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i UNITED STATES ENVIRONMENTAL PROTECTION AGENCY

i
ey gt WASHINGTON, D.C. 10460

August 16, 1977

SURFACE TRANSPORTATION EXHAUST SYSTEM MOISE SYMPOSIUM

Sponaored try the U.5. Environmental Protection Agency
Conducted by the Environmental Protection Agency
ard McDonnell Douglas Astronautica Company at
Howacd Johinson's ~ O'fare, Chicago, Illinoln

on October 11, 12, 13, 1977

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

and Control (EPA/ANAC) has {nitiated studies pursuant to resuicements
established under Section B of the Noise Control Act of 1972 which may
lead to Federal requirements for the lateling of surface transportation
vehicles and mufflers with respect to nolse,

One study is deaigned to assess the methodologies available to measure
and communicate the nolse reduction characteristics of surface transpor-
tation vehicle exhaust gystema. The information commnicated 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 stardacd), or cther information such as warranty
claims, proper malntenance and operator inatructions, etc, The Lnforma~
tion would be used by dealers, repair facilitlea, enforcement personnel
and the general public.

The other atudy la to explore’avenues available to communicate to con—
simers the noise characteristics of sucface transportation vehicles (e,q.
total vehicle noise, interior noise, etc.). This second study, however,
ia pot the rubject of this asymposium,

In support of the exhaust system progeam the EPA desires information

on posaible testing procedurea which could be used in a Federal muffler
lobeling requicement, EPA needs to know whether atandardized procedures
exiat or can be developed that can be used to characterize miffler per-
formance without having to test axhauast systems inatalled on the vechicles
for which they are Intended,

To gain the necessary information, ECA i3 sponsoring a three day symposjum
acheduled for October 11, 12, 13, 1977 in Chicago, Illinois. Inputs from
industry, research organizationa and other interested partiea are solicited
to provide information to the government on appropriate procedures,
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Pepers 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 metheds digscuased may
include the following:

0 System testing using a standard sound source,
o analytical almulation techniques, and
o combination of teating and analytical methoda,

Informatfon that must be developed on vehiele or yehicle engine sound
characteristics (other than total vehicle nolse) to make mufflec labaling
useful should alao be addressed.

While the primary pucpose of the symposium is to assess "bench test
methodolegles™ and their use in a Federal requlatocy requiremsnt, it may
be necenssaty to address other testing methodologies, in the event that

a sultable bench test methodology does not sppear to be available. In
this light a limited mmmber of papers will be accepted on staticnary (neacg
field) amd dynamometer teat methodd, tesults andt thelr relationship to
moving vehicle nolae test methods,

Six sessions of in-depth papecra are planned to cover all aspects of exhaust
syatem bench testing, Three plepacy sessions will be held emphasizing the
application of various exhaust system bench test mathods.

More information may be obtalned from;

Envirormental Protection Aqency Mchonnell~Douqlas Astronautics Co.

John Thomas E. T. Cddo

Office of Noise Abatement Mchonnell-Douglas Astronautics Co.
and Control (AW-471) 5301 Bolsa Avenue

Enviconmental Protection Agency Huntington Beach, CA 92467

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

Telt (703} 537-7666

Abastract of papera should be submitted to E, T, Oddo, MDAC no latar than
September 19, 1977,

Room accommodat:ions can be-acranged at:

Howard Johnson's - O'Hare
10249 wWest Irving Pack Road
Schiller Pagk

Chicago, Illinois 60176
Telr {312) 671-6000
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¢ UNITED STATES ENVIRONMENTAL PROTECTION AGENCY

gt WASHINGTON, D.C. 20460

AGENUA
TUESDAY 11 OCTOBFR

84:30 -~ 9:30 am  Registration

2:30 Opening Address
£PA, Masivington, D.C.

SOUND GENERATION BY AN INTERNAL COMBUSTION ENGIHE EXHAUST
A, J, Dramaer, tlattonal Research Councdil of Canada,
Ottawa, Canada  (Paper not avaflable)

TEST PROCEDURES AL EXHAUST SYSTEN PERFORHANCE PREDICTIONS
P.0.A.L, Davies I.5.V.R., University of Sowthampton,
Scuthampton, England

2:00 pm AUTONQTIVE EXHAUST SILENCER EVALUATION
Dwight Dlaser, General Notors Technical Center, Warren, Hich,

THE DETHOD OF NEASUREMENT FOR EXHAUST SYSTEM HOISE
Hineichi Inagawa, Hitsubishi Hator Ce,, Hanagawa, Japan

METHOD AND APPARATUS FOR MEASURING MUFFLER PERFORMANCE
Peter Cheng, Stemco 1ifg. Co., Longview, Texas

COMPUTER PROCEDURE FOR ASSESSING MUFFLER PLRFORUANCE
Ponald E. Baxa, University of Wisconsin, Madison, Hisc,

YEDHESUAY 12 QCTORER

$:30 = 9:30 am Registration

BENCH TESTS ARD ABALGG SIMULATION TECHNIGUES FOR INFFLER
EVALUATION
Cecil Sparks, Soutinest Research Inst., San Antonia, Texas

COMIENTS QN EVALUATION TECHNIQUES OF EXUAUST SYSTEM NOISE

CONTROL. CHARACTERISTICS
0. H. Rowley, Donaltdson Co,, Hinneapolis, Minn,
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BENCH TEST FOR RAPID EVALUATION OF NUFFLER PCRFORMANCE
Andrew §, Seybert, University of Kentucky, Lentucky

ANALYSTICAL AND EXPERIMENTAL TESTIHNG PROCEDURES FOR QUIETING
THO-STROKE ENGINES
V. tlargolis, University of Calif, at Davis, Uavis, Calif,

2:00 pm  POMER OR PRESSURE - A DISCUSSION OF CURRENT ALTERMATIVES IN
E-IINUST SYSTEM ACOUSTIC EVALUATION
Larry J. Erfksson, Melson Industries, Inc., Stoughton, isc,

A CONPUTER-ATLECD APPROACH TOWARD PERFORMANCE PREDICTIONS FOR
ENGINE EXHAUST MUFFLER
John £. Sneckenberger, Hest Virginia University, Morgantown, VA

REVIEW OF INTERNAL COMBUSTION ENGINE EXHAUST MUFFLING
Mfalcolm J. Crocker, Herrick Laboratardes, Purdue University,
Hest Lafayctte, Ind,

SHOCK TUDE METIODS Fult SINULATING EXHAUST PRESSURE PULSES

OF SHALL HIGH PERFORMANCE ENGIIES
U.]?:urdevant. California Institute of Technology, Pasadena,
Calif,

THURSDAY 13 0CTOUCR
B:30 ~ 9:30 am Registration

9:30 am CORRELATION OR 10, BLTHEEN BLNCH TESTS ANHD OQUTSIDE MEASUREMENTS
FOR SHOMMOGILE EXNHAUST SYSTENS
Jean tichols, bombardier Research Center, Valcourt, Quebec

ﬁog&THGD OF MEASURING CHGINE EXBAUST HOISE IN A DYRAMOMETER
James H. Haore, John beere, Horicon liorks, llorican, Wisconsin

THE APPLICATION OF THE FINITE CLEMENT HETHOD TO STUDY THE
PERFORMANCE OF REACTIVE & RISSIPATIVE NMUFFLERS WITH ZERD MEAN FLOH
A. Craggs, University of Alberta, Alberta, Canada

COMPARISON OF STATIC V5. DYNAMIC TEST PROCEDURES FOR MUFFLER
EVALUATIONS
W, Ronci, Valker Nanufacturing Co,, Grass Lake, llch,

BISCUSSION OF PROPOSED S,ALL. ROCOMMIENDED PRACTICC 501207
NEASURENENT PROCEDURE FOR DETERMNATION OF SILENCER EFFECTIVE-
HESS TN REDUCKIG CHGINE INTARE OR EXNAUST NOISE

Larry J. Eriksson, ficlson Industrics, Inc,, Stoughton, Wisc,
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2:00 - 4:00 pm PANEL DISCUSSI0M

Cantributed Paper = Unable to Attend
A THEQRETICAL EXAMINATION OF THE RELEVANT PARAHETERS FOR DYNA-
MOMETER TESTING OF 2«CYCLC ENGINE MUFFLERS
Professor G, P, Blair, Queens University of Belfast,
Belfast Ireland
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OPEHING ADURLSS SURFACE TRAUSPORTATION EXHAUST SYSTLHS
HOTSE SYHMPOSTUN

by

Hilliam E, Roper
U. S, Environmental Protectfon Agency

It is my pleasure to welcome you to EPA's Surface Transportation
Exhaust Systems noise Symposium here in Chicago. This 1s the fiest
pajor action E£PA has undertaken through the Tabeling related respon-
sibilities of the Agency with regard to Systems and components used to
a large degree In the surface tronsportation vehicles. In the past,
EPA has set legal noise stamdards for medium and heavy trucks and has
recently propesed dofse’endissian standards for buses, truck-mounted
s011d waste compactors, and truck-mounted refrineration units; In
addition to a nunber of other standards applicable to non~surface
transportation type vehicles. On all these vehicles, the exhaust
system 1s one of the {mportant noise sources amd 1n some cases the
prircipal source of noise. Throughout the ¥fe of a vehicle, compo-
aents of the exhaust system, particularly the maffiler and portions of
the exhaust tubing are peplaced as n routine maintepance practice on a
cyctic basis throughout the useful 11fe of the vehicle., Uecause of these
characteristics, vehicle exhaust systems appear to be a qood candin

date for consideratfon {n a Foderal Tabelliy proyram.
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LPA has already hoplenented 1ts geperal policy on nodse labeling
and recently published a notice of proposed rulemaking laying the criteria

for such action., The specific objectives of EPA's labeling program

in the noise areca include:
(1) Providing accurate and understandable informatien to product

purchasers and users regarding the agoustical performance of Jdesiqnated
products so that meaningful comparisons could be made concerning the
aconstical performance of the product as part of the purchase or usc
decision,

(2) rroviding accurate and understandable nformation on product
nolse emission performance to ¢onsumers with minimal Federal involvement,

(3) fromoting pubifc awareness and understanding of cavironmental
noise and the assoctated terms and concepts.

{4) Encouraging offective voluntary nofse 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 measurzment methodology techniques to adequately
define axhaust system noisc performance. Clearly, the development of an
exceptable measurement methadology to be used to deteruine the appro-
priate acoustic perfarmance information 15 central to Ledng abile to
properily lahel an exhaust system or exhaust systom component, To assist
the Agency in carrying out this task, we have contracted tiwh Nehonneld
bouglas Astromautics Company to provide technical support in this specific

area. A portion of thelr contract calls for the assessment of existing
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aid proposed total vehicle sound testing methodologies to report on the
status of current nuffler iabeling requiyed Ly Federal, State, or local
requlation and voluntary labeliny programs, development of a general
description of the current aftermarket muffler industry and to organize
antd assist in conducting this symposfum of ackrnowiedged muffling system
experts on the feasibility of using methodologies other than base-~1inc
total vehicle sound procedures for evaluating cxhaust system noise per-
formance.

He recognize ‘that the area we are ahout to embark on 15 one of many

technical complications and has enqually sizable communfcation couiriican

tions in order to effectively provide simpTistic information to a consumer

or user, The inttial step howcver, remadns the development of an agcept~
able maasurenent methodology to fdentify the acoustic performance of
exhaust systems, The symposium for the next three days 1s designed to
specifically focus on this fssue with particular emphasfs on assessment
of bench test procedures and their relatfonshiip to total vehicle sound
level methodologies, The methods that will be presented and reviewed {n
the following three days wi11 fnclude but not be limited to: system
testing using a standard scund source, analytfcal simulation techniaues,
and combination of testing and analytical methods,

For the next three Jdays, we will Vikely have assembled in this room

some of the best expoertise availabie on this subject, | hepe that through

A constructive and abjective interchange of 1deas, vt as a aqroup will he
abie to forus on the issuves and develop specific recomendations for
testing of exhaust systems that can be related to total vehicle sound

levels and have potential use 1n a Federal regulatory labeling program,
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BENCH TEST PROCEDURES AND EXUAUST SYSTEM PERFORMANCE
PREDICTION

by P.O.A.L. DAVIES

SUMMARY

This contribution reviewa the present atate of development of
a rntionul‘nppronch to exhaust system performance evaluation hased
on atutic teat bed measurementda,  Thias depends primarily on a
quantitative understending of che gencracion and propagation of
sound anergy {n ducta which ars carrying a hot, high velocity gaa
£low,

Elementa of the appreach are deacribed which Includr methada
for characterising the aources, analytlc or experimental matheds
for adequataly modelling the acoustic behaviour of system components,
appropriate precautions forx assecsaing inter~component interactionsa
and a echeme for identifying these situacfions whera sourcen ayatem

interaccions can be fwporrant,

Component models ara expressed in terma of tranafax matrices,
or their equivalent, ralating the pressure and volume valociny at
input co ontput, A useful range of linear apalytic modela for
reactive Ayntem componmnts is desoribed.  Examplea are prasenced
comparing hench measuvrements with predictiona for a reprasentativa
aot of practical systema including the U.K. Quiat Heavy Vehlcla Froject,
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BENCH TEST PROCEDURES AND EXNAUST SYSTEM PERFORMANCE I'RERICTION

INTRODUCTION

A syuatematic and rational approach to the centrol of piston engine
intake and exhaust noise requires o quantitative specification of the
silencing requirements, with a procedure for the quantitative cvaluation
of syscem acoustic and mechanical performance.  This contribution reviews
the present state of development of nuch an approach which is based on
bench testing. Such testa concern primarily test bed measurcments with
a running engine, but som: of the details required for modelling system
elerents and their behaviour have been provided with apecial cold {low
rigs.

The prediction of aystem performance usually concerns the calculation
of the tranaporkt of acoustic energy through the aystem from the nource
te the outlet whare.it {a radiated, |1].  For thinm.one requires a uet
of modela which dencribe the acoustic transfer characcteristics of each
syatem element in quanticative ferma IZI, with an analytical procedure
for combining the elementa togethar to describe the overall cranspore
of enargy through the completa syctem ]2. 3]. An element may ha
daacribed as any part of the duct syatem that has an effect on the
propagation of acountic waves (or cnergy) through ic. Thua, in thie
connection, the engine, sections of conneccting pipe, the epen eud of che
aystem and any duct discontinuity or muffler compopent are all acouatie

alemontso,

Silencing requirements are normally detarmined by first performing
open pipe noise measuremontd, covering the full operaticonal load and
spead conditionn of tha engine, Thin informntion can then be compared
with the acatutory or specified noise limita te pravide a quantitacive
deacription of silencing requircmenca,  1f the open pipe data ara
properly evaluated, thay cap also be usad te describe the acoustic source
charactaristics of the engine. This Iinfarmaciom. provides a atarcing
peine for the quencicativé evaluation of the inlet ar cxhanat aystem
acouakic performance., Thus apen pipe measurements with a loaded engina

raprasent one sasential park of the Ltest procedura,
7
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Acouscic performance iy peoerally described in terma of insertion
losg.  This can be defiped as the difference in sound pressure level,
measured at a fixed relereice point, berween the noise cmitted by an
apen pipe and the noise emitted by che silenced intake or exhaust,
Note that this definition assumes that the observed difference 1z due
to the presence of a muffler unit in the system and that the source

remafng unchanged.

When the syscem { modified, it ias well established !ll[tlmt the
obaarved performonce can be strongly influetced by the relative
positioning of the muffler unit along the cexhaust or inlet duct,

That this should happen is well understood, sinee the sections of pipe
connocting components of the system each have a clearly identifiable
acountie behaviour, depending on their length.  Thig then forms parg
of the installed response of the mufller unit,  For thie rcason trans-
miazaion loss alone ia not an appropriste practical method fox describing

the acountic performance of intake or exhauat system components.

Mechanical performgnce can be assessed in tewmn of the effect of
the intake and exhaust system on englne power and efficiency, Other
mechanical factors include’ the packaglng of the aystem components to
minimise flanking transminalon, cont and welght, te provide adequate
durabiliey and to fit in with dimenslonal or other installation conatrainka.
Soma of these conaiderations have a direct wffect on acouatic performance

and muat be included in the noise contrel analyais,

Tha intake and exhauat gaa is norwally flowing sulficfently rapldly for
this to hava a aignificant affect on acoustle performance,  Furthermora,
the exhaust gas ia hot so significant tepperature gradients exlst which
change with engine (or vehicle) speed and laad, Nue allowancue for these
operational and gas flow (actors must ba made during the porformance
predictions and asulficient data for this purpose assembled ducing che
weusurements.  Tha wean kinatic energy of tha gas (low may also be
converted to new aources of ncounclc energy within the intake or exhauak
nystem, nppcn‘ring alther an brondband flow noise, ar as regenucated pure
tone components, Finally, thera is good evidancu l.’)[ that changes In
system acouacic characteristice may alio modify the engine breathing
charactariatica And consaquently che acouatic source streagth of the

engine,
B
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In summary, the proceduves for bench testing and system performance
prediction for inlet and exhaust noise control can uscefully be subdivided

into a sct of study areas, namely:

a) Methods for measuring and characterising the acoustic source.

b) The opecifiention of silencing requircvments,

¢)  The asnessment of operatiomal factors with their relutive
pipnificance, For example, gan [low and gas temperatures,
mechanieal performance, tpace constraints and flow or internal
noise generation.

d)  Mechods for modelling the dcoustic trunsfer charactevistics of
the sysctem elements based on performance measurements or an unalysia,

o) A procedure for nssembling the clements tegether to provide an
appropriate description of the system, including all the inter-
actiong between alemencs,

£)  Aw appropriote procedure for predicting or determining averall
syatem performance Ineluding techniques to identify problums

arising [rom source ayatem Interaction.
Each of these factors will be considered in the Light of current
knawledge and practical esperience, Indieating the level of confidence

with which the evaluatlon cun be performed at the present time,

ACOUSTIC ENERGY PROFAGATION IN VLOW DUCTS

Sound propagation in {low ducta cun be describoed by linear transvmission

line equations. Thase arce baned on conservation of mana, cuercgy and
momencun and describe the variation of acoustic pressure and parcicle
velocicy ansociated with the wave wotion In terms of ponition in the duct,
In thelr aimplest and perhaps monst practieal form the [lown and the wavae
motion ace hoth assumed to be one~dimensional. Wich these restrictions
exact solutions can ba obtained for a compreliensive vange ol duct geometry
and boundary condltiona. However, if the selution is to remain realiatic
in terms of obwerved behaviour, special considerations may he necenaary

to snecify acoustic conditions at discontinuities, as will be shown later.
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Empirical descriptions of acoustic performance become neccsaary
whoere o nystem element exhibits a strongly nen-linear behaviour. Such
can be the case, for example, with acoustie transmission through orifices
with normal or grazing flow, or with sound transmission along pansages
lined wich abaorbing materials,  Other examples include flow-acoustic
coupling and anplification asvociated with flow separation or edge-tones
as well as flow noise. Some cxamples of such behaviour are algo

canaldered later.

Plane wava propagation in flow ducts

Acoustic cnorgy propagation is by a wave mechanilsm, the cnergy
baing provided by a source which excites the wave motion.,  Ar cach
duct dlacontinuity some of the encrgy is transmitted as a new wave the
remalnder being reflected, both waves travelling with a phanae velocity
¢ ralativa to the gas., Hith Dn=~dimnnnlannl wave propagation in ducta
ont con deacxiba the presaura pt and particle velocicy vt in the positive
godng {incident) wave by.

-kt -

p* m prab(WtKTx) max 2.1¢a)
' ey o

vt B oA (WERTH) max 2,1(»)

vhere p* and v* ara tha praasura and velocity amplictudes, w the radian
frequency, k¥ the wave numbar w/(c+l)}, U tha mean flow velacicy and

a a coelficient which reprosents the decay of wave energy as it propagaten
along tha duct.  Similagly the reflected wave {u deacribed by

o 5.a1(uc+k“x)°ax \ 2.2{a)
v - E’: ai(utfk x)anx , 2.2(h)

vhera k = w/(c~U).
An alternativa descriprion in to expresa the preasura atc by ﬁ*n
whave Y » a+ 48, With hard walled duces wto ard Ak’ while the duct

iNEQ"Tx'

{impadanca Z,"pc, the characteristic acoustic Impodance of the gas,
The sound pressure and particle velocity at any point are then glven by
10
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p~ptep” 2.3(a)
A RS 2.3(L)

To repreascnt digcontinuitices, one first notes that some of the
incident wave energy will be reflected and some transmitved,  The
rotio(uounlly complex) of the reflected to incident wave amplitude,

termed the reflection coefficient r,is expreased by

N S N re'®, 2.4
p+ 2ot Zn
when the boundary conditions at the discontinuity arn specified as
an impedance Zu For an open end, the phase angle ¢ can ba obtained
from the solutfon given in [6] for zecro [low, The appropriate value
of R for various flow Mach numbera D/c¢ can be faund in |1]. Similar
relationa for a baffled opening can be found in |7{,

Heglecting for mimplicity, the attenuntion along the duct, with 2.4
dascxibing conditiona af X+ then the pressure amplitude Ex At any
othar point x 4in a plain duct is given by

LAl ~ -~ +
" po(n L N e

P x#ﬂik %)

P =~ o xt T ]
- p (A7~ KIn2) [a7K™% . Robtqik x| 5 2.5

where k* m {(k* + k7). = wfe(-M?).  This ahows that the distance
between the nodea of tha standing wavea ia reduced hy the factor (1~M%)
with flow prament, compared to tha rero flow case, Thua the existenca
nf flow modifias the Arequenciea at which lsngths of duct (and other
aelementa) resonace,

2,2 Acoustic Conssrvation relationshipa for fiow ducts

Hich plane waves in a yniform £low duct, conmoxvation of mass in
satisfied [2] if

A A - - ey
° ﬁlﬁ'l)p (1 H)p]n A constant 2.6
wvhere A in tha duck cross~factlon area,
11
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Similarly it can be chown that, for isentropic conditions,

conservation of cnerpy is satisfied if
(1+N)ﬁ+ + {1-M)p~ = a constant, 2.7

Givon a uniform duct of lengch R with a steady [low of Mach nunber M,
one can show that congervation of acoustic cnergy and of wass flow for
non=decaying waves io satisficd by the gimple transler relotionships
N AR L 2.8
pl 10 and pl po . .

The termination conditions are often defined by

pe(p! + o) pelpl + po)
20 ~ .--T;-g—--:--e_a and zk " _:;-_a..-::..g- N 2.9
P, = Py Py =B

‘Thia rosult indicates tlfat it ie necessnry to include measurementd of
flaw temperature and mean wass £law, ko evaluace k*, K and M. If the
duct wall predaura Py is meaaured or determined, one aloo requires a
knowledge of Zo befare P, c4n ba decompostd into {te two companents

pt and p; « Howaver, given Zo, ZR. can then be evaluated, and no on,

Q

Since the open plpe discharge impedance Z can be specified from

eatablishad data, the modelling of uyatumnchnrHCCcrincicu can conveniently
begin hera, The decay of the wave amplitude in ducts of algnificant
length can be included by mmleiplying the cight=hand nide of 2.8 by a
factor a"g, with o negative and dependent both on frequency and Mach No.
At diaconcinuiticu, howuever, the asnwnption chat the flow ia
isentrople ie hardly realistie, particularly at the rapid changea in
duct croms asction that nceur in expanalon chambers ete. The trxansfes
characteriatica can be catablished, however, along the linca ant out in
referonce |2|. Flow lonacoa and the consequent entropy changea can
ba represented by a loas factor 8, (but see |8]). Describing acoustic
and £low properties before tha discontinuity by the aubacript 1 and those
wall downatream by the aubpzript 2 and neglecting changea in mean density,

ona can set out the condicions for consecvation of mass flow, energy and

12
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momenfum £lux across the discontinuity,

Conacrvation of mass in expressed by
Aplp3cinng) = paCi-bp)] = ap[pCLem) = prC-n) + oy],  2.10
while conuservation of energy {n natisfied if
PECLAM) + P2C-Ng) = BI(LaMy) + piCl-M) = 6/(y=1),  2.11

where ¥ in the ratio of the specifie hears. Momentum ig conoerved

ir
~t P an 2
pzAr * Az(aMy + M)+ pZ[Ap + An(vy - 2)]
At 2 oo 2 2
~ pr[Ar (i) ‘] + py[arQa-y) ]+ dagm? 2,12

For one~dimensional [low, and known geometry, the incident and reflectad
WAVES p{ and pz afrer ‘the discontinuity can be found in terms of the
known incident and reflected waven before it, afrer the unknown loas
factor & han heen aliminaved from the three equations.  Thus thase
thxee equutions can bo used ta define a trannfer relationahip for any
area discontinuicry., Other typea of diacontinulty can be treated using
a similax approach, One nhould nete that the phase changea occurring
across the discontinuity can ha decermined from a nop=propagacing higher
ordar mode analyais, for zero f£low, that satiafiea the bhoundary conditionn,

Tha mean acoustic energy flux per wnit area of duct, or the

acoustic inkensity, is cxpressed as
I » jwv

where p and v ara the c.mon. prassura and velocities reapectivaly and
the overbar represents a kime avaragn, In terms of the wave components

thia becomen, uaing 2.6 and 2,7,

'l n A
1~ 3;:[(1¢MF=<(p?f>—(1-ﬂ)2<(p)*r] 2.13

13
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where the symbol < » represents taking the time mean value.  The firue
term in the brackets can be interpreted as an energy flux with the flow
or the incident wave motion, while the sccond represents caergy flux

apgainat the flow, or enerpy carried by the reflected waves,

The level of the sound radiated by the exhawst outlet con be
ehtained by cquating the nett energy In the tailpipe te that of a

spherically diverging wave.  This givea for a tallpipe of radius a

<(p 2>

2 Lot
e 2 (a2 - k20-m?] < 22 pl 2.1
p c p_ G r
Qo0 rr

whore pp - "is the' ruman, acoustic pressure measured at o distonce r
from the outlet, Equation 2,14 can be cmployed to determine the
fluctunting pressure level in the tallplpe from free [icld measurementa,

provided che Mach number and radiation impedance are known,

The analyais presented above io restricted to situations where the
Lbehaviour can be claracterisced by lincar acoustic theory. Examplen
are presented which indicates that this asnumption is not restrictive
for many practical applicatiana. The analysis presented in not che
only effeactiva way of describing system chacacteristics since an alter—
native approach using tranafor macrices has been described eloewhare |3],]4].
Though omitted for almplicity, the analynis can be eatendad to
the decay of the waves an they propugnte, Axlal temperature gradients
may also be acconmodated by aub-dividing elementa Inte smaller sectiona

where the tempearature can ba regarded an auhatantially constant.

Soma exsmples of aound transmisasion acrosa discontinuitien

To completa this review of acouatic energy propagation in duces,
some exsnples are presented comparing the measured characteristics of
some typlecal discontinuities obtained with flow riga with predictions
baaed on the annlynin presented hexa, A further series of comparisons
hased on tent bed or fleld measurements with allencer componeacs and

systems can ba found in references |1],|2],(5] and |9].

The £irst exnmple gconcerns Acoustic enfrTgy Lransport acroas A
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contraction which includes a sidebranch,  The measurcments were
performed with a special cold flow rig provided with a high intensity
acaustic souree, Figure 1(a) presents the measurcments made at three
£low Mach numberws, the predictions assuming plane wave wotion threughout
and & higher order mode (exact) analysis for zero flow,  The plane

wave annlysis, represented by cquations 2,10 to 2,12, cannot model the
zuro acountic particle velocity boundary condition on the wall at the
nanulue between the inner and outer pipen forming the contraction,

Tha zcero particle velocity condivion here can be closely approximated by
including the first five radial modes, and this calculation provides the

exact vesule shown in the figure,

Compnrison with the measurements shows that the plane wave analysis,
which {ncludes n nmall decay factor for the waves in the sidebranch,
correctly predicts the amplitude ol the transmitted waves, as can be teen
in Figure 1(b), but thore is n constant [requency errox. The exact
analysis for zere [low does however prediet the frequency carrectly.

Thus a comblnution_of hoth methodns of analysis provides an adequate
description of tha transfer characteristics of the dincontinuity, with
plana wave analysis defining amplitude characteriitics and higher order

moda analysis the phase change,

A sccond example concexns 8N aren expansion with o sidebraonch and
the results are illuatrated in Flgure 2{a) and 2(h). In this case the
boundary conditions at the discontinuity must also include tha fact thac
the flow scpacates at the end of the pipe, forming & jet. A detailed
analysis of thie problem has been presented by Curmings |10] who ahows
that amplitude characteristics are correetly predicted if the presaure
waves are assumed plane, but that the tlow retsins n top hak velocity
profile. Again comparimon with measurements shown that amplitude
characteristica are adequacely modelled by plane wave theory and thac the

correct phase ahange can be predicted by higher order anslynia,

The higher order mode analysia in laborious and a systematlc
inveatipacion |11] showed that the phase change con be caleulated by
an appropriate end corraction. This ia snslog~us to the wull known end

‘correction of jusc over 0.6 of cthe pipe radius that is applied for
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predicting the acountic resonance of organ pipes to account for

fluid inertin effects at the discontinuity, The end corrvctions
appropriate to expansions or contractiony in flow ducts are illuscrated
in Figure 3. The dotted line indicates the lover f[requency limit for
propagating higher order modes when plane wave analysia bLreaks down,

It cun he scen that the corrections tend to the open pipe limic at
lavge area ratioa. Furthermare, as a percentage of the duct length,
they become small for long connccting pipes and could be neglected

in practical prediction calculations,

A third example concarns the performance of folded chanbera,
Effcetively these can be regarded eicher as a Helmholtz resonator,
aor a eidebranch, which for convenicence of packaging is wrapped around
the expansion section.  This peometry hos the added advantage of
avolding high velocity croas {low at the resonatar neck, avoiding problems
with flow excitation. A detailed analysis including higher arder modes
to match boundary conditions at the three connecting annuli hus been
i reported by Curmmings ]1%I. The predictions with an alverpative and
; gimpler approach baaed on end corrections cte. by Adams |11| is compared
l with flow rig measurcments in Flgure 4, This {lluscrates the way that
the nyatem resonance can be modified by changing the area of the nack,
a useful feature for tailoring acouatic characteriscics wichin apacial
constraineca, The good agrecment between predictions and observationa

illuatratee the effwctivenuss of the modalling techniques described above.

2.4 Acountlic sources in intake and ecxhauat systema

' An account of acoustie anergy propagatfon in flow ducts would bhe

incompleta without some conaideration of the sources.,  The primacy sound

sourca provided by the unateady flow proccsaes at the valve., The
amplitude of thesa pressure Lluctuntlons can be as high as 0.5 bar,

while tha Lxequency apectrum connlscs of the firpt 100 or more haxmonica
af the fundemental firing Crequency for ope eylinder,  One can show,
! by dimensional reasoning, that ‘the source atrength at any fixed frequency
varics ao Hb, whare N is the engine rotational spced,  Broadbend nolsa
at higher frequenciés is alsc provided by broadband flow noiss gencrated
at the valve, and at discontinuities where the {low can aeparvata.  Thins

16
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apectrum exhibica a flat peak at a characteristic Strouhal number FL/U
of around unity, where L i a characteristic scale of the source region
and U the phase velocity of the disturbances acting og sources.  Such
neide will vary, at fixed {requencics, ag Nv. Noise penerated by flow
turbulence at the duect walla, bends cte. may also represent o significant
source of high frequency kound, Ito streapth will vary as VG, where V

ia the mean duct flow velocicy.

Turbocharging modifics the exhaust noive signature since it tenda
to reduce the amplitude of the low frequency componcnts arising [rom
gas releasa proccuses. Tt may add new vources of noise generated by
unateady flow interactions in the turbloe or blower, by wake neise [rom
the blades or nozzles and so on, The atrength of such sources tends
to vary ag Voﬁ where Vo ifn the mesn turbine outlet flow veloclty, The
charscteristic frequendices of such sources sy be high, of the ovder of

the turbine blade passing frequency and {ts harmonics,

The strength of the. aources annociated wich the engine breaching
or the turbochargep can be atudied and evaluated on tho teat bed.  Flow
nalpe and acoustic regeneration within the ailencer system represents
a different problem thac can batter ba atudied with spocial riga, These
lattar are generally lewar in intensity than those associated with the
engine bue are of praccical significance ainee they set an upper limit
to the maxlmum attenuntion that can be obtained unless care is taken

to pinimine them.

Flow noiee 18 broad band, generated by flow separaciona at valve
1ips, bendn, expannlons, contractiona and hy turbulent boundary lmyer [low.
It in of mont significanca when amplified by cavicy resanancaes which
provide feed back to intenaify the aource, Noise genaratien by the
impingement of the jet formed at the chamber entrance an the lip of the
exle pips in a acaady flow rig ia illustrated In Figures 5 and 6. The
hrosd bnnﬁ npucﬁrum In Figure 5 has bean modulated by cailpipe (peakas)
and chambax {£trougha) reaonancea. Figure b illustrates the way dource
n:rcnééh varies with pipa separation x/d and with flew velocicy.
Fractical separations lle cloae te x/d = 2, whara the atrengch is
greateac, Scaling the measurementa to correspond to a 75 mm diamerer
tailpipe with a flow Mach number of 0.26 at 600°C yieldn a sound prassure
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level of B85 dBA at 2.5 metres.  Thio represents a winimwum level for
tnilpipe self-excitotion unless this noise producing mechanicm can

be suppressed,

Figure 7 indicatos how thin source of noisze can be controlled
or reduced in strenpgth by bridging the gap between the inlet and outlet
with a perforated pipe. The acoustic behaviour of the expansion
chanbar iv not significuntly changed if the perforated pipe hag about
20% open avca, that ia the hole pitch iz of the order of twice the hole
diameter, Perforate C had scabbed holes 1.9 across at 3. 0mm pitch
glving an open area of 20%, while perforate D had holes #4.5mm dimmcter
at 7.5nm pitch giving an open ares of 271, The detalls of che hole
formation can be critical if high frequency discrete tone gencration
(singing) by the perfornte is to be avolded. Figure 8 shows that

Jperforatens are of valua in reducing back pressure and indlcaces the

magnitude of the back presaure penalty that must ba accepted, when sharp

changes in f{low direction are employed in a silencer system.

The meazaurementa ip Figuren 5 to 8 correspond to steady flow rigs
with a apecinlly acoustically trueated quier supply ayatwm,  Other
exparimenta ware parformed with single tone high level (up to 160 dB)
acounstic axcitatdon.  Suma typical results are illustrated in Figure 9.
Tha solid lines on cha figure represent the amplitude tranafer charact-
aeristics valculated by the linear acoustic methoda described earlier,

Tha behaviour of an aconatically excited jet has been studied in connection
with jet noisc and is fairly well underatood [13|, but the mechaniams

ara pon~linear and have baen difficult to quantify, The results
illuatrate (a) a relative increase in transmitted sound at low forcing
levelas dum to high amplification by thae shear layer, (b) a clonse approach
to pradicted transminaion ac high levala of excitation due to saturation
when tha ahear layer amplification becomes negligible, and (¢) a complex
interaction hetween tha travelling vortex potential field, thn sound

flald and the tailpipe resopance at interpediate lavala of forelng.
Fortunately, this complex non-linear behaviour can he effectively suppresased
by firring perforated bridges as illustrated by the measuremenca In

Figure 10,
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An exanple which itlustrates this nelse generation mechaniam in
more detail in provided by the acoustically syncronised vertex shedding
that i found at an expoansion,  The observatlons and analysis are
illustrated in Figure 11.  The acoustiec atanding wave with zero flow
that is predicted by linear acoustic analysis with 130 B excictation In
tha upstrenm duet {o shown in Figure 11¢a). This wave can be described
by

A 1wt
P,(®yt) » p aink;xe wk,

Tha form of the travelling potentinl field associated with the ahed
vortices in Figure 11¢{b) has Leon developed from a number of observations
of excited jet flows |21]. It is an estimate rather than a prediction
but can be closely dencribed by

(et = fa"OR2RE (08 = kax 48)

The combined pressure dintribution is the aum af the potential and
acoustic [ielda. The mean square value of the sum has becn calculated
and chen plected for comparison with obasrvations mada wich a trnvailins
praba microphone fn Rigure 11(c)., The ngraement 18 within tha accuracy
of the meanurementa,

Though not ef{ficlent radiators in fxee space, the travelling
potencial findd of the vorticea can interact with nearby surfaces
which then may xadfate atrongly. Thie &a whut appeara to happen within
the expannion chamber, the effect belpg awplified by resonance in the
chawber and tailpipe, The role of the perforate bridge is thua to
supprean the vortex formation while leaving the othar acoustic proparties
wnaffected,

It fa tempting to apaculata whether, parhaps, many of the non~linear
acoustic characteristics found with silencer elements ox silencer myatem
may not be the reault of aimilar mechaniama chat include vortex shedding
at diascontinuicien,
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HEASUREMENT AND IMREDLICTION OF EXNAUST SYSTEM ACOUSTIC PERFORMANCE

As outlined earlier, evaluation of cxhuust system acoustic performance
is based on inscrtion loss meagsurements or predictions,  For thig
purpose open pipe (unsilenced) system measurements on a test bed are
vrequired ng well as measurements with the muf fler vnita included, The
prediction of insertion louss involves ideally, first caleulating the
transfer characterintics of the open pipe and then, starting at the
tailpipe, caleulating the transler characteristics of the systcem with
gilencer unita Ineluded.  The inscrtion losa can then be calculated

{rom the ratio of the two tranafer charncteristies.

