ports TRANSI'ND
l6, Total effective transfer port TRANSURTWID mm
width (usually 2(a + b + c))
Ok WIDTH (a) A mm
WIDTH (b) b i
WIDTH (c) c mn —_——
l6a. Port elevation angles A degrees
OB degrees
Bc degrees
17. Corner radius on upper edge TRTRAD mm e —
of tronsfer port
18, Corner radius on lower edge TRERAD mm o
of transfer port

TRANSFER PORT
“WLDTHS

‘*%%}

Fig,6 Plan Section through tranafer porta

PORT ELEVATION ANGLES

e

LB

| R

b

Fig.6 section, elevation, through porc A, B, or G-
482

ﬂd’ port type A
OB, pott Cype B
BC' port type C

deg
deg
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TANLE 4
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Dimension Symhnol Units Bata
Valuus

19, number of inlet ports ENPHO

20, maximum elfective width of ENPRTWID man
each inlet port

21, corner radius on ctop edge of ENTRAD mn
each inlet port

22, corner radius on bottom edge ENBRAD mm
of end inlet port

23, maximum possible inler port ENPRTHTMAX mm
height

24, carburettor flow diameter DIp nm

25, inler porc down draught angle DOWNDRAFT degrees
wrt cylinder centre-line

26. length from pistan face to the LG mm
position where Etract area
equals cuarburettor flow area

27. length inlet tract where trace L7 mm
area essentially equals
carburettor flow area

[ DIP

ENPRTHTMAX

L

Fig,7 Sccrion through inlet tract for piston-port
induction system,
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FOR PROGRAMS CD __ , INDICATING TIHAT THE PROGRAM REFFRS TO A THO-
STHOKE DISC VALVE (D) ENGINE.

Dige valve, or lotary Valve induetion

data values indicating the following: RENPRTHMAX, ENTRAD, ENBRAD, ENPRTWID
on R MEAN should be entered on Table 4 as the equivalent named data values
numbered 23, 21, 22, 20 and also data number 28 below.

ENPRTHTMAX
ENTRAD and ENBRAD

mean rodius
RMEAN

—l [ENPRTWID

Fig.8 elevation on face cavered by rotary dise

LB L7 4

*—.disC

Fig.9 induccion tract leaspth/diameter characteristies
for disc valve engines.

Dimension Symbal Units

28 Mean radius of inlet port I MEAN mm
Eor dise valve induction
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Transfer Nuct, length and entry areas

Dimension Symbol Units NData Values

28, effective area to cach transfer
duct at entry frcm crankease

(sce Fig.5)
individual nreuA, areau'.nreac.

and (usually 2A + 2B + 2C) total area | FTRDUCT L

29, ecentre line length of transfer L8
duct from crankcase entry to
cytinder exit {see Fig.6}

Often individual transfer port and duct deaigns do not conform to the form ar

type indicated here, Please sketch below if this is not the case:

EXHAUST (AS TEMPERATURE, TWAL c

SHOULD INFORMATION BE AVALLABLE AS TO THE EXHAUST GAS TEMPERATURE,
°c, (or 'R TAKEN PREFERABLY IN HOX A FOR PROGRAMS GPEL, CPB)
AND GPB5, OR TAKEN BETWEEN D30 AND DGO FOR PROGRAMS GPB2 AND
GPB6 THEN IT WOULD BE MELPFUL TO TUE - PROGRAMMER TO LIST THEM

FOR EACH POTENTIAL CALCULATION SPEED (HPM) OR OTHER OPERATING

VARLABLE.

4H5



'_::_'—‘. PIPE A _f D!
*I__' LA N rL"
8 LAA
ok [T
volume VAB

XAB

Program: G.P.B1

Microphore Position

Do

T
Gt
VNGt
BoxS

ps2

Tl

| I—
D;;L.Li-

/ THROTTLE
" {area ratio)

DSs1

volume VSB

.___.-T‘t{

DS 2:

e

|

EXHAUST AND INTAKE_ SILENCING BOX PARAMETERS REQUIRED FOR PROGRAM




e

i T

L T e R et e T T

EXHAUST PIME:

EXHAUST AND INTARE SILENCER IOX DATA  FOR

PROCRAN

CIril

LENGTHS DIAMETERS

no e
L1 mm Dl mn
NIR mm
BOX A DATA:
L bal DAlR DA2 Dazr an Xan
om mm on mm mn em? mm
INTAKE DBOX S DATA:
Throttle Ls bsL " DSIR ps2 DSIN vsy xSB
from mm mm mm ran (.'l‘.|3 1]
(area ratia)
MICROPHONE POSITIONS:
RPATHE RPATHE
m m
(SPARK) IGHITION TIMING: °yroe
(ATOF)  ATIR TO FUEL RATIO:
REENTRANT TUBE LENGTHS
L1l LAd LSs
mm mm mm
487



D 52

-‘r . .

s I

velume VSB

Microphone Fosition

Bex S 1
L F— L’___L.S_-_J/
IRVl DSIR +55- IDSZ‘R

%
A
£}

\

/
- TTRF’JTTEO]. vag VB3 e o
- area roti <o xasf_._xs3!. ¥C3 /xn_g___/
| | | /TN
Pofose 2 | SjomR| 5]
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F T’ 7T o0z
D"'Rnt:' AR cartmazaien tear |aeatener
50 D20 Deg BOKA  EOXB BOXC B0XD
EXHAUST AMD INTAKE SILENCING 80X FARAMITERS DEGUIR_ FOR FRCERAM GE3 2,
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EXIAUST ARD THTARE  STLENCER  BOX  DATA  FOR  VROGRAM  GPN2

EXUAUST PIPE:

LENGTIIS

110 mm
L0 mn
Li0 (]
LAQ "
150 nm
L&0 o

DIAMETLRS

B . m
plo Ttk
nzo nm
Do . nm
4o R
[IED) mn

D60 i

Lo __ mm nlo mm
b g
HOX A DATA:
LA DAL DALR A2 DAZR AR XAD
mm rn mwa s mm em? mn
BOX N DATA:
WD DwR PR pmR v P
™ e ma mm . nen cin? men
NO¥ € DATA:
w o opetopEm o opezopen o K
ma mn nm mi mm Cl'ﬂl nm-
HOX D DATA:
Ly bt DolR hb2 hn2r oo s
mm m . mm i cm? Tm
INTAKE BOX § DATA:
Theottla L-S- DSl NS1R [_)_?E NS2R i‘ill X5l
mn mm mn mn wun f.'lfl]
(area ratio)
HICROPHONT POSITIONS:
RPATIT REUATIE
n m
(SPARE) TGNITION TINING: “wine
(ATOF) ALR 10 FUEL  RATLO:
REEHTRANT TULE  LERGTHS
L1l LAA LBA 1.eC _ LDD L&3 :
1nm mm men - m mn
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Mi::oph':re Fosition.

BOX B
Qa2 RLDAZ/
_L L‘:{ LA
b
D3] T = gs1
| 1':---'—--——%{ " lyotume vsB DSz
; --—-—LD-—-—_' THRGTTLEJ
e . -
e DBI’T {areg matio vep
DB2RZ 7 ‘
véal %8B

Program: G.PB 3 EXHAUST AND INTAKE SILENCING BOX PARAMETERS REQUIRED FOR PROGRAM

R



T it T, P T S D I L e e e L m e

LT TR s

RPN

P

roeraia bt

EXHAUST AND INTAKE SILENCER

KOX DATA FOR PROGRAM GPR3

EXUAUST PIPE:

491

LENGTHS DIAMETERS
oo mm
Ll mn D1 mm
DIR mm
BOX A DATA:
1A DAL DA oA DAZR vAD 18
mm wm mm mm mm em?d mn
BOX B DATA:
LB DBL DELR DB2 Dn2R XBB
fm mm mm mn mn emd mn
INTAKE BOX § DATA:
Throttle LS 251 DSIR ps2 DSIR vsB Xs8
me mm mmo wm mn em?
(area ratio)
MICROPHONE POSITIONS:
RPATHL RPATIIE
m m
(SPARK) IGNITION TIMING: 0BTD_G
(ATOF) AIR TO FUEL RATIO:
REENTRANT TUBE LENGTHS
1 LA 188 LSS
mm mn o nm
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Microphone Pasition

2
AL
/ o
DA2 Bopr : . EOX A k o
holes o Al X i
i .
L LP 1 r-u : | DS1R ELSS]
] LAA — T \s s DSt
| = II; | D0, A\ /bﬁj ‘volume VS8
' tn BN THROTILE
i @ faréa ratiol
S wolume VAB ) vsg
/] i N &2
veB %P8 XAB I

EXHAUST AND INTAKE SILENCING 80X PARAMETERS REQUIRED FOR PROGRAM GPRB S.

DS2R ——
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EXHAUST AND INTAKE SILENCER TOX DATA FOR _PROGRAM GPHS

EXHAUST PIPE:

LENGTIS DIAMETERS
bo mm
L1 mm Dl mm
DIR mm
B0X A  DATA!
LA pAL DALR DA2 DAZR vAB XAB
mm tam tm mm ey cm?
DOX P DATA:
L N holes k23 yves Xrs
oun mm cm’ mm
INTAKE BOX S DATA:
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PANEL DISCUSSION

Thursday Afternoon - October 13, 1977

The panel discussion was conducted in two parts as follows:

Part I:

Part 11:

Panel members were asked to discuss specif1c
issues presented to them,

Panel Hembers

Dr. R. J. Alfredson - Monash Univ,, Australia
Dwight Blaser - General Motors Tech. Center
Dr. A, Bramer - Nat'l Research Council, Canada
Peter Cheng - Stemco Mfg. Co,

Prof. P,0.AL, Davies - Univ, of Southampton
Larry Lrikkson - !llelson Industries Inc,

Doug Rowley - Donaldson Co.

br, Andy Seybert - Univ. of Kentucky

Cecil Sparks - Southwest Research Instit.