For simplicity (see for cxample |9]) the epen pipe trunsfer chara-
ctevintics may be taken an unity, and the predicted attenuation of the
aystem fo then taken as the insertion loas., This can be acceptable
in situntions where the run of cxhaust pipe between engine and muffler
is ar least two or more wavelengtha long at the lowest exhauat {requency,
with the mulfler situated near che exhoust discharge. Predicted
attenuntion may nut‘cnrrflutc well with messurements of insertion loas
when the exhaust pipe ia relatively short and tho system contains two

or more dintributed muffler units set wall aparc.

As wantioned earlier, the tranafer charncteristic can be caleulated
working with the {ocident and reflected waves as described here, or hy
using trannfer matrices reprasenting the relation betwuen Input and
output prensure and volume velocity for ecach element. The two methods
should give preclsely the name renultn, Lf based on tha same assumptione
and houndary conditionn, as long as the input to each element in turn

is tnken as che output of the preceding one.

Thia procedura la valld so long nu the aource characterinitea
remain Invarient at each of che prescribed engine running conditions.
imecertainties will also arise due to {low noise generation within the
syatem unless dus allowance for this ean be Included in the model faor
each alement, From what hag been shiown already, it is elear thac the

appropriate flow and cemperature condicions suat alvwaya be included

¢

in tho analyain.
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1.1

Source characteristics

The acounstice source characteristics of the engine can be deduced
from open pipe measurements. To illustrate how this can Le carried
out wa muat first set out a wodel of the system which ifdencifies the

source ag an clement.

The primary sources arve provided by the unsceady flow through the
valves which can be rupresented acoustically by a fluctuating veluma
velocicy, To complete the description of the source one must also
specify the effective source dmpedance.  Each valve [low provides an
Individual contribution to the total source strength which combine in
the manifold. A convenient refercence plane for definition of nource

characteriscics {0 therefore the manifold or turbocharger outlet f£lange.

Tha acurce strenfith can bo specified at this reference plana ag o
fluctuating voluma velocity qnwith an elfective nource impedance ﬁn,
hoth being quantifled na complex variables. The exhaust system {(or
inlex system) reprascnts an acoustic load applied to the mource. This
can be apecified as*a fhuctuating volume velocitcy U, with an effuctive
impedance By With chene definitions the acountic model of the mource

and syatem sppeara as ahown in Figure 12,

]

Um Zm Zy

Figure 12 Acoustic model of engine and exhaust syatem

The driving pressura at the manifold or turbocharger outlat flange

P, ¢&n be expressud aa

Pg ™ UZ, = (u-UYE . 3.1

Acountic measucemenks cbtained wich microphones or eransducers ars

usually expressed an nound pressure leveln., Thias ianformacion fs uwsually
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reported as the root mean square value of the pressure, Such
informntion, e.g. Pﬂ whieh i» an r.m.s. pressure oay, in not dircetly
camparabie with the nound pressure P, defined by equation 3.1, wince

phase information has been discarded in the sipnal processing.

3.2 Open pipe measurements

Open pipe nolse measurenents are usually sound pressure level
recordings made under ef Leetively free field conditionas.  The results
are normally presented ae a4 narrow band speetrum of the rodiated nolwe
and representa the radinted sound encrgy. Thun the record represents
the spectrum of the asignal Pr in cquation 2.14. Provided the neccssaxy
flow data have been recorded at the same ¢ime, this information,
togaether with a definftion for tailpipe {mpedance Zgs can be used wich
aquation 2,14 to evaluate the amplitude spectrum of che tailpipe

incident wave p;.

\ Hith a atraight open pipe of length & , the [luctuating volume

velocity EARE L the source plane can then be calculated as
AI’;'f- it -
U - _p.g.[(lm)a R g ggopryal (672000 glu 3.2

where A ia the crosa section area of the pipe.  The preasure at the

driving plane, p, can be found from

p ﬁ;[(hn)a'“‘" » RQL-tyd (6 #49)] et 3.3
Repeating the obracvacionn, with a different acoustic lead {i.e.

changa of &) provides a secund eatimatn of U, and p. Provided "m

\ nnd Zm ara unaffected by changes in Zn, thia information can be used to
solve equation 3,1 for thesa two variables which charactarise the source.
Some avidence exisats !11! that U and 2 remaln uwnaffected with a turho-
charged engina, but will alter with a change in i’.‘l for a aingla cylinder
naturally aspirated enginsa,

Alterpatively, one can predict che ineaction loss or predict the
wound radiated by a ailenced system from the open pipe measurementa,
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The obperved radlaoted apectra are adjusted assuming Um remaing

unalterad, but rather chan p; changes as the system fa altered, in
accordance with the known changes te Zu' This procedure is illustrated
by the results in Figure 13, The weasurements were taken from refoerence
14, and were obtained on a special flow rig where the volume velocity of
the aource wap maintained constant.  The rusults show that the silenced
aystew perflormance can be closely predicted from the open pipe
meadurepents using linear plane wave theory even though the pressure

wave amplitude was in excesn of 0.5 Bar.

The calculations for the comparisons in Mgure 13 were faicly
straightforward, nince the flow temperature, mass flow and source
frequency were all constbant. Tent bed measurements on an enpgina
involve covering a wide rangu of speed and load conditions, which result
in large changea in flow temperature and tewmperature grodients, maso
[low valocity, source streogth apd so on. In noiae concrol annlyais [or
tha engine, the predicted system performance munt provide a specified
though perhaps different minimum insertion loss for wach eperating

condicion,

The preblem can be almplified somehac, by firec avsemhling the
measuced daca In the most general way.,  One mathod of deing we is
illuateated in Figure l4.  The upper figure {n A carpet plot of a
narrow band analysis of the opun pipn radiaced noive for five engine
apecds at full lond texrque. Each rcecord haa been normaliaed in aound
pressura leval by dividing by the corresponding mean flow dynamic head
At the manifold aexit plane, This provides a plot where the increane
in xadiared sound pressure dus co incressed angine apeed has hoven

norpalised,

A sccond pormalization has haen carried ot on the daca In Figure 14{h),
The data from sach run have becn ceploctesd on a haals of k" (see
cquation 2.5). The modulasion of the radiated noine amplitude ia
ciaarly in step with the open pipe load impedance changes.  Figure 14(b)
then represents the prenentatien of open pilpe data for which insarcion
losa comparisons ara most likely to correspond to predicted anystem

performence,
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3.3 Comparisons between predicted and measured system performance

Ono example of a comparison between the measured performance of
an exhausc system and that predicted with linear acoustic theory from
open pipe measurcments was presented in Figure 13, A further example
of a gimilar comparison based on weadurcments with an engine en a test
bed ig presented in Figurs 15 and 16,  These results formed pace of
the aystematic exhuust system bench test and desipn studies for the
quiet heavy vehiele projeet sponvorad by the Department of rhe

environment in the Uniced Kingdom.

The unsilenced noise of this turbocharpged cngine was 105 dDA at
7.5 metrea under full load with an open pipe exhaust sytem,  The dealign
specificaction for the system required exhaust levels below 70 dHA ac
7.5 metres for any speed or load condition with a back pressure limit
of 45 pm of mercury,  Open pipe measwrements were performed and anolysed
uaing the lipear scoustie methods alromly described in this reporc.
The resulcing open pipe noise 1/3 octave apectrum {s ahown by the full
line in Figure 15, . Includad.within this figure are two furthor secto
of spectral meapuraments with a silenced exhaust.  The two silenced
syatewms ware of tha sama design which {a also skecched in Figura 15,
but the pexfacated bridges wore omitted in ona of them,  The acoustic
performance predicced for che dealgn, neglecting flow polsn, 18 alto

plotted in the figura.

The reaulca for the two aflenced syatems demonatrate the value of
perforate bridgen for suppresalve flow nofae. They also confizm that
flow najise levela of around 85 dBA can be expected if the bridges are
omitced an implied by tha reosults in Figure 7, Tha performance of both
syatems predicted by linear acouatic theory ias the same if the flow nolae
excitacion by vortex nhedding at the expansions is ignored, Huwever
anly in the case of the ayatem with the pecforace bridges can good
agrecment ha found with the predicted performance, aince only with thasa
prenent have the non-linear ncountic regeneration effects been nupprensed,

There ia a aignificant discrepancy between predicted and measured
performance around 1600 Hx.  The reason has not bern eatublished but
vallpipe remonance might ba reaponsibla, while it iz waorth neting that
thin i3 juar abave the fraquency when the firac of the higher order

propagating modea will bacoma cut an.
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The measured insertion loss for the system with bridges iu

recorded in Figure 16.  7The informatien plottued here is raw data

with no attempt to account for modificarions to the open pipe
measurements to allow for changes in flow conditions (e.g. temperature),
The cross=hatching indicates the range of variation that this can
produce, since careful meagurements with difference acoustic loads

had already indicsted that this engine belhuved acountically as a
constant volume welocity source at cach mechanical load and speed.

The predicted inwertion loss was in excews of 35 ta 40 dl above 200 Hz,
whi 1a the weasurcwents indicate two pronounced dips in the neighbourhood
ef the 1250 Hz and the 4000 Hz, 1/3 ockave bands. This resultc reinforces
tho wugpeotion that scoustic cnergy propagation in the higher order
mades might be responuible fLor the discrepancy., Calculations show

that the first circumlerentinl mede corresponds to about 1200 Hz in

the axpanalon chanber and 3000 Hz in the pipe with the flow conditions
it thase components. These obscrvations Indicate that the predictions
of linear plane wave thuory will only bo rolianble ag frequencies below
thosa at which acousticrencrgy will propagate In che higher order nodes.
A proper understanding of higher order mode propagacion with {low prescnt
liea to the future,

fiome ohacrvations concernipg prafsure mesiurementa

The meanurements of the sound energy radiated Lrom the cxbaust outlac
is a woll eatablished cachnique and nhould present few problems, The
interpretation of the resulta is also stralghtforward provided free field
conditions obtain for the experiments, The mecasurement of proafurh
within the duct posen more severe cxparimental problems, since hoth incident

and waflected wave aystemn exiat together producing atanding waven,

A traditional approach to atanding wave measurementa ia to employ
a traversing probe microphone, Thia {s a laborlous procedure and requixea
great care if raliable obsecrvations are to be obtained. A £ull account
of the experimental problems appearxn in refertnca 1,  Specisl care fa
also required In the intexprecation of the resulta of pressure traversen
near expansiona, due.te the non-acoustic patencial fielda that can
exiat thera, sae for example Figure l11. Except for nspacial research
situvations thia does not appear a satisfactory or practical cechnigque for
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normal production test bed measurements for component evaluation,

An alternative ig to employ wall pressurc measurementa, but these
may involve practical problems in the evaluation of the information
obtained,  Thete ig no serioun problem Lif there are no standing waves
or disturbed flow in the pipe, a condition that obtaina with some trana~
misnion loss meanurcmonta, However, with any practical system uwtrong
standing waves will always be present. The problems created by theic
exiatencn can be overcome, if simulconcoua records ave obtained with
two preduure gauvged, These whould be aited on the wall with a
separation that ia lcus than the wavelength of wound at the highent
frequency for which pressure measaurcments are required. Fast Fourler
tranaform technqiuea can be cmployed to extract the smplitudus of the
poaitive and negative travelling componcnts of the atanding wave system
from thesa two signala. This procedure relies oh the assumption that
the waves are plane and that the pressure aignals are whelly acoustic,
so may nog be appropriate dowustream of bends or other discontinuicien

which introduce strong disturbances in the flow.

A third poaalbility ia to make simultancous obsacvations of wall
prenaura and particla velocity at the same duct pouition, Simulcaneoun
preasure and parcicle velocity measurements are particularly suitable
for dircce application in matrix methoda of wystem performanca evaluation.
Velocdty measurements in a hot gas flow are difficulr but the new optical
techniques may ofler practical poaaibilities.  Intake syscem performance
avaluations have alrasdy baen undertaken [15] using wall pressure
measuremants and velocity mepsurcments made with hot wires, In chin
casa, though the temperacure changes are relacively podeat, they wers
larga anough to introduce difficulcies with the hot wire calibration
and wignal interpretaclon.. Though much more expensive, optical techniquea
should ba free of avch difficaltics,

DISCUSSION

Tha analynls and resulcs preasented hera represuent one approach to
improving the undexstanding of che acouatic hehaviour of axhaust and inlet
system elements and how they Interact. It has bewn shown that copcepts
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based on lincar acoustic modelling are applicable to the control of
intake and exhaust noise provided they are employed with an adequata
underatanding of their limitatiens, Current knowledge and practieal
axperionee eonfirms that linear acoustic modelling can define the
ralationshipu that povern the intetactions between system elements and
provide vucEul prediceions of system perlormance,  These facts have
bheen appreciated-by intake and exhaust syatem designers and manulacturers
for dsoma time, see for exampiuv relercnces ]4’ and lﬁl. At the same
time shortcomings with the appreoach have been experienced in caves where
there hag been a failure to achieve the predicted insertion loss by n

subatantial margin,

In reviewing progress in the study areas (a) to (£) listed in the
introduction, if haa beeome clear that successful application of linear

plane wave acoustic techniquea depemds on

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

2) Employing appropriate boundary cenditions, {ncluding and
correctiona whera required,

3}  Racogniring thac the plune wave analysie {s limited to those
frequencies bolow which significant acouarie energy propagation
can take place In higher order acoustic moden.

A} Appreclating the importance of correct packaging, in particular
khe meaaures needed to malntain linoar acoustic bohaviour in

ayatem nlements and avoid cxcessive flow nolase generation,

5) Taking cara that pressure meanu-wents are cecrectly performad,
procensad and interpraced,

6) Recogniasing that insextion loss nat eranamisaion loas i

required for practical performance praedictiona.

In the light of all the exinting evidence it appears unlikely that,
ulth the pressuca amplitudes pormally axperienced In {ntake or exhause
syatema, any significant agrors are Introduced by employing lincar
acountic theory for noise concrol analyals. Non-linear behaviour is
hewever likely whenecver uncontrolled £low separations occur, and alpo
appanxa to he axhibitad by syacem e¢lements employing absorbing materiala.

The two approaches to linear system analyais that have baen discusued
hera aca, In principle, equivalant to each other. The one deascribed in
27
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detoil presents the analysis io terms of incident and reflected preosure
waves or transmission line ecquationa, (e.g. references |1, ]2],]5],]7],
[8],19], [10],]21],012],]15] 3.  An aleernative is to present the
analysis in terms of transfer watrices relacing to input ad output

particle velocitied and pressurcs for cach element (e.g. relerences

[3], {4], ). 1t is recognised that other methods of analysiu (e.g. li"l'),

have also been developed which can provide useful alternative approaches
for noise control annlysls. These may be particularly relevant (e.g.
finite elewment methods) for providing new ipoight Into the acoustic
behaviour of components for which linear acoustic analyuls has so far
proved inadequate. A valid eriterion by which cach of the methoda may
ha judged is thaov thoy should be flexible oand resadily applicable to
practical situations and muat provide reliable predictions of acouatic

performance,

Finally, an cutatanding problem in the nolae control analyaia of
engine {ntake and exhaunt nyscems lies in charvacterising the acurce,
Seme rosults have been reported lhera, but these have been restricted to
cxamples whara the wource characteristics appear to be independent
of the acoustic load. There ia clear evidence that many ether examples
exiac whera thia is not che case. So that new devaelopments in meaaure—~
mentment and source Annlyaia cechniques are required to provide reliable
noise control predictions in auch nituatione.

28

|

C——— T e e .- C e A o




B
i
S
?
g

e ————— e e mm « =

1.

2.

3.

A,

7.

a.

10.

11.

12,

13,

14-

15,

REFERENCER

RiJd. ALFREDSON and P.O.A.L. DAVIES 1970 Journal Sound and Vibration
Yol.13, 389 ~ 408, The radiation of sound from an engine exhaust,

R.J. ALFREDSON and P.O.A.L. DAVIES 1971 Journal Sound and Vibration
Vol.15, 175-197. Performance of exhoust silencer cemponents.

M.L, MUNJAL 1975 Journal Sound and Vibration, Vol,39, 105 - 119,
Velocity ratio-cum~cransfer matrix method for the evaluation of a
muffler with mean flow.

V.C, BYRNE and J.E. UART 1973 S.A.E. Paper Ho. 230429, Systems approach
for the control of intake and exhaust noise.

M. AMANO; 5. KAJIYA; T. NHARKAKUDO 1977 I.Mech,E.,London Conferenca

Paper No. €16/77.' Performance predictions of “silencera for the internal

combuntlon engine.

H..LEVIHE and J, SCHHINGER 1948 J.Phya.Rev. 73, 383, On the radiation
of gound [rom an unflanged clecular pipe.

E. MYER and E.G. Neumann 1972 Physical Acoustica, Chapter 11.
{Academic Prens).

P. MUNGER and G.M.L., GLAJWELL 1962 Journnl Sound and Vibration, Vol.9
28 ~ A8, Acoustic wave propagation in A sheared fluid io a duct,

P.0.A.L. DAVIES 1973 Proc.I.M.A.8., London, Section 4, 59 ~ 61.
Exhaust ayatem ailencing.

AuJ, CUMMINGS 1975 Jourxnal Sound and Vibeation, Vol,38, 149 ~ 155,
Saund transmission at audden area expansions in circular ducte with
suparimposed mean £laow,

W.I. ADAMS 1975 I.5.V.R. Internal and Contract Reporta, University
nf Sourhampton.

A, CUMMINGS 1975 Jouxnal of Sound and Vibration, Vel.al, 375 - 379,
Sound tranemiasion in a folded annular duct.

C.J, MOORE 1977 Jourpal Fluid Mach. Vol.80, 321 ~ 368. Tha role of
shear layer instabllity wavea in jet exhause noipe.

.M, COATES and G.P, BLAIR 1974 S,A.K, Trana.84, 740173, Furthar
atudias of nolne characteriacica of fntarnal combustion engines.

A.T. HARCOMBE 1977 Univernity of Southampton Honours Theals. A skudy

of prenoure waves In the intake duct of an internal combuatlon engine
vaing acoustfc methoda,

29

a
e ——— e it b it ads e b




l Exact zeroflow
AO - \
»
\ M= 0,00
'P .\ Predicted
\ plane waves
1 \
—— 0.032\
=18 K/K\\\ \\ \
x| X 30
g £ \
y 7
© o |a
wlan
S
"o- )
g
-
o
o
4
20—
1 L _1 L L 1 1 ——
240 740 780 800 820 840 860 880
Frequency Hz
FIG. la. ACOUSTIC ENERGY TRANSPORT AT A COMTRACTION WITH SIDEBRANCH,

- AN HEFLT ey




AQ
Predlction
301
~—
=
B
e
i |
pol wor
.Q._:'. 0 Measvrement
o
g
o 10}
o
~
i | i 1 ]
0 g 2 3

FIG.

Mach numbar in 3
1(b) ACQUSTIC ENERGY TRAMSPORT AT A CONTRACTION WITH SIDERRANCH.,




Zeroflow
6o
i
\
! \
\ M=0.00
I'\e
' \ \
i \
M=0.010 I’ \ \
0.034 [ \‘ Mecasurement
sk 0.08 ,’ \
0.126 ! \\ Predicted plone woves
/
fr &
P ! \\
) X
w E| £
(SIS
Z[2
mla
R
2
g
-
<
&
30f-

L I\ t
740 740 7800 000 820 D40 B4GO (a0 700
Frequency Hi

FIG., Za,




60

10

Meawrement

frediction

b
.

|

FIG.

2(0;,

N
Mach numbar in {1l

ACCUSTIC FNERGY TRAMNSP CRT AT AN EXPANSICN WITH SIDE BRANCH




i
(-]

End correction lj.

[~ e e -
0.0 =g
U0 Ny
~
5—4‘ N
K N .
)"_/
\'\
3.0 -
- _—_")r
A \
2.5
__//\\//
— \
2.0 02/‘,‘
{ ol
R
1 ¥ 1 1.
5 R R N

T - Y RTILY iU

Frequancy purnmalar o)

EMD CQRRECTION FOR EXPANSION OR CONTRACTION,

t.0




1000

- J
I\ L D3 [Meuwiured Calculated
/ \ 11.7]13.9 | e
Ll H ———— ———
530‘ g X 11.714.9
3 i / \ 6.014.9 d ———an
- ]
n !
v i
I.
0= /
/
] f
2., !
Y g
L
= w0
wi !
’
o [
8ok
e
&
i A 1 1 1 1 H
100 200 o0 500 o0 700 000
Frequency He
FIG, 4, FPERFORMAMNCE OF FOLDED CHAMBERS,

——
L | A7.4
D) =2.54
Dg»2.05
n’d D,‘“ﬂ.]
Q‘b D, =255




Contour of comlant

'-'—_‘__-___._—4.-.-'
energy P
6o
Ui~

g a0
s &

] R

~

= 30}

[1¢)

&

- w5 7

o

v A0 Yelocity 140 fi/sec

{40 Hz bandwidth)

1 1 1 i 1 ol ] i 1
AQ 100 200 100 1000 2000 A000 10,000 20,000

Frequency iz

FIG. 5. SPECTRAL CCNIEMNT QF FLOW MNOISE




i

A
"-h__‘..‘.\
X~
>~
n
\\
-
P i \
v . x
' \.\_‘__ N
nore Tre—a N
N\
N\, \
\ “
o

i€
SPLdho 7 5 et
b3
i
»

\A
X 400 fr/vaa
A 300 fir/vec Q
o 200 hfsac
ol v 290 fr/sec .
[
I 1 1 | £
2 4 [ 8 10 12
Separtion /4

FIG, &, FLOW NOISE GENIRATION IN AXJA) CHAMBERS,

WY =m Y RENTY avadd




P '_"'"""--.._

205 Nt /ync in ling

r

A 245 ft/h0c Perforate o
8 0 ft/sec -~
A
o

W5 Mt w0
0 fifsoc

&-".
&
-
a
Ly
FIG,
"""——f-__-n_

TR o SMY Iy L it




Less of stetic heod

Dynomic beod

o e e [} mn e

Side entry

- In line
//
®
//
-
-
.'.- - ¢
. “In linc perloiate
-~
- -
L®
1 1 1
2 4 &

Scperation #/d

PRESSURE OF EXPANSION CHAMBERS.

12

e

it ey



140

623 Hz

600 Hz

D/
-~
130 )
) '/
< —
(3] D/ x”" T 1
S 5 ‘. ~h-
E 120k //n""h
- |
a o n 623 Hz
) , n/d = 2.5
”
X 678 Hz 011
i - A B0 Mz
. 1 ! L 1
110 120 130 110 150
S.P.L.mox | dB
FIG, 9. FLOW ACCUSTIC CCUPLING AT AN AREA EXPANSICN,

IR BT



140 [~ /
,

130 |- / /‘
: ’

4 <,
|w] ’
/ /
. A
120 f= a’ ”
- e 7 4
. A
3 :/ r."’
3 0 na O 623tz [ ]
Ei / A ',-A;? A B00 Mz | K] —--p-.M""O.”
“ 10 e A X -T
- X; 2
oy B o N
—l /=25
-f'
W
-~
100 1 _l [ 1 ] 1
100 1o 120 130 140 150 160
S.PLigax VD
FIG. 10, SUPPRESSION OF FLOW-ACOUSTIC COUPLIMNG BY A BRIDGE PERFORATE.

e e —— e e R

7
:'
.
.
:
:
t
.
]
!
'
¥
13
]
'




v o Ha T LIWIAY AO3S

A,
0
(b}
120
b
A
TEE
5
-
T}
- 100
e
-
[N
vy
{c)
FIG, 1

G
——— t ———— K — . a——— ——— Hr e — e —— — +
10a 200
100" Pa ﬁa sin kl x giv!
8
A Acoustic standing wave
@ 0 —_————— —

Vortex travelling wave

—y —— e

?‘v q-mkzn uoi(lczn +9) t}le

ka "'20/(!; @ =NW/2 ; &= 0,04, x»4a,

» Obsecvad

eaaae Prydicted

SOUND PRESSURE LEVEL AFTER A DUCT EXPANSION M =0,1; [ = 1250Hz
2a = 25mm ; Uc = 0,63 Mcq

-y e~ A T

e b mm————-



e LTS T NN £a -
e it DL T

"
i
M

Y

it T U

g

(

““"-‘li-‘rqil}?ré

By St

e e v

U,

43

|

Zm

l
fqure 2




120
. measured open pipe
100 |
3
o B 28.6mm dia.
Vi l et By 4
m—eme—e= mneasured ), /-
***** predicted } silenced , j
i 1.83m y
60 | N A
open pipe
20 100 1006
frequancy Ha
76mm dia,
28.6mm dia,
7 A J
7 L
, [ A4 L-_
1.8Im L 305mm |
N ! | 52mm
enpansion chamber
FIG, 13 SINGLE EXPANSION CHAMBER PERFORMANCE CONSTANT VOLUME
VELOCITY SOQURCE LINEAR ACQOUSTIC ANALYSIS
N

rERWT R Iy sallr ovysmwm




Pasvw VS TF UTNY 4237 A

2
FAY

.p'dEA/'_l!
reduczed sound pressure level

2000

-50
-&0 -
=70 i 1 L 1
100 200 500 1000
narrow band frequeney Hi
{0}
“’40 [] 1 I 1 T T T T 1
-50 k
~40 |-
70 L i L fl F U R W S U |
0,5 | 5 10
reduced wave number kl/n
(b)

FIG., 14 OPEN PIPE MEASUREMENTS, FULL LOAD,
FOUR CYLINDER FOUR CYCLE PETROL ENGINE,
2000 < N < 5250 rpm

h5




100
peak open pipe
o System with perforate bridges
A
0
’B‘ b
»
E ]
& S ! _—omitting perfarale bridges
- } ‘-‘/ (flow noise)
= 60k /. '
& /' \i":\. .l‘/...__’.\. /'-\‘ ‘\’l '\ —~
X /n n\ \ . ., ‘/f._"\q “N\—et—silenced, peak measured
NAVANSAERN S
] X, y \x-‘"\ n %, peak predicted
~
x\x/x
40‘.x,.l.gl..x.‘l.Lx.Al.,
100 400 1600 6300

third octave filter band (Hz)

FIG. 15 AVERAGED MEASURED PERFORMANCE, TURBOCHARGED DIESEL AT 7.5m
FULL LOAD B SPEEDS 1000 < N < 2350

wERE -




40 }
30
[24]
»
~ .E 20 - g
~ -
g
[~
j‘l
o
10 | 1
0 "ESEPUENE POV VI T YUV PO MY WSy Sy DSOS WY S |
100 400 1400 6300
third octave filter band (Hz)
FIG. 16 AVERAGE MEASURED INSERTION LOSS, FULL LOAD TCRQUE 8 SPEEDS,
1000 < N < 2350 spm . Hatching indicales runge of variation.
e - - R
A
3
H
3
L
}
i




AURROT IV LNHALS T SYSTEHM LVALUATION
03

DN Blaser, Jo Y, vhaay, and B, Micklingy
Flevial Ivpnmia o Bevecan o e department
Ceneral Moetors Besearct Poaboaratar e
Warren, Mbchiipgan Sdogg

Ta he predentoed to:

Surlace Fransportat bon Lxhaust Syscem Noloe Sympoulom
Sponnored by the LS. Eovirvnmental Procection Avency
aad
ConducLued by the Fovironmental Proteetton Apency and
Mebunmell Pouglas Astroaaut fos Company at Chicago, THinods

To Lo publiubed fn:

Procecdingy ol Sympoulum

The ceauden of several exhaunt nofue studlen that have been performed at

the General Motoen Heascarch Laboratorica are presented.  The principal

caontribution In a new tepusfer-fonct fon method of measuring the acouatic

characterinticy of exhaust sysiens wich Tlow.  The method appears to provide,
' for che Clrat tlme, o meann of making restine teat meanurements over the

frequency range of Interest without belog too time consuming amd without

the need to une g computer syustem other than o Iaboratery type analyrer.

eher results proegented o thiy paper velate the acouscieal presnure in the

tall plpe to the radlated sound amd Indicvace how exhaost oedue e degermdned

by englne tvpe ond operating condItfon,
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INTIOPUCTION

A Toew yearn opo, a program of exhaast nodse research won Indtisted ac the
GH Resvaech Laboratorfes that bhad as fts ponl an fncreased understand ing of
exbaunt system perlormance and of Lhe mechanbamg of oodue generatfon in
urhatst systems, A the ootset of the program it became apparent that,
althougph the acountleal theory ol sllencer clements such o as expannion
cliambers, redonators atal acount leal ly=ahgorbiog Tinlngs was reasonably well
umderstowmly the effect of paws Tlow, Lemperature, hilgh-ampiftude waves and
ather Important Teatutes ol real exbaust siyatems was aot. Also, it scemed
that there wan Tt e banle experfoeatal Information on exhauut system noise
and that sultable tent methods were lacking,  Iv was declded, therclfore,

to concentrate Inltlally on experimental tests and test methodology before
proceeding to theoretical medelu and denipn methods,

Thin paper presents dome of the resules of thin work, Several toplcs are
covervd, Fleut there fs a shore discousleon of exhaust system nolse an
determined by englne cype and operating condition,  Hext some data are
presented on oojoe an [t by vadlated Trom the tail pipe. Flnally a new
trannfuer function method of measurlog the acoustle churacteristics of
exhauvat gywtems (such an reflectlon coed Ciclents and cransmisuion lospen)
1 deweribed.

ENGLHE EXUAUST SYSTENS

Exhaunt noise I determintd by o complete ayntem comprining the engloe aml
varloua exhoust components such an shown In Flgure 1 which deplcts a typleal
automotive exhiunt syitem.  The compupnents shown In Flgure 1 inelude the
manifold, downplped, catalytic converter, titencers, resonators and tall
pipua.  Exhoust aystem oeloe comprines tail pipe-~radiated nolse and shell-
radlated nolse [rom the steucturs] vibrations of the varloun componencn of
the exhaust.  Both supects bave to be combdered alnee occaslonally they

are compatroble fn mignitude,

Exhawnt nolne fn caused by the preusure pulsatlons epapating from the
exhnust valven of the cogloe,  These pulnationn are affecced by the con-
Flguration and the mode of operation of the valyven an well as by che upurat ing
comdition of the enploe. To o preat ertent the pulsations, which can
cypleally be ol Lhe vrder of 17% a6, are reflectod back From the silencer
and redonator o that they are retalowd within the exhaunt nystem and
attepuatesd through varfouws dlssipat lve mechanlvnn, Typleally the pulua-
tlong are reduced by about 20 dBb at the downstreom sdde of Lhe ollencur

s pemmator, These pulnatlons Interaet with the scructure of the exlinust
pyntem and wnually are the primary couse of Lhe ahel l-radlated noiuse [ rom
the nynLoem,

Vartous typen and plzen of eoplned ore wsald to power propnd Lransporenclon
vebielen, ranping from nmall A-cylinder npark dpnlelon eopioes for comped,
cars to Jaepe Ziteylinder Dienel engloes for locomot Iven,  Althoagh che
exbaune syntem requirements may vary connlderably over thins ranpe of
velilelen, the nolae generaced at the exhaust ports of the varfoun ctipines
have peveral features In comnon,
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Flgure 2 prescnts vnsilenced exhauat nolue data for a V-8 spark ignition
engloe and an BV-71 pPlesel eogloe,  Although the load ond spoced conditionn
arce pot the same, hoth engloes exhiblc tonal eoise below 1 kiiz composed of
harmonicn of the coglne fleiong frequency, and broadband noloc above 1 hkilz
componed primorily of (low neise generaced during the inicial opening of
the exhoust valve, Since all epglnes create exhaunt nolec apectra aimilar
to thone appraving in Figuee 2, desipn of engine exbnust aystems would
appear to be o relatively seralghtfoeward tosk, However, complexltied are
Introduced by striogent swpace Jmftations in a vehicle, the extensive range
of operating condltionn over which the Jesigner has to limit the nolse, and
the back=prefssure requirements which are different for different anglnes,

A dlenel engdue vperates unthrottled continuounly and, hence, the back
presoure at part load has a greater cf foct on engint performance than in a
spark fgnicfon cngine which 1o thruteled at part lead, A Diesel-angine
exhaunt syntem munt, therefore, in general be designed to have o amaller
back preusure,

The e¢ffect of cogine operating conditlons on A-weightod exhaust noise in
shown in Flgure 3, These datn represent nolac radlated from tha tadl pipe
of an unnl lenced V= spatk=[pgnltlon enplne throughout ite complete

camfie of operation, Although eabaust soine [n known to incroana in level
with incereaalng engine specd apd with {ncreaning load, these dacn abow that
the level of exhaunt nolse fo governed principally by the exhaunt gas madn
flow rate. This Io oot too surprining since pressure pulpations are ereated
by the exhaust gas blow-down procens during wxhaust valvh opening, It 1a
recogndzed that other englne poromoterns puch as exhaunt valve timing and

cam shape, erthaunt manifoldlng, vte., can also nffect exhauvst nolae} however,
once the engine L deplgoel thuse paramecers are [Ixed, thus the exhavac
nofne level Ls set by the exhaunt pog masa flow rate.

TAIL PIiR

The tall pipe vpening playe an Importanc rale in the acoustic performanca
of the anglag exhaunt ayntem wainca It {w at the tail plpe that a major
portion n? the wcountic energy of the exhaust preenure pulsen is radlsted
an pound, There wan constderable confunien concarning the detaila of this
radiation procoss unt{l 1948, when Levine and Schwinger [1]* developed tha
theoty of thie reflected wave (rom an unflanged circular pipa without flow,
Since then, several experimental atudics bave boen performed to detarmine
the effect of Tlow on the reflaction procena [2,3], 1In thim mores recent
wagk the moat salpnificant reaule In probably that obhtained by Alfredaon and
Davies [2) who, by noouming monopole radiation from the pipe (l.e, equating
the encrgy of thd plane wave 1o the plpe to the energy in the spherical
apreadiog wave outsaide the plpe), developed che fellowing relation betweon
the amplitudes of the prenaure p, of the plane wave lonida cthe pipe o tha
apherical wave prossure P, outnide che plpe,

meme e r—————- T B g 1 4 A RS ReT r  PP et R Ly % 2 ke AR e

A lumhers In brackets [ refer ta Referencea at the end of che Teport.,
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whvere 41 the vadlal distance from the end of the plpe, d [y the pipe dlometer,
(o) and (o), are the characvteristie dmpabinces dnndde and outulde the plpv;
respect fvely, N ba the Hoch number ob the Tlaw fn the pipe and B ds the tafl
pippe Ferlectdom coel e bent,  The three teemi do equation () represent the
virevts ol area dHverpence, (lald properties or temperature, amd acoustic energy
reflection amd convect bon, cespectively on e radfotion of sound From the tall
plpe.  Apart drom o few experdments o the or{glnal paper by Alfcednon and
Bavien [0], Hede or wo data han appesred dn the Jiterature to confion the
valldity of thdn equaclon. However, it appears toe be o waelul formelation and
1L D been waed An [nyeutlgat lons ot the GM Heoeareh Lobs Lo study the un-
vilenced vadlatlon of acountic cnergpy from the tatl plpes of dif{erent enpine
calidumt wyatenn.  Some of theue data are dlucusned here,

Narrow band upectra of the exhaust polse radlated [rom the pipe compared with
slmilar speciea for preasures at two Joviatlong within the pipe, one close to
the ond and the other 10385 m upotream, are shown o Figure 4, Far up the
plpe, the specteum In seen to be dominated by low=lrequency energy composed
primarlly of hatmonlen of the eagine (lelug [eequency,  Hear the end of the
plpe aml In the vatalde nelee, the domfnance at lower frequencies lu

nomewhat veduced,  Beflection at the end of the tall pipe and the natote

of the radlation process In the eaternal sound fleld are reaponsible for
thia change,

A interesting ohovevation from Fipgure 4 ds that the aliape of the apectrum
mear the end of the vadl pige ls very slirilar to that of the rallated noine
eaterior to the plpe, the oolse wpectrum belog about 43 db lower.  From

these datn (U wonld neem, therefore, that Lt might be poosible to dotermine
exterior nolsye levels from a meanurement of the prepsuce pear the end of the
pafl plpe.s Sueh a slogle weasurcement does ot separate the ncldent anl re-
flected waven vear the end of the plpe and henee douvs not pravide the
informet ion vewded to evaluate all the teemn in Equatlon 1 precloely,
towever, the cquat fon can be uned to cxamlne the di dEffereace ehhveved §n
Figare 4. The pipe diameter van about 30 mm we that the area divergence
effect fn aboul 30 3B which accountn far moat of the differenee dn level,

The temperature ef fect {a abuuat -2 dB which leaven a net of 9 diy for Lhe
reflectlon aml Clow of fecen, It fu wot clear at presceat why this comblnotion
ol ¢ffectn vhould appenr te be undloecnm actons the frequency range ol the daca,

The directdvity of the nolne radloted Trom the tail plpe {g Inpoctant Lo
ki tlon to the lTevel and Frequeney content. A typleal directivity plot s
whowa o Flipgnee s Por an unsilencel englane,  Eoglne solpoe win separated from
eichaunt Bulue by patnlng the exhaunt plpe Invo an acouaticably=linal room
where the radinted sound pregwere wan meanured 1,5 m from the okl plpe
autlet,  The |lovar oound pressure Ja (adely andlorm due to the dominance

ul low Tregquencles an ahiown Jiy Figuee 4, A-welghtiog of ¢he sound pressurs,
whilch glven an approsimate meavure of the loudnesn of the exbaust, glven a
rither intercotlog pattedn to the directivity, A qulet reglon occurn on the
axla of the wadl plpe, with the oudewt nofve rodlated 40* to 60° off the
axbno 1 dn belleved that refracrion of acoustle wavew by the veluclty and
temperature gradieata o the reglon of the eahaust-pan Jet la responaible
for thin varlation In difectivity, '
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Unly frequuincies for which the wave lenpth ds pmaller than the jet repton
will be strongly releactud, thuw, low brequency sound Ls radiated rather
uniformly while high frequency sound o Jdirected of 1 the tall pipe axis.
This [requency oplieedng effect b [lluntrated by the frequency spectra In
Flgura 6, Melow 1 klHz the two upectri are very similar; however, aboave thin
frequeney, thue sound pressure In ocarly HEdB higher of [ the tall pipe axls
(at 45%) than un the axia (at 0%),  Sloce A-welghting nakes - the level more
sepsitdve to higher Frequencies, the d=woelshted sound pressure level of
Figuee 5 reflecen thibn shife of high Jreguency sound off the tatl plpe axia
while the linear level doen ot

Rnldation divectivity patterns Simllar Lo the laboratery measurcments of
Figure 5 hove also been obuaerved Lo polue testu of vebdebue For example,
the directivity of nound measured 15 m (50') (rom the rear of a teanult
coach 4s ghown in Flgure 7. Althoogh these Latter data also contaln
dircctivity pushs due to other sourcen of nolwe (such an cnglne block
nofse, Fan nodse, cte.), the qulet repglon st the rear of the voach and the
necordary directivity Joben at t45Y are cnsentially cauned by refractlon of
the vafse radiated from che tall plpe opening,

A_THANSFER=FUNCTION ‘CECINIYUE FOR _MEASURING THE
ACOUSTIC_CHARACTERISTICS UF EXHAUST SYSTEMS WITH FLOW

For exhaust syatemn, 1t io daportant to have an ef[Mcient method of measuring
normal Ancldence acoustie propertica, nuch an rellection cocfliclentn,
transmincion coef{lelents, acountle Inpedances nond teoansmlaosion luooua.

The wmound han Lo bhe sepatated intu locldent and reflected componentu and

this can be a telativaly di¥ficult problem when the sound fo belny penerated
continuounly and atanding waven are belog formed ko the exhaust aystem.  Once
the .separation hap heen achieved, however, tnco so-called right-running and
loft=running wavuea, an depicted In Flpure 8, oll of the normal=incldenco
acoustic propearties 10 at exhaust aystem con bo determined,

The clasaical meched of decompuning stunding wave syatema in ductn In the
atanding-wave~ratlo (SWH) method [4] fn which a wmall micropbone or
mickophone proba ia maved axially along the duct to meanure the amplitnde
and Jocatton of che nacouatdc pressure maxdma and mindma,  Frum this Anforma-
tion, the roflection coeflicient can be determined. The SWR methed hoan
aaveral disadvantagon:

a, The mechod regulres acoistlce excitnkion of the duct ayatem at diacrete
frequencien and, hence, in time conwuming,

ko The microphope ponition munt be known quite accurately ta reaolve the
phane of che rellectud wave.  Thia counen difficalty at Wiph fregquencien,

. The micruphops must hae paved at leant a half-wavelength nt each
fredquency au that the microphone ayngfem han to be quite cumbernome
in erder to make Eoanurements ot Jower (requencies,

4, Heapurvementa thoat have to ba made within a long duct scction are
affectad by disnlpation at the duet walla.

53

" e b R e - . R S
Ve g




b

AdOD TIVINAY 1838

[ When there ie flow in the duct, the flow nofae generated by the
microphune system con completely munh the acouatic waven belng
mesnured,

Thuege disadvantages virtually eliminate the SWR method av o practical teol
{for the routlne testing of exhoust wyotems with flow,

Other lesn-cunberasme methods of scparating Incident and reflected waven
have been tried to avold some of the difificultiva junt clted. A direct
separatlon of {ncldent and reflected nound can be achieved wich the use of
broadband short=ducatlon excitation pulees Ln a relatively long acction of
duct [5,0). DBecoune of cthe length of duct needed, dissipation peobleps
occur at the walls an mentioned in (d.) above. Alao therd la:difficuluy
in creating asulfdelant high=frequency content in the short~duration puluoe
tu overcome [lew andfor bnckground nofne in the uwpper frequency range.
Another method of separating incident ond reflected sound usca correlation
techiniques with a dincrate frequency excicacion (7).  Two wall-mauntued
microphones menpure tho atanding-wave amplitude and phase rolative to a
common reference voltage and the croas~correlation between these meaburas-
mencs 1o unwd to decompoan tho atanding wave into Incident and reflected
wavea.  Although the wall~mounted microphencs reduce [low nofse, the method
to esscnclally an Lime conpuming aa the SWR mathod

A hrondband method in to be preferred, therefore, for practical teating
uiney, In general, discrete froquency mathods appear to be too timo
cousuming, An w¢ have seen, nhort pulanga do not weem Lo work too well for
broadhand excitation in a duct, This leaves tamdom-holne excitation,
fandom-nufue axcitation methods are now widely used in conjuncetion with

Fougiar analyais equipmens, particularly in vibration analyaia, and Lt would

obvioualy ba beneliclal 4f auch powerful procedurea could be applicd co
exhouat noine teating. Durdng the past two yesarn, a practical tranufer-

function technique of this kind hww, in fact, been developed at the oM Nesearch

Laboratorles for acoustic menaurcmenta in duct systemn with flow, e would
Like to preasent here a derivatden ol the method together with teat data
relative to pome known no-flow theoreticensl wolutiona, It thould he noted
that thiv is pot che only randed-nolsa Cechnique thar hos been proponed for

exhaust-nolae teating, Seyhart amd Rona recently proposed such .a methed [4],

Howaver thelr procedure involves a mathematdcal formulation, hased on
auto~ and crona~ppectea, rather than tesoufer functiond, that cannet casily

be uaed in praccical toatdng. The cransfer~function method chat we daacriba

hera can provida an Inastancancous seadout of quanticlen such an reflection

caeflficienta and crananisaion lopses over o reasonably hroad frequency cange

ualpg a two=chapnel laburatory analyzer.

Theory

Hafecring ko the achemcic diagram shiown in Figure 8, conalder two
arbitrary microphena lecatlonn ) and 2 at the duct wall with a separation
diatunce a, In a uniferm ducc of Lindto length with [low f[rom left bto xight
as dndicaced, The agouatie prespurea messured by the mlerophones ag thene
iocacions mny ba expreased o the nummation of right~ and left~running
compopents aa follown:
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and

P p, top , (3)
2 Zr 22

where the subuerdpts 1 oand 2 [ndleate the locatlons, aml r and & denote the

vight= amd ferc~running compouents ol the pressure,  The reflection co-

cflicfentn R and By at the two decatlony are defined an,

Ry = ¥ lpl }/F[pl H (1)
X r
o
Ry ~ ¥ (p, Mrlp, } (5)
‘e “r

where F denoten the Fourler trannform,  Aloo the transfer fanctionn anncciated
with the right=- and lelt-ronning preapures may be expreased an,

le L] l-'||12 ]/F(pl } (6)
r r r
and

n, = rip, Melp, 1, 1
12R 21 lg
while the tranafes function for the total prepasurea mny be wrltten on
iy~ Fipy1/¥p,} (n
Fram equations 2 to 8, it 1o seen that,
1

2" ||l2r (l+n2)l(l+n1) {9)

while equatlimn & co 7 ahow that,

HZ " (“12P1”12 ) "l (911}
. v
Substlout Ing equntion 10 into equation 9 qnd nolving for "I' ft Tolluwn thav,
Rl ] (le - Illzl.)l(lllzg - le) (11}
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Equations 2 €6 11 are valid clther for detecminfutle or rondom sipnaly,
provided Fourler trannforms exdut® [p the cane of the random nignal,
Genurally, Tor a rondum signal, the frequency spectra, rather than the
Fourier transforms. are estimated, In erder for equations 2 to 11 te be
valid, 1t can be nhown that the following requlrement han to be satisfled,
f.e.,

Fp, ealp, )= Flp, 1+ relp b ()
|’ €] L]

o e

net, 2 q=t, &

wharu the bag denoten an average value, nnd thae aateriak -Londicates o complex
conjupgate, Equatfon 12 fu satlslled an long an the data nepgments amony che
d4flerent pample recopds In the Vinlte Fourder Transform are mutually un=
correlated. This comdition ean be achlevaed by approprintely scparating the
vample records,

The transfer fTunctiena aspocdated with thae right- and lefe~roaning presauren
cun be eapresncd an,

=ik 8
U, ne ° (13)

12r

*Ikln

H LY {14)
121 '
where # fa tha distance hetweon tho two microphonea apd
ke k(1) (1%)
hl ~ k/(1-H) (16)

aka the wave aumbers corraapending to the right- aad left-running wava com=
penenka,  In equathons 15 and 16, the wave pumber k fa deffned as the
frequency divided by the speed of sounl, while the Mach number M dn the mean
flog valocley V divided by the ppead of sound,

#  sStrietly, the Fourler trapuform of o randem algnal docen net exlot becaune
A rapdow Cimu=funetion da put absulucely Integeatable.  The Fourler
tranaform referred to here da che [lalce Fourler coonaform uned in
numerical computntiean,
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The valuen ke and kg can be determined trom the correlation function between
) and Iy Thuu ler and lel con be determined uning kr and ki toguther with

the known dlutance n.  Nowever, llj2 v equation 11 fw obtalned directly from
the ratlo of Lhe cross-upectrun between P by and the gute apectrum of Ppe

l,u..

It / an

2" ety
Unlng the quanticles pravided by cquations 13 to 17, the reflection coef(icient
Hy caw be determined from equation (V1) o This compuration lu relatively

wdmple and can be readly programecd Into the analyrer to provide o direct
rendout of the reflectdon coel f{clent. :

Heasurement Accuracy

The aceurocy of the acountlce propertles menpured fn a duct syorem with {low
by the transler=funcelon method fu poverned by many factora. The mont
Important ol these arce ddscoased brlelly In thin sectlon.

An wich all other acowdtic measivroments, the signal=to~nelsg ratio of the
ievuntfe slpnals with reapect tu the [low or background pofne must be

muf fielently high, Atpo, Tor the Trequency raoge of the mepsurements, tha
dynamic ronge of the acougtie ulgnals must be kept within, the approprigte
rangen of the dnstromentatfon to avold eacepulve Interfevence from dnetcument
nulae,

The npacing of the mlcoophonea nusot be chosen with several conuiderations
In mind,  Mlerephones doo cdouely spaced will ereate error due to the [inite
ulze of the microphone®s diaphrapn nivce, theorecdeally, wach miccophonn 1a
anspumed  to ncanure acoustle pressare at oo polnt.  Mierophones wpaced too (or
npart wlll Introduce encenafve wall divudpoatlon effeces, At [reguencles for
which cho apacing o half-wavelenpth of the sound, the two nlerophonen
meapure redundant portlons of the standiog wave and the reflection cocelficicnt
calculated feam equatdon 11 becomen Indeterminant,  Near these requeacion,
wull disndpation and atatlotical errorn will become dominant in the refleecion
coelfledent calenlation and large errors resalt,  To reach a compromiae among
tHiwna different factors the apaclog should b at least a few diameters of the
microphune, no geeater than o hall=wavelength of sound ac the manimum
freguency, and equal to an dntegral moleiple of the apeed of pound cdmen
the time domain renolution of the ADCA unlt, This latter cequicement,
coupled wich adequate temperacure atnl flow veloclty dnformagfon, should
asmuce reanunably accurate computat lon of the funetions II12 angd lek.

r
The Fregqueeney eamgie In whieh necucote meapurements can be obtafned ban to
oceus dn the range where only plane waven propaginte tn the duct. For a
clrendar duet of dlameter d, thin lnplicu thae the frequency | han to be
Jonw tham 0.580 {efd) while foe o square doct of afde o, {t tmplleu that
Fhan o bu lean than ef2d where ¢ U the npeed of aound,

AAK ds the Annlog~to=Digical Convertur unlt of the Fourler Analyzoer.
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The wtatintleal error of the messurcement fs depepdent vn the coherdnee
belween the two alerophone signala and un the number of averages uvued n
thu cviluatlun of the transler functlon.  To achleve equivalent accuracy,
a hlph covhiwerence requlres fewer overages than a low colierence,  llowever,
Ltiie boest approach is to repeuat the tewts wwing progpresnlvely more averages
unt il the floal rewult is cosentiolly unaffectoed by the number of averages.

Callbratlion

The valibratlon of the mleroplene systems fu accomplinhed by mwounting two
mlcrophanes ot o tlme o o plate that cun be elgldly actached to the apen
vid ol the duct.  The two microphivncs can then be asaumed to be exponed to
the nome nolue Meld, and the tranuber funetion measured in this configura-
Llon represents the seaponne (both In amplitwde and phase) of one microphone
pyntem celative to the other aystuem.

If micruphone #1 {(nee Figuce 8) Ja chasen as o reference, succesalve com-

partaonn of voch mlditional mlcrophune system with the system aof microphone F1

wlll renult In measurement of the noet of transfar functions ["12 ' IIU P |
¢ [+

wherae the subscript ¢ refern to the colibration configuration of the
micraphunes. Thia aet of tramfer functiona lu then uvacd Lo correct meanured
auto=ppactra and trannfer functlens for microplione system response according
to the fullowlng formulae:

\ - t

[hll]curructed 1 (18

N . 2

l('22|curructed Gy ZI |"12c| a9

(G ) m G |2 (20)

33 corrected 33 lJc

“llzlcnrructcd " “12/"12‘: an
(X1

“'l]lcorrucncd ' ”l'Jml 3':

These corrcectad formn of che suto=ppectea and cranafer functionn are wned in
the ealdeulatton of the reflecelen coelliclenta, tranamisnion lonmes, and othor
neemil ~bnelduence acountie propertlen of o duct systen,

t  Becouns microphone 8% i choren o the reference system,
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laptrumentat fun and Associated Measurement I'raceduren

The Instrumentatfon required to perform In-duct acoustic fmedssurvments uuing
the tronuler fupetlon technique da olown schematfeally in Figure 9. A random-
nulne penerator fo coupled through o power amplifier to an acoustic deiver
undlt and peperaces avoustlc signale In the pipe.  The Anoide diamoter of the
pipe uned 1o the esperbments was 50 o, and 6,35 mm (1/74") diameter lruel and
KRyaer cundenser microphones weee mounted [lush with the inalde wall of thin
pipe. For this pipe dlameter, the upper Mmit of the frequency range in

which only plane wavens propagnte fu & lillz,

For the reflection coefficlent measurements, an axial apacing of 27 mm waa
uoed between the two upstream microplones.  Thus, according to equaglun 11,

tho firat indeterninant frequeney occurn at 6.4 kHz whieh fo above the frequency

range of interesnt in the messucemenin, A third microphong, mounted downotream
of the nilencer, nnd an anccholc pipe termipation arc uaed in the tronemlsalon-
loay muasuremento, Tho anechole ternination, which conslats of o long wudge
uf acountic ({burplas within a 51 mm dfameter plpe, prevents the {ormontlon

of duownutream cellected waves and thus permits meapupement of cransmitbed
waves with valy one mlerephone. I such o termination were not used, two
downstreom microphupes could be uped An conjunction with the tranafer~function
teelmique te decompone the downstream standing wave to sdetermine the
transmianion lows.

Amplified microphone signals wera fed to an HP Merlin (Model #5420) Fuurier
Analyzer for measwrement of auto=spectra snd transfer [unctionn, These
measuruments are stered on the digical tape unlt built into the analyzar

and recalled for subpequent computntions, The callbration transfar functions
wure muasured waing padtn of microphones as described In the calihration
nection and vaed to modify the auto-speccra and trannfer functions according
to squationn 18 cthrough 22,

The function le and ng were computed by {eeding Gaunaian white nodne
r k

voltngea afmultanoounly ta boch input channals of the analyzer, time delaying
tne channel by ~kpsfiw and kgn/w, renpectively, (according to aquations 13
and 14) and computing the tranafer functiona, The micrephone apaclsg of

27 mm wag chouen no that theee time delays (both equal to 78 pa) were cqual
to the time domain resolution of the analyzer's ADC unic for tha 3.2 kHa
[requancy ranga.

The computation of cquation 1} wae performed cempletely within tho analyzer
unit. Thurefore, apoctra of acountle parametecn puch an reflection co-
wffleientn, teansamiunlon loosun, ete,, could he diaplayed dirvectly on the
apalyzer's oncllloscope andfor an x-y plokter. The almplictty of the form

of equatton 11 Ln a key featuro of this tochinique since 1t permitu immediate
displny of the meanured acovatic paramater in the laboratory without renorting
to a pre-~programmed digital computur,
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Eppeelmentui Hunuliln

Two eaperimenty were conducted Jdurleg the wo-weck perfod thag che U
Merlin analyzer win avallable.  Cholee ol the experiments was baded un
available tatdwire ond on ah{lity Lo pruedive the repults from known theory.

Upen Ppe Terminat fon: fellect{on coel{icientn from oo unf langed open
plpe terminat fow were measured wlithoul (lew uwining the transfer [unctlion
Lechindque and are compared 3o Figure 10 with the theory of Loevine and.
Selwtnger (11, Aw shown, the mlcrophoney were ploeed unly 30, mm and 5 mm
Vrom the end of the plpe to sinbnfze wall disaipation effecto.  Sloee tha
quuntlty caleulated From equation 11 s compler, Figure 10 proesents both the

mugnitude and the phase aagle of the refleccion coefficlent.,

The apreement botween enperiment ond theory 1e peen to be gulte pood through-
vut the measured frequency raoge. At bigh frequencien, the expurlmentoally
mensored rellection coeffictenty tend ta be lower in mogoltude than tho
theoreefeal valuca,  Thin affeel un been obuerved {p previous menpsurcments
unlog the corrolutlon techndque {71, 1t lu prabably due te wall-dlosipation
effucts and che loss of acuuntic envrgy through che walles of the plpe.

Inoccuracien slso tend to be greater at higher Frequepcles due to errors

caupid by the [ialte oize of the alerophunes and to errors An the [unctlons

le ind le cauped by the approgimate values uned for the speed of sound
r L

and mlevophone spacluy,  Typleally, sueh errors vary lincarly with [requency
and thus nree more apparent at bigh [eequencles,  The excollent ogrecment
between theoreticnal aond eaperimental reflection coctficient phawu unglen 1a
wumewhit surprining. Ununl{y cerrute arlalng from fnnccuraciea In spatial
rasolutivn and the apeed of nound create larger vacintions in phase than

in magnitude,

Enpanwion Chomber Silencers Heflectlon coef({icfent snd trausminnion lona
meannrementn Were pecformed unlng the transler function technlgue for the
eapainion chamber sflencer shown nehematleally in Figure i, The fmlec and
vutlee plpes have a dlameter of 5k om and e chamber dlametar. be 152 mm
glving an area expannlon ratlo of 9 te 1. The outlet plpe protroades a
dintonce of 54 mn Inte the chamber,  Teats wete conducted with an ancchaice
terminatlon downatream of the sileneer, oo shown In Flgure 9 oml dincunned
above 1n the neetdon on lautrumentation and aopoclated measurement procedures,

Koilecelon coeflicdents meanared for this nilencer are shown in Flgure 12,
Alno nhiown are thuorctleal caleylationn fur the silencer using the wethads
ol Alfrednon and Davien {9,10],  ‘The magnitude of the meanured tef heetlon
coelfhcient Ao quita low at Crequenelen Fot whieh the chamber leagih In n
maltipie of hoif-wavelengthu of nound,  The grentest dif ferences Detween
theory aod expeciment oceur ot theone Trequencies due to pesonnnl enetpy
dhustpation within the nilencor,  Simlilar fonsen at the ecptrasce and exlt
regions of the silencer prevent the el lectlon ceef ficlaent from bulng uniy
at the off-resonnney froquencles, It appears that these longes are unders
vhbbmated I the theoretical ealeulat lonn.
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12

Above D kllz, the enparimencal repults Tall far below the theoretical
predictlon,  This is bellevaed to be due to the vecurrepce of the fient
railial crosn=myde within the ollencer. The lowent f{requency ot which this
mode will prupsgate unattenuated 1n the chamber 1s given by [11])

1,22 ¢ n (1.22) (34 mfn)
d

f = g
NEYa

= 2700 Wz, (x33

The Lheotretical caleulations Jdo not acvount far the bigher order podes, A
wlmblar difference between prediction and experimental reoules has beea found
uilng the S5WR method [1Y).

At low [cequenclens, the phane apgle agrees very well with theory. An the,
frequency fncreancs the measurcd phane angles grodually lead the theoretlceal
valued more and more, ‘This oflect might be attcibuted to wave actlon
vecutrlng at the entrance to the chamber which, ac hWigh [requencien, in
ainilur Lo o Clanged open pipe termination, For che {nfinite [langed plpe,

o umill end cotrection R' = 0,42  munt be added to the plpa length to predict
the phane of the reflected wave [13], and such an extentifon of the inlet pipe
lenglh would greacly Improve phage agrecment between theory and expuriment ia
the present situation, In Cfaet, the plase correcclen, AD, would approach the
value,

N0 = 2kR' n 006 (2h)

abt Wigh frequenclen.  To Ll}untrate this effect, a modified theoretical curva
fur phase Lo nhown in Plguare 12 between Lo kliz and 2.7 Rliz,  An expected,
the Infintte flanged plpe correction nlightly ovarestimates the correctlong
howaver, Lt doen resolt In oo butter match with the seasuremepcn,  Timn, the
comparleon of measured tesulta to theory not only sorves to verify the
enperimental techinkque bhut can be uned to check and posaibly to Improve tha
neeuracy of tha theary.

Teanumisaton lona (TL) dacta for the capansion chamhor allencer are presented

In Flgure 13, Thanse data are computed ualpg meanured reflectdon coefficlentn
A auto=ppectra upntream aad downatream of the ailencer in the expresnion

G

Tho= 10 logyy | — H ~ | Gwam (25)
Gyy (14

whera Gy da the npatream autosnpectrum at the podet of meanurement of the
vefluctlon couflieient Ry, and Gy ba the downabroam auto-gpectrum,  This
anpreaglon andumen ube of an anechole termlnation downstraem of the silencer.

The measurementn are compared to theoretical peedletions of transmiusion

loduy alno walog the methuda of relerencas 9 and 10, (uarter~wave tesopancap
wver the length of the expansion chember are reaponsible for tha lobe atructure
Iy the TL npeceen that repeata appeosimacely every 600 Hz. The large peak

near 1200 Hz o due ko a quarter-wiave fesonsnce An the anpulap chamber region
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13

formed by the protrusfon of the exit pipe [nto the chamber. The decresse
tn the experimental TL data above 3 kllz {n due to the vccurrence of the
flrut radial ceross=mude within the' chamber, an dlscusped carller for the
rutlection coefliclont data,

The wverall trend ol the experimental TL data follows that of the theoretical
prodletion,  llowever, the measared dota exhibile fluctuatlons throuphout the
Crequeney range whilch are not accounted for by the theory,  Although the
orlgin of these [luctuatbons fa nut knowa, reflected waves from the ancehole
termimint fon are suspected. I reflectlons were prevent downsirein of the
ollencer, thes Ggq uged dn cquatdon 25 would be (o eeror due Lty the stamding
wavu pacterns,  The nsnoclated ecvor in TL would be of the fluctuatiog natura
wimilar to the dato of Flgure 13 due to the presence of pressure nodes and
antinodey at the downsgream microplivne location, M study ol the acoustic
characteristics of tha snechule terminntion section and of other atlencern
#ill be conducted in future toatu,

CONCLUDING COMMENTS

In this paper we have presented vewules that we loped would be of partlcular
Interaest at thie Sympoudluwm. The mechanism of the radfiation of seund from the
end of a tail plpe Iu an impurcang tople in exhaust nolse studiee and the
ponsiblilliiy that the acoustle preasure in the pipe may be diveetly related to
Lha ridfated sound whould be further fnvestigated. The trapsfor=function
technique developed by GM Research Laboralories appeara to provide, (or the
flrut time; the means of making toutine measurements of tha acouatdc charac-
teristles of exhoaust myntomy With flow. We [vel that chln capabllicy should
ba of cantlderable use hoth In exlnunt oystem development and for ponalble
axhauut aystem evaluatlon purposes,

Whuther transminuion loss data obtatoed In hench ceata with thwe trannfer~
funetlon technique deseribed here can by uned to prodict the perfocmance of
alluncers an lnstalled In vehicles has tot been foveatigated yet ac the

GM Reuwvarch Laboratovien, Such an Investigation should fnvolve connideration
of the [ollowing -effeckn ln ordar to determine whether or not the ef fectn ara
accounted for and, U aot, what corrcections nre requiced:

L. Huan [low

2,  Tumperature and temperature gendients

3, Finlte amplitede wavan

A Engine nource Impedance and tall plpe eadiation tmpedance,

Slnee tha trapsfer functdon techndque can be used with mean {low, that effuect
coudd be acconuted for directly Ln any beach tent uning the technique. Awn far
an the twu-part temperatura effeer in concerned, bench testing at coom fem-
purature would Latroduce a reducklon I the speed of wound from that for the
actual higher temperatures, and thin effect could be accounted fur by o
rulatively straiphtforwacd frequency correction of the tranamisnlon foss datn,
The effect of cemperagure gradients In tha axhaust fiyatem, however, lo oot
currently understood and thua the effect on silencer pecformance 1 ‘pot

62

- — e [N




- | TR, 1o NN ST e YOEPEETAL oy ot gt - . st g A
T B o TR R TG 1 s S el ML i Dot s AR

14

pradictable by any presuntly koown method,  An fndicated In relerencen 2,

Yy Haml Lo, mndlinear effects due Lo fnite amplitude waves in expuntfons
clamber ndlencers ocewr poar resomnt frequencies and, hence, can usually

he nugloectad Tor denign purposes.  Mecause heoch-tent tranamisslon foss

data do wot dpelafle che effeet of the englne and tail pipe lmpedances,

they camet be uned directly to predict eleher thie level of nelge radlated
[rom the tall pipe or the deercone (0 nolse level dae to the fnsertion of

the nilencer, Thion Jlatcer meagurement of alleneer pecformance, whieh in
Lermed Lhe Dnwertion loas, can be related to tranomiasion loss (1 the cogine
amd Lall pipe fmpedancens are known,  Severnl workers have attenpted to specily
Lhese Impedancen uulug experimental meanucements [2,15].  Hlowever, thelr
reatillts wore not sul fletently general to cover the complete range of conditlons
that waiut In vehlele exhiust nyate 4,

In nummary, therelore, wafffckent dota are not yet avallable to correlate
bench teut tranpmisedon lows of sdlencers with nolpe reduct fons vbtalocd
whun thene sllencers ore lontalled in vehlcle exhauat systemo,  Thas before
bench testn can be used tp develop nilencer ratdings, o serics of ollencers
shuukd be beneh tented and oloo nhould be evaluated on vebleles to determipe
Lhe degreee of correlation, IF oueh o correlation can he entablinhed, o
Crequency=dependent erfterclon (nimflar {n nature to nolue criterda cutves
unied Lo arehitectural desfgn) could perhapn be doveloped to detecmine a
silencer ratfng from ceanumlpslon loss duta obtofned In bench testa.
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A METHOD OF MEASURING EXMAUST SYSTEM NOISE

Mineichd Inagawa
Trucks & Buses Engineering Center
Hitsubishi Motors Co.

In Japan, nolse requiation for motor vehicles 1s on the verge of
becoming the strictest 1n the world, The noise level of heavy duty
trucks and huses will be limited to under 86 JB(A) from the present
89 dB{A} Ly the IS0 method by 1979,

Figure 1 shows the contribution of cach sound source to the total
noise Tevel of Japancse heavy duty trucks and buses measured by 150 RIG2
method. The engines of the 11lustrated vehicles have from 250 to 300
horse power owtputs. Englne noise 1s responsible for the greatest
percentage of exterfer noise. Exhaust system noise, and cooling fan
nojse come next in order,

Our bhench test on mufflers can be classified Into four types,

{1} Measurement of Acoustic Attenuatfon of a Nuffler,

{2) Measurement of Flow-Generated Hofse of a Muffler,

(3)  Exhaust Hoise Test on a Statfonary Vehicle, and

(4) Exhaust Mofse Test on an Engine Bench,
()] Henéuremcnt of Acoustic Attenuation of a Muffler

The setup. of the measurning system 15 shown in Figure 2, The
output noise 15 measurad in a cubic anechoic test chamber, Its dimensions
are 2.5 meters or 7.5 feet on all sides,

Input sound pressure to a muffier 1s controlled constant at
110 dB{A}, and as a noise Source, sinusoidal wave, vwhite noise and
taped spectrum from the exhsust of an cngine are used,

Obtained data 1s recorded and. post~processed by a computer,

figure 3 shows our way of expressing "Acoustic Attcnuation®.
The difference of npise level between the reference straight pipe which
{5 referred to as the "Dase Model”, dnd the tested muffler 15 designated
as "Acoustic Attenuatfon”,

An example. of frequency response of the "Base tlodel" {s shown in

Figure 4 in onder to compare the fundamental clements of mufflers.
In this case, the cquivalent length {s 17% nillimeters or 6.9 {inches,

79

PR
Windesdn, 1)



AdOD NEVIIVAY L1538

y o
'
1

The fundamental elements configuration and their parameters are
11tustrated here {Ref. Figure 5}, Though the expansion chamber type
and the resonator type muffler seem to be the most popular, the multi-
hole type 1s widely used and reveals an interesting feature which |
will mention later.

Figure 6 shows acoustic attenvation which I mentioned earlier
in relation to sinusoidal wave, ‘e have shown an expansion chamber
type here as an example, This example {5 a very simple one-chamber
model. In this case, it {s meaningless to 11lustrate the measurements
and calculations of frequencies above 2000 lertz,

Figure 7 shows one response of the resonator type muffler. As
the number of holes 1is increased, 1ts features begin to resemble
those of the expansien chamber type.

tiext 15 shown an example of a response using white noise to
compare with that of sinusoidal wave. This comparison 15 made with
the multi-hole type mufficr {fef, Fiqure 8),

The attenuation characteristics using sinusoidal wave are
represented by the dotted 1ine and those of the 1/3 octave band using
white noise are shown by the dots. In such simple models as this one,
the 173 octave band nofse 15 sufficfent Lo 11lustrate the acoustic
features of the muffler, When white nofse 1s the fnput, an attenuation
at frequencies paynnd 2 kHz, and overall, are obtained,

Figure 9 shows the attenuation characteristics of an actual muffier
for a vehicle, Al the mufflers have a diamcter of 200 mm, and are
1 meter 1n length. Frequencies of above 2000 H2 are best attenuated
by type C. The A-scale level also shows the best results, Figure 10
shows an example of acoustic attenvation with respect to a twin muffler.
Hiien the actual exhaust noise of the engine 15 used {nstead of white
noise, the spectrum poses a prablem. Figure 11 {s the spectrum of
the exhaust noise from a VO 14.8 1iter diesel engine without a muffler.
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 muffler with actual engine exliaust noise
input were compared using averall di(A). The difference in acoustic
attepuation Jdue to the difference in 1nput spectrum was s1inht and
gond correlation was seen, Accordingly, we decided to use white notse
input for acoustic attenuation studies.

(2) easurement of Flow-Generated Holse of a Muffler

As a flow source, vie uscd a rotary blover and a normal air flow
vas supplied to the test muffler through a silencer. The floy-
generated noise was measured using a cubig nnechnic test chanber,

The rotary blower used, had a flow volume of 54 m”/min at 200 mnta
in order to sinulate the exhaust gas flow at full load of a 300 horse~
porer class diesel engine which vwe manufacture. {Ref. Figure 13)
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Using this equipment, we tested various mufflers to obtain
their flow-generated noise levels, (Ref, Flgure 14)

The change 1n nolise levels according to the differences in flow
speed were as follows;

vhen flow specd 15 Tess than 50 m/s, noise level {s preportional
to the value of V to the fourth pover, vhere V represents the flow
speed,

tthen flaw speed 1s less than 100 m/s, noise level 15 proportional
to the value of ¥ to the sixth power, and when flow speed 15 more than
100 m/s, noise level ts proportional to the value of ¥V to the eighth
paver or more.

te discovered the following tendency when testing the fundamental
clements of the muffler (Ref. Figure 15}, The flow-gencrated noise
showed a tendency to be higher in the expansion chamber type and the
multi-~hole type muffier.

I would ke to show typical exawples of the spectra. Two tendencies
ugre observed, (Ref. Fiqure 16}, First, as the amount of flow {ncreases,
the dominant frequency was seen to rise to the higher range and at
the same time noise level 15 increased.

In the case of multi-hole type mufflers the nofse level gradually
increased, and as you can see in the figure the domtnant frequency
15 above 2 kilz.

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. Fiqure 17}

We tested a typlcal muffler and found that in mufflers which
do not praduce a whistling nofse the flow-generated nofsc level
remadned constant when the amount of flow exceeded a certain 1imit,
{Ref. Figure 18)

Hext, the correlation between the data abtaiped using the flowe
generating equipment and exhpust noise of the actual vehlcte depends
on the correspondence of air~flow, The effect of engine rpm and the
temperature of the exhaust system was studied usfng testing equipment
for the exhaust noise of statiaonary vehicles. I wil) mentfon this
later. (Ref. Figure 19)

The difference in temperature between the iniet and outlet of
the exhaust system 15 from 200 to 300 degrees centigrade, and when
thae back pressure of this flow-generated nofse and that of the actual
vehicle are compared, 1t was found that better correlation 15 seen
when the rate of flow is converted at the outlet temperature of the
tall pipe,
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From this resuit, engine rpm and the exhaust flow rate can be
approximately related as shown in Flgure 20,

Hhen correspondence 1s made at the outlet temperature of the
exhaust system, the actual exhaust nolse and the flow-gencrated nofse
of the velhicle, when comparcd in the same muffler, 15 as shown In
Figure 21. And in this case, the flow-gencrated noise accounts for
only a small percentage of overall exhaust noise,

And also from our experience, 1f the muffler 15 normal and does
not produce any whistling nolse, it can be sald at present that
flow-generated noise contributes only s1ightly to overall exhaust
system noilse.

{3) Exhaust Noise Test on a Statfonary vehicle
Figure 22 is the Tayout of the testing cquipment.

The base of this testing equipment is a heavy-duty truck of a
maxtmm paytoad of 11 tons, equipped with a 305 horsepower V-8
diesel engine.

An Eddy Bynamometer was mounted on the rear bedy of the truck
and conhected 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 avold the influence
of engine neise and other noise from the vehicle. DOy using this
npp?rn:u;. radiated nolse from the exhaust system can also be casily
evaluated,

Figure 23 shows the changes {n the exhaust noise with respect
to 1t5s temperature, The engine was operated at the speed of {ts
maxinum output, and the leval of exhaust noise which is represented
by "NL3" in this figure, goes up as the temperature rises while the
leyal of radfated noise goes down,

The change in the spectrum {s shown fn Figure 24, For the exhaust

nolse, the spectrum below 2000 Mortz tends to rise as the

temperature rises, And for radiated nofse, the spectrum ahove
1 kiiz tends to decrcase as the temperature rises,

The Figure 25 shows a muffler which was shown earlier, This
figure shows the relationship between the exhaust nolse and tle
back pressure vhen different arrangements of pipes, tafl pipes, and
sub-nuffler vere applfed to the muffler shown carlier, From this
result, you can see that a difference of a fow dB{A) 15 seen when
the exhaust plpe and tail pipe are arranged differently,
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The relationshin between the back pressure and the attenuvation
is inversely proportional., When one increcases the other decreases,
and the quickest (fastest) way to achieve sufficient attenvation
without raising the back pressure 15 to carefully add another
nuffier.

The relationship betwcen the attenuation of stationary vehicles
and acoustic attenuation which was mentioned before Is shown in
Figure 2G.

The solid line shows a onc-to-one corretation ratio and as
you can see, there s bad correlation between acoustic attenuation
Ly white nofse and the attenuation by using the engine of the vehicle,
The attenuatfon on the vehicle 1s much greater.