EPA representatives from the office of noise
control and abatement and from enforcement,
answered questions from the fioor

EPA Persannel

br, William Roper - Branch Chief, ONAC
Scott Edwards - OHAC

Charles Malloy - OHAC

John Thomas - ONAC

Jim Kerr - Enfarcement

Vic Petrolotti - Enforcement
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PART T - PANEL DISCUSSION

Ernie_Oddo

For the past twe and half days we've 1istened to experts in industry
and universities tell us about their work on various methodalogies
being studied, developed and employed to predict the performance

of mufflers on various surface transportztion vehicles, 1 believe
it's fair to say that most of this work has been done to aid in the
design of effective mufflers. All of us present, at this symposium
I am sure, have a real appreciation for the complexities involved

in dealing with the significant parameterswhich must be considered
fn any muffler performance prediction technique. Bearing in mind
these complexities then, we would 1ike to address the objectives

of the EPA muffler labeling contract and the specific areas in which
we need assistance from panel members and members of the audience,
To open these discussions I'd 1ike to call upon Dr. Bill Roper from
the EPA Office of Noise Abatement and Control who will elaborate

on these objectives.

Dr. Bil1 Roper

1 would .71ke to go back and read over the four objectives that 1
mentioned in my opening statement to this meeting which outlines the
specific objectives of the EPA general labeling program, which I think
is very appiicable here this afternoon and applicable to this entire
symposium, The first objective 15 the provision for accurate and
understandabie information to be provided to produbt purchasers and
users regarding the acoustical performance of designated products

so that a meaningful comparison could be made concerning the acoustical
performance of the product as part of the purchaser's use decision,
This objective I think, is a particularly irportant one with regard

to the subject of this symposium, The second objective is to provide
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accurate and understandable information on product noise emission
performance to consumers with minimal federal invelvement. The

third objective 1s the promotion of public awareness and understanding
of environmental noise and associated terms and concept. And the

fourth objective {s the encouragement of effective voluntary noise
reduction and noise labeling efforts on the part of product manu-
facturers and suppliers. fith that quick review of the principal
objectives of thé EPA general labeling program I would like to go

back and focus on objective ane which dealt vrith providing the consumer
with information at the point of purchase-decision relative to the
acoustical performance of a product, How, that doesn't necessarily
mean that a product would have to be quote "physically labeled".
Information could be provided te the consumer in a number of different
ways., It is essential to provide him with information on the acoustical
performance of a product at the time he makes the purchase decision.

We think this is an important concept, As consumers utilized the
acoustical information in their purchase decision it is felt that

such selective decisions will have an impact on the noiseiness of products
used in this country. It's a way of potentially getting noise reduction
resolved without any required federal requiatory standards on the
manufacturer of new products or aftermarket part replacement manu~
facturers. In looking at the problem from the aspect of a voluntary
standard, consider that the consumer, given the right information,

can make a voluntary decision on whether they want to buy a noisy
product or a quieter product., Without the acoustical performance
information however, he really can't make that decision, Ina

general sense, that's one of the principal reasons that EPA {s interested
in Tabeling vehicle exhaust systems and is collecting information at
this time for use as background data to eventually put into a format

for decision making within the agency,

I1'd like to look back at what I consider two separate parts of the
labeling background stedy that would have to be developed in order
to have the necessary information to implement such a program. One
deals with the technical performance data relative te, in this case,
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Categories of engines vs. current best muffler assessment approaches

Huffler Assessment Lt. Heavy
Approach Truck  Truck

Auto-
mobile ODuses

fotor-  Snowe
cycles mobiles

Parametric Analysis

Acoustic rlodeiing
Engine Simulation
Standard Engine

Actual Engine
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IISTRUCTIONS TO THE PANEL

Please consider the following two questions for application across
all surface transportation vehicles or to a logical grouning of these
vehicles. (Light and heavy trucks, autos, busses, motorcycles,
snownobiles, motorboats)

Also consider approaches that:

I.

1'

—

S
to

Al

o not use the engine, such as !
A. 'Parametric approaches
B. Amalytical techninues
C. Engine simulation

Uce an engine, either
A. Standard engine
.B. Actual engine

QUESTIONS

there an existing bench test methodology that could be used
test mufflers, which would give values that:

Could be added to the noise contribution of other
predoninant sources on a vehicle, to accurately
predict the total vehicle noise level, or

HWould characterize the performance of a replacement
muffler, compared to a vehicla's OFM muffler,

2. If not, can the panel make recommendations on the most promising
bench test candidates that would meet the objectives of question
one, and the stage of development of these tests,
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the exhaust system; the other deals with communication of that
information to the lay purchaser or user. I'd like to scparate the
latter one from the discussion today and concentrate on the technical
performance aspect, A major part of that consideration is of course

the measurement mathodology procedure through which you can collect

the required data, Selection of a methodology must be based on a

whale series of considerations. There are many trade-offs, To name

a few there'§ the accuracy of the procedures, the repeatibility, the
simplicity, the cost involved in both the operation, and the equip~

ment instrumentation, These trade-offs will directly impact whoever

is using the measurement procedures, as part of his design or production
process, For the past 3 days this symposium has focused on ane type

of measurement methodology the bench test, to determine what was available,
problems that might be involved in utilizing what is available or more
hasfcally, if such a measurement methodology was even available,

This methodology referred to is the use of bench testing for determining
exhaust system performance, I think from a labeling standpoint we

would be-looking at the muffler particularly, although I recognize

that many, or perhaps all of the people that have participated in the
symposium have stressed the importance of looking at the total system.

! think from a lakeling standpoint the most important part of the
exhaust system 1s the muffler, although you'd have to consider the

total system 1n developing the fnformation base to properly identify

or characterize the muffler, I think another element here is the fact
that in carrying out this program, conducting this symposfum and
investigating what procedures are available for measuring exhaust system
noise we at EPA recognize that the industry and the people such as
yourselves, who have done research in this area over the years are

the experts in the field., You are the ones that know what can and

can't be done both from a theoretical and a practical standpaint and

we viould 1ike to benefit from the knowledge that you have and receive
recomnendations from you based on the best information that's available
on what you would recomrend to EPA as far as any measurement methodology
for vehicle exhaust systems is concerned, How, we get down to the real
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practical aspect of the task we at EPA have.to accomplish, which 1s

to Took at specific exhaust systems and to determine the most practical,
available test procedures to use, to obtain representative acoustical
data, I have broken out here on the viewgraph the 7 major categories

of products that we are looking at at this time, I would like to focus
the attention of alil those on the pane! and the audience on these

7 categories and based on the information and reports that we've had

in the Tast three days I would 1ike to challenge you to come up with
your best recommehdation on how we might measure and characterize
muffler performance on these 7 c'ateqories of vehicles. How, I recognize
that none of the presentations have specifically broken the products
out this way although I think there are possibilities here for combining
certain categories., 1 would be very interested in the comments that
might come forth on these particular applications. Now, I have gone
ahcad and taken the Viberty of using some of Larry Erikkson's breakout
of a general approach to muffler assessment and listed some of those
down the vertical axis here and I guess the question comes down to how
much of that matrix can we fill out? What's available today? And
perhaps if there are two or three procedures available for testing in
one category here, maybe we should talk about a ranking of which of
those three are best for use in that particular applidation, I think
as we move Tnto that discussion, since you are the experts in the field,
you can also interject your concerns for the other elements of measure-
ment methodology that have to be considered at some point sucfl as
simplicity, cost, accuracy and similar things., The LPA proqram, from

a time standpoint calls for our contractor McDonnell Douglas Astronautics
to pull together and present to us Tn approximately one month, the
recommendations from this symposium, along with their own views on

this question, These recommendations will be used hy the EPA to .

make decisions on a procedure or procedures to be used in our testing
program for measuring exhaust system muffler performance; a procedure
other than for measuring total vehicle sound level, Our contractor
will be conducting tests using Loth total vehicle and whatever other
bench test procedure we have selected, starting the first part of

next year. 1 have briefly summarized the program schedule that we're
working under and the purpose and objectives of this symposium,
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Our primary objective in this symposium is to come up with the best
available test procedures to be used in assessing a muffier exhaust
system performance, other than by using total vehicle sound measure~
ment procedures. So with that challenge to the audience and the
panel I'd Tike to turn the session back over to Ernie Oddo,

Ernie Oddo

1'd 1ike to amplify on ope of Bill's statements, Currently in our
contract we are going to test vehicles in each one of these categories
that are on the beard. We will also test, a minimum of throe after-
mwarket mufflers on each one o these vehicles, using the currently
most applicable total vehicle noise measuring procedure, such as

the SAE J-336 for trucks, for instance. Then we will take those
mufflers off the vehicle and test them using a"candidate" bench test
methodelogy. This is part of the test plan that is in the current
contract. Continuing then with the panel discussion I'd like to

flash on the board the questions that we gave to the pane! at Junch
time to review. We'll.give the audience a chance to read the questions,
Then we will flash a viewgraph on the screen showing a matrix of
transportation vehicles versus various muffler assessment approaches
we would iike considered by the panel.

Cecil Sparks

Looks to me 1ike it addresses itself to the evelution of the bench
test facility which will be used for actual predicted purposes, that
is to predict the sound level coming eut of the thing which in essence
means we can then put a label on this muffler that 311 define the
nuffler, the exhaust system, the engine, the whole thing. In’such
cases, it appears to me that your label's goaing to be bigger than

your muffler in the sense that if you consider all the possible
parametric variations invelved you're geing to include in the label,
including the testing facility, the wide variations and cngine operating
conditions and the exhaust system, etc.. The approach inferred

then is one of predictive rather than just a bench test facility

that will say that this is a reasonable quality muffler and as such
will have to be a Tabel of the system rather than the muffler jtself
and while this kind of thing it seoms to me is theoretically possible
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in that you can build a source simulator for any given engine to
covar a wide range of conditions put sinulated exhaust systems,
etc, on it, seems Tike it would be much simpler just to test it on
the vehicle.

Ernie (ddo

I vant to clarify one point there, by labeling we don't necessarily
mean physically sticking a label on a muffler, We have a much brpader
description of Tabeling. Labeling could be just some identifyving
numbers on the muffler similar to what is done today. The numbers

or letters would identify the manufacturer of a muffler which then
could be traced back to the manufacturer's catalog., The catalog vhich
most manufacturers currently fssue would have 11 of the information
that you have discussed, This is just one alternative,

Cecil Sparks

The other alternative would be to categorize it in terms of the

inherent passive response characteristics of that particular
configuration but again you would need the same kind of information
we're talking about 1f your intent is merely to be able to predict

what the uTtimate noise level at a given application will be rather

than say, okay this is a hospital type (statiomrary) muffler or something
like that,

Ernie Oddo

As an example, I would Tike to refterate that which Doug Rallev from Nonaldson
presented. That approach is simflar to what we are talking about,

for trucks. In other words, Donaldson has all kinds of information
computerized on tab runs and in catalogs, which take into account

back pressure and 211 the other parameters that we discussed. Their

program considers the specific parameters such as engine back pressure,

pipe length, etc., and then indicates candidate mufflers, for that
application,
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Cecil Sparks
That was the point I was trying to make, do you do this with a bench
test facility or do you use thz actual instaliation?