Hhen this {s compared using the spectrum §t can be expressed
as the follewing., (Ref, Figure 27) In the attemuation spectrum
obtained from the engine, attenuation above 2 iz tends to increase
compared to the acoustic test and on the contrary, the attenvation
of the spectrum near 500 iz 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} Exabaust Kolse Test on an Engine Bench,

The method of measuring the exhaust neise in engine bench test
is spectified by the Japan Industrial Standard D1616, (Ref, Figure 28).
This standard specifies only the microphone location and the running
conditions of the engine, but we have also consfdered the lenqth of
the exhaust pipe and the tafl plpe. Alse some measures should he
taken to avold the influence of radiated noise from the exhaust system,

"La" must ba equal to the length of the exhaust pipe of the actual
vehicle, and aiso "Lb™ must be cqual to the Tength of the tafl pipe
of the nctual vehicle.

The microptione 1s set at an angle of 45 degrees and a position
of 50 centdmeters with respect to the exhaust pipe axis,

The engine bench test, In essence, 15 the same as the ‘hench
test of the stationary vehicle which was mentioned before so the
carrelation between these two tests were not checked,

Figure 29 shows the relatfanship between the attenuation and
the back pressure of different engines and a variation of nufflers
on the bench tast, The flgure on the right shows the amount of nolse
atteawation and the figure on the left shows the back pressure.
They bath show good correlation,
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The engines compared here are the V8 pre-combustion chamber
type with a volume of 13,27 liters and maximum output of 265 horse-
power and the V8 direct-injectfon type with a volume of 14.8 1liters
and maximum output of 305 horse-power. We reqret that we did not
make any comparisen with the in-line 6 cylinder type.

Hext, Figure 20 shows the relationship between the exhoaust
noise of the engine hench 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 nolse of the vehicte,
For this vehicle the ampunt of oxhaust nolse on the right side of the
vehicle s about 30 percent.  The upper 1ine shows the acceleratlon
nolse measured by IS0 method when the microphone was set at 3 meters
from the center of the vehicle, and the Tower 1ine when the microphone
wos set at 7.5 m from the center of the vehicle,

He have drawn the conclusfon that the most practical method of
measuring the noise from the exhaust system 1s to use the engine bench.
However, sufficient consi{deration must be given to thé length of the
exhaust pipe and the tali pipe, also 1t 15 necessary to consider the
influence of radiated nopise, and to estimate the level of back pressure.
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A Siady on the Reduction of the Exhausi
Nudie of Large Truehks

Dy Tumoyini HHRAND T
Ratsu TOHLA "
Taskmurau 5010 ***
Mizwicht INAGAWA™™'
Kou NARAMUI A

Shmmnory

Traffic nole i urbait areas 3 posing o serivm probles i oy cotnteies of the warhd
and the reduction of pthe vediucle noae of Liege prucks o now g dociad preobleat reqisirtng
Immediate sahdion gy gur cenniey,

To cope with the sochld crcumalatees, fute iagor large ek oepmnfecttrers bave heen
cotfircatg A foing pescardlt on the rediuction of e poize of fege fetichs winder the leader g

of te Misttaeey of freeuationad Fonde and faahuatey ot g theoespear progect, Sidishe Heaey:
hstuaeries i dn clatege of the reduchion of extuist pose which 1one of the s soarees of
rehicie noite,

The extansr nodte of trcks can be divided into ducharge nuise emitied from the exhant
outlet and andlated note entanated frome the surfucer of e exinst pipes wd it

Thig paper repoets on Phe restddes of oue cxperinends mache on Hhe eediechion of (he exinni
aelpe af aciual ks o e basis of the rendd s ofoure base shicdier incalietg acoletie sdy
and atwdier on alr ffow noise wid radiated nofie,

1, INTRODLCTION

The wetldwide problom of teducing ity {ratfic nolse haw tnereasingly deawn the attentivn of many
countrics, We, in Japan, are abo deeply converned aboul the migent problein of reducing vehivle nolae,

The effcct that farge-acale trucky andd buses have on afric doise varies sorew fat depencding an aech
fuctory a1 vehlcle apeal, traffic yolume and 1he ratio of Mirgescale vehicles 1o other vehicles in g certan
arca, Jlowever, I8 v a fact that they do contribute a gicat deal to teaitle nose and lurthermore, the
genesul public also point o large-acale trocks and boves as being noiee than other veliches,

Conacqliently, tha adinintstrative wnthontics of vouatrics all over the world afe sucessively
establishing noise contrel laws mainty for kirge-sade Liechs wnd issey, Japan was one of the Fist anes to
realled puch lawa, fon In Seprember, 1975, 1he Japaneese Markistey of Tranmsporiation set strict regulations
of Jowciing ~JABA ot bargescale Inacks and - LA Tut pavsenger vars, Moreaver, the Central Caupcil
for Pubilie Nalrance Measares propased adeaft for turther ceatricting nodac another = JdBA which witl e
putinta effect in 1979,

Under theag circumslapces, tha Minlstry of internatinal trade and Industry started in 1974 a mojor
technical jerearch and development project on ol reduction of lege-scnle trucks, and a fimat reacaich
progran wat begun bawd on a J-year plan by lour largervale tneck munufacturers (suen, Nissan Dieaed,
Hing, and Mitsublshil,

e AT L i 8+ 4 R e e et . Mo P g ] i | BTV T T TR e AR b -

* Truch{Bus Testing Ivpastment Manancy, Techuwal Centee, Mitsmthli Mutuis Conpaation
A Campunent Testing Sevinen M.nuicp. Tinek iy Peating Ipariment, Tevtmpesl Codirer
#4+ Component Testing Svctton, Tracklbus Eapertment Iepuriment, Technicat Center
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During the fiest two yeras, rescarch work 4as divided and each of the four companies was pul n
charpe af studying dhifferent sulsysiens such as engaine nase, cooling sy stem noe, exhanst system neie,
ete. G the thind yedr, the Tour compames eachanged e resulis of their two-year studics amd e, cach
company hegan warking on developing its own low-napse prato-type turck,

In this project, the resvarch atea (her Mitsebishi was in charge of none reduction of the exhaust
sysivin, We woere abfe 1o abrain substanal results sburing this twe yeur peeiod, Therelore, we would like
tu present @ beief summary of vur fesubls,

2. CONTENTS OF INVESTIGATION

In studying Ihe exhausi systeen nojse reduciion, feasibtlity of larpe.scale truck exbaust system was
tuking Into consideration in Jdetermining the target and conditiony, Teal and research wepe conducted
aceordingly.

2.1 Target of Study mul Cenditions

{1} Reduction torget: 8 DA In exhavat noise reduction  (al the maxim output of the
engine}

(2)  Muflter back pressiere: Less than 60 mmldig in presauce losses at the muffler

(1) Mulller sizc: 1,000 mum in cuvity length, cutslde dtameter leaa than 300 nm

(1) Type of mulfler: Heactance type without using any sound absorbing matcaial

To aystematically investigate nolye from the exhaust syatem, a lot of fundamental ciements of the
exhauat pipe anst Gl pipe compaming tee muffer are fTabricuted @ prototypre  exhawst systems with the
baste and moswntabie shapea on the vehicle, The fullowtng ite s are Ieated Forf study,

2.2 Investigation ftems

(1)  Acoustic investigation

Investigation of the acoustle attenuation characteriatics of the exhaust systema using a apcaket as
the Jouml source
(2)  Investigation of draft noise (Now generated noise)

lavestigation of noisc which is produced dug to a drafl corresponding to an eahiaust gas steeam
flawing through the caliqust system of the vehicle
{3) Investigation of radlated polse ftom the exhanat aystem

Invgatigation 1o obiain correlation berween vibratlon and nohie which are produced by vibrating
the exhrual aystem, alva (o graap Ihe radiated nolse i the vehicle,
() Investigation of (he cxhaust nobe invelilcle

Investigation of the exhavst systein fabricated for toal based on (he investigation toslta of itemy
¢t)and (2} on tho vchicle

3. ELEMENTS TESTED

The fandamental elements nf the exhaurt  aystem which are curreatly  baed for toucks pre
provided ai {est clements. To facilliate a vancty of combinations of theae fundaments) slementa, the
oufer lhcll of the mulfler and separatoe are conemeted o permit splitting and coupting, Typical
cxnmples of the teal elenients are shown io Tuble |, The premnfiiee, main maffler, tall pipe submufiler,
axhaust pipa and tail plpe are provided as test clements for the yehicls,

(1) The prenmfiler Jv fabricated Toe (rial bused oa the sesenance and expansion type fundamental
clements,
(2) The main mwffcr Js fabricated for trial based on comblination af (he perfotated -pipo gas dlvpersion
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Tabte '} Fandamental elements cauflpurations snd (helr parameters of exhuust syatem

Type Paramueter Shape

Il

Expanslon chamber type :‘ —E'1 M "
. Lyls
L ._.____.TJ ]
b |
i, l‘—*'—“--'—" i}
Bounatog lyjre . it
A oL
i
1)l
kA n: Numtbree of oles
0. n: Mumtier ot s

Peeforated-plpe Gaz Dlpenlon -

(Multh-hwler tygo) . _:[‘:T:‘;'-}‘:* ——H.j -
Separator - T
Inviativd Hole I, Separator

of nat dlamictes Ve

Lxtml pipy : _;____"\J_J)I _::/Z\.

i Liilpe z
Tall pips e O .._\__l EB r 1:]
Square O =D £
Iype

snd expansian type cleipenia taking Into conslderation the acoustic and draft characteristics amd back
presuie.

(£}

‘Tho tail pipe aubmulfler i3 constructed with easy mounting and demounting malnly bhased on the

feronance Ly pe in trinl fabrication to secure alienuation of 4 characternue ficquency.

A, SOUND TESTA

4.1 Calculatlon of Mulfler Sound Atlenuatlon

In calculating the avouslic attenvation chapaeienisticn of the exhaust sysiem, there are the Dravies and
Hirain melhods which fake into connderanen the mean Air Mow of cxhaust gasea, Jlowever in thix
peper, tha calcuntfon wers performied based on the analyals method of Fukida and Ohieis,

Tha [vllowing hypothetic conditions are provided in clacufating the nolw attenuation of the exhaimt

mystem,

(1) Sound pressure i much Jower then the mean pressure in the plpo,

(2) Tha denasity and sound apeed of tha medlnn In the pipe are uniform,

{})  InNuencerrnd encrgy tonscs dug to Lhe viscoaity of the medium are neglected,
(4)  The wall surfuce s not vitgated sl acountic enerpy duaa nat ranamit the wal’,
(3)  Influsaces ol drafture nepleciet.

(6) The aound wavs in the pipe ix a plune wave which travely [n an axdal direction.

Underthese conditions, fet us mavuma that withont che mntfezinatalled, tadiation powet at the autler b
teprescnted by Wy , avolume velovity of wave mation at the autlet opening by Uz and radlation resistante
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st the autlet openng by X, and 1hat with the avuffler, thewe factory are respectively tepresented
by Wy, L and K, . Acoustic attenuation of the jputtler can be expressed as:

N hu‘l
A!fulﬂl'-'.l!lu;l‘ ".'Dluu.»?,’ﬁlﬂlﬂm.‘,‘.’—t sl

Asstaning: that 7 shows an s value of sonund |1|\ siate, U an nns value of the solime velocity af
ware otion, sulbin 1 the mict openng sod sty 2 e ontlet agrenming, the nasns of the esTawst pipe

witliont the waloler tpage Jengtle Fean be expressed as.

o S0 e

The matrix of the whole exhaust pipe system with e mulfer is represenied as:

ol A P .

Let uy consider the case that when the sound sonsce has a cotatant sutingd pressite, s sodnd pressure
does not vary repardless of installation of the mulfler (M« Pyoand thatl iudiashan resstunce st tie out-
let opening has ubo an enpresnon of (K ) as an aaswmption. Equation (1) will be:

Attmp0log -2l 010 e i 1)

Henee §f values & and ¢ are found by subatituting an clecirie cirewit for the matia of the whole

exhiust system, attenuation can be obtained,
Fundamentally speaking, when g, ¢, 5 and 1 respectively Tepresent Lhe demsily of a medmm, each

mican value of sound velovity, the sectionul arca of the pipe, and pipe length with the pipe opened al
both epenings, the fullawing Equation (s given,

A, 1 cash!, f—alnu ]
C- n, [;— ainkf, m:t!.
wherg Am2afle

Y/hen the pipe closer at onc opening, the equntion is reprzsented a3 follow.

& U, 1]
C, b, if—;unﬂ. 1

‘Atienuation Iy caleulated by abtalniog value 1 sutstibaling  cquation (5)and {6) for equation (3)
and wsing cquation (4) bisedan 5= j a5t alnrls given from equation (0).

e(3)

A.2 Te=t Mcthod
In the acoustle test, diffgrnee between noiws fevels of the exhaust pipe without the muffler (1= 175
e and Chat with the maller 13 mewsured, to ndlvate atienwatlon, The scund preysnre eyel messirng

polatla fixed at & glvan potition fram the exhant syatem vutlet,
A pure tone, while noic and cxhaial nonse from the vehicke are sclecicd an sound sources, and

Investigation s performed inclwding 1ho evaluation (weighting) meihod fue the agonatic alienvatiun.
distance characteristica,

4.3 Test Results

A.3.1 Pute Tone Test and Band Nojse Tent
The ncoustlc altemation-divanve chatacterinics of the 1/ 3;0ctuve band nalse, waing white polie ax &
nolse source, matchea well with the characteristics of 4 pure tong up o appron, SOUILE, when compnred
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In the shaple madehs shown in Fig. 1.

Over a lamd to approx. #kile. distriebation of actual exhaust noise spectra s close to that of white

nafse having comblerable poser, I the cose of padication of the said characienstics of sinusondal, s
evaligtboqn i alinticull aver & bamd exceeding 200 i of the characterstics of bamd noise s used, 1he

svaluation guideline of the band can be oltdined,

Bt specttal dndivation based on sinmsoidal is fequired Lo acearalely weigh the claractetnlics vver a
band of lower than 2hliz, 1ois deattable to choose the noise snuree considering és nerits.
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4.3.2 The relptionshisp begween Calenlaled Values and Measured Vulues
The relatlonship between culeulated values and measured valucs of the fundamental eemuenits shows
slmost satlsfactory approximation, Combumation ol the expansion amd resonanee Eypes s eacinphificd in

Fig. 2 03 g combination of the fundamental eleinents,
This shows thal also in the combined, models, coverstion s exvellent and that esimsation of the

attenvation charactetatns is passibile,
4.3.3 Characteristivs of Fundamental Elements

(1) Expanslon chamber type
From calculation of equation (4), the practical approximate equation to check 2 gualltative
tendency in the expanston chamber type is an follows,

S slnAl  alnkl,
Arr-:’olﬂs";-m-l_mr:‘ e (7))

where
5. Scctianal arca of the cavlly
& Scctional srend of the inlet and outlet pipes

In contrast, & qualttative lendency in parnmeler variations wing the actual models ia given a3
follows, and the typival examples are ahewn In Fig. J.

D (cavlly lamcter):  The mandimwm atienuation is proparifenal 10 20 dogs{ Si).

L (cavity length): The numbier of pasalng frequencics Increases as £ i lengthened.
Lo (tail pipe length): ¢ ahaws the sume fendency a4 vazinton of L
Ly (imendon plpe);  The charneteriinics of the reaonance fype can be supertmpoed an thoeae

of the expanslon type when Loand Lyynre tengthened,

(1) Resonator typs
Wheie the volume of the resenanes chamber.is repeeacnied by ¥ and the agea of the rovnance hole
by &, resanant frequency (/,) of the reaonator Lype {a given aa follows.

fi -isi\[[;i: {¢ ¢ Saund speed) (D)

Yetiatlons of the parametens with these [actora are glven below, anid the typical easmple is shown
in Fig. 4.

Ly (cavity fength): 1 dectenscs with an inceeare of ¥ if L ingréncy, sml the
pumber of pass frequencies which depends wpoi g abio
tncicasea.

Ly (reranant hale length): Fidecrcases with an Incrense ol Le but attenuation does not
ory,

D, (resonant hole dismetec): The sxme tendency a3 in the expansian type s shown aa Dp
when 2 Dpiaincrcases (o wome éxient!

4, {position): Mo influsnee

n(the number of resonant holes): £, changes by .ﬁ-fnldl ak n fncreases, il when Jt s fierther
Incrented, the tendency becomes clnae (o the eapsminn Lype
{sce [Flg, A).
{3) Perforated-plpe ga1 dbpsralon fype (Mulli-holea type)

This typa Ras the sama teadency as the capanton type with respect to the scoustic chapacteriatica,

98.
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Wit ot without separator: No affectation wpon Ihe acouttie characteristics (see Fig. 1),
D, and n; HSame as stated ahove,

F The characteclstios of the fundamental elements were mentioned above. Secing the bund nolsc
chatacterisginy, there 11 a tendency that the perfotated-pipe gan dispersion Lype is Jarger thun the cxpan-
akan Ly pe In the stienuation chagactetistics aver a bamd of higher than 2k1ie,

praw .

4.2.4 Chagacterintics of Mulllens for Vehicle

The acountic attenualion-frequency chasacterivtios of a prototype muffler da shown Iin Fig. 5. 1 i
found from the attenustion churacteristics that the muffler showing eatreme decrensa at & particular
frequency I3 diadvantageous, But the dunping effect of the exhanal systemn inchudes camplicated faclora
such aa variation of scovwstic atteanation duc to the {nfluchce of the exhanst gay strcam, 50 il cannal
absalutely be wrlghed,

2
.
:
:
3
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6. DHAFT NOISE TEST (FLOW GENERATED NOISE TEST}

£.1 Test Mcethod

A rotary hlower s used a3 a shraft sowree, and stewly ar current is supplicd 1o the exbaust systan to

e tested via e silescer, To meaiie deaft noese, an stiechore bux s wsed, o mdcraghone i installed at
. Nl 3

an angle of <37 aml g poutan ol 30 ¢ from the exhaust pogb and a slzaght pipe s wsed dor the

cvaluation standand, The test systen block diagram s shawn in Fig. 6.

5.2 Teat Reaulia

‘When steady air {low is sent 1o e exhianst system, power of drafl noise svhich will e produced
from the exhaust pore can approximate o Now veloity as follows fram data of by pes of mulfler shown

[ TR AT
With » < 50 mfs, MY Lax (et )

With 50 35 ¢ < 100 m/s, @1 Lok (us? !
With # > 100 mjs, Py Lo (07 3
5£.2.1 Features of Fundamental Elements

(1)  Expamaien type

ta)  Draft nabe level ia 10 to 20 dBA hipher than that of the siralght pipe.
(0} Lf A gap of the Inputfoutput insettion piges is reduced, whistling close to the spectmm of a

puee booe femds to be produced faee Fie 8),

{¢)  When the outlet inaerthon pipe is engthened, draft noise incresses tsee Fig. 9).

Nypans valve M'“?l.".'“""' Back pucnure

Sikenrer Teal vontillst
Rotar, 1L Swltl
hlnwu{ * 'Iu\vm{lt‘l I lece ﬁ"" l Gl
- r—(h A1 A X -

L2y "nllult
G'“ 'M" " U brax I Exdraust duct

Fig. 6 Experimenta] layout for [Tow gonsrated nulye
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(2)  Resonance iy
(") Whea hioles having a disancter of less than L0 gun ate plasad ain two or thice rowa its s
level nse 1y 2 1o 3 DA as compared with the stiageht pipe.
(b)  Whenanopemng diameter enceeds 200, exteme whisthm s produced.

(3} Petforated-pipe pas dispersion type
Gd When the separator s installed o this type, it the sanie 33 the es pansian Uy pe,
(L) Withont separator, whisthng emds to e praducel,

The characterntes of the Tidamental elements ae given in Table 2.

5.2.2 Reduction of Dralt Noise

It B considered that dralt noise is produced due o such factoes av vortex, confitetion, fuction sl
feaotance wlen high-specd exhaust gas Tow passes through the muliler, 1 apectnum i predanaaated by
& high-freyquency components as showa tn 15ig, 10,

Ay a reduction means, 10 s important first to sclect & mutfler luving low dralt noise level, espueetatly a
hard-to-whistle clemwent in the fundigwental elements. As o very influential patt af the mteral
companent, the edpe is impartant, o onder to presest the edge from petting teo close o the cote of the
Jet stream, the edge s mode hapeshaped {referred 1o a3 with B} which greatly reduces (luw peoeratond
nolse, R

TFig. 11 shows the effect of noise reduction in Ihe eapansion Lype, where the none is reduced 10 Lo
20 JBA, When this is applicd to the mufCer for the sehicle, the effect shown in Fig 12 s obtanel,
3.2.3 Consideration of Back Prenute

Fig. 13 shows the back pressure-dralt noise chacieristics of the fundamental clements, OF ihe types,
capeciably the perforated-pipe gas dispersion type with the separator is in queston, and at s approy, 2
folds a3 many aa the sttaght pipe in ressure loss, Ananctease of pressure [0ss is a Latal detect Tor this
type. B 03 required o svlect a petforation rate of more than 1.5 as shown o Fig. B In practice, an
cllect of AP rednetion in back pressute i wchicved by selecting a pecdforation rate from 1.3 10 10, 2
folds av many us the onginal unedn the pratoty pe multler far the velucle.

(.‘un;p.ui:un Gf attenuation, draft noise level gl back pressure based an the straight pige is shown In

Tabic 2,

8. TESTS OF RADIATED NOISE FROM EXHAUST SYSTEM

6.1 Test Method
‘The schemnllc teat system block diagram iy shown jn Fig. 15,

In thiy test, the cxhawat aysten on the vehicle ds vibeated on a base Lo investipate the vibration response
charactetlstics, and mdtated nosse from the prpe wall is typacally measured on 8 close location munly 1o
Investlgate the curiclation between vibration and nabe, Foe that reason, normal sine-wave vibration and
randan vibratton cleae to the conduons of tunning vehlele are selectea,

6.2 Test Results

6.2.1 Shaker Teat Realt

Distathanca which the eaxhaust system suffers from the englne s 15 Gin manimum al the exhawst
manifold, and ita predeminent compsient tanges fom 100 (o 2,0000le. When ramtom vibration b

applied baved on white noise of the ealiausl system, apectonm of each part obtamed Is almost siitar (o
aspretium rocn while the velicle Iy punniog, A apeettum example under vibration xshown in Flg, 16,
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The prominent peaks which appear m the spectium depead wpon resonant oscillaon perticula to
the system The reaponae aceeleranion ratio, oblaiaed by the siewave vibiation, more prominently
proves this fach, The companson s shawn i Fig 17,

These peak frequenaics ollen approximatety cortespond to caleulated values of proper ascitlation of

the model system {(see Tahle J)

Table 3 Measured und calenlated resorant frequencles of exhanst systemn

(Unie 112)

Muasured vatuey
— Calculated praper values
Random excilation Sinasoidial exeitation
I - - 1.2
and 50 » LEX ]
Xd {1 108 1253
Ath 214 214 245
3th 36 360 4102
Gth 337 M 604.)
Tih 973 914 H41.0
T Flexible pipe; Sound Back prensure Sunml
f"".'__....l_._ri '_::3 - Insulatiun amd presie lnlj-:allia‘tluu
Randon excitation \ will ""”J“U“
| ! Fleaitlo rlm ' ' ——[\Liln J- —'—
v + st Inila ul“-_“‘ U p‘LJ ” “M.;u “.J Luine '
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6.2.2 Effects of Antisvibialiun Elements

There are types of fexible ppe s anitsibeation claneats shich are appheable to the exlaust system.
Bot almost alt the elements do net sabisdy candivons suvle as heal proctiess, s leadape, antevibranion
perfornnnce sunl darabilivy, by tus test, ananteglock 1y pe tlesable ppe thoown s Bellosws) s sl

The relatwmsbip between vibration response and rdided nose o e ezt systen i famibom
vibiration is as shown an P HH Lo such an exbaunt systeny ndel, there o alimasd o ouid pressiee
atfenuation an the vahaust pupe amd aes level tends Lo merease b the mid=seciion ol the noutder cavity
[k radpated manse caon be peduged appeoc JTOJA by usng the ool won clemend, amd 1 oxaanple i
shuwn.

7. EXHAUST NOISE TEST ONVEHICLE

7.1 Teat Method

To test enhaust nofse and radiated noise Tram the exhaust system on the vehicle, an Fddy
dynamometes having 300 S is mounted to contool engine outpul. The system, shown o Figo 19,
s wscd 1o measure only the noise Trom the exliaustsysten separating that Irom the engine nuise,

Fot measurement, data are processed m ondine mode by tie measunng vehicle which mowats o
miniskre compuiur.

The measurement procedure is shown in Table o,

Tatite 4 CQutlines of Measutemerst Method

Mrasutement method
Tyjre of teat o Test cordivlon
Temperatue Acceleta-| Variad
Nulse Back prevure I"CJ o o, o
Sownd Mike poaition: - Nofimal - - (1) tnput sound
Jlllnnn fivan fressuie; Constant
eahust porl {3) Saund sunrce:
{a) $loe ware
HO N ¥
{¢) L.nxine nuiic
low Mika pusltion:| 6 mm befure 20 1o 40 - - Flow e 010 30
gencnolse [ A3, 8 ein axhanl pipe m' e,
frum exhaunt
Pt
Radiared Mihe positien: - Hotmal B flchup () Vivratlon inpus:
nn:‘:c from | 3 from 2rum
:;":"'1:' Py wall 2) Oscitlaton:;
() Slne-ware
) (b)) Randnm
Exhaust Mikepmsition:| (1) §00 mm from | (1) 00 i ftem - 200 mm | (1) Eogine apees;
nelig in 43, 30¢m manifuld wiet- mandlohd guls telure 1000w 2,500
vehicle fiom ¢xhaung Iet el nianjfud "
ran {2) 200 mm {2200 mm {2) Load: 4/4
hefure manis befurge mant
Teld fuld
Radlated Mika pusltion: | As stated abrave | Av Moredd abave Eiickup| Avstated| As Hated alrove
ol fram | 100 pyn hiem FIEHT
gyhausl Pl wall
syater of
vehicle
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7.2 Test Heaulta

As comipated with the fundamental study of saund, draft neise and rodiated nose mentioned above,
when studying the actiul velucle, one niwst alse camder the effects of exhausl s flow contaming
exbaust pubsation ad of teinperatute,

1.3 Exhamst Nolw Jrom Yehlele

During teasmement of noise from the exlanst system on the vehicle, a (aelor o make e measure-
ment JdifGewl is varkition of exbaust pas inperatune, Fip. 20 shows variation of eshaust sy sien oy
with temperature. Spevtra of exhanst noite and vadiatad toise under dual condiian e shown i Uig. 21,
Eabausl aose level inereases with temperature nae, Fis is probably dae to e meteane ol flow
generuted none catiagd by ineremsed exhavst gas flow tale. In the meantime, radisted nojse wids to
Tower in fewel with (cinperature rise,

7.2.2 Reductlon of Yehicle Enhaust Noie
Fig. 22 shiaws the relaglonship between ealiaust nolse reductlon and back pressure In cambination of
tha prototype exhawat aystema whicly huve beery fabticatend for trial this tine.
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Tablé § Performnnee of the 1y pical exhoust models
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Type C, thown in Flg. §, {3 vacd as the maln mulflee here, [ is delicately affected by the tall and
exhavst pipey, and thus i Ja Important (o sclect the most suliablo Yength and elementa when apranging
them In the exhaust system.

The typleal mostels selecied and Yequired luyout for goul valucs for reduction ate shown |0 Tuble §,

Madel [ i3 a reference model baving a mulfiee capacity of 33,2 1it, (2.2) folds na minch as duplacement
of the engine tested). Moded 10 hea a mulfler capacity of 615 )il which Is abaut 2-folids us much s the
reference madel' Madel 1V [1 3,7 fulda az msrch wa the refezence model in muiiler capicity.

It is known that (o clear a reduction target of -8 ARA, a mul{ler capacity’which is 2.7 loldy sy much

» the reference model Is cequired,

7.2, Radlated Nojic from Yehicle Exhavit System

Tha vibration responta characleristics of the cahaust aystem on the vehicle matches well wilh that of
tench test mentioncd above, At far a3 radisted noite feyel on the vehicla §s conceined, atlenuation In
the mutfer k1 poorer than the bench teat asshawn in Big. 23, Thi la estimuted that cadiated noise from
tha exhaust pipe closn (o the mulflee, and slso fromuxhanat pulaation i3 ampitficd and transmitted, For

# I ————

[Py

¥ A
B Y

. Bxbaurtpipe NS g g Fig. 23 Exsmple of ;adiated notse from sxhast
Frm— —— systen; of vehicle

Dociem deved [84)

Yomtion kevsl 14y
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that reason, the Nexible pipe wluch provided a seduction effect of more than = 18 JUA dor raduted
nodse i e bench dest proveles only - 2 o 4B in dos vase.

Asanefrectve ineasnre Tor raduied poese, there s bping A larging effect of 1010 15 dIIA is pravided
by o heatprool antevabiatian matenad (20 25 gngdasd woosheel 489 1O omd bt Lagging o waasonlsble
when a tadaeied s measule is essentil.

8. CONCLUSION

The followose guide Lnes were abtaned fur none reduclion of the celaust apstem on the
dicsel-enghie vehicle tiroule tus study,

8.1 Acomtie, Charagterlstics

A spuctiu of exhuust nolse without the maffler is almest close to that of white nolse, aid a com-
ponent in engine combustions over the fow-Tresgueney repion vanes 2 octaves or 5o in the emsine speed
range. For that teasan, gy iy ideal gl the attenuation specteam eeqqured for the mutfler i (lal over
alinost the enxire trequency epion amd that atlenudtion fesel m hiph,

tat e Is dmpossible im practive o obdame 1he chanacteristies whicli ate alinost flal I the restricted size
range of 1he cxtust systen. In Lhis fest, it §s consndered hetter that the perfurated-pipe pas Jispersion
type providing comparatively hiph attensation i the high-frequency regaon and the expapsin 1ype to
permit high attenuation at lower than |} kil aboutd be cambised together, amd that the region which
will need nore atlerustion even m this combanaton shienld e cuvered by U resenance type,

8.2 Diafi Noise

ECivduslrabife Lo avold ay much as possble the use of elements which temd 1o prodice deafl noke,
sl ahape the outlel indertion pipe W & born when the expamion type fs wsed, Whea g (he
peeforatedqupe gas dispersion type whether the separator 13 installed ar not, consideration must b taken
to do s At the prestage of the mafiler,

8.3 Radlated Nolse

1t da fonnd 1ret of Lypes of nolse from the extaut systen, noise radisted from its oniet wall occuples
A derge shate, and that 11 Iy not oegliphile in noise measures, 1 i alio qoalitatively proven that vxhanl
pulsatlon dova greatly affect the level of paalicted nose, and that in relation o dos, msanbing of the
premfiter [ effective Lo resduca radisted noise.

Shut-aff of transndsion of engine vibration 1o e exhauat system and lagging effecta are ascertalined
A% couptermeasires lor padiated pese, but many problems still gemain o practical dutadatity anl
reliabiliny,

The Inflncnes of rgity of the exhaml aystem upon tadiated nolse wnd  Lransmitting noise
chagacterivbles were pot covered by this investigation, and these will haye to be solved through farther
rescurch,

8.4 Back Pressure

As far an back preswaee in the cxbaust system Iy concerned, presaure lossea in (he eahunt pipe are
Jaeger than In he maffler, It Js important in demgn to imctease the diameter of the exhaat pipe il
fake a lage mlus of curvature at the bemding sections when piping,

T reduce pressare lones in the mafllen, 4 s required for ihe perforated-pipe gas dlspersivn type (o
secura & peeforation cale and for the expansion type, to desien & hara-shaped outiet inscrtion plpr.
design,

Refersnce Literaturey
th) POAL, Duview, K. ). Mledaan, Desipn of Slencen for Intcimal Combunibun Copine Exhautt System

(2) Fukuds and Ohuda, Mechanh al Sucicly Magatine, 72614, May 1969
{3) Toutoni Katal, NLR=12, June 1959
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The measured quantity in our test facility is not the transmission
loga nor ingsertion loss, but the pure exhaust noise under conditions
simulating those specified by state and federal truck neise laws.

The tool to evaluate the pure exhaust noise is a beneh test conducted
at a test facility where total isclation of all other neise saources
ig feasible. The crosus 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 noices from the exhaust noise,
All tho exhaust from the test engine io piped directly above the
ground to the muffler. The exhaust pipes are positioned in a manner
at close to that found on the vehicle as possible.

The gite wao chosen for it's compliance with SAE specification for
atationary and drive-by test. That is, it lo an open space test
site with no nearby refleeting surfaces. Typical ambient gound
level ia below 50 dB(A), well below the measured levels. The helght
of microphone and separation between microphone and muffler is
gpecified ang 4 ft. and 50 f£t. respectively, go that the meanured
exhausat noise level would be about the game ap that from a moving
truck undergoing a drive-by test pepr SAL J-366b procedure.

Before the testing modes are introduced, let us review bricfly
thru Fig. 2 the drive-by teat per SAE 366b.

The vehicle under test approaches point A with 2/3 of the rated
engine rpm and beging acceleration at point A under wide open trottle
#0 that the rated englne rpm can be reached somewhere within the end
zone,

To simulate the vehiele teat conditions, three test modes are con-
ductad.

(A) Steady state mode
~ pated engine apeed and full lead

(B) Varing speed full load mode
-~ engine gpeed slowly varled from rated speed to 2/3 of rated
speed at wide open throttle

(C) Accelepration modé ~ accelerate the engine from low idle to
govarned speed until the engine speed atabilizes and return to
low idle by rapidly opening and clouing the throttle under no
load conditions.

Mades (A} and (B} clearly have the drive-~by- test In mind, HMode (C)
simulates the stationary vehicle noinsc tesnt.
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The "sound level rating” in Stemco aftermavket catalog is the highest
recorded purc exhaust sound level measured in above mentioned test
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 Lovel (dBA)
Engine Specd(rpm) HMuffler A Huffler B Muffler C

2100({pruted) 71 71 71
1900 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 '
betwaeen the microphone and point A ia 7¢.7 ft. instead of 50 ft, and
usgually other noise sourcco de not pceak until at higher rpm's. :
Muffler A and B may yield identical total vehicle nelse per drive-by

test, 0On the other hand, the peak level at 1400 rpm in Muffler C'o

case may indeed affect the total vehicle noioe in drive-by test. A
peak value at 19200 »pm or 2000 rpm may also be important becauuse the !
vehlicle would be closa to point B in Fig., 2 and be right in front of

the microphone.

It is therefore difficult to uuse one dBA level to correlate bench
test results and deive-by test results without being either too liberal
' or too copservative. But to a large extent, muffler designers can
, usually use the bench tast results and judge how the mutfler will
: pecfarm in a drive-by test.
i
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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 sfilencers.

The procedure utllizes a specially developed scheme that prodicts the pressure
histories, and accordingly the accompanied attenuation or amplification of the
noise level, resulting from the simultancous reflection and transmission of sound
waves prapagating through variable impedance exhaust tubes,

The developed precedure 15 general in nature and can be used for synthesiz-
ing the optimal configuration of nufflers for any given operating parameters and
design objectives,

Several examplies are glven to 11lustrate the optimum muffler configurations
necessary to minimize the transmission of noise level at differant working condi-
tions. The examples demonstrate the potential of the developed procedures.

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

and design objectives,
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Introduction

The continuously tncreasing 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 nofse level to the cxtent that it became a major
cnyironmental pollution problem. Consequently, efforts have been exerted to de-
veltop several forms of exhaust silencing systems 1n order to mect the severe re-
quirements of the noise pollution statutory limits without reducing the engine
performance. Realizing the loportance of developing better mufflers the automotive
industry 1n the USA 1s expected to spend $16. to $100. per car to meet the 1978
nofse poliuticn standards (1%, Such figures will definitely be higher in years
to come to meet the growing need for cars with better handling, 1.e. with low
center of gravity, and therefore with very Timited 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 s{lceneing systems.

The devejopment of awtomotive mufflers has generally relied on cmpirical
sk111s 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 propagatien 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 models has generally been tested

efther experimentally or agajnst close-formtheoretical formulas that are developed

for simple muffler configurations. Coumon also awong these studies is the fact
tﬁpt a1l have.been used only to analyze the performance of reactive mufflers at
different operating conditions rather than to devise means for selecting the op-
timum muffler that 1s 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 'scarch for the geometrical parameters or the properties

of the 1ining materials for a muffler of a particular configuration.

The purpase of this study {s to develop a computer-based design procedure
to synthesize the optimal confiquration of any reactive muffler for any given
operating conditions and design objectives. The analytical procedure {5 hased
on a computerized one~dimensional wave propagation technique developed by Baxa
and Seireg [3]. This technique is used to monitor continuously the reflection

and transmission af pressure waves as they propagate through variable impedance

exhaust tubes. Consequently, the pressure-time history at any location 1nside the

muffler can be determined together with the accompanied degree of attenuation

of the nolse level.

This optimal design approach of mufflers will aliminate the exhauitive trial and

error search for the best muffler f¢  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 eptimize the shape of prismatic
bars when subjected to longftudinal impact.

Computational Scheme for the Analysis of Wave Propaqation in Mufflers with

Step Changes in Inpedance

The classical theory of one-dimensional wave propagation enables us to pre-
dict the pressure P at any locatien X and at time t by relating these para-

meters by the following eq

s 2
oy
EH C ot

where € 15 the speed of propagation.

This theory assumes that there are small changes in the instantaneous density
and consequently the 1nstantancous value {5 approximately equal to the average
density g that the wave propagation s frictionless, the medium is homogcneous,
and the sound levels are helow 110 dB re 0.0002 microbar,

This equatian has long been the hasis for the analysls 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 changus increases. However, with appropriate schemes, such
as that deveioped by Baxa and Seireg [3], these problems can be conveniently

and economically analyzed,
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The following are some of the basic assumptions made in the deveioped
muffler analysis program:
{1) Pulse length {s long compared with the tube diameter.
(2) The source moves the entire cross-section with the same

particle velocity.

{3} Pressure fluctuation lovels remain in the Mnear elastic region.

The first assumption implies that the wave would have a constant speed

of propagation, which 15 determined by:

cn (2)

Po

where y = 1.4; Po " Mean pressure; py = fican density. The second assumption

indicates that the waves move as plane waves through the tube. Finally, the
third assumptfon suggests that the waves and thelr reflected and transmitted
components can he combined by superposition,

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

of ]en‘.lth L can be calculated from
LIN# K|

In a complex tube comprised of many different segments (Figure 1), a
propagation time 15 determined for each segment tength. 0y compartng propa-
gation times, & ratio of npumbers Nl' Kz..... Kﬂ is determined from the

following expression:

b, “1)1 n “p)2 n o, m _(_tﬁ_)ﬁ._ (4)
K Ko K
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The stgnificance of these integers is that it takes & wave K.I units of time
(where one unit 1s tu) to travel the length of the first segment, K2 units to
travel the length of the sccond segment, etc. Decause the propagation times
care nultiples of the unit of timeo, tu' the initial wave and all reflected and
transmitted waves 111 reach the interface at times which are some multiple of
t
Every section of the tube has an acoustical {mpedance which depends upon
the mean density (po). the velocity of propagation (c), and the cross-section

' {S) of the pipe. The relationship s as follows:
Pnt
Z = --g—-— (8)

Pt 15 often referred te as the characteristic impedance of the medium,
By considering the pressure and velocity equalities at the {interface of
» wave going from tube ¥ to tube 2, 1t can be shown [10] that the. transmission

and reflection of the velocities are as follows:

Z, -~ 2

UR " ..._.2._.....__]“ U[ (5}
Lt

UT . 221 52 : -
.7.2 + Z] S]

where UI’ “R and “T are 1ncident, refiected, and transmitted volume velocities,
respectively; Z] and Z2 are the impedances of the two tubes. Since prassure

and yolume velocity are related by:

P = U pye/s (8)
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equattons {6) and {7) buocome:

Pr * 223 Py (9)
9
2, + 1,
Py = “‘Eg"r'x (10)
7, 4 1,

When the density and velocity are constant,

1 1
T, % S, - S
2 1.P 1 2
P, # I = Ry, = ¢, P
Y (51*92)[ o (1)
32 3]
Where cnts the reflection coefficient.
1
tzg" jp (2
——— ——tp, A g P
'PT " 141 [ = Sl + g { T'! (12)

Where er 15 the transmission coefficient,

Consequently, when the magnitude of the inctdent wave and the physicai
properties of the gas 1n 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 initial conditions of the fource and of every segment
of the tube must be kaown, These properties should include the {mpedance,
speed of wave propagation, area, and length, In the case of & homogencous
gas the reflection and transmission coefficients con be reduced to a function

of area only, The ratio of the propagation times must alsoe be known. The inttial
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candition of the tube is considered to be that of no pressure waves inside.
Therefore, 1t can be seen that knowing the parameters of arca (Si). length
(Li)' static pressure of the gas (PO), statfc density of the gas (po). and
the ratio of the specific heat of the gas at constant pressure to that at con-

stant volume (v), one can determine the pressure history inside the tube. The

wave propagation speed can then be determined from the relationship ¢ = or

c = J/yrT, where r 15 a constant dependent on the particular gas and T 15 the
temperature of the gas in degrees absolute. To determine the inpedance of each
tube segment, the density (po), the speed of wave propagation (¢}, and the arca

of cach segnent (S} are substituted in the equation Z = fgf.

The propnagation
times are determined from the segment lengths and the wave propagation Speed
as tp = |/c,

A-ratto of integers 1s found from this array of propagation times, either
by visual {nspectfan or with the help of a computer program, Since it {15 assumed
that each tube segment contains the same gas at the same pressure and temperature,
the speed of wave propagation remains constant and the ratio of propagation times
will be the same as the ratio of segment lengths.

Once all the physical properties and fnitdal conditions are known, the
pressurc-time history can be determined as follows. After each unit of time,
each fnterface 1s checked and the raflected and transmitted portions of the
waves are cajculated by using equations (11) and (12). A1l of the waves travei-
1ing 1n the same directfon from an interface are swmed, By knowing the magni~

tude of ail the waves arriving at and leaving a given interface, 1t 1s possibte
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to construct the "pressure-time" history at every interface. This procedure 1s
repeated for cach 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 loss can be calculated in decibels for the entire system. In the
second format, a general periedic pressure input can be read in and used to
calculate the pressure responses of the system, This second appreach 15 particu-
larly useful in determining the effect of a tuned exhaust systen on the pressure
history.

The computerized routine 1s 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 1n order to investigate the effect of this varifation on the system,

If the source or end 1s completely absorptive, the areas chosen would have the
same area as the connecting segment. [f the source or end 1s completely reflec-
tive, the area chosen would be zero. A flow chart of the developed scheme {s
shown in Fig. (2) to illustrate its different features.

Strategy for Desfgning Optimum Mufflers

The design of a stepped-configuration reactive muffler for attenuation of
exhaust nofse levels is formulated as an optimal programming problem. The major
considerations 1n this formulation are the 1dent1f1cat16n of the decision para-
meters, the description of the constraints impased on the design, the explicit
statement of the objective and the development of a suitable scarch technique

for locating the optimum design parameters.
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Muffler Parameters

For the general case of a segmented muffler, as shown in Fig. (1}, i5 sub-
Jected to general periodic pressure waves of known amplitude, frequency and
temperature, then the system variables are: -

a. number of muffler segmunts .. n

b. Length 'Li'and area 'Si'of cach muffler segment where 1 % 14000000

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

Explicit statement of Muffler design Objectives

An explicit statement of a merit criterion which accurately descrihes 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
parr  .urs.

Examples of the possible ebjective criterion for this class of problems are: -

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

{b) Maximization of the noise transmission lasses over a wide range
of engine speeds,

(c) Maximization of the negative pressures devcloped during the

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

Search Method

The steepest ascent method §5 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
gptimization methad quides the search for the optimum parameters along the di-
rection of maximum attenuation, or any other objective, by changing the value
of cach design parameter X independently by a small perturbation aXy and noting
the accompanied change in the nolse tevel AU. The new value of the design para-

meter X1J : {5 determined from the old value K1J according to the following
I+

relationship;

"11+1 n xij + A (AU/AX, ) Pl (13)

where M 1s the number of decision parameters, X 1s an optimally selected step
317e that controls the changes between points J and Jt1.

If no improvement occurs, the parameter {s varied in the opposite direction,
If this also fails to produce an improvement 1n the merit value, this parametey
s 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 theé flow chart
of Fig. (3} to indicate the means included for selecting the maximum step size
without violating the constraints and for avoiding the termipation of the search

at regfons where the attenvation 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 1s extremely sensitve to parameter changes.

Therefore, for regions where no sharp ridges exist in the contours of the
objective criterion, this algerithm is equivalent to a gradient search. DOut
for sftuations where a ridge exists in the design space the algorithm 1s in effect
a univariate search.

Numerical Examples

The optimm 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 15 utilized to #1lustrate the effect of
changing the number of segments of the muffler on the deqgree 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 11lustrate the potential of the
procedure in optimizing muffler configuration.

In a1l the constdered examples the design problem {5 formulated as follows: ~

Find the areas of the segments 81 1 r2~»n-]

P
input
To makimize the transmission 1oss .. TL = 20 log (p-E—ﬂ ) db
10 output

such that, S] a Sinput

SIN" soutput

Smin 31 <=Snax (14)
L, = L. i=1,...,0
1 fi

where each segment lengths L1 15 equal to a gfven value Lf
1
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In the above formulation the nuffler designer can select the desired limits on

the arca and length of each muffler segment. Consequently sinput' Soutput. Smin.

Smux and l.f arce fized values specificd according to the designer requirements.
i

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

S =

51nput output

Smin/s

input 0.1

Snyf 3 10

max’ “input ®

Lf1/A = 3/n

where A 15 the wave length of the incident pressure waves

Example |
Fiq., {4} shows the results for a 3 segment muffier, as that shown in Fig.

{4-a}. The optimization procedure with a {initial configuration wiil produce the

configuration shown 1n Fig., (4-a). Such an optimal configuration results in a

noise transmission loss of 10,3 dB as compared to the 5.09 dB loss produced

by the configuration of Fig. (4-a). It 1s interesting te note that the area

of the middTe seagment in the optimal configuration, has increased to reach the

maximun allowable Hmit set by eqﬁ-(lﬁ). This agrees with the common practice

of singlie expans{ion chamber muffler discussed, for example, (2 and 1),
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Example 2

This example illustrates the effect of changing the number of segments of
the muffler on the noise attenuation while operating under the same conditions
as in the previous exanple,

Fig. (5-a) shows that starting with the 6 segment muffler 11lustrated in
Fig. {5-a~1) then the optimal conflguration will be as shown in Fig. (5-a-14),
and the nolse transmission losses will be 9.6 db which 15 a Tess efficient de-
sign than that produced by the 3 segrent configuration of Flg. (4-b).

But 1f we start with the confiquration of Fig, {&-b~1) then the optimum
configuration il1lustrated 1n Fig. (5-b-11) shows a considerable improvement,
nearly 24.3%, over the optimum 3 segment wuffler. If we consider, however, the
muffier configuration of Fig. (5-c~1) as the {nitial starting point for the
optimization routine, then ‘the obtained optimum configuration of Fig, (5-c~i1)
yields a considerable improvement of 61.4% over the optimum 3 segment muffler.

It can thereforae be scen that increasing the nurtar .7 coyments of a muffler

of a given total length, 1s expected to produce a considerable increase 1n nolse |

attenuation,

Also, 1t 15 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 optimizatfon tools

for designing muffiers and acoustic silencers.
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Example 3

This example shows the improvement in noise attenuation resulting from 1n-
creasing the number of segments of the muffier under consideratien to 12 segments,

Fig. {6~a) shows the tnitial and the optimized configurations which result
in a noise attenuation of 30.24 dB. This 1s almost three times as much as that
of. the optimum 3 segment configuration. This optimal 12 segment shape has been
ohtatned in a single fteration by the developed optimization routine,

Fig. {6-0-11) shows another optimal configuratien which 1s a symmetrical
arrangement of multi-connected expansion chambers.

If we consider the {nitial 12 segment configuration of Fig, (6<b-1) then the
resulting optimal muffler will attenuate the incident notse level by 32.34 dB
vhich {s 6.94% better than that produced by the configuration of Fig. {6-a~11).

Summary

The paper has described a computer-based design procedure for optimized
configurations of reactive mufflers with step changes 1n their acoustic impedance
when subjected to periodic pressure waves., The existence of multiple optimum
configurations 15 evident by the dependence of the final design on the selection
of the number of segments and the starting point of the search. The considered
exemples 11lustrate 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 cxamples 1s based on the
é maximization of the nofse transmission losses at one frequency, the technique
| can be readily used to optimize the muffler design over a wide range of fre-
quencies as well as optimizing the exhaust pipes for improved engine perfarmance.
The procedure can also be applicable te sitvations where factors such as
mean fiow, frictional losses, temperature gradients, variable source and

termination impedances should be considercd in the design scheme.
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ABSTRACT

The problems associated with labaratory evaluation of engine mufflers ave
primarily those of (1) designing a facility which will provide a meaningful
measura 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. Mhile a wide-band siren can be designed to provide a suftable neise
spectrum and source impedance, performance of any mutfler must wltimately de-
pend on the exhaust piping configuration fnto vhich 1t fs placed. Experiment-
al work in the 1960's at SwRl has shown that a bench test facility can provide
useful agoustic data 1f the candidatz myiflers are being evatuated for a rela-
tively narrow range of engine applications, and a Toudness cvaluation technique
was evalved which could reliably relate data frow the bench test facility to
perfaonnance (sone reduction) on an engine.

In addition, electronic simulation techniques have been evolved whereby
the entire exhaust system {muffler, manifold, and piping) can be quantitative-
ly evaluated on an electroacoustic anatog. Although desfgned priaciply for
simulating puisation filters, thls analog has been extensively used for sim-
ulating the ecxhaust systems of reciprocating engines, and for the design af
mufflers specificaily tailered for that engine, exhaust system, and range of
operating conditions.
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BEKCH TEST AND AHALOG SIMULATION TECHNIQUES FOR
ENGINE NUFFLER EVALUATION

oY
CECIL R. SPARKS

BACKGROUND

The problems associated with evolving a bench test procedure for eval-
uating the acoustic performance of mufflers 1e chiefly in the fact that there's
no such thing as an inherently good muffler. Regardless of muffier destqn,
the NR afforded by any muffler {5 not a function of the muffler design alone, as
the muffler 1s merely one part of a complex acoustic piping system. The "best"
muffler for one engine may actually amplify noise from another.

fefng a passive acoustic network, a muffler's performance (amplification
or attenuation) depends not only upon its {internal design but also upon, fts
source and termination impedance (1.e., the attached piping), upon the spectral
distribution and amplitude of the enginc noisec spectrum, flow rate, pressure
drop and, of course, acoustic velocity [temperature and gas composition),

This ts 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 desfgned for
a specific set of conditions (and assuming a spectfic set of constraints on size,
etc.), but as soon as engine cperating conditions change, or the muffler {s appli-
ed to a different engine, its performance can suffer markedly. HNommally, muffler
design is tailored to cover the range of engine operating canditions expected,
and 1s desigped as an acoustic low pass fiiter with a minfmum of pass bands and
the Towest back pressure {flow resistance) possible. These are, in fact, the
major marks 'of a "quality' muffler.

The first step 1n seriously undertaking a program of bench testing, there-
fore, 11es in defining the application and operating conditions for which the
candfdate muffler 1s to he evaluated. The more precise we can be in defining
these conditions and the more narrow the variations in application and operating
conditions are, the better job we can 4o both in designing a muffler and 1in
bench testing it.

We at SwRl did a study some 12 ~ 15 years ago for MERDEC (then ERDL) to
evaluate the feasibility of developing and utilizing a bench test facility as an
Army procurement ald for several classes of more or Jess similar stationary
engine applications, The most questionable part of the effort was simply to
defipe ff the mi1ftary standards engines used in these applications were suf.
fictently stmilar 1in exhaust spectral content and the acoustic properties of
their exhaust system that any ane set of bench faciltity tests would be of s{g-
niftcant value for extrapolating performance to all cngines in the sclected
class, Perhaps the results of this program will be of interest to this group
in defining Just how a bench facility might he utilized in testing muffier
“quality” and in defining some of 1ts inherent Vimitations.

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

and description of the exact design procedures used In evalving the bench test
faci1ity (e.q., the stren), to analytically prove some of the assunptions made
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{T1ncarization procedures in extrapolating acoustic system response) or in pro-
viding experimental documentation of the val fdity of scalfng some of the com-
penents. e could argue extensively about where to locate the microphone{s) at
the muffler exhaust. Hevertheless, the resuits of testing on the facility may
be warthy of note. [ should also note that results of the bench test program
were published in SAE Paper 771A, dated October 1963, and entitled (appropri-
ately enough), “A Bench Test Facility for Engine Huffler Evaluation”, by [. J.
Schumacher, C. R, Sparks, and 0. J. Skinner.

The first step 1n the program was to fleld test some half dozer 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 1nches, data on the perfonnance of varicus muffler designs (see Table
[}, and data on the sensitivity of results to operating conditicns.

From.this point work turned to the designing of a prototype facility, and to

developing techniques whereby factility data might be used to lnply how a mufa
fler might perform on an engine, or at least show a means of differentiating
between ohyiously good and ohviously bad mufflers for the application 1ntended.
It was also recognized at this Yo1nt that the facility had to be fool-proof in
the sense that “gimmicked" mufflers could not he designed which would show up
vell on the facility but which would not work well on the engines {either bes
cause of noise or performance problems).

RESCRIPTION OF BENCH TEST COMPOMENTS

A photograph of the first prototype of the bench test facility 1s shown tn
Figure 1, and a schematfc 5 shown in Figure 2. It may be seen that in additton
to 1ts nolse testing feature, the facility includes provisions for making both
static and dynamic backpressure measurements on the test mufflers at various
flow conditions. In order to optimize upon hoth the mechanical and operatianal
aspects of the facfiity and its component parts, comprehensive studies were
made of these paremeters {n order to assure an optimem compromise between facil-
1ty reliability and operational simplicity, DNiscussions of the major compans
ents and the tests used to define their operational characteristics are pres
sented below.

Siren Hoise Source - The heart of the acoustic system 15 the siren exci-
tation source, shown at {1) In Figure 2, This siren produces wide band, al-
most "white" nofse and {s a constant power source by virtue of the near crit-
tcal pressure drop across it. Thts high Impedance noise generator is used in-
stead of more conventional volce coll devices 1n order to simulate the fmpe-
dance character{stics of .-an enqine nolse source and thereby simulate loading
effects experienced when an exhaust system is attached to an engine noise
source, Discusstons of performance testing of this device are 9iven in the
following sections,

Manifold System « The second fmportant component of the facility s an
acoustic conduit system which serves to couple test mufflers to the siren and
represents the manifolding system of an engine.. For some types of testing,
this compenent 15 dispensable, and useful evaluation data can be taken without
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1t. It serves chiefly to bring the absolute magnitude of the noise reduction
more In line with nunerical data obtained fn the fleld. For facility quali-
fication tests, this manifold s a spectally designed piping companent as shown
in Flgure 2. For other tests involving the design of spectfal purpose mutflers,
or for evaluating performance for a particular end-item application, excellent
corrﬁl?gion with ficld 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 cffect of operating pressure and speed,
Thase tests showed that the siren operates well at pressures from 2 psi to at
ieast 16 psi. The generated noise output varfes directly with the source pres-
sure although the spectral distribution 15 essentfally constant. The siren
operating specd has a decided effect on the spectral output of the siren. [t
has been designed to produce wide band noise above 40 cps while operating at
approximately 240 rpn. At speeds above this level, the low frequercy output
falis off markedly.

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

ation for each stze of muffier to evaluate the effects of microphone position.

A comparison of muffler performance characteéristics measured at various micro-
phone positiens show correlation {s quite good so long as the microphane 15 lo-
cated in the acoustic far field. The exact position of the mfcrophone 1s not as
important if one position 15 selected as a standard for each muff?ar size, and
50 lang as the microphene 15 not in the direct nofse Jet. Based on these tests
the microphone location was set at 45 deg. from the center 1ine of the outlet.

Effects of Gas _Temparature - The effects of gas temperature on muffler
performance are primarily in two areas;

1. Acoustic velocity varies directiy 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. Gas viscosity fncreases with the temperature and thus dfssipation
aetements are generally more effective at elevated temperatures. [In general,
this means that the percent damping of each muffier will go up as temperature
1rcreases (that 1is, the § will decrease),

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

istics of the experimental mufflers differed s11ghtiy when measured with high

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

as well as a slight increase 1n the high frequency attenuation characteristics,
The use of high temperature air showed no particular advantage as far as dif-
ferentiating hetween high and low quality mufflers and as such did not warrant
the added complexfty to the facility.

?13h Flow Tests - A serfes of tests were conducted to evaluate the neces-
s1ty 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 tha low qulity or enpty sirens without reproducing total muffier
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flow velacities experienced on the engine. Based on these tests no approciable
improvement was realized from the acoustical tests conducted under high flow
conditions and as such, this requiranent was excluded on the facility design.

DESCRIPTION OF FACILITY MUFFLER EVALUATION TECHMIQUES

The output spectrum of the wide band siren 1s shown by curve A 1n Figure 3.
Shown by curve B on this plot is facitity umnuffled output with a typical engine
manifold attached to the siren. [f now we superimpase on this plot curve C,
which shows output noise of the stren-mantfold facttity with a muffler attached,
the difference between curves B and € represents the noise reduction afforded by
the mufflér. Since the siren 1s destgned such that each octave tnterval shown
s rather completely filled with generated noise, specially tuned muffling de-
vices [as contrasted te high quality muffiers) may be shown to be relatively
tneffective in reducing total noise, and a numerical rating of nofse atterua-
tian can be ascribed to each test muffler on the basis of the octave band nofse
reductien measured.

In order to relate the octave band noise redugtion figures abtained from
the facility to muffler quality or loudpess reduction, one must compensate for
the varfatfon of car sensitivity with frequency, and the dependency of this
frequency variation with absolute amplitude. In the progrem described, final
evaluation of muffler quality vas based upan the redwction 1p sanc Toudness
afforded by & muffler vhen its decibel noise reductfon properties are super-
imposed upon a typical engine nofse spectrum. [In order to 11lustrate both the
concept and the procedure involved, consider a muffler with fdcility-measured
decibel roise reduction properties as shown in Figure 4. If now we consider
that the unmuffled exhaust naise spectrum shown as curve A in Figure 5, 15 typ-
ical for engines which might use this muffler, we can attest qualtty of the test
nuffler by computing the drop (n loudness level (in sones) that the db noise
reduction of the muffler wnu?d produce when superimposed upon this spectrum. If
we graphically subtract the noilse reduction figures from the engice nalse spectrum,
we get the predicted muffled nofse spéctrum shown by curve 8. Hhen each of these
curves 15 canverted to SAE sones, then the resulting tested quality of the muf-
fler 1s the difference fn these sone levels. For convenfence the sene 1oud-
ness scales are plotted directly on the octave ordinates of Figure 5, and 1t may
he seen from the nonlinearitics of the scales that reduction in some of the
octaves 15 more #mportant than 1n others tnsofar as loudness (sone) reduction 1s
concerned. In order to supply proper weighting to the reduction values obtain-
ed for each of the octaves, some typical engine nuise spectrum must he -used.

In order to determine the final evaluation Factor for each muffler subject-
ed to these tests, one needs merely to sum the sane reduction afforded in each
actayve, or altermatively subtract the total calculated muffled sone loudness
from the sone loudness of Lhe reference engine spectrum shown., The englpe spec-
trum used 15 not critical, as varfatfons fn the band levels used as refercnce
have a second order effect on the octave band weighttng factors used.

it may be seen that the process descrihed above involves first of all, the

derfvation of octave band nafse reduction from the bench test factlity, and
then the we'tghttng of each of these noise reduction figures based upon noise
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enditions 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 sonc evaluation chart shown In Figure 6. This chart again has

~'the elght octave band ordinates. Neasured muffier noise reduction values may be

plotted directly upon the ordipates, and corresponding valtues for sone reduc-
tion may be read directly. The typical engine spectrum weighting factors are
autematically included in the loudness reduction (db) figures on each ardinate.
To evolve the muffler quality factor (the sone reduction value) using this cnart,
the process 15 as follows:

1. Ohtafn octave band HR fiqures for the test muffler from tests on the
hench test faciifty.

2. Pot these decibel values on the db ordinates in Figure 6.

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

4, Take the algebraic total of all inferred octave band sone reduction
values. This 15 the quality factar of the muffler.

After design and fabrication of the bench test facility shown in Figqure 1,
an extensive series of tests were conducted on a series of muffiers with 1-1/2,
2, and 3 inch inlet sizes. [t was shown that when a sophisticated sfmulation
of the exhaust system was uwtilized (for example, using the actual enginc man-
ifold between the siren and muffler), facility tests ranked quality mufflers in
virtually the cxact same relative order as engine tests. Such numerical cor-
relation 15 filustrated graphically in Figure 7, where loudness ratings from
fleld data on the 2 1nch test muffiers are shown as the center ordfnate, and
faci1ity rankings using two sonc calculation techniques are shown an either
side. It may-be seen that both field and facility tests rate the mufflers in
yirtually the same order, and that the facilfty easily differentiates the more
qualfty mufflers (8-12 through B-21) from the empty shell (B-11).

Stmilar tests, but using a different manifold were shown to rate the series
B-12 through B~2) 1n a different relative order, but they were still easiiy dif-
ferentfated from straight pipe sections or cmpty shells. Since the ohjective of
this developnent was a device to attest general muffler quality for use with a
variety of manifaids, 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 generat basis.

MUFFLER BACK PRESSURE EVALUATION

The back pressure characteristics of the mil{itary standard mufflers 1s per-
haps the mest 1mportant single evatuation criterion for most end-{tem applica-
tions. Since the milditary standard mufflor design 15 not taflored to a specific
applfcation, a compromise in the nofse reduction characteristics was favered to
mect the maximum back pressure {Imits. An extensive series of tests were cons
ducted on the muffiers under a variety of hoth steady flow pulsating conditions.
fata were recorded using hath a water manometer and a flush-mounted pressure
transducer, and were compared with field data obtained with a flush-mounted
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transducer installed 1n the engfne exhaust system. The results showed that
under steady flow facility conditions {with siren off), excellent correlation
was abtained between field results and facility results using cither a flush-
mounted transducer or a water manometer for facility measuroments., The data
also indfcated that full engine flow rates need not be simulated to perform
these tests and that the amount of flow required is dependent anty upon the
resolutiaon of the back pressure measuring system, Comparatively high flow rates
(240 scfm) arc required for the large size mufflers in order to cbtafn necessary
reading accuracy when a water leg mancmeter s used. Alternately, Tower flow
rates could be used with a more sensitive pressure transducer, but this system
would suffer from the complexity of calibrat{ion and data finterpretation. The
correlation of steady flow back pressure measurcments recorded on the facility
to engine back pressure data ebtained during the fleld tests 15 presented in
Figure 8.

ANALOG SIMULATEION TECHMIQUES

Another means for cvaluating engine mufflers, at least in the difficult low
frequency portien of the spectrum, lies in e¢lectronic analog simulation of the
proposed muffler~-manifolding configuration. The most sophisticated and well-
documented basis for this contention in the SGA Compressor Instaltation Analog,
developed and bperated by Southwest Research Institute for the Southern Gas
fssoctation's Pipeline and Compressor Research Council (See Figure 10). Uhile
the primary purpose of this analog 1s te shinulate pulsations fn the piptng sys-
tems of reciprocating compressors {to date some 3000 such studies have been
conducted), 1t 1s also usefil and has been used as a tool for desfgn and eval-
watiaon of engine muffier and exhaust systems. Using this analog, the total flow
character{stics (steady state and transient) of a piping systom such as a auf-
fler and exhaust. system can be modeled using electronic delay 1ine elements
which are simply coupled together to simulate the acoustic impedance network of
the exhaust system regardless of complexity. Lumping lengths can be chosen
arbitrarily short to accomndate whatever upper frequency 1imit s desired, but
pipe diameter does impose some wpper frequency timitations. The simulation as-
sunes one-dimensional compressible flow, and 15 therefore Timited in appl fcability
to frequencies whose wave lengths are large compared to pipe diameter. For a six
inch exhaust system, therefore, the upper frequency 1imit 1s on the order of 6500 Nz,

It 1s readily noted, however, that It 1s precisely in the low frequency

ranges where muffler performance s difficult to predict analytically, and

where piping interaction effects are most important on muffler performince.

High frequency attenuation 1s relatively casy to achieve in a muffler, and once
low frequencies are controlled, the high frequencies nomally take care of them-
selves, - Standard acoustic theory (viz. Mned duct absorption effects) scrves as
gn ?deg?ane too] to destgn additional high frequency attenuatien if 1t should be
esfrable,

The process of simulating an exhaust system on the analog {5 a relatively
straight-forward impedance simulation using a series of analogles where voltage
represents pressure (AC and DC), apd current represents mass flow,

If we start with the equations of motion, continuity and state for one-
dimensional, 1sothermal, compressible flow, and compare these to the electrical
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delay 11ne equations, we find that a very convenient set of analogies occur
wheretin

‘Electrical Inductance o« Acoustic [nertance
flectrical Inductance «=Acoustic Compliance
Electrical Resistance « Acoustic Danping.

Specifically, the electrical paramcters of inductance (L), capacitance {(C), and
resistance (R), per unit length of pipe are:

1

L% Ky o——
1y
CIKZ._{L
2
c
and
where

p » flawing density
A= pipe flow area

¢ = acoustic velocity
H = mass flow rate

K = constant

Using acoustic theory the same set of equations are derived, except that
the resistive term {5 assumed 1inear of the approximate form

(12 pte
P

R = 1.42 3

wr
as contrasted to the fluld dynamic viscous resistance vhich 1s of the form

Ron Ky 1y
LYY

Considerable experimental wark has been conducted to evaluate the relative mag-
nitude of the twe resfstive mechanisms, and results show that for all pipe
s{zes of practical concern (1.e., larger than capilary tubing) and for all flow
rates on the order of several fps or greater, that the fluid dynamic term pres
dominates, Thus for most systems, the non-flow acoustic resistance mechanisms
{e.g., melecular relaxatian) can be {gnored with negligable affect.

It may be seen by inspection that of the three bastc impedance tems 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 1s achieved of muffler attenuation rates, cut-off frequencies, internal reson-
ances or pass-bands, and interaction frequencies caused by attached piping, The-
anly 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-1inear with
flow, simulation can be achieved either by inserting nanlinear resistance circuits
into the delay lines, or by tinearizing 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 1s "What about perfor-
atfons". Agafn, both analytical and experimental data shows that for non-flow
acoustics, perforation size must be quite small before the elenents become re-
sistive rather than reactive. [In Figure 11 perfaration § is plotted as a func-
tfon of hole sfze for various frequencies. fMote that hole diameters must be
less than a quarter inch before the R predominates (d.c., before (<1).

In the case of flow through perforations, analog data has been comparcd ex-
tensively with laboratary and field data, and again the results show that the
predominating effect in achieving pulsation damping 1s the same mechanism which
produces pressure drop. Specifica?ly. the dynomic {acoustic aor pulsation re-
s{stance) 1s numerically cqual to twice the steady state resistance, f.e.,

ap

R n 2Ry 28—
AC oe o steady flow

Using this-approach, excellent correiation has been obtained between the an-

alog and field data for perforated element acoustic filters. An example 1s L
given 1n Flgure 12 which shdws the puisation spectrum from 0 - 100 tz for a re- |
ciprocating compresser. More 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 1es in
the question of what constitutes quality in a muffier. Although the analog will
accurately map f{lter attenuation as a function of frequency, 1ncluding all passe
bands and Interaction effects of attached piping, the nofse reduction data ob-
tained 1s for that particular exhaust system. If significant changes are made 1n the
manifold, tall ptipe, etc., then data can be madificd substantially. Figure 13 1s
one example of analog data taken for a proposed muffler design for a large ‘
stationary natural gas engtne, Hote that nofse tevels and spectra can be ob- !
served anywhere in the system, but that as the piping configuration {s changed, j
output nolse from the muffler will 1ikewise change.
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Table 1 - Fleld Resulu From Ingine Tests on Experimental Muffee,

Engine Exhawi Slze - 3 in.

Engine  Opean
Muifter Mo, liolie  Exhauit

Molie Level, db 03 108
Loudnen, Sones 0.8 102.2

Engine Exhaust Slza « 2 in.
Engine  Open

Mufler Mo, tialie  Exhaun

Nobe Level, db 14 2i.8
Loudnen, Sones 19.4 31.2

Enging Exhaust Size ~ 141/2 In,

Ingine  Opan
Mulfler Ma, Holie  Exhaun

Noise Leval, db ™ M
Laudness, Soney 1.4 316

Al A2 A) A4 A AE AT AR A0

145 101 1033 1005 102 101 1005 102 1026
.08 o4 03 M BRI 104 18 TG 828

92 45 M 9% 93 8es 608 941 00 Py 91
8.0 4.0 AR 407 J0.6 20.2 403 46.1 480 45,1 J6.b

C-23 C-04 C-25 C-26 €57 C-26 C-28 ©-30 €.31 .33 C-33 G-

88 83 8% M8 90 918 Bl f8. G4 87 083 OB
8.0 3.2 207 291 204 020 M8 9.0 248 288 201 T8

BONICALLY CHDALD
COMBTACTIONE FOR
RACAFNEBIUAL TRITS

AT
HUFFLEA

MICPOPHONK

oCTayY Serrng
lmn‘ LEYEL L Yo d
AMMTEEM | HRTEA

FIGURE 2

Schematic of Dench Tzt Facility
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Camments on Evaluation Techniquuen
of Exbaust System Notace Control
Charnctueristico

N, W, Rowley
Donuldson Gompany, Inc,

Before dincwasing pousible exhaust system bench evaluacion techniques ag
charged by Dr, Roper In hio introductory commnents yesterday, let me first
state my vantage point, In the area of surface transportation noise cons
tral, Donaldaon {s a manulacturvr of both induction and exhaust system
products for medium and heavy duty trucks ,,. primavily [ntake oir cleancv-
ailencers and exhauat mufflers, Donaldson aleo provides produces for

rocreational vehicles, light adreraft, amd for rallroad locomotives,

Thig morudng 1 would like to discuss with you those ateps we find necesaary
to ingure ourdelves and our custvmers that the mufller and exhaust aystem
for a given truck and epgine indeed do the job {or which they were iocended,

Poiwarily I'11 be speaking toward the heavy duty, dicuel truek,

I'm going to reviow "haw we do the job of devaloping hardwace and than Lca
avaluation.” To cthia point in the symponium, mest of the spuakern hava
been heavily concerned with nopsapgine, bench test, acoustic theory, Well
now We're going to aspend o few minutus concentrating en the raal world of

englnes, teucks, and chelr exhouse aystems,

Firat, when a request da received for o given job, it's worchwhile to
datermine 1£ & swltable product [s already dn exdatence, For chis a catalog
ar recommendation sheot may be reforrved to, Flg. L, The data shown L1a from
actual engine testipg, Nete that the performance of a particular producc

depunda on the epgine and the eshaunt nyatem with which it L1 uscd,

If a muffler with the destred configuraction and performance capnot b [ound
in the recommamndation aheeta, a computerized selection progeam may be used,

The program conelaks of two major flatings, The L[lrvav describes the [low
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and acountle characteristics of approsimately 1353 engincs, and the second
degeribea the flow loss and nolue contral propertivas of our standard line

of truck mufflera == about B0 models ave included,

By inpucing the engine and crtuck type and the exhaust eystem to be used,
the computer will *fmateh" the two lists, perform the required caleulations,
and "aclect" thoase wufflers most applicable, Performance is predicted in a
form similar to the recommendation sheet, The accuracy of the prediction
s wichin 3 dpa of actual cpnglne-dypamometex tests, It ia also posuaible to
select a given muffler and prodict that muffler's performance on all cugines

for which it wAill "£Lt" backpressurewlsa.

Thene mathods have boen reviewad: becauge either eould concedvably be used in
a lateling nchema, -but ploase remember thodr accuracy and again notwe, they
depend on englna~dynamemeter toabting as woll an flow hench pressure drop

daca forra baala,

1£ a auitable product i not avallable, a devalopment program muat be
implemunted, Tha dasign and analytical stage involves utliizatton of math
model analyasfs techniques to provide an eatimation of the muffler's trans-
mission and Lnenvtfon losn, Next asamplea are obtalned and evaluated, Firse,

‘tha samplas are testad on a L£low hench to detarmine 1f flow prensure drop ia

n&c;utac:nry. If OK, "non~angine" acouatic bench testipg Ls then uned to
evaluate the acountic pacformance of the muffler and exhaust syatem, For
thia loud apaskers, airens, shock tubea, alr reinforced alectrodypamic
apankara =~ all have haen employaed., Many of thuse muthods are worthwhile
deavelopment toola, Thay can, 1f properly utildzed, rank mufflern by
perférmar;cn quite effectivaly ... soma methods better than others, The
claper £o tha actual exhaust ayatem conditiona, the more acrurate tha

ranking,
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.Te do a good fob uf evaluation on n "non=coglne” bench teot, one must

famehow afimulate actual engloue exhauust system coudiclons ofs

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

» The cotal exhaust system must be uwsed:  exhaust plpe and sdlenclng
devicon, connecting piped amd tadlpipe, and probably wont difficult,
gorething to olmulate cagine Lmpedance,

+ Generation of nodoe with a similar apectral content to the cogine of
concern, and

« Of high coaough amplitude (160 ~ 170 dBA) such that nen~lincar acoustic
conditions vxist. HNow~linearity cannot be lgnored since £t can
signtflcantly alfect acoustie velocity ... cupccinlly‘in a naturally

aaplrated engine,

A iarge amount of complicated mateelal to attempt to bandlel  Perhaps
dopeday it will be posalble, but at the moment we can't de it with any=

where near the accuracy requlred,

Frankly, ft's casier to bbtaln an enghne, provide adequate control measures,
and p;rform':hu teacs on the actual cogloe amd exhausc uyntum. This in ftaelf
ia quite demanding, The engine must boe cight, IC muat have proper fuel apd
intake air f[low, with rated power oukput aml normal exhaust gas Lemperaturas,
A top~notch techanlcian to pecfarm the taat s « muat, along with aqually tap-

notch inatrumentation,

Welre almosk ready ko talk abuub angine teat datn, but ficet let's define
exhauat neise, Fig., R ia an illuatracton of exhaust polae ,,. boipg made
up of callplpe diacharge nolae, mufflor shell nolse, exhaunt plpe surface
radlatad notae, and aloo the nolae trapambtted through any Reaks Lln the
axhaust ayscem, AL the bottom of the figure 4in n typical example of the

levale of thana auwbpourcen ruoquired for 1970 crucks,
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Let me exnploin, Although the manufacturers nre faced with mecting an
83 dBA overall truck level, thelr prototype truck design goal, becauwse
of regulated teot methods and monufaccuring vardiaclone, o from 80 to
Bl dia in order to be safely under cthe 83, And slnce it 1o oftentimes
degirably  to reduce exhoust nofse so that it La cogenkially o non-
contvibutor, the goul for exhaunt noise becomes L0 dia lesn ,.. or the
low 70%'p. Thio Ln turpn then requites the very low values shown fur the

pubgources,

How ao we look nhead to the 80 dpA 1982 truck, the subsources will become
that much more difficult to control to the very low levels required,

Fig. 2.