Ernie Oddo

Okay, well that's the question we're posing here to the panel and to
the audience today, considering the broader definitinn of bench testing
which could be any of the categories up on the board,

Dr. Davies

I wanted to step back two steps first - I know Bil1 Roper said that

he wanted us to concentrate on technical performance data and that
communicatfon of information concerned was of secondary importance,
well already we've seen you can't separate the two, they're 2 combined
exercise. You can't really decide about the technical performance
data  you're going to produce without taking the communication problem
with 1t so you can't divorce these. They're part of the same process
in the first place. The second point I'd like to make s that when
you come to a labeling procedure and we've heard the difficulties of
labeling muffier units on their own you really must look at the system
and all these other complications and that there isn't such a thing

as a good or a bad nuffler, it just depends on how vou use {t. The
consumer and if you think of the consumer in a simple level, and
that's the housewife in her house, she has the same probiem, sha has
to buy a cooker and a dishwasher and various other things, and operat
these and get them to perform certain tasks, she makes a distinction,
she knows what she wants, and so I think that what you've really got
to do is to think of the two together, you've got to provide technical
information that's understandable, It can be complicated, I mean you
are going to look at the sales feature an same of this equipment, 1
don't understand it, The housewife dees. You don't get bugged up

on the technical problems too much, but you put the others on the
consumer te say, all right we've given you this information and it's
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up to you to make proper use; what he's got to be sure is that the
information isn't deliberately misleading, I think that's the first,
and secondly the infermation is sufficient for him to mike a qualified
judgement. Well now, that's one part of the problem, the sccond part
of the problen .. that I'm horrified by this here table or matrix,
because it's quite clear, and I'd 1ike to add amather category to the
1ist, why we've got recreational vehicles there because they really
cause a lot of p}oblems.

Ernie Oddo

They are not in our contract.

Dr. Davies

They are not in your contract? Then let's exciude these explicitly,
The seeond thing is that we have a very wide range of engine types and
I don't see how we can come to a simple and meaningful way, consumer
oriented way of describing the characteristics of these systems over
this big range, For two reasons, the guy is not going to be interested
if it isn't tailored to his requirements; lie's not goina to go through
five pages of data just to get the two 1ines he's interested in,

So what you've got to do is to come up first with a clearly defined
classification system. It's not difficult, it's here, heavy trucks,
you might put 1i{ght trucks and autos together, buses are a special
problem because buses are operated on the whole by corporations and
the corporations have the technical expertise to make decisions,

And then you've qot the other probiem, the snowmobile, the motorboat,
the motorcycle, tae semi-recreational vehicle and also you've got the
ordinary driving car and also our washer oy our cooker or whatever

we have at home, in our house. I think we have to produce a different
labeling system to suit the applicatien and T think if you start in
that direction you might make soine progress,



Ernie Oddo

First of al} we do have recreational vehicles in our contract, motors
cycles and motorboats are recreational but on your point | agree with
everything you said Professor Davies, concerning this matrix, we don't
in any viay intend for muffler labeling information to be callected

in this format to be passed on to the consumer, We just present

this information in a matrix format for the panel's consideration;

as an easy way to keep in front of you all the various possibilities
that we would like you to consider, Ue realize, of course, that for
light trucks one or more assessment approaches could be used. For
heavy trucks or automobiles, the same thing holds true. The question
15, can we group the engine categories above and then use one of
these particular approaches to handle two or three or four of these
vehicle categories?

Prof. Davies

What 1 should have been clear in saying is that I think that as well
as this‘categorization you really ought to categorize the consumer or
the purchaser or whatever you'd liké to call him, That after all

the fleet operator represents one category and he wants a different
sort of information than the individual operator or the private
individual. You might think again that you really have a different
labeling procedure for these three cateqories, because they are
different.

Ernie Oddo

That's true and that's why we try to separate the twe {ssues - one
being the technical., MWe feel that once we have good technical
information obtained from a good bench test methedology, the trans-
mittal then of that data or information to the consumer, is another
problem, we recognize that. We are also open for suggestions on the
best way to transmit information to consumers, but I think the first
step has to be the technical question, do we have a bench test
methotology that would give us good, valid, accurate data to do with
it what we want to do?
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Prof., Davies - It's this guestion of accuracy that bothers me, If
you'd left ocut that word I'd qo along with everything you say. 1!
think you have to define what you mean by aceurate, I think it's
got to be convincing. Convincing is a different overtone. The
cohsumer, the guy that's going to fit this to his car of tit this to
his truck has to convince himself that what he does has to comply
with regulations and he needs informatfon that will convince him
that what he does is a sensible approach to solving the problem that
he's up against - regulations. That's what he wants. Accuracy really
doasn't come into it. He's going to depend on the certification
provided by the manufacturer.

Ernie 0ddo

That's where we want to apply the word accuracy. Mot really to the
consumer, we're really interested in the manufacturer guaranteeing that
his product when used on a certain vehicle is going to do what he

says it 1s going to do,

Or, Brammar

I beljeve that the sort of question the consumer is probably going

to ask is something very simple such as, is this replacement nuffler
equal to the ocne I have on my <ar or better, or is it worse, and if
these are the type of questions one wants to obtain answers for then
we'ra really talking about a relative measure of muffler performance;
we're not talking about an absolute measure and in terms of questions
that are posed here, this moves us mora towards B than A perhaps and
also 1t enables us to, if we think about it, we can now start
running some form of test as yet undefined, in which we can replace
single components, compared with the coriginal existing components,
and see the effect of them relative to the original muffler. 1 think
we have to think a Tittle bit about the type of labeling

that will be used and the sort of questions that we
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want to answer otherwise I don't see how we're qoing to get started

on this particular problem but here's a notion that 1 think we could
usefully pursue, If one tries to answer qu'ust'lons of this type but

it does get away from a lot of these problems of predicting the noise
of the vehicle and things Vike this and the accuracy of the measurement
that was giving a 1ot of concern and rightfully so, If I had te rank
order one A or B of which 1 think is wost important to the consumer

I think in terms of questions he's asking from a replacement piece

of equipment, I'd rank B above A at this point in time and let that
influence the choice of measurament technique that I would gn for,

Ernie Oddo

Any comments?

Doug Rowley

Bi11 Roper laid down quite a stiff guideline for us and I think I'd
Tike to get them a little bit stiffer. Talk about this accuracy thing
and I'd Tike to ask, accuracy toe do what? What are ve really trving
to do? By that ! mean what level are we tryving to contrnl overall
truck neise too? Then we can talk about whatever the exhaust system

has to do. Can you comment on that Bill? Can you follow the question,

In other words, somewhere along the Tine ['m trying to get someone from
EPA to tell me that you'd like te control the noise of the new 1978
trucks once they get in use, to some level. Then, when 2 follow
starts looking for a replacement product he's got some guide lines,

Bill Roper

Okay, in response to your Jast question, you're right, the new medium
heavy truck standard«is one that applies to the date of manufacture

and we have an in-use standard for interstate motor carriers which

is 86 dBA for speed zones less than 35 mph, there is a gap so to speak
in the Federal program although not in some state programs, [ understand,
as to the in-use level that would be applicable to the medium and heavy
truck, say that's manufacturered at 83 dDA level begipning 1 January 78;
there is no Federal standards other than the 86 dBA pass by, now we

have under way right now a program at EPA developing the background
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information that will be necessary for revising the interstate motor-
carrier regulation with the intended purpose at this time of seiting
that interstate motor carrier standard at a lewer ievel which would

be equivalent for an in-use truck te the new truck standards, In other
words a truck that is manufactured to meet an 83 dBA newly manufactured
standard would then be required if operated by an interstate carrier

to meet some equivalent standard while in use, flow, it may be the same
Tevel, 1t may be slightly different because there's a different measure-
ment methodology involved, But yes, we are addressing that now. In
regard to the labeling aspect I think we're talking about more than
Just a Jabel that identifies how close or how a product complies with
an existing standard because in some of the areas there may never

be Federal standards for those products. lle're anain focusing an the
information that describes the acoustical performance of that product
to the consumer so that he can consider noise as one of the elements

he thinks about in making that purchase decision, [ quess I would

also want to talk about two different ways that vou could loak at

two different types of information that could be used for a basis for
labeling. One weuld be if you're comparing system A with svstem B

or system A with the original equipment, and that's such as you were
mentioning, a comparative type of information. The other would be

how does it compare with the total system or total vehicle performance;
in other words, given this exhaust system, how is it going to affect
total vehicle acoustic performance, There's really two different
approaches there from the EPA standpointiwe are not lecked into either
approach. We're looking for the cne that makes the most sense. There
may be implications, depending on which kind of approach you take as

to what's available from a measurcment standpoint,

to provide the teool to develop the data for labeling, That's one
element that ['d like to hear more corment on, Considering these

tyo general types of approach, to collect the nocessary information

for labeling, which one has the necessary measurement tools commensurate
with it to provide the data, at this time?
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Cecil Sparks

You could go a couple of ways in that regard, again-1 think that if
you're trying to use a bench test facility or evolve one whereby you
can predict what this particular muffler will do on trucks X, Y and

7, etc, you've got a pretty tough row to hoe, On the other hand §f you
can evolve the system of labeling where you label the truck and the
nuffler that this trick has, then, when a replacemept muffler is used,
class G31 and 4X82 or something 1ike this then in essence qualify your
mufflers for those various applications, MHow that 1s something that
seems to me would be a practical approach. But again, perhaps you don't
neet a bench test facility to do this you could qualify the muffler then
as being original equijpment or better, And then you put in your owner's
manual which mufflers you can use, as possibilities.

Ernie Oddo

That would lock it into OEM only and how would the replacement
manufacturer, for instance, comply.

Cecil Sparks
They'd just have to quaiify their muffler for that application.

Ernie 0ddo
Right, and that's what we're talking about. Qualify it how?

Cecil Sparks
On the vehigle,

Ernie Oddo

Okay, that's true, that is definitely one methodology that can be
employed and we know it will work if you test every one on thg vehicle,
but we are looking for methodologies other than vehicle testing, to
supply performance data on mufflers,
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Cecil Sparks

The point is though, if you build a bench test facility whereby you're
able to predict this muffier's performance on this whole broad spectrum
of truck configurations you've got a horrendous job.

Ernie Odda

That may be the case.

Pcter Cheng

I agree that while the best thing is to put a muffler om @ach truck
model, We've got two problems here., First, even OEW truck manufacturers
cannot test the mufflers on every truck model. Sav cne particular

truck model, they may have 80 to 90 different combinations, Some of

them have a fan clutch some of them have different fans, some of them
have transmission boxes, etc, As to the second question, if

“ we are going to test the muffler on the truck who is going to do it?

Who's going to pick up the vehicle? There are so many aftermarket
truck muffler manufacturers, Do each one of them have the right to
ask OFEM manufacturers to test mufflers an every ong of the OEM truck

models?

Cecil Sparks

Mare people would have access to the trucks than they would have the
faciiity, I wvould think,

Peter Cheng

Well, from our experience it's very difficult to get a truck. Most
1ikely, we would 1ike to test the muffler on the new truck because

the other noise sources were controlled when the truck is relatively
new. And uswally, the dealers would not allow us to get the ney
truck to test and another thing is that talking with some of the OEM
truck manufacturers when they want us to test some truck, especially
on back pressure, they would specify the truck must have gross vehicle
weight., We have to put say, a few thousand pounds at least on the
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truck and no local dealer ar whoever would like ta ldan us a truck
by putting a few concrete blocks on it. I am looking at this praoblem
from the Other aftermarket companies' point of view, Me are alse in the
OEM business and first of all, our cxperience again is limited to
heavy duty trucks. 1 don't know anything on snowmobiles, etc., The
heavy duty truck is differnt from the passenger car in one sense in
that the customer is more knawledgable than the general consumer,
It is a different type object. Second of 211 I am not saying that
they understand exactly what dBA is, etc. but at least everyona of

our distributors has a noise Tevel meter they can somehow crank up

an engine and run some tests, And then, Tet me view the problem from
OEM market experience. I don't think there 1s 100% satisfactory

bench test method, Because of the pipe length, etc., but the SAE

test procedure mentioned by Mr, Larry Erickson this morning, I think
that's a good compromise between practicality and 100% accuracy.

And, we also have a lot of experience on judqement of whether the
muffler we sent out to our OFM customer will pass the drive-by test

or not, Me have a very good idea if it will, Ye're just like Nr.
Doug Roﬁley said when he got 95% accuracy. I don't know whether I
would have 95% accuracy or B0Z accuracy but I tend to agree with him
that there is some correlation between a bench test and drive-by test,
If vie cannot get some kind of ball park feeling from our bench test
then the OEM truck muffler manufacturers simply would not be in the
business, We cannot send five mufflers for our customers to test and
for them to pick une. They are not going to do that, Ve send him

one sometimes at most two and we make our best judgement whether he

will test it or not, also, we do not send ane muffier to one manufacturer.

We send a muffler to possibly a lot of manufacturers. And from our
experience if the muffler which we judge is a good muffier probably
will pass the test with a lot of our customers. On the other hand,
a bad muffler probably will not pass the test,

Ernie Oddo

Thank you very much, Peter
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Larry Eriksson

Well, I had a few general observations, a 1ittle bit over what Peter
safd and what Cecil said, looking at these vehicle cateqories one
observation 1'd like to make most, 15 that many of these categories

are products that either have been or will shortly be governed by

some nev product noise regulation by EPA. And I'd 1ike to focus on

that a 1ittle bit. One of the observatiens I'd like to make s that

for those products I persenally don't sce the need for muffler labeling
for the new products and I think this is an important point, He're
talking about a truck or whatever that is already subject to a new
product regulation. I for ane feel it would just add complexity to

also ask for a label on the particular muffler used on this piece of
OEN equipment. It's already meeting specification for the overall
vehicle. Accepting that.point then what that leaves is the aftermarket.
And, in terms of the aftermarket the only abservation I can make is

if we are setting levels for overall vehicles, new products that are

as stringent and as accurately measured, etc, as we are for trucks,
buses, or what have you, it seems to me that any aftermarket evaluation
procedure measure ouqht to be at Tcast comparable {n accuracy. e
shouldn't give away an awful lot in terms of the aftermarket measurement

_ procedura, Essentially what we ought to be shooting for is something

that is more or less equivalent to OEM and the OEM unit that the OEN
equipment has, In the sense that we don't want to allow any degradation
of that product, that the EPA'E proposed regs already have 'included

same aspects of not allawing any degradation, I frankly see the
requirement in the aftermarket ending up one way or another, Saying

in so many words it's going to be about 1ike the QEM unit was. Accepting
that fact and the fact that you want an accurate test it seems to me
that you're going to be looking at an actual engine test of one sort

ar another, How, I agree with Peter, I think the SAE procedure that

vie have worked up is probably not too bad a compromise,- but whatever

you come up with I think it's going to have to be something very

similar to that in order to obtain the kind of accuracies to be
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consistent with the rest of the program. And, I have nat seen

in any other presentations including my own that the other four
techniques listed here really provide accuracy that is at all comparable
to the rest of the noise program, that is at all comparable to the type
of thing we can achieve in the SAE type procedure, with the type of
engine dynometer and real engine close to real system type of test,

Now, if you're still with me on that where that leaves me, is saving
that okay, we're going to do real engine testing, we're going to test

on something like and SAE test, but what about the multitude of
combinations, [t's been stated, it seems to me if my observation is
correct, that there is no practical way to measure all combinations that
exist and so it strikes me that we're going to be in a situation

where some kind of certification that it maets is a preferable route

and then a test program would have to back up that certification.

The burden would be on the man who certifies it, to the muffler supplier
to have his engineering house in order sufficiently so he can certify

it and be reasonably confident that when he gets around to testing it

on an engine or when -somebody else gets around to testing that particular
situation on an engine that within some tolerance it does in fact follow
what he said it would. So those are a bunch of observations which

are connected.

Ernie Oddo

With reference to doua's comment before on the SAE procedure, on the
accuracy of that procedure, would you stil1 consider the new SAE
procedure accurate enough for this purpose?

Larry Eriksson

I didn't really disagree that much with Doug, maybe it came aut that
way I don't know, The procedure is a verv good procedure, It's an
accurate procedure in a sense that certainly I think all of us in

the muffler end of things at least in this panel, are using, something
very similar to that procedure teday in eour muffler testing and 1t
certainly does correlate in an indirect sort of way with the kind of
measurements the vehicle manufacturer might be making, [ guess I'm
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Yike Peter, 1 don't know what percent s exactly, the correlation, but
certainly we do supply units to our customers, and often times there
are no problems in terms of correlating our numbers with their numbers,
Occasionally, of course, there are, but there is certainly room for
improvement in that particular area. However, it seems to me it's
far-and-away, from a technical point of view, the best way to do it,
that we've found and usually, the correlation {5 quite satisfactory,

Ernie Oddo

Thank you, are there any comments?

Dr, Robin Alfredson

It seems to me that a fairly easy measurement to make in the jaboratory
anyway 1s the measurement of transmission loss. And the question we
really have to work out is how good is transmission loss a measure of
performance on an actual vehicle. My guess is, and it's really only

a quess, that transmission loss is probably not too bad for the large
multi-cylinder engine situation. That's only an intuitive guess.

1 believe in the single cylinder or two c¢ylinder case
transmission less 1s very unrealiable, 1 suppase an the average if
you're measuring transmission loss for a large multi-cylindar tvpe
of vehicle that might give you an indication of the performance.

A little bit 1ike having your feet in two buckets of water, [ave

one foot 1n a bucket of water that's freezing cold and the other is
boiling hot, you can say on the average it's warm but it's hurting quite
a bit. I don't have any strong feelings, perhaps some of the manufacturers
might have. If you do have a good muffler, and I imagine that means
good in terms of transmission loss perhaps, can you be reasonably
certain on a Jarge number of vehicTes that on the whole it performs

well, My feeling is that probably with a larger multi-cylinder engine
that would be the case but certainly not with the smaller configurations,
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Doug Rowley

I'm not going to try to answer that question, I don't happen te agree
with that, ['d Tike to go back to Larrv, Peter and Bill, shviously

one of the reasons ! wanted to know what your goals are is to establish
a paint that we will be faced with replacing a product that is equivalent
to the original equipment and yesterday Bi11 Roper mentioned something
about replacing the exhaust pipe with an equivalent te the eriginal
equipment. | think one thing we as part of the industry do not wish

to get into is placing a standard on the exhaust system, Really,

what we're trying to do is control averall truck noise, which, perhaps’
exhaust noise is a very significant part. The question is, and it could
be a }ittle bit ridiculous, are you going to put a standard on the
mechanical noise in the engine, intake noise, fan noise and etc, Well,
this is pretty much what I'm driving at, ! do feel that if our catalogs
should say, as a quide to the user, that this is equivalent to the
original equipment, rea11§ to carry that on further, is there a need

for a-specific type of evaluation method. Perhaps there is, but you're
coming up with an assessment. I could perhaps look at a product and

say vie}l, yes based on a lot of experience that's going to be equivalent
to original equipment., Do you get what I'm drivinn at here Bi11?

For instance, to meet the 83 dBA requirement we may have an exhaust
system that controls the exhaust noise te 80 dBA or in another case

we have to control the exhaust noise to 70 dBA, A vast differonce
probably in the size, shape, weight and the cost of the exhaust

system, And really, when you get right down into the trucking business,
this is the name of the game. They just oet by with as 1ittle as. they
can possibly use,

Bill_Roper

1 think in your comments you brought out one of the points I think
important, That is, knowing what the exhaust system will do on a
particular truck is vitally important to the persen who 1s using that
truck. You mentioned the one case you sited, The ane case might be
an B0 dBA muffler and the other case was a2 70 dBA muffler to meet a
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particular desired level of tatal vehicle noise. So it's vital to

the user of those two trucks to know which nuffler or which exhaust
system to apply, And I think that the general thrust of a labeling
program is just that. To provide to the purchaser of the product,
information that will allow him to evaluate the acoustical performance
of the product he is buying along with the other things; cast, or what-
ever, I don't know, 1 guess it's not true that in a general sense the
quieter muffler 15 always the most espensive, sonetimes it isn't,

So he would have the acoustical performance available along with other
information when he makes a decision. The other point you raised there,
is other components of the vehicle are important. As T recall, mv opening
remarks pnintéd out. a couple of things that are particular to the exhaust
system, That is, one, it's an important source of noise, Two, is that
it is replaced on a cyclic basis throughout the useful 1ife of the
product so that it is sowething that a user later on in the 1ife of
that vehicle will be replacing and if it is replaced with a_system

that is acoustically louder it's just a louder source of noise in the
environmgnt. flieing in the noise control husiness we're concerned about
that, so it's for that rcason too we are interested in coming up with

a way of defining the performance of replacement parts., Exhaust systems
fall into that particular cateqory of a product that is in fact a
repiacement part, to a total vehicle system.