The aubsources can in turn be broken down .., sub~subgources, as presentoed
in Fig. 3., The tatlpipe dischncge noipe 1a made up of the exhnust notne

created by tho engdno that escapus through the muffler and La radiated out
tha tallpipe, It aloo includes muffler generated nolame cauned by gas {low
through the muffler, and "jet" nofae created by high velocity exhaust gasea

apcaphng Anco the atmoaphera)

Exhauact pipe surface nolse is caused by che high lnternal dypamac propsure

within the axhaunt plping.

Muffler ahall nolse ‘lan't as straikght forward as 1t might appear, It's
mafnly caused by the Internal pressures within the mufflor, but it aluo
radfiates anglne and chansla vibrations that are tranamitted to At via the
exhaunt eyatem, The muffler sucfaca can also radlate exhauat plpa vibea-

tions as pak up by the internal dypamic praspurea,
Now with that background, let'a gel Anto angine Casting. Fig. A presenta

50 fr, oxhawat noise from a fully loaded engipe, The information win
gathered by Asolating cngine mechanical nodse by uodng a full enclosure
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and a heavy Lsolation wall, The wall la acoustically treated on the
outslde, crcating 4 free ficeld above 150 he, The data in the [igure

1o within 1 dpA of a completely free fleld over a reflecting plane.

This particular cagine o rated at 2100 rpm, The englne i3 warmed up

and set to full load at 2100 vpm, The exhaust gystem is allowed to
statilise at opernting temperaturcs,  Umder these conditions much of

the analysie work Lo done .., opectrum, octave band, wave shape, and

the muffler intevnal elements are evaluated, In this particular case,

a 72 dpp would be reported at full load and rated rpm, Then the

"lug~down" mode s cun, For this, load i{n taken off the engive unttl

it apnada up agatust che governor, In this cane the governor ia controllliog
the englne rpm to 2400, Then load 1o sluwly added, such that the englno Lo
Mluggaed" down through 1¢s operating range to approximately 2/3 ratcd rpm,
The 2/J 48 important because of the agreement with che SAE 306b drive-hy
tent, Only one serloun peak was found ... 75 dBA at 1500 rpm whieh would

be reported aceordingly,

Ont othar taat mode in conalderced, Fig. 5. Thias 4p the sudden aceclieratlon,
run up, geose, ldle-man=ldle (IMI), or whatever. Nobice the Jdifferences
from the lug mode.. Values of 73 dba at 1700 wpm and 73,5 at 2250, foth
would be reportad.

There Lo yet another best mode required .., one thav will show the effect
of tempernture on system perlormance, Surface radiated neise becomes of
mara Amportance as maffler attenuation increasen, Surfaco polon 13 a
funcrion of the tempueature of the exhaust ayatem pactn, If Lhe surface
ie cold, At L8 more "1dve" (high Q) with a resulting groater aucfacn
radiated polse, Thin La demonstrated in Flg, 6, Huffler, and again ia
Fig, 7, Exhauat Pipe, Thana ave copies of the actupl wurk sheects, Hote
ctha diffarenca batvween skabilized conditions in the exhaunt syatem and
cgol condicions ,,, approximately a 5 dpd difference for the muffler, and
about: 7 for tha plpe .., qukte consildarnblu,
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In cogsence, five or olx pleces of peak dats are recorded, Obviously we're
looking for the worat condition, That's the condition very prabably that
the truck manufacturer would run dnto, or possibly could run Inte, as he

evaluates hio truck,

PLpe nurface noise was forther {nvestigaced as o funetion of time, Flg, 4,
A 55 dDA can be seen for plpe surface radiated nolse at {dle, 500-600 rpm,
Thep the throttle was punched wlde open creating an exhaust nolge peak of
70 dha, Ao the momentum of the engine fu overeome, the level drops down
te 03, At that point, lesd wau put on the engine, Imnedlately, Lhe pipe
surface nolse went up to 75 dBA oand then ap the system abgorbed hueat and
the temperature of the material increaoed to a stabilized conditien, the

pipe nodse llkewlae decreased,

The purposy of prescating the last series of figures was to provide some
iudieation of the difficulty of rating syatem performance even while

testdng with the actual engine and systuem,

Now let's look ac.other problema of evaluating systems ... dn thip case
ddntributed ayscema, Fig. 2, which are becoming more popular Lin the
induastry, DMstributed pystems contaln more than ene silencing deviee,
Theae additional components are acoustically dnterreloted with the primacy
mufflur and one another.  That 40, the performance of the prioary matfller
is affected by other devices in cthe system, and vice veraa, Fig, 10 s
fucther evidonce of this, Conscquently, it's very difficult tu nay this
pacticular muffler or allenclog device has such and nuch acouskie
characteriatica without raferrving to the pecformance In an actual system,

Tha "wholu" syatem muat be evaluated,

With the complate dutn [rom an voglnesdynamometoer teat, we have a pratiy

good handle on the purformanca of the exhauat ayatem on a glven englue;
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but, we're atill not completely convinced, 8o the next step obviously in
going to a truck, which in the real "proof of the pudding” (includes truck
noise sourcae identification). The type of data gathered from a truck ceat

ia shown iwn Figa. 11 and 12,

By utildiziog the type of testing just reviewed, we try to meetb oug
comulttment to the truck manufacturers and the truching fodustry ... striving
to mike certaln that the exhaust syotem coatrols the nofas as Lntended and
without compromising cngine performance, It ia also required via testing

to provide proof of conformancn te manufacturcra' opecifications,

In conclusion, apy evaluation method sclected must meek certain degroao of
accuracy, The lower the overall truck npolae levels uﬂt«hllnh.cd, the more
sophisticatad the mufflera and othur silencing components whll become; and
it follows, the mora critical the accuracy of evaluation also becomus, An
of this point in time, thia can best be done with an efglne~dynamometer

type of teng,

1 Preacated at: EPA Sucfago Transportation Nolse Symposium
f Chicngo, IlMnoia
October 12, 1977

Referenca: SAE Paper No, 7708493, "Exhaust System Considerationa for
1982 Heavy Duty Trucka."
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A BENCH TEST ron
RAPID EVALUATION OF MUFFPLER PERFORMANCE

by

: A. F. Seybert
Pepartment of Mechanical Engineering
Univeraity of. Kentuoky
Lexington, Kentacky 40506
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The United States Environmental Protuction Agency has publighed
gencral provisiona for noise labeling standards [(1). Among other
things, thede provisions indicate the ncod for test methodologien
for the cvaluation of the acoustic characteristics of products to
be labeled., “his paper discusses some of the problems associated
with the prediction of exhaust system performance and pregents a
novel technique for the measurement of muffler characteristicy.

It in shown that exhaust system performance can be predicted using
measurged muffler characteristies in conjunction with other known

Iinformation such as engine impedance and pipe lengths.

BACKGROUMD: FACTORS INPLUBMCING EXHAUST SYSTEM PERFORMANCE

Plgure 1 shows some of the factors influchecing overall exhaust
aystem performanca, whexe "performance” can be measurced by Some
acoustic descriptor such as the gound power radiated by the tail
pipe outlet or the sound pressure at some point in gpace at a fixed
distancae Lrom the tail pipe outlet. There seemn to be mild confusion
and gsome misunderatanding within the automotive industry on how the
factors in Figura 1 interrclate in determining overall exhaust
saystem performance,  Yet, it is cssentinl that woe upderatand these
effects Af woe are to develop a rational, workablie test methodology
puitable for muffler labeling. Far example, If we know quantita-

tively how engine source inpedance and source strength affeet exhaust
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systom perlormance, we nay possilly develop a bench-test methodolagy
in which the cngine is replaced with an electronic noise source
such as an acoustic driver or loudspeakor. The data obtained from
the beneh test would be used to predict the everall exhaust system
performance for any engine for which source impedance and source
strength information are available., In a gimilar way we would like
to account for variations in exhaust and tail-pipe lengths in order
that a atandard pair of pipes can be used for the bench test. Thug,
by increasing our understanding of exhaust systom behavior, we can
develop a simplified test methodology suitable for muffler labeling.

We can divide the factors listed in Figure 1 into two cateqorics:
factors that can he accounted for using proven acoustical theory,
and factors that mugt be accounted for with cmpirical data. Source
impedance and source strength are examples of the latter category.
On the other hand, pipes are classical acousticnl systems, and tho
effoct of pipe length and diameter on sound propagation and radia-
tion is well- known.

In general, muffler charvacterlotics muat be determined imper-
lecally, except for very simple geometrics, in which cane analytleal

results are reasonably accurate.

EXUAUST SYSTEM MODELING

Fxhaust syatem modeling haa cvolved over a period of about 50
years alncﬁ Stawart {2] analyzed muffler uyutemﬁ using lumped
parameter approximations,® ‘Davis ot al, [4) made algnificant
advancas in exhaust system modeling by applying traveling-wave

techniquos to cvaluate expansion chamber and side-hranch

*Crocker (1) has recently reviewed exhauat ayatem modeling,
183
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configurations. Following this vork, Tgarashi (5] applicd eclectrical
four-pole techniques to exhaust svotem modeling,  Iwecent developmoents
in exhaust systoem modeling are reviewed by Sullivan [G6].

The four-pole theory used by Igarashi is very powerful and casy
to apply, and scems to be an ideal method for coxhaust system design.
Four~pole theory is based on the concept that in any linear, invariant
syatem the input and output quantitics can be related by four
"gystem" parameters, called the “"four-pole parameters.” As an
oxample, consider a rtraight scetion of pipe of length L and cross-
gectional area 5, Figurec 2. The input and output guantilies arce
the acoustic pressgure and volume velocity at cach cnd of the pipe.

The expressions relating theae quantities are:
Poma, . I, + o,V (1}

Vlnnzlvz 1 n22V2 {2}
where Py and Vl are the acoustic pressure and volume velocity at
the pipe entrance, and P? and v2 are the acousitic preasure and
volume velocity at the pipe exit, The four-pole paramcters for the
pipe--all, Ayar fnys and 8, ,-mare funpctiony of fruguoncy, plpe
dlameter, and pipe length:

nllﬂconkL nlzw(nc/sijnin kh

(N

ﬂzlﬂ(nc/ﬁljnin 1L azzﬂcoukh
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vhere ka2uf/e, ¢ in the speed of soumd, o is Lhe density of air, and
J denotes dmaginary quantity,

Far complex acoustical systems {e.g. a muffler) the four-po.c
parameterg can be computed from moasurcd imnpedances. It can he
shown (7] that the four-pole paramcters are related to the driving
polnt and transfer inpedances:

11741178 A7 8y ) Bap =) /2y
(4}
9251/ %) 2 a,,%%22 %2

where le and 222 arc the driving point acoustical impaedances looking
inte thae ncountical system at the entrance and exit reapectively,
and Zl? in the troansfer impedance {defined as the ratio of the

acoustic preasure P, at the ontrance to the acoustic volume velocity

1
Vz-ﬁt the cexit). If we can measure the impedances of a complox
system, then we will have the four-pole parameters for bthe systen.
The four-pole theory is waseful in combining aconstical sub-
syatema, suach as mufflers and pipen, to obhtain overall system
performanca. “This can be illustrated by representing an eoxhaust
syatem in terms of four-pole paramcters as shown in Pigure 3. In
Figure 3,20 ia the engine source impedance and v, in the engine
gource strength (thoe acoustlie volume veloeity of the engine). Tho
varioua subsystomu are represcentad by eatcaded four-pole parameters,
and (" 1a the radintion impedance of the tail pipe. Por the four-
pole modael shown in Pliqgure 3, Vc' Loyt and the muffler four-pole
parameters must boe obtalned ompirically; but the four-pole paramctors
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for the oxhaust and tail pipes are given in Equation 3. The radlation
impedance Zr ia known from theory (8],

Equations 1 and 2 can be written in matrix form:

[le"[nll “12“%%[1\}["2] (5)
Vi 1821 222V Yy

likewige, the relatlonship between acoustic pressurce and volume

velocity ot the entrance and exit of the nuffler can be cxpreascd ns:
Vad Par BaadlYs V3

Equations 5 and 6 can be combined:
[pl]—[n][n][ps} (7)
vy Vs

Thim process can ha continued to yicld:
['ﬁ]—[n“”a] (8)
Vil L d Y
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Because the four-pole parameters for A, 5, and C are known (either
from theory or experiment), the overall four-pole clements of the

matrix D are also known.. Wa can rewrite Equation 8 aa:

Plsdllp4 + dl2Yd (10}

Vlﬂdzll’4 + d22v4 (11}

'Weiknow also that P4/V4ﬁzr and Vlnvc-pl/zc. Combining theaq

equations with Equatlona 10 and 11 to eliminato Py Vl, and ) yialda:
pq.vﬂze/tzﬂ(d21+d22/zr)+(dll+d12/er1 (12)

The insertion losa (IL) s a useful parameter for evaluating
the acoustic berformanca of exhaust éyutemﬂ. One way ta express
insextion loss is to compare the acoustic pressure at the exhauat
syatem exit (e.q9. Equation 12) with the acoustic pressure P at thae
e;it pf the exhaust manifold when no exhaust syatem la prescat,
That ia;

(ot

I1=10 Log 'I"f;i-l'-a {13)
4
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The analogous circuil For the enpine wikbh no exhaust systom is
shown in PMigure 4, where Zr is the radiation impedance of the

cxhaugt manifold, Fram Fiqure 4:

4 %
- r'e
"""’e(rr"‘.z ) {14)
r (&)

The ingertion loas iz found by cembining Equations 12 and 14 with

Bquation 13.

gu(d212r+d22)+(dllzr+d12)
P
¢ 'r

IL==20 LOg

This equation shows -clearly the relationship between the exhaust

syntem variables and how cach affects exhavnat system performance,

MEASUREMENT OF ENGINE AND MUFFLER PARAMETERS

-Bquation 15 shows that wo can predict exhaust systan porcformanco
for a given combination of englne, mufliler, and exhaust and tall
plpen, 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 Zr' but the
engine source dmpedance and the muffler impedancen must winually be
measured. This section will describe a novel method of lmpedanco
measurement. ‘This method, referred to ag the "two-microphon,
random-excitation” tochnique was doveloped about twe yeuars ago by
D. F. Roaa and the author at the Ray ¥, llerrick Laboratoricsa, Purﬁun

University. The theoretical baais for the technique, ns well an a
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literature survey of other Lechni jues used ta measure acoustiecal
prope;tien, is the subject of a recent paper [(9]): only the practical
aspects ralatod Lo the measurement of exhaust system properties will
be presentad here,

The cxperimental setup vsed for the measurcment of mufflor
propartiea 1a shown in Pigure 5. Uith this arrangement, one can
determine the muffler impedances from which the [our-pole paramcters

for the muffler, b 1

and b can be obtained {using

11° P12 Pay 22"
equations like Equation 4). At the same time one can algo determine
other muffler parameters such as the transmission loss, the reflec-
tion ceoefficicent, and the absorption coefficient. It should be
emphagized, however, that these properties are not suitable for the
prediction of overall exhaust system performance.

Referring to Figure 5, random noige is introduced inte o pipe
on one aide of the muffleor to be tested. Adr [low may be introduced
to aimulate actual operating conditions, if nccensary. Two micro-
phones, located on the source side of the muffler and mounted flush
with the inside of the pipe, somple the sound pressurce. The microe-
phanea acve peparated a distance of approximately SGum and located
a8 close to the muffler as ia physically poasible {to minimize
attenuation &ffecta Iin the pipe}. The microphone signals aro
digitized and stored in a Fouricr Analyzer or Fast Fourier Transform
{FFT) processor. A spectral processing techniaque [9] ia used to
decompose tha gound field in the pipe inte incident- and reflected-
wave apectra, The muffler' impedanee and other muffler parvaneters
can be determined from these spectra.  To test the accuracy of the
techpnique, the input impadance of a straight tail pips was measured

and compared with theory., Fiqure 6 shaows the exporimental and

theoretical datn of the real (resistive) apd imaginary (rcactive)
189
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components of the tail pipe impelance.  Mhe excollenl agrooement
between theory and experiment verifies the exporimental technique
and, ot the same time, shows the accuracy of tho theory [10].

This data supports earlier statements which noted that exhaust

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

In a scecond test the transmission loss of a prototype muflfler
was measurced and compared to dota obtained using the conventional
standing wave ratio method. This data is presented in Figure 7;
again, cxcellent agrecment is noted.

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

The two-microphone, random-ecxcltation technique has geveral
advantages over conventional methods of measuring acoustic properties.
Conventional tachniques such as the standing wave methed [11] usc
traveraing probe-~tube microphones that arc of conplex design,  In
additlon, flow-gencrated nolsg may influence microphone measurcments
made within exhaust pipes. The stationary, wall-mounted microphonus
usad ip the two-microphone, random-oxeitation technique aveld
these problems. A second advantage in increased gegolulbion,  Becauye
random cxcitation da uged, the computed acountical propertics arc
egpentially continuaus in the frequency domain,  With conventional
methodﬁ using discrote {requency (sinuneidal) testing, data is also

discrete, and important aspects of the acoustical propertics (i.c.
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occurring between test [requencisci} can be averlooked. A third
advantage is increased spead.  Pecause random encitalion is uscerd,
and because the data is acquired apd processced avbomalbically,
impedance measurements are conducted rapidly. Only about 7 scconds
of actual measurement time was necded to obtain the data in Figures
G and 7.

The two-microphone, random-excitation technigue is simple in
design, and becautic the test is essentially a "hands off" test, the
teehniqgue should yield highly consistent results, 7This is an impor-
tant aspect of any tosting techninque that 15 to be used by a larqge

nunber of individuals or groups in different regions of the country.,

SUMMARY - A TEST NMETHODOLOGY "Gl MUFFLER LADELING

The above discusaion indicates that the insertion losg ia a
meitable pavancter for predieting exhaust system performance. It
is not practical to meapure insecrtion loss for cvery cengine and

exhaust synsten configuration, but inscrtion lo#ds can be predicted

{e.g. Bguation 15} using proven theory in conijunction with empirical
data for onginc and muffler lmpodances,

Mueh regsearch remains before a teat methodology sultable for
mufflexr labeling can be bmplemented. Por oxample, our knowledge
of englne source impedance ig quite incomplete. 1n predicting the
tngsertion loss uplng Fguation 15, how accurate must we know engine
gource tmpoedance? Does cngine source impedance depend on engine
type? Load? Specd? The derivation of Equation 15 noglected the
effects of flow and temperature gradients.  llow impertant are thodce

effects In prodicting indortion losa?  can these effects be included

| 191
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using some type of “corrcction faclors" or is a rigorous analysis
called for here?

In conclusion, it appears that additional resecarch (s needed
to angwer some of those questions and to test the feasibility of
using a uscmi-ompirical test methedology, such as described in this

paper, as a basia for muffler labeling.
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Some factors influenhcing exhauat system performance.,
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Pigure 5, Measurement of mufflor characteristica.
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Flgure 9,

Internal combustion cngine noise rescarch at the
University of Kentucky.
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Abstract

The results of a rescarch effort sponsored by Yamaha Motor Co. of
dapan are presented.  The maln objective of the project was to quict
the exhaust from 2-stroke engines without sacrifictng (too much)
performance.

Analytical and experimental programs were undertaken to acquire
a fundamental understanding of 2-stroke engine dynamics, to measure and
predict nafse levels associated with various cxhaust systems, and to
design fnnovative muffling systems.  The results show that predicting
absolute noise Tevels 1s difficult; however, comparative studies are
well sufted to analytical techniques.

Primary emphasts 1s placed on experimental procedures which atlow
testing of mufflers in an anechotc chamber and in the absence of ap
operating englne. 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 acowstic theory
and to determine the extent to which acoustic theory could be used fn
the design of engine mounted muffiers.

Another procedure Tnvolves the use of a rotary valve and compressed
air to generate very realistic {(motorcycle-i1ke) large amplitude pulses
with the proper through=flow and frequency content, This very clean
experiment has praven to be a very excellent method for duplicating
actual engine tests., It §s anticipated that further development will
resuit in a variable displacement, variable through-flow rotary valve air

motor that can be used te accurately assess real mufiler performance.
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Introduction

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

The principatl abjective of the effort was to quict two-stroke ¢ngine
exhausts without sacrificing performance. To accomplish this goal, the
research was channeled tnto several-parallel paths. One of Lhese Twvoelved
a major analytical und 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 1t produces {so nuch) noise in the first place. This
study 1s representative of refs. (1], (4], [5], [6], [7]. Another major
research channel fnvolved analytical moedeling and experimental testing of
muffiers in the University of California, Davis anechoic chamber. This aspect
1s described fn refs. (2] and [3].

In the foliowing sectton the operation of a two-stroke engine will be
byiafly described fn order to gain a qualitative understanding of the noise
generation problems fnvolved. Following this, the analytical engine and
exhaust model{ng are described {n some detail along with neise prediction
models., Finally, the analytical and experimental anechofc chambier tests are
presented apd the entire project summarized with enphasis on regulatory tests

for EPA monftoring and control of motorcycle natse.

*
Numbers in brackets [ ] refer to references
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Twa-Stroke Engine Qperation

The two-stroke engtne s shown schematically in figure 1 for two
different crank positions. The associated conventicnal expansion chamber
1s shown in figure 2. Assuming a fresh charge of afr/fuel mixture has Just
been ignited, the piston is driven downward on its power stroke. It first
uncovers the exhaust port (EP) and most of the exhaust gasses arc forced
into the extaust pipe due to the still relatively high pressure inside the
cylinder. Also, as the piston moves down, it compresses the fresh charge
of fuel already resident fn 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 pisten moves upward from bottom dead
center (BDC) it First uncovers the inltet port [IP)} and fresh mixture flows
into the crankcase as o result of the increasing crankcase volume, The
piston then covers the TP and inally the EP and comprosses the remaining
frash charge {n readiness for the next spark fynition.

Some aof the factors influencing the overall engine perfermance 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 Teaks out through
the EP prior to £P closure., These considerations are what make the two-stroke
engine a most interesting dynamic system. Qualitatively, 1t 1s the "ipertia® of
the gasses In the intake passage and tranifer passage that insure proper charging
of the combustion chember, and it is the expansion chamber that contrels the 1oss
of fresh charge into the exhaust systen,

When the exhaust gasses arc forced through the EP, a large amptitude pressure
wave begins propagating down the exhoust system (see 19, 2}, As this wave passes
through the "diverging cane”, a negative (or ravefaction) wave prapagates hack up-
stream and helps empty the cylinder of exbaust gasses. This process 1s called

scavenging.  When the pressure wave vyeaches the "stinger”, most of
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the ensrgy 1is reflected and this returning pressure wave either pushes
fresh charge back 1nto the cylinder or prevents teo much from ieaking away.
This "stuffing" phenomenon of course depends on engine RPM, exhaust system
length and varfous 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
stralght through-flow expansion chamber 1s perhaps the worst possible
des{qgn.

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

and thelr exhaust systens is described along with noise prediction.
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Analytical Models for Performance and Hoise Prediction

The model used for performance prediction is described in ref. [5].
Since performance 15 not the main consfderation here, this model will not
be described in great detai). It consists basically of a bond graph [8)
model of the complete engine coupled with an approximate mode] of the
exhaust system.  Dynamic considerations include the intake, exhaust, and
transfer passages as well as crankcase compression and combustion. The
model is fdeal for performing extensive parametric studies of port timing,
port geometry, crankcase volume, exhaust system dimensions, cte. The
operation and capability of the mode) are discussed completely in ref. [5].

Of more importance with respect to noise prediction 1s the gas dynamic
mode1ing of the exhaust system., The gas flow was assumed to be ope~dimensional

and time dependent, The equations of motion describing this flaw are

%t(pﬂ) = %k(puﬂ) (Continuity)
Geloun) = - %xff’“&f‘ et pgh - of
{Homentum)
a(Es i}
ot ..oy (u{ Es + PA} ) - Hork
(Energy)

Es = pA{CvT + UP/2)
p = pRT
where p, p and T are the thermodynamic properties pressure, density and
temperature; u - the fluid velecity; A - channel area; t - time; x ~ posi-

tion; Cv - specific heat at constant volume; and R the gas constant., The

frictional Yosses have heen included in the term pAF where F 15 given by the
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following expression

Af u2 u

P25 77 ToT
(t and D are the friction factor and diameter respectively}. The procedure
for solving the above cquations s given in ref. [1] where all unusual
circunstances such as boundary conditions and internal choking are discussed.
For an average case, 150 spatial node points, similar to figure 2 vere used
thraughout the engine and exhaust system and 800 time steps were necded to
complete one englne cycle. As can be surmlsed 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 foportant for making noise predictions since high frequency waves and

large sound speeds are common in two-stroke engines.

The model 1s capable of predicting pressure, flows, temperature, etc,
thraughout the entire exhaust system; however, for the purpose of this paper
only results associated with the "stinger” will be presented {see figure 2).

Also, al) results are for a Yamaha 360 MX engine.

Figura 3 shows the predicted volume flow rate from the "stinger" into the

atmosphere for the engine operating at full throttle, under load, at 7000 RMM.

This 1s approximately the maximum pover RPHM for the 360 cc engine. The steep
fronted wave in the center of the figqure 1s the dominant cause of the very
loud, high frequency snap associated with two~stroke engines. This is alse
apparent from figure A4 where pressure and velocity inside the stinger section
are shown, Pressure in excess of two atmospheres is predicted with velocity
surges 1n excess of 450 m/s. If we assume that any realistic muffling device
wi11 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 s essential
for accurate prediction of muffler performance for small, high performance
power plants.

To predict exhaust noise levels for this engine, the volume velacity of
figure 3 was assumed to be that of a simpic source radiating into an ancchoic
far field, The pressure predicted at 50 feet from the source was digitally
transformed into a frequency spectrum and s shown fn figure 5. An A-weighted
sound scale was assumed. A significant characteristic of the spectrum is that
1t 15 relatively flat and contains a broad band of frequencles, Al50, there
fs very substantial contribution from frequencies over 1000 cycles per second.
The total SPL, weighted for the A scale, that s associated with the spectrum
{s 102.85 db for 50 feet from the simple source, This number 1s in good
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 {5 shown the geometry of two
mufflers analyzed. The nonlinear muffler shown in the top of figure 6 was
analyzed with the new methods mentiened previously, while the lumped parameter
muffler was analyzed with classical acoustical type approximations. In fiqure
7 the volume flow rate out of the nonlinear muffler 1s shown., [t can eastiy be
seen by comparing with figure 3 for the unmuffled case that considerable
smoothing has octurred due to the muffler. However, there 1s a very distinct
and regular high frequency varfatfon in the flow. This regular variation 1s
due to the reflection and formation of waves {n the muffler 1tself, and the
frequency is characteristic of the muffier dimensions and gas sound speed, This
frequency and 1ts harmonics are very evident 1n the sound square spectrum shown
in figure 8. It 1s also apparent from the spectrum that frequencies below

1000 cycles/sec and very high frequencles have been substantially attenuated.
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The avaral) SPL for the nenlinear muffler §s 95.8, which 1s less than the
unmuffled case, but still not very liveable.

One of the primary reasons for solving 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 Jumped parameter muffler the system {s represented by two volumes, two
nonlinear resistances and two 1nertias and this system 1s solved simultancously

with the flow in the engine and expansion chamber. The volume flow rate from

“the lumped parameter muffler is shown in figure 9 and it is scen to be extremely

smooth. The spectrum shown in figure 10 §1lustrates that all frequencies have
been suppressed hy the lumped parameter muffler and the SPL was 58.9db, Since
the dimensions of the nonlincar and lumped parameter muffier are very similar
1t must be concluded that the use of the lumped parameter analysis for the
large amplitudes waves in two stroke engines s questfomable. The one region
of the spectrum where there is qualitative agreement between the two mufflers
{5 1n the low frequency part of the spectrum.

Another 1mportant interaction between the muffler and exhaust system that
should be mentioned 1s the influence of back pressure caused by frictional
losses on the transfer of gasses into and out of the engine cylinder. For bath
thg mufflers analyzed there was enough back pressure to couse a significant
smount of exheust gasses fo be left hehind 1n the engine cylinder,

The mufflers analyzed here are quite primitive; bowever, the nem technique
employed reveals some interesting physical processes which are not included in
ciassical approaches to the subject. The simple source assumption used to convert
ex{t volume flow rate into a SPL prediction proved to be quite accurate when
compared to actual drive-hy tests (sce ref. [4]). Further development of the
nendtnear analysts discussed here seems to offer the hope of gaining considerahly
graater fnsight into the nonlinear physical processes 1n nuffiers and two-stroke

engine expansfon chambers.
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The Experimental Progran

Coupled closely to the analytical effort, the experimental program was
designed to first corvobarate, {n so far as possible, the computer medels
devetoped far pevformance and nolse prediction. This aspect of the pragram
is discussed thoroughly in vefs. [3], [41, 5], [6], and [7]. At this time
this corroborative experimentation 1s not directly applicable to muffler
evaluation and will net be discussed Further.

fnother aspect of the experimental program was the design of procedures
and devices for evaluating nufflers 1n the University of California, Davis
anechole factlity. The main purpose of these experfments was to test muffier
models designed from acoustic considerations and to compare muffler devices
subJect to realistic large anplitude fnputs. Two experimental apparatus

were developed,  These are described next,
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Acoustic Fllter 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 ariving a pisten and this producing a known
frequency dependent flow source. As shown in figures 11 and 12, the shaker
and piston are enclesed 1n a thick wall pipe to prevent acoustic leakage.
The device could be modified to include mean flow but at this time no mean
flow 15 avaflable. This device s perfect for measuring insertion loss of
muffling schemes; however, 1t 1s restricted to small anplitude fnput and

correlation with actual muffler performance 1s questionable,
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Large Amplitude Simulator Apparatus

In order to use the anechoic factlity to test mufflers subject to
realistic input, the apparatus of figures 13 and 14 was developed. It
consists of a high pressure supply to a nlenum chamber which feeds one
side of a rbtating cylinder driven by a 1/15 horsepower clectric motor
The inside cylinder has a port which altlows charging with high pressure
afr as the port rotates past the plenum opening and then subsequent dis-
charging as the port uncovers the exhaust opentng. This simple device,
when connected to a stock Yamaha 360 MX expansion chamber produces pres-
sure spectra which are virtually identical to that shown 1n figure 5.

.Thus far, the rotary valve has been used for qualitative comparison
studies of various muffling schemes and has proven 1005 effective with
respect to comparison noise studies of actual motorcycle tests. It was
not attempted to duplicate quantitative results as this was not essential
for the Yemaha profect. However, there 1s no fundamental reason why the
rotary valve could not be uled to produce quantitative comparisons of
anechaic 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 ohtain quantitative comparisons.

The question of performance degradation asseciated with varfous muffling
devices 1s not as easy to infer from the bench tests as was the nofse com-
parisons. Again, however, it appears that 1f some attention 1s given to
this spec1f1c'prnblem. there is po fundamental reason why correlation cannot

he obtained,
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Dons a hench test procedure exist for certifying motorcycle exhaust system
performance with respect to nolse and performance constraints?

At the present time, such a procedure does not exist. However, it is
felt that rotary valve is a candidate for develepment into a dependable,
{nexpensive, and fast procedure for evaluating, at the very least, two-
stroke engines for motor¢ycles and spowmobiles. 1t {5 also anttcipated
that small, foursstroke power plants cap be tested in a simiilar fashion.
What s required is a research effort directed specifically at the cer-
tification tssue and relying heavily on the research results alrecady

developed.
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ABSIRACT

Various procedures; for the cvaluation of exhaust system performance are
presented and discussed.  Analytical ns well ns experdmental techniques are
conyidered, Comparisons are made with measurcmonts on actunl engine exhaust
noiege.  The myjor approaches are ranlied with respect to accuracy mnd cost,
INTRODUCT IO

In order to select an appropriate technigue for the evaluation of exhaust
system performance, the specific ponls of the evnluntion must be deternined.

Tho necds of the development engincer are quite different thon those ol the non-
tochnical consumor. Thia paper will attompt to present the varlous considerntions
present in making such n selection and to illustrate n wide vardety of avallable
technlques.,

There ave caseatinlly no "mood” or "bud" mulflera, A glven muffler may
produce pood nolse control results on A glven system or application while producing
poor results for ancther.  In nddition, many secondary parsmeters muat be in-
cluded in order to fully characterirze the performance of a glven muffler. A
sammary of some basic design considerations in priven in Fig., 1. Thuy, to obtain
an accurate statoment of the mulfler's performance, it ig necessary to speclly
tho precise exbaust aystem configuration and englne spplication including
operpting conditlona such pg specd and load,

Two of the primay acoustlce considerations are whether to measure pound
pressura or sound power and whether to use the actunl level produced or the
difrference batween the sllenced and unsilenced levels, A “difference approach”
has the pdvantage of relating more directly to tha muffler performance independent
of the noise sourca involved, while a "level approach” hng the advantage of re-
luting moro directly to the sound porcaived by tho listener and associnted

loudness.,
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The cholee between sound pressure and sound power s essentially a choileo
between o "point measurzment” versus an Maren measurcment''. Each nppronch lis
cortitdn ndvantnges.  Sound pressure level nust be given for a speciliced location
and 1s most appropriate when such a loeation may be clearly determined.  Sourdd
power level 1s detepmined from o measurcrent of the nverage sound pressure level
over nrea and, thug, may be more appropriate when the location of persons near
the oxhuust system 13 not clearly detemmined. Some of the practical considerntions
in making these mensurcments will be presented later.

I. EVALUATION 1TCINIQUES

A flow chart of some of tho major evaluntion techniques that are avallable
ig shown in Fig. 2. Annlytical and experimentnl approaches mre listed and will
be discussed in more detadl 4n the followling svctions. The complexity ol an actunl
enzine exhnust syatom makes the selectlon of n aingle technlquo difficult, Hevere
temperature gradients, rapidly varying turbulent flow, high amplitude pressure
variations and non-linenr effeets mro among the primary factors contributing to
thia camplexity. For this reason, most actual exhawst sysitem engincering uses a
combination of techniques to assist tho exhaust system designer in cbtalning
optimm performance,

A lwida variety of paramcters are nvailable for use by the designer in
specifylng the exhaist system performuice (1-3). Some of these are listed in
Fig. 3. In general, transmission loss is preferred for theorctical calculntions
because it does not depend on the englne source impedance, The determination
of engine source impedance is a difficult problem that bas recelved only limited

otudy., For experimental worle, Insertion loss mnd polse reduction have coma to be

praferred because of thelr relative case of datermination.
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The method of excitutlon used varies from the netual engine to o white
noise source. While white noilse bns been recommended in the past as a solution
to the problon of mensuring the perfomance of highly tuned nutflers (4), in fact,
this éan be inndequate. A white nolse source can produce conservative
or optimistic predictions of a muffier's perfomunce depending on the specific
source, cxhnust’ system, and mensurcment procedure used,  Shock wave excitotion
has recedved considerable pnst study oand hos specific advantages in evnluatiog
exhnugtgystoms used on high-perfotmance cnglines. (5,6)
II. ANALYPICAL TTCHNIQUES
Anrlytical tcchniques offer the andvantage of not requiring the time or
ost of caperimentnl procedures, They can range from ainple pavumetric annlysia
chhiques such s the use of muffler volume, na shown dn Figs. 4 and §, to
plex ucous}:ic models, (7-0)  In general, the parwmeter technique 1s quite
ude in comarison to ncoustic modelling althowgh very cinple to apply,
The acoustic modol developed and wied ot Nelson includes the effeccts of
evated temperatures, temperature gradients, mean low, tamminaticn fmpedance,
source impedence, higher order modes, and o wide variety of silencing configurations

or elements. Derived from work by Alfredson and Davies (10-13), this modoel has

~ been considerably improved and extended at Nelson to be applicable in a wider

variety of cases, Although useful from n design standpeint, quantitntive

agreement with actunl engine measurcoment is undergoing continted ptudy in ordor
to obtain Improved correlation, "I‘yplcnl resulta are shown in Fig, 6. The
predicted transmission loss plot shows major mindma at pbout 425 Ik, 630 Hz and

g0 on corresponding to the length of the expunsion chambor cqualling a multiple

of a half wavelength, Additional secondary minima are present at about 150 Hz,

300 1z and so on corresponding to the length of the tallpipe equalling a maltiple

of a half wavelength, Thao predicted insertion losa plot A1lustrates somewhut

. Increased complexity, partinlly due to the cffeet of the eshaust pipe, Nelther

ra s in good quantitative npreement with the englne mensured insertion loss,
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although the frequency characteristies show some qual itative ogreoement and the
amplitudes refleect some peneral trends. Even with these limitations, this
computer model has Leen successfully utilized in o mmber of conmercial desipn
netivities,

IITI. EXPERIMENTAL TECINIQUES

Exporimental techniques fall into the two general cateporics of closed and
open system techndques, A vierlety of these techniques are i1lustrated in Fig, 7.
Closed syatem measurementn do not include the radiation fram the walls of the
miffler shell or oxhaust syston piping.  The most coonon exwunple of such o systom
is the impodnnee tube. (14-16} Typleally osod to measure transmission loss
uging a purc tone source and ancchoie termination, this device can nlso be used
with a white polso source. Very similar results are obtuined in considerably
lesa time. Results from such measuroments are dllustrated in Fig. 8 alomt with
results from the Nelsen analytical model. The npreoment between the top two
curves 1s very good and typical of the results obtalned using this technique
with the pure tone or white noise source. In this cxuple, the solid extended
inlet and ocutlet of the pnss muffler are approximitely cqual to half the lenglh
of the muffler resulting in the penka at nbout 300 lz, 900 Uz nmd so on,
Mensurencnis my also be made using taped cngine poisc and other temninations as
will ba shown later,

The closed inpedanca tube may also be used in the tino domdn ns a “pulse
tube". This technique, ‘which has roeclved considerablo devolopment ok Nelson,
offers the advantage of presentipp the pressure wavolonn s pevcelved by the
listener and as associated with the .englne in the time domin, Results will be
ghown below.