Buight Blaser

I think the one thing that baffles me a 1ittle bit on what seems tn
be charged here of this three day symposium is that maybe it's the
next to the Tast Tine there on the screen, evervthing seems to be
pointed teward characterizing the performance and we all seem to he
charged with wivich technique is the best to do that. In order to
decide which technique it seems to me, that first you have to define
which performance parameter are we going to use to characterize it,
Let's even Jimit it to the acoustic performance, [ fecel certain that
of all the bench tests, analytical techniques, all the on-vehicle
tests, they've all been carried out in a very systematic careful
manner, they're all relatively accurate for developing data which
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what we really have to do is to define or decide which performance
parameter first then maybe we can back off and leok at which technique,
if you wish, is the most accurate, to measure that parameter.

Ernie Oddo

Respectfully, I am asking you the question back again as a panel.
Taking into account that you've done a lot of research, a lot of

work in this area, and you're familiar with the important parameters,
which should ar should not Le fncluded in any bench test methodology,
Can you eliminate as maybe less significant some of these paramoters
to come up with a simpler bench test and still meet the cbjectives
here,

Dr. Davies

I don't really feel 1t's helpful to repeat what one's safd but I think
a lot of things safd in between on a remark I made earlier and a remark
I make now is along the same tines. The point is, if we're going to
get anywhere, that we've got to state some objectives very clearly

and this +is what Doug Rowley sald., We've heard about heavy trucks
mostly, in this discussfon, That's only one part of the problem,
liow we know what the cbjectives are there. The operator has got a
tough job. To meet the noise requirement Jegislation. Because we

know the engine noise that's the carcass noise is so domimant, that's
one particular problem, and the methodology you want and the problem
that the muffler designer is facing is in one category. MNow if you
talk in terms of total environmental pollutfon, the private automabile,
the problem is quite different, that is an exhaust noise dominated
area, as far as the anpvironment is concerned in general. That's very
much more difficult I think, the replacement problem, because there

are more replacements, that are going to happen in the 1ife of the
auto, Secondly, the replacement's going to be made in a much more
arbitrary way. A private {pdividual's going to put a replacement part
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on, that he can get cheapest and guickest to getting by, 1 mean that's
the answer for the average user., That's a different problem and if
you're going to try to come up with a methodology or a test procedure
I think you've yot to look at each of these categories on the 1ist and
in the matrix and say allright iet's pick the parameter for that one’
and place the methodology on that one and Jet's go on to the next one

and Yook at that and then you make progress,

Ernie Oddo

Good observation and if you'd 1i¥s tp continue that discussion --

Larry Eriksson

To carry on a 1ittle bit on what Dwight's conment was, which | think

I heartily agree with, It's very difficult [ think to separate the
technical questions from questions of the objectives and what the EPA's
trying to accomplish, why they're undertaking this program in the first
place, I think you've got to get very specific about why this program
is being done, Specifically, what it's trying to respond to, what it
hopes to'accumplish. I know with our own company there's one excellent
way to waste a ot of time and get a Jot of wrong information and that
is one of the personnel in cur company, whoever it might be, someone
from our sales group or engineering group walks over to some guy 1in

our research department and he ‘asks some question of our research guy,
how do you do this? And unless he qgets very specific about what he's
really going to do with that information and why he wants it in the
first place, chances are they're not going to talk the same language
at all, they're going to get a very strange answer, And the rasearch
guy may be operating from a totally different point of view. T think
the only way we can work is you've got to have a person who's asking
the questions to give you all the background, What is he really Tooking
for? Yhat is he trying to accomplish? And this has been lacking, I
have felt this is needed for us to have a hetter idea of exactly why
we're trying to do all this. Now, that's kind of a cop-out. How part
2 is the SAL subcommittee to a certain extent answered that from their
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point of view, Their answer from their peint of view vas, we want the
sound pressure level produced by that exhaust system, Quy subcommittec
had to deal with that, not from a government requlatory point of view
but from the point of view of a group of engineers trying to provide
some reasonzble characterizations of exhaust systems so we had to answer
questions from that point of view. - Regulatory agencies are semething
else again, ! have not heard that, from the EPA, Ve were looking
forwvard to the question session with EPA, because that was to be my
guestion,

Peter Cheng

I'm not trying to answer Larry's question to EPA For EPA but 1 imagine
one of the objectives in the muffler labeling proposal probably is
because there are many mufflers on the streets which are basically

tin cans, Me can label mufflers in a very strict sense, put an A,

By Cy, D on it or we can label the mufflers in a rather general in a
broad sense. That is, in the very first step the EPA would require
each aftermarket muffler manufacturer have a good test facility they
would have te know what they are doing. The EPA cam somehowv certify
their test or their test methodology. In addition, EPA would have to
to require the aftermarket muffler companies to report the test results
to their consumer. [ personally believe that EPA should adopt these
two steps and then wait for awhile and then sce whether there is indeed
a need to tabel the mufflers in a strict sense,

Dr, Seybert

We talked a ot about non technical things and perhaps I'm not quite
as familiar with the rest of the people in regard to sone of these
questions, Robin Alfredson touched on something I don't think that we
have received a satisfactory answer for and that is, how cam we use

a basic muffler descriptor such as transmission loss, llaybe not on
its own, but modified according to scme particular configuration with
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exhaust pipe or tail pipe lengths and engine configuration, as a
descriptor. 1 don't think anybody has really demonstrated that this
cannot be done. If we do have a proper descriptor for each of the
subsystems of the overall exhaust systems. Certainly transmission loss
and insertion loss have a lack of correlation. Transmission loss with
more definjtiva information on the rest of the system may be an adequate

-descriptor, Me haven't proved that 1t isn't. That's one thing I would

1ike to see pursued.

Prof. Davies

I've disagreed with Robin before so 1'11 disagree again., Can I refer
back on the three days past, to my original presentation

in which I pointed out that an outstanding problem, and this affects
the issue on technical accuracy, is that we don't really know how to
categorize the source and so we're really in the dark, You categorize
the source and you can then categorize the rest of the system, Fine,
if transmission laoss is it, That's quite satisfactory, that's nice

as Charlie pointed out, it's {nvariable for a particular unit, that's
nice too, you can label it, as hé said gold plate the label and shove
it on there. That's grand, vastly, but we're not {n that position,

In fact I don't know that we ever will be because if you take the top
line aperator 1t keeps these vehicles on the top 1ine and all that
Jazz then you're talking turkey. If you're taking the average user

and particularly, Bnd vie haven't talked about cars much in this
discussion, the average driver of a family car, he's not goning to

keep that in tha shape that all the agcurate measurements and every-
thing else are made in, And so, talking about one or 2 dB or high
accuracy or whatever is meaningless, it doesn't mean anything, Decause
the source is not going to be anything 1ike the OEN source the vehicle
was when the vehicle was categoerized, It's qoing to be different, |
think you've got to go back to scmething that will provide the consumer
with the data rather like the truck operators are provided with data
by the equipment manufacturers and they make the decision which muffier
to buy and to put on their particular truck, It's their decision, in
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the long run. You provide the leqal authority, the pnlice or whatever,
with a test procedure like the 20 inch procedure for deciding whether
the individuals are complying with the law, And, we've heard about

the difficulties of providing a simple bench test procedure for that.
So that's what vou've got to do and I think you've got te be specific.
But there's no way of stamping a label on a particular product and say
that's going to always be satisfactory., It's been said several times
and 1 agree, there's no such thing as a good muffler or a bad muffler
excluding the tin cans. Without saying where and how and why you're
using it.

Cecil Sparks

1 just want to second that and the way your first questfon is worded
it says that the prediction has to be in a form of an actual noise level
so0 it can be added to the other noise levels from the cther vehicle
sources so we agree that some of these more erudite definitions of the
inheraent muffler characteristics much more adenuately characterize
muffler performance than something 1ike insertion loss, My wife isn't
going to be able to use something 'ike that and very few people will.

So it's more of an evaluation process of what you do with the data

after you get it more so than how you get the data,

Ernie Oddo

That's true, that's an important part of the contract. Mould any of

the panel members like to comment on those two questions relative to

any other vehicles other than autos and trucks which is more or less what
we have dwelled on here,

Br. Alfredson

1 thought I'd just make a point here which realily isn't very relevant
but the manner in which a vehicle 15 driven, can make quite a difference
to the dmount of noise, This is particularly 1mp5rtant for the
recreation vehicles,
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Dr. Bramnaor

A comment on the small engine vehicles, 1 think the technique empToying
some form of enfines is highly preferable to those that don't, so

if you want a constant measure I would use one of those. I don't know
whether the papel agrees, but we've really wandered around and I don't
think we've got anywhere. 1 think if one simplifics the question
perhaps in the way I suggested right in the beginning we might lead off
to sonme direction, that is of course assuminn there is a need in some
way to control the production of mufflers which is what it boils down
to. Control the performance of mufflers I should sav. This can be
either by some form of self certification that this ruffler is better
or worse, backed up with same test procedure which could be used as

a method of arbitrating between a manufacturer perhaps that claims it
is equivalent to the existing one and perhaps a consumer or in

this case the regelation agency that c¢laims the muffler is in fact
superior or inferior. All of the qualitative descriptions that I

have used will he turned into quantitative terms such as equivalent
could be for example + 5 dB of original equipment for example, and |
think that if we're going to make progress on these questions Ifd 1like
to see us sort of direct the discussion a little bLit, somowhere along
these Tincs.

trnie Odde

1 doﬁ't know if panel members are familiar with the two testing Institutes
in France and Germany. The one in Germany I'm referring te is the TUV.
We've been in correspondence with Heinrich Gillet Company one of the
German manufacturers who makes mufflers for various vehicles. They
sent us a lot of information and data on these two Institutes that

do testing for the respective governments,

I belfeve they're not government institutes or testing agencies but
they are certified by the governments in each one of the countries,
They do have a scheme and a process whereby 1f a company wants to sell’
an aftermarket muffler, in either country he must submit that praduct
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to the appropriate testing Institute and that testing Institute uses

a standard bench test methodology to cvaluate the mufflers. The test

is an A, B type compariscn in which they compare the OEM nuffier to

the replacement muffler as part of the methodoltogy. e haven't
interpreted the articles fully yet, since we haven't had them fully
translated. lfe just have selacted paragraphs that have been translated.
There is an jndication that they use a standard engine as part of the
test methodology. Me will follow up on this information after this
synposium,

Cecil Sparks

But they're not taking that to predict noise level on any arbitrary
configuration that you have in mind thercafter. So I agree, that's
a reasonable approach. To qualify your muffler,

Ernie Oddo

Well, that's what we have to find out, what qualify means, e don't
have the articles fully translated but if any of the panel members
are familiar with those testing methodnlogies and what they mean
we'd really appreciate hearing.

Prof. Dayies

I don't know about these twn but in Cngland it's the Moter Industries
Research Assoc. and they do perform this function, And I can state
quite categorically they don't use a standard engine because 1 know
it doesn't work. They are certifying a product or a range of products
for a specific vehicle and that's the way they work, They provide
the certificate. [ think also that from what I've heard in this
meeting, from all the manufacturers including the replacement manu-
facturers, they do provide some sort of certificate. And I think we're
getting hung up on technoloqy, Can I got back to what 1 said in the
beginning, if vou go to buy a washer or cocker or whatever that's
certified when you buy it. If vou're going to Luy a recreational
device 1ike a high-fi system that's reallv certified, [ reallv can't
understand what they put on the Jocumentation but that's certified
all right, The manufacturer puts so puch dope there, if he didn't
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comply you'd get him, You know for non-compliance, at lcast he's
responsible, Well, there's one point. After and secondly you go and
Luy whatever junk you like and put it in your house but 17 that
doesn't meet city regulations that's your responsibility and it's
not the supplier's fault. So I'm saying, the route to follow is the
supplier, provides the certificate, and [ think they're willing to
do this, and the user is responsible to sceing the compliance is
agreealle. How, if the user's worried it's up to him to approach
the supplier and say, look, if I use that product am I qoing to get
bombed. And he'll get an answer,

Petey Cheng

I would like to agree with Professor Davies and 1 would like to
amplify that point showing our extremes. In the State of Florida our
aftermarket customers would 1ike to buy high performance mufflers
more so than many other states for the simple fact the State of
Florida has a rather strict enforcement.

Larry Eriksson

You mentioned other nroducts and I think it's probably obvious but 1
think you should say for the record that there are a couple of ather
things on these other preducts that are axtremely important te consider,
the obvious one, particularly fér wotorcvcles and snowmobiled is the
extremely strong connection betveen the sound level of the exhaust
system and the horsepover, Certainly the exhaust system is connected
with the power produced by the engine for all of these products but
snoviobiles and motorcycles 15 of such a different order of magnitude

consideration in my mind that that truly has to he considered separately.

The other one would be in the automobile area although we're nnt
involved in automobile mufflers jt's certainly the case that as ['ve
been told by my friends in the industry there that subjective considep-
ations, and I think we're al) aware of this in terms of automobile
mufflers, are at least as important as objective moasurements and I
think that's fairly unique to automobiles and perhaps it does carry
over to seme of the others but particularly so in automobiles that
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in terms of what’s good or bad for the consumer a subjective character-
jzation does play a pretty important role in terms of wlether the
consumer finds this to be a satisfactory muffler and I assume this is
the kind of thing we're shooting at in terms of regulatory activities
a5 to somehow satisfy the consumer in terms of what he buys. So !
think the subjective aspect is going to have to bLe looked at if you're
out to do that for cars.

Crnie Oddo

At this point I believe we'll open up questions from the floor,

Don Uhitnay

I think 1'd Yike to bring up a point that 1 don't think anybody at

this conference has said. Illamely, that we already have labels on our
mufflers, We all have part numbers on them, those part numbers

refer back to catalogs, those cataloos go to the indjvidual manufacturers,
the muffler manufacturers already know the performance of those mufflers
in relation to the performance of other mufflers that they themselves
have and they have a pretty darn good idea of what those mufflers do
already, ! would like to add one ather part with respect to the SAE
test, as [ understand it in terms of an insertion loss test ! really
don't agree particularly that insertion loss is the thing that we

want to measure, llowever, in terms of comparison of one muffler with
respect to another, I think it can do a pretty good job of telling us
equivalence on a system that truly duplicates whatever the vehicle

with its exhaust pipe lengths, tail pipe lengths, etc. do manage to

do, [ think that we can ask a question here relative to the accuracy
point that's come up many times and I vould like te turn the guestion
around instead of saying how good {s the accuracy 1'm more concerned
with how bad is the accuracy from the standpoint that it's fine to

say that a nuffler 1s approximately equivalent to the muffler that

might have been on the equipment in the first place but [ worry when

we say it's approxfmately equivalent, Is that accuracy qood, do |

have to put in a standard deviation of 2 dB and then in order to
manufacture a replacement muffler and satisfy myself with some reasonable
confidence that my new muffler will be below or equivalent to, do [

have to desinn the new one to 5 db below, or whatover. llov bad is
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the correlation is of more concern than how good is the correlation.
1'd 1ike to refterate again it's been mentioned several times that

the performance of a muffler on a particular engine does in fact
affect the power but I'd 1ike to also say that 1t does affect emissions
also since the pressure pulse {s back on the engine will affect the
instantaneous pressure at the valves, etc, and as a result will affect
the emission characteristics, UWe're getting into a dual requlatorv
situation where we've got a Tot more than just sound levels to
consider, 1 think that's an extremely important thing, Just the

fact of possibly putting double testing in terms of requiring an original
manufacturer for the full vehicle which is what I'm involved in, a
double test, I would say that whenever double testing s involved it
ineffectively decreases the level to which we have to manufacture
trucks. Using trucks as an example simpiy because you have to meet
both stapdards therefore the total truck neisc is lower. That miaht
be a desirable objective but I don't think that's the way to go about
it, 1 would 1ike to say that while ! don't necessarily endorse the
precise California procedure the J1169 SAE procedure for passenger
cars {5 a course filter, it's difficult to get down to precise levels
in terms of enforcement, however, it can-do a job, it can do a real
Jjob more than I think new truck or new passenacr car requlations

will do, in the sense that those vehicles aren’t really bad right now
the ones that are really causing the problem in the community are

the ones that don't have any nuffiers, they have straight pipes, they
have modified systems, that type of thing is the thing that we really
need to get rid of and while the J1169 for passenger cars is a -<parse
affair and we all agree it's coarse it's not a fine test it can do

a very effective job.

Hick Miller

I think we need to focus on the fact that as it's been menticned, there
are two areas here of concern, [ think, first those pieces of equipment
that are now subject to regulation as new equipment and those that
aren't, We're more familiar with those that are, so we'll address those.
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1 think we need to remember that durina the promulgation of the truck
regulation and all of the other new vehicle regulations both EPA and
the Industry were extremely careful to avoid any restrictions upon the
componentry that's used to meet the standards, The truck regulation
and the other regulations are overall performance standards and this
was the philosophy taken so that each manufacturer based on his
understanding of his market, could comply with those regulations most
economically. fiow, the concept of labeling a component is somewhat
akin to wearing suspenders with a belt, The vehicle regulation, the
truck regulations, and the others that are patterned after that, has
tampering provisions which obligate the user to use equipment that will
not degrade his noise level, In addition, the proposed revisions to
in=-use regulations will also provide some assurance that won't get out
of hand. I think what was going to happen is that obylously the
manufacterers are not going to provide equipment that i1l raise noise
levels and the aftermarket suppliers are going to be forced into that
pnsition Just to stay in business. 1 think this 1s a situation where
we can depend on the free enterprise system and atong with the in-use
regulations to provide all the necessarv policing that we need, %o,

1 think we have to look at the objectives that we had'when we first
started looking at regulations for new products and stick with that
philesophy because ! think it is a well formed one and I think it's
been fajrly successful.

Ross Little

1 have a corment more than a question. . In gjitting througn

this vhole program, many of the speakers appear to ne really aren't
addressing what we need or what's needed out in the field. e nced as

I see {t, to identify the aftermarket exhaust svsten which when
fnstalled degrades the noise lTevel of the vehicle. Ve don't have
problems as a general rule, with new vehicles, So in the rating system
we need a relative noise level which correlates to a sound level ascribed
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to the vehicle when the vehicle is first delivered to the first user,
That can be the same test procedure or some other way of arriving at
it. Then these are the main things, there is a standard being proposed
here for’ labeling but someone eventually has to enforce it and if the
numbers aren't correlatable or something that can be used, then the
enforcement goes down the drain, and there is no enforcement and the
whale program is lost.

Hayne Marcus - lotorcycle Industry Council

First off, in the regulations that are under consideration nov labeling
regulations are naturally directly from the nofse centrol act and 1'N
read you one relative clause from that. Section 8, which savs, "the
administrator shall by requlation require that notice be qiven to the
perspective user of the effectiveness, of the products effectiveness

in reducing noise." So this is what at Jeast the Congress and the
President of the United States were looking for when this act was passed.
How, in determining what the effectiveness in reducing noise is, in

my mind, we're looking not for a comparative nunkter relative to an OEN
number. What we want is to know what is the reduction in noise from

a muffler, any muffler because certainly the 0tH produces replacement
mufflers as well as aftermarket companies. Secondly, earlier in the
program today we learped that even OEN produced composite or universal
mufflers Tor older vehicles, The replacement muffler industry including
OEM replacement mufflers, is as far as matorcycles industry is concerned,
is from a labeling standpoint, this labeling regulation 204, should be
aimed at pre-effective date motorcycles, that is, matorcycles which

are produced prior to the effective date of the upcoming new motorcvecle
and replacement exhaust regulations because I don't know if vou're
familfar with it, if all of you are familiar with it, but as far as
motorcycles are concerned there are two such regulations which include
labeling provisions and which‘1nclude noise provisions., The ones that
are coming up, very shortly will set noise level standards for motor-
cycles such as other types of vehicles already have on the books,

This one, that we're considering here is purely for the consumer's
information., Therefore, motorcycles which are produced after the
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offective date of this, soon-to-be-announced noise reduction requlation,
will be controlled, They will be controlled to a certain level of
noise emissions, It's the pre-effective date, the ones that are out
on the streets right now, those that have deteriorating mufflers on
them at present and those which have engines which have gone through
an extensive break-in period and have different source characteristics
than when they were originally produced. So what I'm interested in

i5 knowing how to look into and how to discover what the reduction
characteristics of an exhaust system are on these broken-in, presently-
on-the~street vehicles, not necessarity the vehicles that are going

to be regulated.