Open system mensurements include tha nokse radinted {rom mffler and tallpipe
walls by terminating the impedunce tube in an open spinee such oy o semi~anechole

or reverberant chomber, The excitation may he typlenlly nn electronle nodse
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source, blower, standardized engine, or actual engine, At Nelson, tws somi-unlcchole
chumbers and n reverberant chamber are avallable for use in such measurements
ng shown in Figs, 9 and 10, (17)  The semi-anechoic chamber 1s the most widely
utilized sound chamber for muffler evaluation. Its prisory advantage is its
correlation without the associnted weather problems with measuronents
made cutdoors on actual equipment.  The reverberant chimber nllows mensuremont
of the spatially nveramed sound pressure level frem which the sound power level
miy bo randily calculated. Tor applications in which the desired point of
mensurcement 1s not readily npparent, the reverberat room measurcinent provides n
potentinl advantage in that the average value is obtained, However, if the mepsure-
ment in the scmi-ancchole chamber is sinply made at the angle of maxinuen sound
prussure level, this advantsge ks mindmized since the spatial average will be
strongly dominated by this maxinum value.,  Thus, for muffler work, the madn
pdvantages of the reverberant chanber becore 1ta lnek of anechotie wedpes allowing
grenter floxibility in exhoust systom plplog sod o deereasce in dnstallation and
mintenance Cxpoense.
IV, COMPARTSON OF TRCHNIQUES
A.  DBASIC SILENCING LLI2INT

The performance of o basie expunsion chianber silenclpg element wias evalunted
using a varicty of the above techniquen, In Fig, 11, results using the apalyticnld
model with an anechole tennination and free-field teminition ure comparcd to
results measured on the Impedance tube developed at Helson.  Thoe expansion chamber
and tailpipe effects as well ag tho hipgher order mxde effecta (st about 2800 %) nre
predicted with fndr accurncy, especially for the ancechole termlnntion cnsie, by
the annlytical model,

In Pig. 12, results for the samo it using the aonlytieal modeld with on
mechicle terminntion, tailpipe, and taflpipo/exbnust pipe combiipation including

source impedance offects ta obtadn dnsertdon loss are compared Lo results measured.
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on an acturl engeine, The qualitative agrrecment i Codr, but the amplitude and
detpils of the frequency dopendance wmrin show considerable lack of quantitalive
correlption. Many of the same features mencioned in Fipp, 11 are again evident,

In Fig. 13, results for the swe unit using various arrangemoents of the
impedanee tube aure compared to recalts measured onoan actual engine,  Apreomont
of the simulnted tests with the mnnlytical results in Pl 12 is Tnirly rood,
but pgreoment with the englne results is again less than desired even with proper
correction for the higher oxbeust gos tomperatutes,

In nddition to the transmisuion loss and insertion loss mesurdrents i1-
Iuatrated above, transfer function measurcments may also be node s shown in Fig.
14 nlong with the associated coherence. (18} The inversion of the transter
function plot produced a curve proportional to the transmission loss plols
preseated earlier. The mintma and moocdma agree quice well with the values espected
from panlytienl considerations for this pass muftler.

While frequency domain analysls 4 most conmonly used dn muffler analysis,
tima damin analy:sia using the pulse tube approach deseribod above can provide
a useful altemative, At Nelson a pulse tube hng bpen developed for this purpose.
Resilta of such n messuroment are shown in Flg, 15 for a varicty of espwnsion
chambers, The transnitted pressure pulsies show pood ngrecioent with the nanlyticenlly
expected values of amplitude nnd timing, Speeifically, the timo between ontput
pulges may be calculnted to bo nbout 2 msee corresponding fo a rodnd trip
digtanca of sbout 2 feet or twico the chanber lenpth,

B, INDUSTRIAL MUFFLER

The performuace of n typleal lndustrial miffler was eviluated using white
noisa excitetion with the fmpedince tute and the inteke nnd exbnust nolse (rom
an actual englne ps shown An Fig, 16, (19) The lack of agreoment of the dnsertion
losa measured on the intake to the inpedince tube resmlts iy dnereased by flow
generated noise in the lotpke system, The lack of nprecment of the fnsertion

loass measured on the exhaugt to the Impedunce tubo resulis i Anerensicd by
239
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interference offeets due to floor reflections,  The overall A-welphted sound
levels were reduced from 117 dBA to 99 dBA for the white noise source, from 100 «BA
to 83 dBA for the intake noisie and from 119 dBA to 91 dBA for the exhaust nolse,
C. TRUCK MUFTLFR

The perfonmuce of a typleal trick muffler was evaluated using white
nodise excitatlon with the inpedance tube and the exhaust nolse from an actual
engsine ns shown In Fig, 17, The lack of detailed correlation 1s again readily
noted,  Tho ovorall A-velpghted sound levels were reduced {rom 115 dBA to 78 dDA
for the white noise source nnd from 111 dBA Lo 72 dBA for the englne noise.

Other detniled studies at Helson have domonstiated the dependence of
oxbaust tolse on exhoust systom configuration e shown in Fig, 18, (20) The
overnll A-weiphted sound level can be seen to vary os much ag 7 dB for the same
miffler. This npndn omphoasizen the hmortance of specifying the application for
a given nuffler,  In addition, the dirccetivity pattern from nn exhaust outlet
can e an dmportant varinble ag shown in Flg. 19, The shape of the spectra
wiarics conadderably ns a function of angle from the outlet.  As discussed
previously, in n soemi-stechole chamber, the messuroment location must be cnrufully
selected, waally on the basls of maxlmum sound pressure level., In a reverberant
chamber, this problem iz avoided by obtnindng a spatinl average of the sound
prcssn;re level, Of courso, dircctivity infornmtion is lost in such a sound power
neasurement,
V. SUMMARY

The selaction of an evaluatlon technlque nmst be based on the specific
goals of the evnluation procedure, In Fig. 20, the major techniques deseribed
obove have been ranked socording to the primary charncteristics of accuracy aod
cost, [t is clear that mny tradeoffs must be considered before n glven technique

can bo selected, Althaugh various appronches can ba useful malnly Tor design
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parposes, fioal miffler cvaluation usunlly desands an actunl engine test,
Only in this way cnn thoe required nccuracy be achieved (21). Lrrors of 5-10 dB

1n muffler perfommnce prediction, often chcountercd in olhier Lechniques, are

not nccéptnb’le for today's applieation problens.
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NOTATION FOR FIGURES

An Ineident pressure mwmplitude
ll" leflected pressure anplitude
4 Inmedance

q Mrectivity factor

A Ruom constant

1 Mensurcment distoance

M Muffler volumc

n Fogine displacoment

1. Insertion loss (Lyp)

. Transmission loss (I,I,L)
5,6X24 5.6 inch dinmeter, 24 inch lopg mulfler
GH tallpipe G5 fnch long tadlpipo

18 exhoust pipe 18 Inch long oxhnust pipe

; F/8 leat por second
!
70F 70 degree Fnhroenhelt avernga oxhnust gns tempoerpture
Co DB Unit for sound pressure level dn declbels
nNRA Unit for A-wuighted sound level in decibols
i 3600 RIM 3600 RUM engine speed
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FIGULE CAPTIONS
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Exhiust Svatem Schematie and Evaluation Parameters

Insertion Loss Versus Muffler Volume to Eneine Disnlncement
fatio for n Wide Varlety of Applications

Desirm Guide Derlved from Datn Such ng That Shown in Fig, 4

Transmiralon Loss and Insertion logs from Nelson Analytienl Model
Comparcd to Insortion Loss Mensured on a Single Cylinder,
Four Stroke Engine Under Tull Lond at 3600 RiPM

sumary, ofs Experimental Techniques

Typical Nesulta from Impedance Tube Insertion Loss Meisurcments
Usipg White Noise Excitution and ‘I'ronsmission Loss Measuraments
Using Since Wave Excitation Compared to Analytieal Pesults

Nelson lLarge Reverberant Chamber and Scmni-Anechoic Chambuer
Qutrwny View of Nelson Large Englne Test Faeilities

Comarison of Analyticul to Eaperimental Results Using Impedanco
Tuba and Floor Mounted Microplione

Comparison of Analyticenl to Experlmentnl Results Using Single
Cylinder, Four Stroke Fogine Under Full Lond at 3G00 IPM With
Floor Mounted Microphone

Comparison of Impedance Tube to Engine Run Results Using Single
Cylinder, Four Stroke Engine Under Full Load at 3600 BPH With
Floor Mounted Microphone

Transfer Runction and Coherence Mensurements for Simple Pass Maffler
With 4.5 Inch Solid Extended Inlet and Ouclet Tubxes Brior to
Perforations

Time Domain Evaluations of Ixpnnsion Chambers Using Single Pulse
Excitatlon

Comperiscn of Insertion Loss on Typienl Industrinl Mafflor Using
Three Different Sources (Microphone at 30 Inch Hedpght for Intake
Measuremenata and 24 Inch Nelght for Fxhaust Mensurements)

Comparison of Irmpedance Tube to Forine Results With Microphone
B0 Feet From Qutlet and TFour Feet lilgh
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FIGURE CMYTPIONS (Cont.)

Filpure 18 - Effcct of Varying Tallpipe and Exbaust Pipe Length on Large Engine
Exiinust Noise

Fipure 19 - Effect of Measurcment Position on Fxhaust Neise From Sinple
Cylinder, Four Stroke Lngine Under Full Load ot 3600 1M

Fipue 20 - Major Techniquesa Qanked According to Accuracy and Cost
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MINIMUM NOISE LEVEL

MAXIMUM ENGINE PERFORMANCE

MINIMUM WEIGHT

MINIMUM SIZE

MIbIMUM COST

LONG LIFE

GOOR TONAL QUALITY

EASY TQ MANUFACTURE

CONVEINIENT SHAPE

MIMIMUM TEMPERATURE
'\ ATTRACTIVE APPEARANCE
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COMPARISON OF EVALUATION METHODS

MOST ACCURATE?

1) ACTUAL ENGINE

2) STANDARD ENGINE

3) SIMULATED SOURCE

4) ANALYTICAL MODEL

5) PARAMETER EVALUATION

LOWEST COST?

) PARAMETER EVALUATION
2) SIMULATED SOQURCE

3) ANALYTICAL MODEL

4) STANDARD ENGINE

5) ACTUAL ENGINE
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INTRODUCT ION

Engincering acountics has been an arca of study in the dechonical Engl-

neering and Mechanics Depar ment ab Heat Virginfa University since 1971, with

student invelvement from freshman projects to praduate rescarch, Somewhat of

fiturest to some might be the fact that muffler design, development and testing
lu tawght to freshman eogincering students, and io only three weckds, during
oftly one day asach weok, and only for three hours in the alterncons of thene
three daya,  Thun, becouwse of student project grading reduirements, I have
bien evaluating and 'labeling' mmfflers - with o letter grade - for yearn,
My 'regulacory policy' for smffler labeling mast be a good out and maybe, quite
humorounly of courde, should be constdercd by the Euvirowmental Protection
Agengy because I have yet to be taken to court concerning my regulatory pollcy.
Puring the summer of 1975, 1 pavtilcipatod aa ope of two summer [aculty
research partlcipants at Neldon Industrien, Inc, of Stoughton, WI under a
Nakfonal Hefence Foundatign grant to the Holwon Redseareh Dupnrtwnent, Aas Larcrcy

Brdihnson, vice-prostdent of cauenrch, and I formulated a work plan for the ten-

weok pevlod that sumier, L& waa decided to actempt to expand the exfscing come

puter-alded design capabilitien at Neloon Industries, At that time, improved

computc r-afded donign was visunlized an being an dwportant compliment to an
on~going lmpedance tuba maffler development atwdy,

after canaidevable nuccess an an annlytical devalopment, deaign, cvaluation and

How, today at thie aympoaium,

(potentlnlly) optimization toal for the manufacture of mufflera, this "Computac~

Afdad Approach Toward Forformance Prediction for Enpging Exhaust Mufflera® ia
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bo4ng prosented to exhibit the fnereased extent, possible merit, cte of this
computer-alded muethodology to predict and to comunfcate nolse reductlon
characteristica of vehidele exbaust systems, My presentation here will be an
entenafon of a paper (1) presented (n Januavy 1976 at the Efghth Annual Noisce
in Interpsal Combustion Engines Scminar base on the fnitial work completed at
Nelaon Induatries the previous summer,  Preasentatlon of fnformation contalned
in that paper entilted "Some Progreas in Computet-pided Desipn Lot Anulysis
and Optimization of Basic Exhaust Systems” will be followed by seme eouments
on the state of the computer program ag it exlists today as well as on the
Judged applicability of thoe computer program to function asz an annlytical
dimulation technique toward uscfulvcess ay o "bench-type' methodology in regu-
latory muffler labaling.

Thia 1976 seminar paper just mentioned began with a bricf description of
three of the more recent’ approachen which neemingly offered potentinl for con-
tinuing future progress toward effective computer-alded dedign of exhaust
pyatema, Secondly, the paper then diseunned extennion fentures which wure dn-
carporated {nto a recent Natlonal Aeronautics and Space Adminiscration prepared
computer~aided mufflar dealgn program to provide Improved capnbilitien for
Nalaon Industrien Cto complement its on~going sffler devolopment work utilfiz-
ingimpadance tube expeximentation, Thirdly, the paper chen providoed an crample
of haw thie axtended NASA computer program permittoed a paramckric atudy for an

extended inlot-extended cutlet muffler to produce genevallzed computer-added

mffler daaign curves, Finally, several potentcial additions co expand the deslgn

analyais and optimization capabilicien of the cxtended compuber program were
identified, This material will be presesnced in the poxt four ascctlon of this

paper,
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RECENT COMPUTER=AIDED MUFFLER DES TGN METHORS

Munjal (2) bad recently proposed a revised transfer matrix method,
utilizing o mwodification to a previously defined veloclty ratlo function, for
the computer evaluation of insertion losus for exhauat mufllers with mean flow,
Avoustic presaure and mass velocity were redeflined considering the convective
coupling between acoustic phenomena and incompressible mean flow, Transfer
matrices for varlous basic muffler clements were derived,  Unlike the case
for zoro mean C[low where cach of the transfer matrices corresponded to one of
the three typens of Impedances, such a corveuspondence did not appear to be the
cane for nan~zero wean Llow.  See Plgure 1,

Work by Ratmopp, ct al,, (3) on wmodeling engine exhaust wulflers {n bond
graph termn hnd been recently reported in connection with the computer pre-
diction of power and nelsc for two-stroke englnea with power tuned, sflencod
exhausta, From the equivalent bond graph model of o lumped muffler (See
Filgura 2), recursion fermulas relating acoustie pressure and volume [low rate

in terms of che volume of fluld stored by the complinnee element and the

momeptum of the fluld of an fnertinl element were formuloted, The asnociated

fintte wlement computer program was developed te handle the one-dImensionnl
effects of nonlinenr wave ntecping, f(how reststance and high mean Elow, The
concluaion, however, seemed teo be that such a one-dimenaional camputer program
conld not accurately deweribe complicated maffler configurations in which
thr?u dimenndonal effects arc impottant.

In a then recent papur, Young and Crocker (4) used variational methods to
formulate a mathematical deneriptlon of the scountie fleld exinting in a
muffler, See Filgure 3, Solution of tﬂtu variational method [orpalation for

the acoustic [leld was obhtalned by {inite elemeat methods, For thin apprux-

270

R oo- SEUETEE

T

LRSS




AW @3 v2Y UEIY MB350

lmate golution numerical method approach, the mulfier 1s divided (nto a number
of subregions of nadal elements, Nodal pavameters deseriptive of the varia-
tlon of scoustic pressure at each node were then defined, The prediction of
the desived nulfler transmission loss was then made by forming the cquivalent
acouttie [our=terminal tranamission network for which the nodal parametoera

are ubed to determine the four-terminal vonstants, Future papers were then
planned to show that whep applicd to mutflers with complicated shaped chamhers
fur which plane wave theory predictivnys are pot available, transmission lousn

predictionn using this method are in good apgrvuement with experfmeats,

EXTENSTONS To BASA MUFFLER DESIGH COMPUTER TPROCGRAM

Tha abovo three relatively new methods of computer-alded muffler dewvdgn,

ag woll as other possibly wmethods which were wob meakioned, fndeed projectod

prospects Loxr nore progress in the analysts and optimization of exhaust mulflern

in the npear future, However, for fomed lote ahort term (ten woelea) applicablility

with some potentinl for later extensfon, it seemed most appropriote at that
time to devalop computer-alded design capabilities widng the modt complete
computer program avallable bascd on mulller medeling which wied vaseat{ially
lincar wave equation theory. Figure 4 Alluntrvates how the planned compurcer=s
ajded dealgn capabtlity would be ipcarporated lato the overall ncheme of manu=
facturing mufflers from specilfications,

Such a rathar well developed computer-alded wulffler dealgn program an
aupgested above Lor reactive excemded lolet-=extended outlet expanslon chamber

sufflars had been mada avallable by the BASA through Technical Nate TN D-7J09,
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This computer program s largely based on the work of Alfredson and Davies .
The key Leatures of the NASA computer prograwm are listed (n Flgure 5,

In order to appreclate the complexity of a typical commerical muffler
relative to the exilsting capability ol the NASA computer program, Fligure 6(a)
shows a draving of a two tubce=three pass muffler taken from page 31-17 of the

Wandboolk of Holse Control, Harvis, cd.., As the projected and unflolded vor-

sfon of this muffler shown in Figure 6(b) illustrates, gseveral features, auch
an multiported chawbers and perforated tuben, arce not readily handled by the
exiating HASA computer program.
As an Inicfal effort te extend the NASA computer program, the program
wan canverted from 'complete chamber' analysis to 'indivAdual section® analysiae,

rurther, efforts were directed at providing scctional models for plug and twos

paoss mulfler sectiena which are quite common in Heloon mufflers. For all sections,

variable diameter pipes and chambers were now permitted, A pletorial dencription
of these fnitial extensfonn to the HASA computer pregram is shown in Figura 7.
Figure 8 shows n more detalled deffnicion of how various example mifflers would
e sectioned for laputing to the extended RASA computer program,

Using the acctional approach to the predietion of tranamianfon loss for a
pureicular mufller required Internal modification to the f{low logle of tha HASA
computier program, A flow diagram depicting how the transmission losn Ls deter-
mined by stepping individually through the scctilonal subroutinca, compiling and
storing the results untdl tho complete muffles performanco L4 printod out in
eithor tabular andfor plotted furm L4 shown in Figure 9, Seetioning of the

exhaust ayncem Lo performed by Clent delining the type of tallpipa radiation

envivonment and proceeding up to and ineluding the cype of cenginae nource impudanca,
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EXAMPLE OF COMPUTER-ATDED STUDY OF MUFFLER DESIGN

The axtended computer program werved o primary function of confirming,
evaluating, predicting, etc, the theoretical tranamivsion loss for experimental
basde muffler wodelo as they were evalusted using the tmpedance tube technique.
Another function of the extended HASA computer program was its capability Lo
pacform analyois of muffler transmissfon loss behavier as a function of parti-
cular muffler dealgn paramcters, For example, consider che extended fnlet-
extended outlet axpanafon chamber miffler with both extensions iniftially one=

fourth che length of the chamber, Keeping the dintance between the interpnl

enda of the extended inlet and extended outlet plpes constant, this fixed distonce

was then affset by the varylng amount 4. Sce Flgure 10, 1In Flpure 10 below
the aketch of the muffler being consfdared 4n & tubular example showing the
changea in value of tha quarter-wave length resonances with amount of offset &,
Figuxa 1l provides an apprccinnton of the raesultant influence on trannmisafon
loas for aeveral valuen of offuct s v Generalized curven rupréuunting tha
hahavior of the reaonant frequenclea are shown in Filgure 12, Obhserve that na
tho centered fixed diatance repreaunting A double resepant frequency at say
1000 hz Ja offaet to tha maximum value, the one resonont frequency for tha
lengthing inlat (or lengthing outlet) approaches one half ita initlal valuwe or
500 hz, while the other resonant frequency for the shorting eutletr (or shorting
tnlat) rapidly increanes toward inflnity. Of addicional note {0 the decreaning
resonant fraquency from-3000 ha to 1500 hz with offsct distance B which could
éontribunn'no chtntn advantageoun tranomioaion lons featurcw in apecific anltu-

ations, Many such parametric studies of mufflor geometry, cte can bo concetved

and readily performad using the extonded computar program,
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POTENTIAL ADDITIONS TO FURTHER EXPAND COMPUTER DESIGH CAPABILITIES

With the computer program operational and funetioning both in Ltu inftial
intended role ag a compliment tu the impedance tube study and in its ioherient
capaclty to perlorm paramoter varlation studics of muffler performance, pro-
Joctiony wera made at the end of the ten weehs of poasible additional extentionns
that could contribute to the further development of the extended {.SA computer
program, Those extensions ineluded a) sectional model for a Clow ceveraing
chambar mufflar (6) and b) seevdonal model for a parallel duct mifler (7).
Theoretical devalopment and expurlmental verification both offer attractive
encouragement to thedre possible inclusion {in mmffler syatems, Doscriptiopal
and perfornanca featuren from the literature for thue flow reverning chamber
mafflar 4a shown in Figurae 13. This type of chamber L8 quite cormon &n comnerf-
cal pukflera, A parallel duct mufflar ie described and exporimental performe
ance repulks shown in Figure 14, The cxperimental curve on the teft shows
quite good widehand tranamlnaion looa,

Addition of mifier nectione auch aa these two mentioned offered 4ncrasaed
improvement to the extended HAGA computar progeam an it had been developod ac

that time about two yeara ago,

COMMENTS OH ADDITIONALLY EXPANDED CAVABILITIRS OF COMPUTER IROGRAM

Growch of tha computor-alded dasign capabllities for enbaunt muffler
analyain since the initdal sumner devolopment work by the author baa been quita
suhatantlal, Kfforta by Nelson rasnarch parsopncl hava made advinces towaxd

the addition of temparatura geadient affects, reversfng chambars, parforated

P
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tubes, and higher-order modes within the exhaust system ans well as the fncor-
poration of englne source Llmpedance description for permitting inscrtion lona
prédiction. Experimental work L currently being vndertalien at West Virginin
Univeraity to better define engloe pource impedance for use in the camputer
program,

The principal uves wmade of thin continuously cxpanding computer~nided
appredch for muffler denign by Neloon Industriea have been 1) as the theorot-
ical prodictor of transmivafon loss for conceptual mufflers and large industrial
sailencers propoted by perdonn within and autsidoe the Research Department, and

2) an the analytical complinment to aasfst tho divection of cxperimental bench
andfor laboratory engine mufficer development resenrch projects, ouch as the
intcially intended impedance tube mutfler development study (8), Evidence of
the computer program's auccessinl application an a compliment to experimental
enging~oxhauat pyacem stpdios in cerms of providing anslytical comparison pre-~
diction plots La provided by Figures 6, 11, 12 and 1J of the paper by larrxy J.
Exikapon antitled 'Power or Pressurs ~ o Discusaion of Current Alternatives in
Exhauat System Acountie Evaluarion' preasnted at this Sympoaium, (Refnrence 9)
Addicional expreaajon of the computer program avallability for tncorperacion
hto axparimental atudies conducted at Helson Induatries can ba found in Refer-
ence 10, Figure 15 and Figure 10 of this pubcr provide comparacive analyaia of
cha abilicy of the computar program to predist Che mea:ured acouatic performanco
of typical pans amd plug oxhaust mufflers reapectivaly nﬁ engine operating
condiciona,

Tha aptimization capnbility of the computer program has nerved a limitad

purpose and uas Fo this time, mainly becauan Lta cont-affectivencad oparation

haa not been totally explorxed,
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ABPULICABILITY OF COMPUTER THOGRAM IH RECULATORY MUTFLER LADELING

In regardn to the possible applicabilicy of this anulytical simulation
technique toward uaefuluess as a *bench teot' methodology in ‘regulutory
wulfler labeling, the following four statements Scem appropriate: 1) this
‘mathodology’ potentially can "meanure" (by thcoml:i_cnl calculaclon) the noige
'rntlucr.icm characterdintica (trnumnlzlgliun toas, inwsertion louws, ete,) of englno-
exhaunt nystemn, assuming continued suceensful efforts toward definition of
muffler acctipnal configurationd, englne source Impedance, ete,} 2) thin
‘methodology' ean commmnicate the nolse reduction characteristica by moana’of
aingle pumber (overall) and frequency band (third octave, otc) cvaluation and
could compace thedo avaluatdons with any applicable standards, Also, through
a deaign optimization procedurc, suggentions for cxhaust ayatem improvemont
might be made; 3) thin ‘methodology' cannot provide "totnl vehicla" evnluation
townrd labaling ofsurlasc transportation vehiclens with respech to all posaibia
velldele nelsn aources; 4) ohin ' methodology' might provide information which
would be compatiable with regulatory policy once tha regualtory policy itself
i1s eventually formilated., Currently, this 'mochodology' fe quite useful for

miffler design purposes which wan ita initial incent,
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Figura 1. FORMULATION FOR VELOGCITY RATIO-CUM~TRANSFER HATRIX METHOD,
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Figure 2,  FORMULATION FOR ROND GRAFH METHOD,
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NASA TN D-7309

AN IMPROYED METHOD FOR DESIGN OF EXPANSION-CHAMDER
MUFFLERS WITIl APPLICATION TO
AN OPERATIONAL HELICOPTER

KEY ' FEATURES OF COMPUTER PROGRAM

@ m 5] 4
INLET WM]\_
LI R |
~ f TAILP)IPE
de £l

o CALCULATES TRANSMISSION LOSS
® HANDLES UP TO FIVE EXPANSION CHAMBERS
o INCLUDES MEAN FLOW EFFECTS

® VARIES COMPONENT LENGTHS WITHIN SPECIFIED
LIMITS TO OPTIMIZE PERFORMANCE

-Figure 3. FPATURES OF NASA MUFFLER DESIGH COMPUTER TROGRAM,
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Figura 2.
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REVIEW OF INTERNAL COMBUSTION
ENGINE EXHAUST MUrFLING

by
Malcolm J, Crocker
Ray H. Merrick Laboratories
Scheol of Hechanical Engineering
furdue University
Hest Lafayctte, Indiana, USA

SUMMARY

This paper wi1l describe types of mufflers {n existence,

discuss definitions of muffler performance, briefly review
historically some of the theory developed to predict muffler
acoustic performance, describe some of the work done at the
Herrick Laboratortes*an predicting muffler attenuation, and
lastly comment on the possibility of designing a practical
bench test for a muffler which does not 1nvelve an engine

as a source,

INTRODUCTIOR

Exhaust nofse §s the predominant noise source with
most internal combustion engines and thus mufflers and
silencers have been designed to reduce this noise.
Unfortunately, although the acoustic performance of
a muffler can soretines be successfully predicted fn

the lahoratory with artificial (loudspeaker type) sources,
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until recently mest attempts (o predict the perforia.cc

of a muffler on an engine have been disappointing.  ilow
aever, in the last few years progcocss has oceoen made and

novw prediction of the acduatic performance ¢f real mufflo.
on engines can be made with more accuracy, although un-
known ¢ffectsa atill remain,

Moat muffler designs manufactured still rely heavil )
on & great deal of cmpiricism, expecience and experiment.
Recent U.S. legislation to improve fuel efficliency of
automobiles has produced increancd pressure to save
walght in mufflers and optimize acoustic performance.

It is to he expected that this preassure will increase
afforts to improve theoratical models .of the
acoustic performance of mufflers still further in the

near future.

MUFFLER CLASSIFICATION

Mufflexs can be classified into twe main types.

reactive apd dinsipative. Reactive mufflers are composiva

of chambers of diffevent volume and shape and work by
reflecting most of the incident acoustic energy back towards
tha source (the englne). Disaipative mufflera on the othe:
hand are lined with acoustic material which absorbs the
sound energy and converts it into heat [1,2,3)]. Mufflers
can be designed to be partly reactive and partly disasipa-
tive and in fact some internal combustion engine mufflers

do momdtimea incorporate absorbing matexials, Howaver,
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this matarial usually deteriorates because of the severc
temperaturae conditions and becomes clogged, melis or
faﬁiquaﬂ._ Thug most automobile mufflers manufactured
today are of the reactive type and do not incorporate
absorbihg materials. Nevertheless some dissipation

can 8till occur in a reactive muffler due to viscous
disslpation.

Reactive mufflers can be further subdivided into
atraight~through and reverse-flow typean [(4,5]. Figure 1
shows some typical satrailght-through types. These
mufflers are usually comprised mainly of cexpansion
chambers {chambera in which the arca iz suddenly increased
then decreased) and concentric tube resonators (side
branch Halmholtz resonators). Reverne-flow typesd carn
be built in many different configurations. A typical
reverse~flow muffler is shown ip Plgure 2., Pigure 3
shows a photograph of ancther similar revoerae-flow
muffler, As shown such mufflers conslat of sevaral
chambers connected by stralght pipea. There are usually
two end chambera in which thae flow in reveraed aidd ono
oxr more large low-fraequency Halmholtz redonators.  Soma=-
times louver patchen arce uacd to produce side branch
Hlelmholtz reaonatara (which raflect high froyguency
nolsa). In additlon c¢ross flow is oftan allowed to oceur
and attaenuation in than aoreatad hy intacforanoces of sound
traveling over different path lengths. Moat automobile

mufflers ara of the reverse-flow type, although trucks
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can use cither reverse-flow or straight through mufflers. -

DEFINITIONS

The definitions of muffler perforiance in most 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 arisc.

. Insortion Loas {IL). This io the differcnce in the

aound pressurc 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 convendent quantity
to measure and ita use 1s favored by manufacturers.

3. Tranamission Loas (TL)., Thias is defined as 10 log10

of the ratio of the sound power incident on the muffler to
the sound power transmitted. This is the quanktity which
in mosat easily predicted theoretically and itas use is
favored by those engaged in rasearch,

C. Noime Reduction (NR). Thia is the differanca in sound

prensiire levals measured upstream and downstream of the
muffler,

D. Attenuaticn. This ia the decreasae in propagating sound
power between two points in an acoustical system. Thia
quantity is often used in describing absorption in lined
ducts where the decrease in sound preasure level par unit

length 18 measuxed (7,8].
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Tha first three definitions are used frequently in

work.- on mufflers for automobile engines and they are

illustrated in Figqure 4. It is of interest to note

L that thase definitions are aluo used with oimilar
E meanings to describe sound transmission through walls
or enclosures.

In gencral, the inaertion loan, the transmission
losa and the noisc reduction are not aimply related,
asince, except for the tranamission loas, they depend
on the internal impedance of the scurce (engine) and
thé termination impedance (radiation impedance of the
tall pipe). However, if the source and termination

lmpedances are equal to pe/S (i.e., the source and

e ———

the taxmination axe non~reflecting), then

II, = TL < HR,
and usually,
NR - TL = 3dpB.

e

DEVELOPMENT OF MUFFLER THEORIES

Although Quincke in the laast centuxy discussed the

o el

intexference of sound propagation through different 1anq£h
pipes, theory of real use in muffler deslqgn was not
daveloped until the 1920's. Thia wan probably partly -
becausa prior to this time it wam difficult (if not
impossiblea to measure scund pressurae quantitatively)

due to the lack of sultable microphones and partly due to

lean need, booausa of the lower noise produced by angines.

T

299

AN 21T WEAY Lloda

—— e S e -— . Tt g~y o 2 L p——
Rt S T TR i -""}'_‘E;‘J_y
Sleieen g

SAw e e e —am

R P U P TR,



A TTERHEAY 1328

In 1922 Stewart, in the USA began developing acoustic
filter theory using a lumped parameter approach {9}. In
1927 Mason cdeveloped this theory further {10j. In Britain
and Germany in the 1930's work was conducted on designing

mufflers for aireraft [11) and single cylinder engines {12}

»

However 1t was nhot until the 1950's when another sSigni-

ficant improwvenment in muffler thesry occured. Davis and
his co-workers {13,14] then developed theory for plane
wave propagation in multiple expansion chambers and side
Lranch reasonatora. They made many axporiments and found
thet in gencral their predictions of transmission losu
ware good provided the cut-off frequency in the pipea
and chambers wag not exceeded in proctice, Ahove thia
frequency, cross modes in addition to plane waves can
exist and one of their theoretical assumptions wan
violated.

When Davis et al tricd to use their theory to deaign
a helicopter muffler, their prediction waa very disappoint-

ing, aince they only measured about 10 db lnaccrtion loas,

compared with the 20 dp they had expected from their

tranasmiasion loas thoory. Davis et al tried to explain

this by saying that finite amplitude wave affecta muat
be important. MHowever a more likely reason im their
neglect of mean flow which can be of particular lmportance

in insertion lopa predictions. For a mora complote

diacussion of tha assumptiona mada by Pavim et al in their

theory sea [5}.
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In the late 1950'ns Igarashi et al began to calculate
the transmission propertics of mufflers using ecquivalent
clectric circuits [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 cach muffler element [5]. The equivalent
clectrical analog for a muffler ig quite convenicent oince
electrical theory and innsight may be brought to boar.

The four-terminal transmission matrices arc also uscful
since it is only necceasary to know the four paramctoers
A, B, C, D which characterize tho aystem. The parameter
values are not affected by connections to elements up-
atream or downstream aa long as the aystem alements can
he asaumed to be linear and passive.

Several transmission matrices have been ovaluated
for varioua muffler elements by Igarashi et al [15,16,17)
and Fukuda et al [21,22,231. Parrott (18] also given
results for transmission matrices, some of which include
the affects of a mean flow, Howaever, note that the
matrix given for a4 straight pipe carrying a mean flow
of Mach number M (equation 28 in (18)) is in error.
Sullivan has given tha corrected result in [24].

In the middle and late 1960's and earxly 1970'n
aaveral workers including firat Daviee (25,26] and then
Blailr, Goulbourn, Benmon, Baitea and Coates [27-32)

daveloped an alterpative method of predicting muffler
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porformance based on shock wave theory. Perhaps this
work mas inspired by Davig's belief {13] that the failure
of his helicopter muffler design was caused by the fact
exhauat prasmsures are much greater than normally asgumed
in acoustic theory so that finite amplitude affects
beéomc important. This alternative method invelves the
use of the method of characteristics and can successfully
predict the pregssure~time history in the oxhaust system.
Also, ona-third octave spectra of the acousntic noise

have been predicted [32]. tHowever, the method is time

‘consuming and expensive and has difficultles in dealing

vwith complex geometriesa and aome boundary conditions,
Although such an approach is probably necesaary and
useful with the deaign of mufflers for single cylinderx
enginea, so far thisa method has found little favor with
manufacturers of mufflers for multicylinder engines.
It appears furthermorxe that Davia's beldief [13] may
have been incoxrrect. Thera are neveral other possible
reanons why Davis failed to ohtain better agreement
between theory and experiment, each of which can ba
important, Tﬁeaa include [33]: npeglect of mean gasa
flow (oand Ats cffect on net enerxgy transpart), incorrect
boundary conditions for exhaust ports and tall pipc,
neglect of interaction bhetween maan gaa flow and sound
in reglone of diaturbed Flow, and, naglact of mean

temperature gradients in the exhaust aystem,
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In 1970 Alfrednon and Davics 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-
nion chamber type mufflers commonly used on diesel
engines. Alfredson's work hag been inmportant since
he hag shown that {at least with the mufflers and cngine
he studled) that acoustic theory could bhe uwsed to predict
the radiated exhaust sound and the transmission loss of
a miffler and that finite amplitude effecta could be
neglected, provided that mean gas flow offectn were
included in the theory. Alfredson 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 maf£ler effectiveneans by % to 10 dB or more. The
most serioua discrepancy occurred for values of reflection
coefficient R + 1. This would occur for low frequency

(large wavelangth}. Alfredson computed this error to he
Error = 10 log, {1 + m% - 1 - m?8%1/0 - %) (D

and the result is plotted in Flgure 5.