Martin Burke - John Deere

I have both questicns of the panel as well as comments.
In the area of snowmobiles, snowmobiles have been regqulated by States
for a number of years now, have a 78 dBA drive-by level per SAE J192.

As a result of this fairly stringent requlation snowmobile manufacturers
have had to put in unitized exhaust systoms on the calumn in vhich

there is only a single connection between the engine and the exhaust
system that is a single flexible type connection, Earlier vears we

used to see systems that had two or three joints in it and which you
could perhaps replace with various components. Since snovmobiles

are basicalTy different between manufacturers, I quess I'm not currently
aviare of an outside replacement market on snowmobiTes other than the

OEM supplying exact replacement parts. Which would I guess in the

case of our company, be identical to or hetter than the original ones,
and 1 say batter than, it could be a case where we carried a model
through several yearﬁ and because of the increase or reduction of

noise we've had to improve the cxhaust system in those cases we have
replaced the older systems for repairs with the pewer systems, low
what decision does a custamer have to make if he can only get one

system from one source for that machine,
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Unknown

I'd Tike to clarify one point, and that is that 1t's impractical to

put a noise level on an exhaust system, lhere vehicles that are
manufactured to meet an overall vehicle regulation one manufzcturer

may require more of the exhaust system than aznother does, And so

the only thing that makes any sense is to require equivaience to the
original system. And that's much easier to get than a number to begin
with and it's the only one that's gaing to make any sense to the consumer,

Frank Savage - Donaldson

I look at this thing and there are three parts to this whole question
here. One is the government which 1s responsible for setting the
standards and enforcing the standards and the manufacturer who makes
the particular product and has to and must stand behind that product

as far as performance is concerned, And then the consumer, and it
seems 1ike what we're doing here 1s putting the entire load or the
responsibility for meeting nofse requlations on the manufacturer or

the government, [ think the consumer has an equal share in this

whole business here, ! think that the muffler manufacturers can provide
a bench mark and I say bench mark because that eliminates the accuracy
type of question but at least it's a bench mark which he will certify,
that says that this product will work on these machines. You've got

to make sure that the consumer’ has not taken this good quatity muffler
off and replaced it with a tin can or a straight pipe. You've defeated
the purpose of course, of the silencer supplier or the program or in
the case of the heavy truck user, where the shall is still in good
condition but all of the internal parts are ignored, but you still

run it down the road., The second test that has been used widely is

the total vehicle noise test. HNow, I'm not suggesting that all these
tests be run simultaneously by any one person but .the total vehicle
noise test allows the final supplier of either the whole snovamebile or
the whole truck or the whole motorboat, integrate all its noise sources
to qualify through some procedure in his own facility, I think it's
been demonstrated a number of times that if you want to get a sound
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pressure leve]l at some distance in trying to use a bench type test,

that you have to use the actual engine with the actual system or a
system that is qualified to predict some sound pressure level at some
distances, There vere at least two procedures given today by Larry
Peters, by a John Decre man where they had correlation with their

awn bench testing to get them to fifty feet., Of course, these facilities
individually could be certified by EPA and then with published sound
levels a certificate could go out that certifies that the silencer vas
tested ina facility certified by EPA. We already have 2 mechanism

that takes care of not relating accurate information and that's called

a guarantee. A man simply has to ask for a quarantee and if it doesn't
neet it let's say a truck muffler, if he buys one and takes it out te
Mr. Ross's test station and 1t doesn't pass the test he carries it back
and gets his money back. So, that allows all the test facilities to
date to go ahead and operate., Ue have dealt with the problem of muffler
Tabeling only in- ISUA, Industrial Silencer fHanufacturing Association,

we have to deal with that because of the stationary source, seldom do
you know vhat the exhaust pipe Tength is or what the tail pipe length

is and in many cases the silencer is purchased and you really don't

know what the engine is, From my own experience, and I'm going to go
back to some af the things that Larry indicated and Hr. Blaser frem
General [lotors, if you want to talk apples to apples, & simple comparison
of mufflers, not relating it the in-use sound pressure levels, bLecause
you cannot unless it's on the actual engine on the same source but if
you want something 1ike the absorption coefficient, or transmission

loss class, what is 1t? - AST!70 they give a laboratory test procedure
and clearly state that you'll get different numhers when you apply this
to the field, If you have to have some comparison, then you need to
lcok at broad-band noise, I prefer insertion loss with no tail pipe

and then an exhaust system, exhaust pipe that minimizes the effect

on any siltencer that would be tested. And it would have to be tested

at an average flow rate for the mean end use, 1.e, automobile exhaust
typically has much higher exhaust velocities than in the stationary
engine and it would have to Le tested at some average or mean temperature
for the end use, this is particularly true for an engine exhaust versus
an engine intake.
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Ken

I'd 11ke to make a comment on these procedures that, if they don't
include shell noise or pipe noise or Teaks due to clamps or anything
1ike that, they aren't going to be accurate and we have to ask EPA

what accuracy we're looking for.

Ernfe Oddo

Thank yod. This is the last call for questions for the panel w.ile
we have them up here. le will next go into the third part of our
program in which the EPA members will replace the panel members on
stage and we will open the session with questions from the floor.

Panel members, we thank you very much for your participation in this
sympos iuni.

A reminder to everyone that we will be publishing proceedings of this
symposium in the very near future. Everyone who attended this symposium
certainly will receive a copy of the proceedings. A word to those
people who gave papers at the symposium, please send copies of vour
paper, with art work to me at McDonnell Douglas 1in California. MWe

are assembling the procecdings for the EPA,

‘At this time, we will open this session for questions for the EPA

from the audience,

Bi11 Roper

Perhaps T should pick up on some of the questions that were asked
earlfer., The one from Larry Erickson about what is the objective of
the EPA labeling program? 1 think that at lecast the general objective
remains the same as it was spelled out in the Federal Reqister Hotice,
the four points that we've put on the board, or the viewgraph a little
earlier, but I think specifically relating to exhaust systems, there's
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two Specific areas where we were lcoking for information at this meeting
and that was information on develepment of a statistic for a comparison
botween two exhaust system or two mufflers; an A-B comparispn with 0EM
or whatever, a relative comparison between two svstems. The other is a
statistic or approach for developing information, statistic information,
on comparison between a total vehicle level and the exhaust system,
Now those are two general categories of information that involve
different methodologies and can be used in differgnt ways, And we've
had opinions expressed as which one is the better or the worse, I
think to be quite frank, in a2 government study effort such as we-have
under way here that we may or mav not Tead to any type of regulation,
whether it be labeling or eventually a standard, a noise performance
stapdard, it would be in a sense dishon~st on my part to say specifically
what is going to happen or what's not goning to happen. lle're collecting
information at this point, to define what the problem is and what the
possible solutions arc -given the general objective proyiding information
to the consumer or user, in this case, exhaust system muffler, that
he can use in the purchase decision. 1 don't know if that's a satisfactory
answer Larry, but that's what | have to give you. Another point that
was raised by Nick Miller regarding the situation in the truck area.
Implying that there really wasn't a need for this kind of information
to be conveyed to the user, or purchaser of a muffler, [ think he has
rajsed some good points; that is a good point in the truck area

.1 would limit it to that portion of the truck industry that
involves vehicies that are operated by interstate carriers. I think
that's fairly valid because in that area EPA does have the authority
to set in-use standards, There's only two areas where EPA has that
authority and that's for interstate motor carriers, or vehicles operated
by interstate motor carriers, and for interstate equipment and facilities
operated by interstate rail carriers, Section 17 and 18 in the loise
Control Act. So in those two areas and the railroad area we have not
set Section 6 new product standards that apply to those vehicles when
they are newly manufactured. We also have authority in the in-use
area and we have such standards. So there is a follow-through so-to-
speak on total vehicle, at least compliance requirements, But of course
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that would not hold true in every other product catesory that was

Tisted in the matrix. Dut again, I think I would go back and say that
it s5til] remains important for the user to have the information
available to him that the suffler or the exhaust system that he's applying
to his truck will allow the total vehicle to meet a particular sound
leve] and quite frankly in looking at some of the material that has

been presented by Donaldson for example, vhere they I think, to a large
degree, are providing their customers with that type of infermation,
How, one of the principal ebjectives of the [PA is the encouragement

of voluntary labeling which would describe the acoustical performance
of a product. How we're encouraging that and if that occurs without
any Federal involvement, which is one of our other objectives that I
mentioned, minimal Federal invelvement, I think that's what we're after,
which is a reduction in noise and if it can come about with voluntary
programs, that's fine. So, I've attempted to respond I guess to some
of your comments fick and [ think maybe this helps clarify for the
others some of the ramifications that are applicable on trucks but not
perhaps in other areas, ith that I quess 1'd open this session with

a call for questions from the floor,

Ed Halter - Burqess

You do have promulgated regulations, proposed requlations for air
compressors, that give a dB level that you have to check at four

or five points around the compressor and that is an overall leve)
including a prime mover which could be an engine, which undoubtedly
would have some kind of a muffler an it. And you've also reouired

the manufacturer of the air compressor to warranty it for the tife of the unit, ¢
service life be it four years, that the system would, noise wise,
maintain that Tevel. It's required when it's manufactured. T would
assume then that the manufacturer is going to, if necessary replace
those acoustic components with equivalent acoustic components of the
same, ! guass the same manufacturer, right? He would have to if he
installed these OEM parts and he's warranted this, if thev had any
probiems or the customer ran a truck or damaged ane of these components
they have to be replaced with the same item that was originally
manufactured. s that correct?
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Bi1l Roper

It vould have to be replaced with a comparable systen component. Let
me go back a minute now. (n the portable air compressor, when that
standard was promolugated it didn't include as [ recall, what we call
the acoustical assurance period of some period of time when that product
would be required to continue to emit or meet the standard at which

it was designed to meet the standard at the date of manufacture, In

the later regulations that we recently imposed on wheel and crawler
tractors that the acoustical assurance period concent was involved,

But essentially, the maintenance instructions that are incorporated

in the standards require that the manufacturer identify those components
of the piece of equipment that are key noise contral components that

if something happens to one of those components unless it's replaced
with an equivalent system it would not meet the standards, Essentially
identifying to the user, hey look, here's a list of things you better
keep track of and maintain properly or you're not going to meet the
standard,

Ed Halter ~ Burgess

Isn't this essentially what you're addressing here with respect to
ground transportatfon. In other words, §f vou Inld a muffler as part
of a package and you have to replace that muffler with the same type
miffler, right? The ecasiest way to do that is replace 1t with the
same {tem, the same part number, the same manufacturer, you may have
to qualify other suppliers if you have a monopoly problem to produce
that same product,

8i11_Roper

I think frem our perspective we get into our general counsel informs

us, a constraint of trade situation, if we specifiy that it must be

OEM replacement. So we're looking at ways of identifying the performance
50 that anyone who produces a product that meets that performance could
in fact sell it, have it appiied to the piece of equipment and if that
gets back to what we're talking about today, and that way can be used

to characterize the performance, in this case of the exhaust system,
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Ed llalter - Burgoss

But wouldn't the ultimate be that you had to qualify that on that
particular piece of equipment. In other words, if you're going to
replace this on a crawler tractor and you had a certain procedure to
checkout on a crawler tractor, you would then, any of the replacement
mufflers or components would be tested on the crawler tractor and

that same method,

8111 Roper

That's certainly one way it could be dene. Probably the easiest
way 1t could be done at this time,

Ernie Oddo

Anather thing I'd 1ike to add here. Concerning exact replacements to
the OEM, we've met with the automobile manufacturers and other motor
vehicle manufacturers and have discussed consolidation of design.

A wide variation of meny different desians result from continued
consolidation. The end result is a raft of mufflers that are still
so-called OEM equipment, You may find a wide tolerance there if you
would actually measure the performance of those aftermarket mufflers
and compare them with the QLll performance. There could be 3, 4 mavbe
5 UB difference. That's the practical world.

Doug McBann - Ford llotor Co,

I'd 1ike to clarify the statement that Ernie just made. From a
regulatory standpoing the aftermarket mufflers that we produce and sell
are equivalent to ariginal equipment. The subjective levels have been

compromised in many cases.
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Bi11 Roper

Could I ask a question? It came up in the earlier session that in
the automotive area, looking at subjective levels was important,
Is that in regard to exterior, interior or both?

Poug MeBann - Ford Motor Co,

Both.

Jim Moore - John Deere

The snowmobile industry currently has a voluntary total vehicle noise
labeling program and Martin Burke brought out the fact that there
currently exists no aftermarket in snowmobile exhaust systems, In
view of this, do you think it's necessary to label snhovmobile exhaust
systems?

Bi11 Roper

I think the infermation we have been provided on snowmobiles certainly
puts them in a unique situation, I think, cémpared with some of these
other areas and that's certainly scmething we'll consider. \hether
there is 2 need or not in the snoymobile arca. Again, I think I want
to go back to the point that we're really on a fact-finding mission

at this point in this particular area of exhaust emission performance
and this kind of information is very useful to us. ! can't sit here
and say what the agency is going to decide to de on that particular
question because [ don't know, but certainly that information would
raise a question of whether or not it's neccssary on snowmobiles,

Doug Rowley - Donaldson

I'd 1ike to discuss this voluntary actfon a little bit Bi11, [ know
that Ross Little spent about a year and a half getting voluntary actien
out in the State of California relative to controlling truck nojse and
I'd 1ike to ask the EPA the question, how you intend to get voluntary
action? Obviously, it must be through some enforcement proaram, Could
you touch on that a hit?
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0i11 Roper
In response to that [ think anain of the EPA's standpoint we would be

looking at what's happening out in the country now. Faor example, is

there an effective voluntary compliance program now? As a result of

say State regulations., An awareness on the part of the manufacturer

that his product 1s noisy and is adversely affecting his sales and
causing him a harrassing problem because it's against state regulations
or whatever and that the~industry say has gotten together and come up
with a test procedure and is voluntarily certifying or labeling or
whatever their product to meet a specific noise level. e would be
looking at what's happening today, and how that relates to reducing
noise from that particular product. 1 might go on further and site

some examples. In the snowmobile area which was mentioned carlier today,

‘there was a lot of concern in various snowbelt states for levels from

snowmobiles and there were laws passed and then there was response by
the snowmobile industry to do something ahout lowering their noise
levels, They did establish or agree amongst the association a procedure
that was acceptable to them to identify the noise performance of their
product and they have gone ahead and labeled, That's just one example,
there's perhaps others but from EPA’s standpoint, I think as we move
into any area where there was labeling or setting standards we would

be assessing and 1ooking at what's being danm now with that product

and what's possible to be done, Again, I quess we are going to a
Section 6 regulatory study which many of you may be aware, the kind

of three pronged approach we take there and that is to look at what
technalogy is available, what's the cost of applying that technology

and what kinds of health and welfare bencfits you get from applying

the various levels of technology. We in the standards and requlations
division are responsible for putting together the facts and coming

up with recommendations for the agency to make decisions on and so
again, our job js fact finding and certainly what's going on in the
industry as far as voeluntary standards is an important factor that
would go Into the arraying of information and generation of recommendations.,
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Ernie 0ddo

We have time for one or twn more questions,

Ross Little - CHP

I have a comment on snowmchkiles - To begin with, T don't know amything

about snowmebiles, e requlate them but we don't have many out in

Caiifornia, fortunately, But I am hard pressed to believe that they're

as innocent and pure as they are making out to be, I beg your pardon,

but I know they race snovmobiles and if llooker industries think they

can get another ounce of horsepower out of tie snoymebile with an

uns ilenced expansion chamber, that's what you're going to find on it.

And if they'1l race with them, they'11 also ride out in the woods

with them. They do motorcyvcles. ;

Bil11 Roper

That's the other side of the coin. Ve're looking and we're sensitive
to that side alsa. Although there appears to be some difference between
the snovimobile user as a general group and motorcyvcle users as a general
group hased on the information we've seen so far,

Jim Hoore

Just a slight rebuttal to what the gentlemen is saying, It is certainly
true, there are expansion chambers and siuff available but I dan't

call those silenced exhaust systems, and in most states they are not
allowed to run except on the race track in a sanctioned race and in
today's racing rules, yenerally you could determine whether you're

going to race stock or race modified, If you race stock you're going

te have to have a systom that meets the 78 dBA level. If you race
modified, and they are allowed in some arcas, the manufacturer has

no control of that and ncbady gives a dang about the sound level an

those machines, especially the guy racing or the people at the race track.
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Ernie Oddo

One last question,

Hick Miller - Internatienal llarvestoer

I think the point here is that whether the parts are labeled or whether
they're not labeled, has mothing to do with vhether someone will wodify
a vehicle no matter what it is, I think it's important as we addrass
the EPA's concern for voluntary program. Could we have the'matrix back
up on the board for just a second,

I think it's important to bring up at this point the areas where we

do have voluntary areas that have been successful. First of all, both
the auto and light trucks have been very successfully controlled in
California and some other lccalities on a voluntary basis by the
manufacturers., It's not new vehicles and well maintained vehicles in
any of those arecas that are a problem, it's modified vehicles and only
enforcement will solve that prablem., The heavy truck you aliuded to
Bill is a matter there of the ICC regulation, motorcycles are just
about to be requlated and in the hearings that I've attended in the
various states and so on they have done a gomd job of bringing their
vehicles and aftermarket parts into compliance where they are requlated,
Snovmobiles we have noticed, have a special situation as vou said,
buses you now have your thumb on and so I guess all I can see that's
there any major gain for is motarboats and I understand you're looking

at those, Bill

Bill_Reper

Ve just started this year looking at those,

I might respond a little more to Mick's comment there, 1'd add though,
that in the early stages on all of thase products that we have regulatory
programs fairly downstream or have already set regulations that we did
Took at what was going on fram a voluntary standpoint in the early

stages of the study and I'd 11ke te wention that in California and some
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of these other places, automobiles and 1ight trucks, they did have
standards in effect in the late sixties or earlier seventies that set
standards in a sense did have a lot to do in bringing some of the noise
levels down, 1 also agree that it's the modified vehicles that are

a problem, That varies from cateqory of vehicle to other catecories

of vehicles on how big a problem it is. Particularly motorcycles seems
to be a big problem,

Wayne Marcus, - HIC

I'd 1ike a clarification, I got the impression from Tistening to vou
earlier that you're shooting for some form of comparative rating as
opposed to an absolute rating. I'm speaking of camparing the Tevel

of an aftermarket exhaust system to an OEH exhaust system or comparing
an exhaust system to a total vehicle noise. Is this a misconception,
if not can you explain why you're sheoting for comparative?

Bi1l Roper

I meant to convey the thought that we're looking at both of those,

He have not decided at this point whether one from our standpaint

is better than the other, but we did want to get comnent and information
on the kinds of things that would be available to us as tools in
assessing the performance of an exhaust system by both approaches,

loes that answer your question?

layne Marcus

Yes

Ernie Oddo

Thank you very much, Is there a final comment vou would like to make,
Bi11, before we close the session?
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Bill Roper

1 guess from EPA's standpoint I would like to again thank all of you
for participating in this symposium. This is, [ think the first time
the EPA in the noise office has conducted this type of meeting with
the technical experts in an area this early in a study program and

as I think has been shown, in this afternoon's session there really
are no egsy answers to some of the questions that we're faced with
attempting to collect information on and make recommendations to the
agency. There is difference of opinion and we're not surprised

by that, but 1 think {t's been very constructive the last three days
to hive the caliber of people that we've had at this meeting together
in discussing, I think quite frankly and openly, their opinions on this
subject and 1 heard a conment earlier this morning that even if there
were no specific recommendations that came out of this meeting, but
just the fact that a lot of ideas were throun up, a lot of thoughts
have been discussed that some of the manufacturers of these products
may have picked up some ideas and we may yet potentially some noise
quieting coming out of the ideas that were exchanged at this meeting.
After all, that's the business that we're really in is to make it a
little quicter out there in the environment and 1 think that's great
if we contributed toward doing that through this meeting; so again
I'd Tike to thank you all and wish you a safe journey home with one
thought too that I want to leave, and that is that this is in a sense
the beginning of what [ hope will be 2 continuing dialog between

many of you and EPA as we move further along in this program, so
thank you,
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