As a check on his acouatic theory and on Equation (1),
Alfredson later measured the attenuwation of an expannion
chambor and compared it with theory [35]. fThe result is
shown In Figure 6. The gaod agreement hetween theory
(with flow included) and experiment and poor agreement

with theory when filow was neglected aseem to confirm
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that acoustic theory iu probably adequate in many instances
in muffler design provided the effects of mecan flow are
included in the model where neceasary. ‘fThese conclusions
are very important.

Another new development occured in 1970 when Young
and Crocker began the use of finite elements to analyze
the transmionion loss of muffler eclementa [308]. 'Thoe
repson for the use of finite elements 1o that some
chambers in revorse-flow mufflers (e.q., flow-revoersing
end chambers and end-chamber/llelmholtz-resonatora combinations)
are not axi-symmetric and thus difficult, if not impossible,
to analyze uging classaical assumptiona of continuity of
pressura and volume veloclty at discontinuitiea, aven
in the plane wave reylon. Tho usc of a numexical tuchnique
such as finlte element analysis makes the acoustic per-
formance of complicated~shaped chambera podalhle to predict
even in the higher frequency crosa-mode region. The work
of Young and Crocker [28,39,40,41,42] will he deacriﬁed in
some detail lator in this paper.

other investigators have since used finite elements
in muffler design. Kagawe and Opote [43] have used fwo-
dimensional triangular ring alements. Craggs [44] hanm
used fsoparamctric three~dimensional elemants, while
Ling [45], using a Galexkln approach, included mean
flow in his acoustic finite alemant modal, Howeavar,
Ling's woxk waa mainly concentrated on propagation in

ducts rather than muffler design.
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Sida branch regonators {(known by manufacturers as
bean cana or apit chambera), gee Figures 2 and 3, have
recently been studied by Sullivan and Crocker [16,17)
in practical situations, axial standing waves can exist
in the outer concentric cavity of the reoonator. Previous
theories have been unable to account for this phenomenon
(néauminé the cavity acts like a lumped parameter atiffneus).
Sullivan's work will bo described in more detail later
in the paper.

Other dovelopments in muffler dcﬁigq have included
the Bond Graph approach by Karnopp (40,49]. It i3 claimed
that this approach can cxtend the frequency range of
lumped parameter filter olements.

Another important topic 1little touched on so far is
the afifect of flow in mufflera. Various phenomena can
occur. Noise can be generated by the flow process,
Interactiona can occux hatween the flow and sound wavesd.
Fricke and Crocker found that tha transmission loss of
short expansion chambers could be considerably reduced
[60). The effect appeared to be amplitude dependent
and a feedback mechanism was postulated, Kirata and
Itow [51] bhave atudled the Ainfluence of air flow on alde
branch reaonatora and concluded that the peak attepuation
is conalderably reduced hy flow. Anderson [52] has con-

aludad theat a mean alx £flow oavaes an increasa in the
fundamenta)l casonance frequency of a almple single alde-

branch Helmholtz resopator connected to a duct,
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Perhaps the mosat important development recently isg
the two microphone mothod for determining acoustic pro-
perties deseribed by Seybert and Ross [53] in work con-
ducted at the Herrick Laboratories. white nolse is used
as a source. Two flush-mounted wall microphoneos are
used and measurementd of the auto and cross spectra
enable incident and reflected wave spectra and the
phase angle between the incldent and reflected waves
to be determined. The maethod can be used to meanure
impedance and transmission loss. Agreement batweon thias
tvwo microphone random noise method and the trxaditional
atanding wave tube method ls very good and the method
is very much more rapid (only 7 seconds of data were
used to obtain the plota given in Figures 7 and 8).

Figure 7 ahowa a, comparison hetween theory and experiment
for the power reflection coefficient 32 for an open and
tube and the phase angle., Figure 8 shows the transmisalon
loana, TL, of a prototype automoblle muffler with a com~
parison between this method and the clasaical astanding
wave ratilec (prohe tube} method (SWR). For TL measurements,

& third microphone waa used downatream of the muffler,

CLASSICAL MUFFLER THEORY

A. . Transmisalon Line Theoxy

We will firat make some pimplifying assumptionsa:
a) pound prepsures are small compared with the mean prenshra,

b} thexe ara no mean temperatura gradients ox mean flow and
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¢) viacomity can he

neglected.

If plane wavesn are assumed

‘to exist in a muffler clement (sce Pigure 9)

acouastic pressure p anywhere in the muffler element can

then the

be repredented as the sum of left and right traveling

waves pt and p~ respectively

pu

p-

Ve

<
]

v

2

pt + pT,
P
vt & v,

{s/pc) (Pt e

+ c—ikx + p- cikn

ikx

(8/pc) (p* ~ p7).

!

o eik

%,

{2a)

(2b)

(3a)

(3Ib)

{ic)

Note that p and V represent tha magnitude {(and phase) of

thae total acousti¢ pressure and voluma velocity.

depandence (constant multiplyihg factor e

omitted for bravity.

waves axe reprosented by the * and = auperscxipta, rxespactively,

lwt

) haa heen

The time

The right and left traveling acoustic

while P repreaents the pressurs amplitude, S5 tha croas

sectional area, pce/f the characterlstic acoustic impedance

(traveling wave pressure divided by traveling wave volume

velocity), k = w/c, the acoustic wave number, w the angular

frequancy, c ﬁha speed of sound, and p tha £luid denslty.

Davia et al used theory auch as this to predict tha

tranamiesaion loem of various axpansion chamber type

mufflers [13,14] by ndﬂumingll) continuity of presasure

and 2) continulty of volume velocity at discontinuitias,

an?
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For oxample if there is a sudden increase in area ot
ptation 1 and a sudden decrease in area at station 2,
then the chamber io known as an cxpansion chamber and

its transmission loso is given by:
T « 10 log(|Pi/Pt|)zn
1 2 2
TL = 10 logloll + z(m = 1/m) nin“kL}. {4)

Equation (4) is canily derived from equations (2) and (3)
above by assuming the ngdden areca changes occur at

x = 0 and x = L and by asauming tho continuity of prassure
and volume velocity at the arca discontinuitics. In
Equation (4}, Pi and Pc are the pressure amplitudes of

the right traveling waves ipcident and transmitted by

the expansion chamborx., Figure 10 givea a comparison between
theory (Equation (h))‘nnd experiment from Davia et al

(13,14].

B. Transfer Matrlx Theory

An alterpative approach is to assume that the prefssure
p and volume velocity V at atations 1 and 2 in Figure 9 can

he related by:

1
and

V% Cpy + DV, (6}

An ele&trical airouit analogy can be used whera tha

pressure p is anpalogous to vbltage and volume velocity v

308
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to current. ‘This is known as the impedance analogy.

tote that an alternative mobility analogy is sometimes
uaeed [5]. _Tha circult element can be reprenented by

the four pole element shown in Figure 1l. If the muffler
goctlon is aimply a rigid stroight pipe of constant crosg-
Aacation, then from Equations (2Zb) and (3b), the pressurc

and volume velocity at otations 1 and 2 aro:

py = Pt 4 P, (1)
py = B* omikl | pe KL, (o)
v, = (5/pc) (Pt - P7), (9)
and v, = (S/pc)(f* o kL | p- ALy | (10)

The parameters A, B, C and D may be evaluated using
a "hlack hox" asystem identification technique. To evaluate
A and C, aasuma that the matrix output terminals are open
clrecuit, ox Vo = 0. Then Equation (10) gives pt/p= m el 2kh
and Equations (5) and (6) give: A = pl/p2 and C m V1/92'
Using this result for Pt/P”, and Equationa (7), (8) and (9),

after soma manipulation, it ila found that A = cos kL and

C o~ {S/Pc)_i ain kL. Similarly, to evaluate 8 and D asauma

that the matxix output terminals are short-circuited and

_“12kL and Equa-~

Py = 0. Then Equation (8) gives P*/E" n
tions (5) apd {6) give B'= Py/V, and D = V,/V,. Uning this
result for P*/P" and Equations (7}, (9) and (10), it im

found thatin = (po/8) 4 nin‘kL and D = cor kL.

Jog
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Substituting these resulty for A, B, € and D into
Lquationy (9) and (6) and writing them in matrix form
gives:

Py N o Py
’ (11}

I

Vl C D V:,

where the four pole conntants (for a straight pipe of

length L) are:

A 1] cos ki {i{pc/Sinin kL
{(12)

n

C D i(S/pc)asin kL co4 kI,

Note that AD - DBC = 1. This is a useful check on the derived
values of the four-pole paramcters and in a consequence of
the fact that the symtem obeys the reciprocity principle [5].
The matrix in Bguation {12) relates the total acoustic
pressure and volune velocity at two stations in a stralght
pipe.

If soveral componont aystems are connected togother in
saries, as in Figure 12 then the transmission matrix of the
complete aystem ia given by the product of the individual

system matricea;

3] [h B' f
31 1 PP
n
Vig 15 Dlj V2
) i h2 By]fe;
R CA IS

n

(13
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This matrix formulation is very convenient particularly
where a digital computer i used. The four pole consitants
A, D, C and D can be found ecasily for aimple muffler
clements such as expansion chambers and strajght pipes

ad has just been shown {sve Equation (12))., YIhey can

also be found in a gimilar manner for more complex

muffler shapes (reversing end-chambers and reveraing
end~chamber /llelmholtz resonator combinations) by the

finite element method weing the same black box identification
technigue mentioned above (with alternativaly Py = 0 and

Vy ™ 0.

EXHAUST SYSTEM MODELING

It will now ba shown that for any lincar passive muffler

alement that the transmission loss is a property only of the
muffler geometry {i.e., four-terminal constants A, B, C

and D) and unaffected by connection of subscequent muffler
elements or ascurce or load impedancea. On 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

predlct the souwnd pressure lavel ocutaide of the tail pipe

it is necessary to have a knowledge not only of the source

{engine} impedance and load impedance but also of thae

aource (engine) strength ~ aeither preasure or volumo velocity.
The tranemission loss of a muffler la the guantity moat

anglly predicted theoxatically and ia cartainly of guidance

In mufflex deaign. However Anmertion loas or a prediction

31l
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of the gound pregoure radliated from the tail pipe are
much more useful te the muffler designer and thege are
now digcussed.

A. Tranamingion Losg

The enginc-muffler-termination syatem may be modeled
a8 an equivalent clectric cireuwit {19,20,24,51). The
valocity smource model in Piqguroe 13b will be used in the
derivations of TIL {although the préuuura pource model gives
the same result). For simplicity, the mcnn;flow Mach
number M » 0, the cross~scctional areas of the muffler
inlet pipes So'are agsumed equal and there is no mean
temparature gradient in the muffler sysatem. To dotermine

the transmission loss, the incident and tranamitted presasure

amplitudes ]pI] and ]p}l are needed. The transmitted prea-

aure [p£| is most easily determined by making the tail
plpe non~reflecting {7, » pc/So). Thua py " 0.
From Figure 13b (sece Equationa (2a) and (3c)):

- pI + P;J (14)
vy = {8,/pc) (pT ~ PT) . (15)
Vy = (8,/p) RS, (16)

and from Equation {11}:
p} + pl = A p} + B pJ (S /pC) (17)
{85/pc) (B] ~ p]) = € B} + D P (S /pc). (18)

From the definition in Figqura 4b

N2
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gy 2
‘P'I /pc "
TL = 10 log,, ——l—q—h— = 20 log,, ]pi|2/lp5|2. {19)
]).'.IL
Pyl /pe
Then eliminatlng pi in Equations (17) and (18) and

subatituting into Eguation (19) gives:
TL = 20 loglofln + B(S_/pc) + C/(5,/pc) + nl/2}. (20)

Equation (20) iz a similar regsult to that obtained by
Young and Crocker [40]. Except note that in [40) particle
volocity was used ingtead of volume velocity and to A, I,

C and D have slighly different definitions. Sullivan {24)]
has alao derived a result similar to Equation {20) in which
the mean temperature, cross-gectional area and mean flow in
pipea 1 apd 2 are diffarent,

The transmission loss TIL is convenicnt to predict but
inconvenient to measure exporimentally. With some care it
ia poasible to construct an anecchoic términation from an
ahsorbently'llnéd horn or absorhent packing ([15,41) anabling

pt| to be measured directly. The quantity |[p?] can also
2 1

be determined when the source (in Figure 13) is a loudspeaker,

hy measuring the atanding wave in the exhaust pilpe, uwsing a
microphaone proba tube {(although it ia a laborilous process).
However if the transmission loss ia determined in the
"real-lifa" situation with an automobille enginc an a

source, the microphone probe tuhes (8 placed unpder savare

anvironmental conditions of high temperaturc and melature condenaation

Alterpatively the txansmiassion loss can be maasured uslng
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two microphonca instecad of a probe tube ay suggested by
Seybert and Roas [53). lowever if a tail pipe ancchoic
termination is used it , must be of apecial design to with-
stand the high temporature. Of much more practical
interest and much casier to measure with an engine as

a source is the insertion loss which is digcussed next.

B. Inaertion Losg. Uaing Figure 13b again gived:

Vi = Vot P/ {21)

Vo m pa/2., (22)

whare (N and Z. are the engine internnl impedance and tail

pipe radiation impedance, regpectively. Then from Equation

(11):
By ™ Rpy + Bpy/t, (23)
Vl = Cp,y * Dpzfzr. {24)
Subatituting for vy from Equation (21) into Equation (24)

and combining Equatione (23) and (24} to eliminate Py

gives)

Py = ZleVa/(AZr + B+ CZaZr + DAY, (25)

If a Aifferent mufflar with four~terminal parametera A!,
B', C' and D' is now connected te the engine, a new

presasura pé results

pi l zazrva/(a'zr + B! + c'zazr + D'Zn). (26)
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Thus

] [}
Pj ‘ni: + B + czezr + D?.e (27)
o T Ty 7 L .
Py A ar + B’ + C Andr + D Ae

This result is similar to that obtained by Sullivan [24]).
If p; is measured with no muffler in place and only a short
(in wavelengths) exhaust pipe,then A' » D' = 1, and D' = C' = 0.

Then

Eé . AZ .+ B+ C2A. 4+ DA, (20)
P2 hog T bp )

This result is similar to that obtained in [20). Since
iL = 20 1ogwlp§/p2| it 18 seen from elther Equation (27)
or (28) that unlike the TL, IL deponda on both the internal
impedance of the engine and the tail pipe radiation impedance,
Jbeaiden the transmiagion characteristica of the muffier
itaelf. Several workera have predicted the insertion losa (IL)
of mufflers installed on engines, e.q., Young (40] and
Davies [55). However thay have normally hnd to rely on
asaumed values of engine impedance (e.g., % = 0,
pa/sa or =), alnce measured valuesa have not become
available until recently.. Young'a resulta for IL, (40},
will be discusbocd latar,

In prediction of inmection loas, Zr muat also be known.
Discusaion on the problems of estimating Z, and %, follows
in a later pection.

Xf the angine and xadiation impedances are assumed to

ha za - zr "~ pa/SQ, then Equation (28) hecamen:

Mns
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1

Py _ Mlpe/S,) + B + C(pc/50)2 + Dpe/S,)

B, 2pc/50 ' (29)
and
IL = 20 loglo|pi/p2|.
IL = 20 loglo{]A + D(S_/pc) + C/(5,/pc) + D|/2); (30)

a result identical to Equation (20}. This demonstrates

the general case thuat the muffler transmission loss in

not equal to the insertion loss except when the ingertion
loas is ‘measured with source and termination impedancaos
equal to the characteristic acoustic impedanco pc/SD. Tha
same conclusion can be reached intuitively or theoratically
{although it is more difficult than with transmission
matrix theory) by, studying the trxavelling wave solutions
{tranamission line theory) in mufflern and the exhaust

and tall pipes.

. Sound Pressure Radiated From Tail Pipe

A prediction of thia quantity ia of probably more impor-
tance to muffler designers than a knowledgae of eithexr trans-
miasion loam or insertion loss. After all, the radiated
sound preasure level is the quantity which finally deter-
minea the acceptability of a muffler. Examining Equation
(25), shows that if the engine volume velocity source
atrength v _, engine impedance Zar radiation realstance Z,
and muffler four-texminal {(fourpole) parxameters A, B, C and D

ara known, then the total praessurxe amplitude (and phase)

kYU
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at the end of the tail pipe P, can be calculated. It iu a
fairly simple matter to calculate the radiated preaosure
amplitude |p.| at distance r from the tail pipe outlet
[33,34,36), The method used is to assume monopole radia-
tion from the tail pipe so that the net acoustic intenaicy
transmitted out of the tail pipe is equal to the intensity

in the diverging spherical wave at radius r. This givens:
2n a”(fpgi%/20,0,0 (1 + 12 - (1 - m%P)
2 2
= 47 ¢ ]prl /20 e, {31)

where a is the tall pipe radius, and R(M) the tail pipe re-
flection cecefficiant (depondent on Mach number) of the
mean flow. Subscript 2 refors to conditions juat inaide
the tail pipe. From Equations (2a) and (3c), at any

atation in the muffler:
2p* ~ p + (pe/s, )V, (32)
and at the tall pipe exit;
Py ™ V4. (33)
Thus, at the tail pipe exit, from Equations (32) and (31);
Py ™ 2P}/IL + (pc/S,)/2.] (34)
and aubstituting fguation (34) into (25) givem

Pz ™ VaZolZo *+ 0S/A))/2(AZ, + B + CB.Z_ + DZ ), (35)

nz
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Taking the modulus of Equation (35) and substituting it
into Equation (31) climinates pg and gives the preusure
jp.| in terms of the source volume velocity, V,s the
cngine and tail pipe radiation impedances, L, and 2,

the muffler fourpole parameters, the tail pipe reflection
coafficient (M) and the mean-flow Mach number in the

tall pipe, M.

TAIL PIPE RADIATION IMPEDANCE, ENGINE IMPEDANCE AND_SOURCE
STHENGTH

A. Tail Pipe Radiation

Farly work on mufflers was hampored by a lack of know-
ledge of tho reflection of waves at the end of the tail pipe.
Aa Alfxedson discusses (31], varioud assumptiona have been
made 4in the past ahout the mngqitudu and phaise of the
reflection (some workersa assuming the roflection cocfficlent
R was zero and some, ona)., In 1948, Levine and Schwinger |[56)
publiahed a rigorous, lengthy thecoretical derivation of the
reflected wave from an unflanged circular pipe. The
solution amrumens planpe wave propagation in the pipe and no
mean flow. In 1970, Alfredson measured the reflection
coefficient R and phage angle 0 of wavesa in an engine thil
pipe using the engine ecxhaust as the source signal, The
motivation waas to datermine if a mean flow and an elevated
temparatuxra had a significant effect on the zera flaw reflection
coefflcient and phase calculnted by Levine and Schwinger,

Both the theoratical results of Laviﬁﬁ'nnd Schwinger and

Alfrxedson's exparimental results are given in Figure 14.

8
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Alredoon's experimental results show only a 3 to 5 per-
centage increase in the reflection coefficient and virtuvally

no change in the phasc angle, ap the flow and temperature

inercase to those conditions found in a typleal engine tail pipe.

Either Alfredgson'a or Levine and Schwinger's results for
R and 0 can be used to determine the tall pipe radiation
impedance Zr uged in inscrtion loass or pound preasure
predictions [Equations (27) and (28) or (25) and (35)]).
The ratio of the pressure and velume velocity at

the tail pipe exit ylelds the radiation impedance Zr:

io

p, = p‘g + p'z' a p'E(l + Re™),

i0

A\’ (50/9202)(p§ - p3) = 95(50/9202)(1 - re™’y,

bh R pp/Vy = (ayee/ (4 RePD /1 <m0, (16)

B, Engine Impedance and Source Strength

until recently, valuea of angine impedance have heen
completely speculative, Values of %o of 0, pc/5 ang =
have been assumed by varfous workexs in manking insection
loss calculations. Other experimenters have trled to
aimulate these different valued in thelr ideallzed experi-~
mental arcangements. Values of %y = ™ and 0, corraespond
to conatant velume valocity (current) and constant pressucae
(veltage) sourcea, raspectively. Suppose the muffler and
termination impedancaes shown in Figure 13 are lumpeq
togather as a load impedance, then Flgures 13b and 1lic

reduce to Filgures 15a and 15b respectively.
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For the volume velocity source, Vl & vczc/(zc + ZE)
and if the internal impedance by eV V.. A conatant
volume velocity ig suppliced to the load, independent of its
impedance value, (provided it remains finite). When Z, o

this source is known as a constant volume velocity source,

For the pressure source, Py = pezl/(ze + Zl) and if the
internal impedance Z, + 0, By * P,- A conntant acoustic
prespure is supplied to the load terminals indepondent of

of the impedance value (providod it remains finite also}.

When it 0 this source is known ag a constant progsuro
fourge. Note that 1f Ze = pe/5 1n edither model, that
conatant sources are not obtained in either model. These
constant valume volocity and constant pressure¢ sources ara
equivalent to conatant current and voltage sources which
afe wall known in electrical circuits (ses, &.9., [57]).
It 13 of courae unlikely that engine impedance approxi-
mates either 0, pc/S or =, lowever, i1t could approach one
of thene values in corxtain frequency rangea. Soma have
even queationed the meaning of engine impedance since it
must vary with time as exhauat porta close and open.
Thaere are at least throe approaches to medal the engina
source characteriatics, Without directly uaing the con-
cept of engine impedance aa such, Mutyala and Scedal
[58,59].\werkinq at the Herrick Laboratories, hava used
a mathematical medal off a alngle-cylinder two-~amtrokae
engine connected to a almple expanaion chamber muffler,

The parpagea and volumes ara treated as lumped parameters

30
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and kincmatic, thermodynamic and mass balance equations arc
used., Good agrecment between theory and cxperiment wag
ohtnined for the radiated cxhauuat noisc.

Galalitsis and Bender {60) hava used an empirical approach
to measure engine impedance directly. Using an eclectro-

magnetic pure tono source and by meanuring standing waven

Jin an impedance tube connected to a running engine they

vere able to determinae the engine internal impedance. At
low RPM tha impedance fluctuated. llowever, at high RPM
the impedance appraached pe/S at higher frequency. Rosa

[61] has alao used a a}milar technique.,

A third approach to the determipnation of engine impedance
(and source strength} is the two lood method. This method
is wall known in electricity but has been little tried in
acoustics. Kathuriya and Munjal (54] have recently dimcussed

thia method theoretically but apparently have yet to try it

in practica.
Using the pressure source representation [54] (see Filgure

15b) and- two different known loadn ZR and Zi, two simultancous
equationa are ohtained;

pl ~ szg/”‘e + zn)i (37>
pi = Pphp/ (B zi). {31)

Eliminating Pg in Equations (37) and (38) givas:

{39)
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Substitution of Z, in Equation (37) or (38) now gives the
source atrength Por Kathuriya and Munjal nuggest using

two different length pipes go that there is little change

in back presoure and so that {presumably) the load impedances,

and %) {comprised of stralght pipe and radiation impedance) arc

£
well known., In order to remove the necessity to meajure

Py inside the tail pipe (where the exhaust gas is hot) it
should be posmible to measure the scund pressure radiated
from the tail pipe Pe oince this cap bo related to the
presgure p, in the stralght pipe by cquations such as
{31) and (34).

Eqgolf [62] has used this two load method in the design

of a hearing aid. Sullivan [24] diascusaes the limitations

of the method.

RESEARCH WORK ON MUFFLER DESIGN AT HERRICK LABORATORIES

A program of rescarch on the acouatic performance of

automobila mufflers has been conducted at lerrick laboratorxies

aince 1970,

Finite Element Analysins
Young and Crockexr ([36,39,40,41,42] were tha first to

usa finite alement analysism in muffler design. So far in
this paper it has been assumed that acoustic filter theory
{13,14] provides a aufficient theoretical explanation for
the behavior of muffler elemanta. This filter theory is
normally bhassd on the plane wava assumption. Howavaer when

a cartain frequency limit is reached (known as the cut~off

a2

by
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frequency), the filter ceases to behave according to plane

wave theory. (This cut-off frequency is uoually 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 transmiasion loss of complicated
shaped muffler elements, In this approach,variational
methods were used to formulate the problem instead of the
wave equation. The theoraticoal approach ias demcribed in
detall in [30-42] and will not be given in detail here.

It ia assumed that tha muffler clement in composed of a
volume V of perfect gas with a surface arca §. The aurface S
is composed of two parts: onc axca over which the normal
acousatic digplacement, is prescriboed and tho othear area

over which the preassure is prescribed. The pressurae ficld
in the mufflar ealement is molved by making the Langrangian
function stationary (308]. Thus this approach is essentially
an approximate energy approach. The muffler element ia
divided into a number of subregions (finite elements).

At the cornexs of the elements the acoustic pressure and
voluma veloclty are determined, The four pole paramaters

A, B, C and D ralating the pressure and volume veloclty
before and after the muffler element are obtained in a
pimilar manner to that deacribed abova asnuming that

the matrlx output terminals are altexnataly open~circuited

or short-circpited [38].
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At the corners of the elements the acoustie pressure
and volume velocity are determined. The four pole para-
meters A, D, C, D relating the pressure and volume velocity
bufore and after the mulffler element are obtained in a
similar manner to that deseribed above assuming that the matrix
ocutput terminals are alternately open-circuited or short-
circuited [38].

In order to chack the finite elemont approach and

computer program, it waws first applied to the classical

expanaion chambur case [40]). Tho dimenaiuns of the nimple
oxpansion chamber used are given in Figure l6a. The
chamber was B inchea (0.20 @) long and 10 inches (0.25 m)
in diameter. Since the chamber waa aymmetrical, only
half the chambear was repredented with (inite elements.
Three finite element models were atudied. The firat had
8 elementa with 16 nodal points, the second had 16 clements
with 28 nodal poipta (sce Figure 16b). The third had
24 elements with 38 nodal pointsa.

- Flgure 17 shows the tranamission loss predicted by
the threa finltea element models and by the clasasical
theory for an expannslon chamber (ace Equatlon (4)). Figure
17 shows the rapid convergence of the finite element
approximation. Eight elementa are lnaufficient to predict
the tranemission loaa (TL}, although the TL predicted
by 16 or 24 elementa ia about the sama. Note, howaver,

thnt:nb9va about 1100 Hz, the clasmsical theory and the

3245




finlte element TL predictions diverge. Above this

frequancy the chamber-diamcter~to-wavelength-ratio
becomes lesa than 0.8 and higher modes, in addition

to plane waves, can exist in the expansion chamber,

llowever, the classical theory (Equation (4)) only
predicts the plane wave performance.

lHaving shown that the finite element program could
ba uscd to predict tranamission losu succesafully on known
chambers, it was now ugad to examine chambors such as
reversing flow end chambers (ace Fiqure 3), end chamber
Hielmholtz resonator combinations and finally mufflers
comprised of combinations of stralght pipes, end
chambera and up to two Helmholtz resonators.

A typical end chamber cxamined is shown ip Fiqure 18.
The measurement of transmission losn was based on the
standing wave method, sce Figure 19. An acoustic
driver (H) was uased to supply a pure tone algnal and
the atanding wave in tha test mection {(J) was measured
with the microphone probe tube (I). Using atanding wave

theoxy the amplitude of the incldent wave waa determined

by measuring the maxima and minima of the standing wave

at different frequencies, The transmitted wave wan doter-
rined by a singla microphone (M) since the raflections

_ wore minimlzed by the apechodc termination (L). A steady
s mean air flow could be nupplied to the plenum chamber

{G) and waa uned to investigate flow effecta on transmisalon

loss in some experimentn.
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Figuren 20 and 21 show the predicted and measured
tranomission logs of two different shape roversing end
chambers, with and without a mean air flow of 110 ft/acc
(33.5 m/s). Neither end chamber examined had o pasa tube.
Tho first chamber bhas side-in side-out (5I-50) tubes and
the second side-ln center-out (5I-CO) tubes. It is
abaorved that experimental agracment with thoory iu
good und that flow effects appeaxr small at the mean {low
velocity (Mach number) used. Part of the volume appeared
to act ag a side~branch with the SI-~C0 chamber (Fiqure 21).
The theory developed was thon used to conduct a theorotical
parametric atudy on reversing end chambers as dimensions,
and locations of ilnlet, ocutlet and pnhs tubes were changed,
Thae results are given in [41].

Figurea 22 and 23 show the predicted and measured
transmisalen losg of similar 5I1-50 and SE~CO end chambaercs
both of which have pass tuhes. Both the cases when the
end chambers have Helmholtz resonators attached {sollid
line) and when there are no resonatora {(broken linc)
are ahown. The no-resonator cafes are gsimilarc to'Fiqureﬁ
20 and 21, except that here pass tubnas are present,

It should be noted that the experimental points were
measured without flow but with reaonatora attached.
The predictions wera made by dividing bhoth the end
chambaer and the reacnator into finite elementa (41].
Although only two-dimenalonal finite elamantﬁ ware

uped, the third dimension and the elliptical crosa=-
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geutional shape were allowed for by varying the maos of
tha 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
peaka in the transmission loss curves. The first
reaonance 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 freguency peak
must be produced by a higher mode resonance cauncd by
interactiona between the Hlelmholtz resonators and the
end chambers.

Figura 24 shows that the positioning of the resonator
neck is theoretically an important factor in determining
the txansmission loass curve (42],

Fiqurga 25, 26 and 27 show the predicted and measured
transmiasalon loes 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 atraight plpes using the matrix multiplication
method discussed earlier {see Equation (13))., The

muffler combinationa shawn, in Figurea 25, 26 and 27

are typical of automobile reversa flow mufflers used

in the USA except that cross flow clementa and side
branch concentrlie rasonataors ara absent. It was shown
that at leaat at tha low Mach number used (flow valocity

of 32 m/a) that therxe waa very littla difference in the

327

A T U PO PR S
P A T T et g

e ‘,v-.'?',.‘.n., S,
n'“““"'-‘(g}'{;‘l‘l:ﬂ:ﬂ‘i o




AACD IEVIVAY 1538

tranomiggion loss measured with or without flow. Flow

cffects may be more important at higher flow rates {corrcapond-
ing éo higher engince loads). Also flow is expected to have

a greater effect on the radiated sound (see Equatlon (1)

and Figure 5).

PREDICTION OF CONCENTRIC TuBLE SIDE BRANCIH RESONATORS

Sullivan and Crocker [46,47) have examined the trans-
mission losa of concentric tube resonators {sometimey
known as "ﬂpit chambers” or “hbean cana", {Sce Figqure 3).
Theao reponators which are often used to provide higher
frequency attenuation are constructed by placing o
rigid cylindrical shell around a length of perforated
tubae, thua forming an uwnpartioned cavity. Sullivan and
Crocker used a one-~dimensional control volume approach
to derive a theorctical model which accounted for the
longitudinal wave motion ip the cavity and the coupling
between the cavity and the tube via the impedance of
the parforata,

Figures 28 and 29 show the transmission loas for
both_ggggg and long rescnators [46,47). In short resonators
the primary resonance f{requency fr i8 lesda than the.fixst
axial moedal frequency fl of the cavity, (fl A c/2%}) where
¢ 1s the speed of pound and R the length., If fr » fl‘

then the cavity im aald to be long. The tranamisalon

JAosa of short rescnators (Figure 28) ia characterized by

two peaks., The firat rasonanca peak repults from the
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coupling of the center tube with the concentric cavity
and its frequency f. can be calculated approximately
from the branch Nelmholtz equation [46,47). IlHowever
in Figure 28, the lolmholtz frequency fo ia less than
the fundamantal frequency fr by 27%. “The froequency
of the second peak in Figure 20 is related but not
equal to the first axidal cavity medal frequency fl = /2R,

The performance of concentric tube resonators is
dependent on the parameter k b where ko= 2 EQ/c = /ﬁﬁ?
llore ko is the wave number of the Helmholtz regsonance
frequency fo' ¢ la the speed of gound, and C, Vv and
£ are the conductivity, volume and axial length of
the reacnator respectively.

dIn Figure 29 the transmiu: "on loss of a long resonator
ia shown. Here the primary res ance frequency £, occurs
above the first and several other cavity longitudinal
standing wave modal frequencles. F' ure 30 shows the
theoretical cffect of changing the poroalty of a resonator
of constant length 66.7 mm 5o that as the porosity is
increoased from 0.5% to 5.0%, the primary resonance fre-
quency fr and the firat axial modal frequency fl ary
gradually merged to provide a wide band of high trans-~

mlisaion losa [46,471.

INSERTION LOSS

Tha effect of source lmpedance on innectlion lons

wag lnvestigated theoretically by Young [38]. BSome reaults
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are shown in Figures 31 and 32. In Figure 31 it is

geen that there is a large difference boetween insertion
logs curves for a muffler for the three different

source impedances investigated: Zi = 0, pc/S, and =,

when the prediction is made for discrete frequencices.
llowever Figure 32 shows that if the insertion loas is
averaged on an encrgy basis (with a theoretical 25 lz
filter) that the differencen in ingsertion lous predictions
are much lesa, HNote that the vertical scales in Figures
31 and 312 are different and that a different engine firing
frequency 16 chosen. Also of considerablib interast ia

the fact that in both figures the transmission loas

curva pasaea through the middle of the insertion loss,
curvas, In Figure 132, the hills and valleys in the
insertion losa curves are thought to be caused by

standing waves in the lengths of atraight (exhauat and

tail) pipea in the muffles gystems,

CONCLUSIONS

This paper has raeviewad briefly the historical develop~
ment. of theory to predict the acoustic performance of
mufflerns (allencera) used on internal combuation enginas.
Reseaxrch conducted at Hexrick Laboratories has been
raviewed in a little more detail. |

It seema that th=oxy has now been developed which
can predict fairly accurately the transmission losa {T1L)

of mufflers particulariy when loudapeaker {orx acouatic
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driver) typo sources are used. It is meore difficult
to prediet the transmisoion loss of a muffler when 1t
is inatalled on an engine and high mean [low rates
ond fevere temperature gradients exiot in the muffler.

It wos shown theorctically that if it is desired
to predict the insertion loss of a muffler, then it
18 necessary to know the source (engine) and radiation
impedanca., Although the radiation impedance of a
tail pipce has been known theoretically for some time

56), the impedance of engines has only recently

heen measured [60,61]. liowever Young has shown
theoretically (39] that source (engine) impedancae he-
comes less important, provided narrow band predictions
af lnaertian loags, IL, are not required and some fre-
quency averaging can . be tolerated.

It would seem that for the purpoaes of a quick
bench test to compare the transmisalion losa and/ox
insertion losa of differaent mufflers, an acoustic
drivar souxce could he used. Howaver, in this caase,
flow effects and temperature gradient affects would be
lost. These, however, may be less important Iln trans-
miseion loss predictions then in inmertion loss pra-
dictiona. Flow affects could he included by aupplying
.a mean flow through the muffler from a fan or blawer
aourcea. Insertion loan could bae moapured with auch an
exparimantal set-up provided narzow band reaults ara

not requlred,




Becouge flow, temperature gradient (and engine
impedance) effects are known to be important in muffler
acoustie performance, the only real way to test a muffler
is on o real engine. Thus a "atandard" engine could be
used and insertion less of different mufflera measured
with it ond comparcd with cach other. The comparisons
between mufflers should be applicable to other enginey
provided the mean flow is not vastly different and
provided some freguency averaging iso used., In any
cafe it may be almoat ag easy to usde an engine as a
source,than to try to make an artificial sourcae from

an acoustic driver and fan or blower combination.
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FLOW-AFVERSING CHAMBER

CONCENTRIC TURE HITH THD WELIIDLTZ
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FLON-REVERSIHG
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\ END PLATE

LROSS-FLON THROATS OF THF
CHANBER HELMIOLTZ RESONATORS

Figure 3 - Pliotograph showing cross section of conmon US veverse ~ flow
automohile nuffler with different parts indicated
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SHOCK-TUDBE METHODS FOR SIMULATING EXHAUST PRESSURLE
PULSES OF SMALL HIGH-PERFORMANCE ENGINES

B. Swrtevant and J, E, Craig

Californin Institute of Technology
Pnondena, California

ABSTRACT

The unique aapacts of ateep-{roated, large-amplitude proessure
pulsan that accur in the exhaundst systems of small high-performance
internal-combuation onginea are reviewed, Some spacial analytical
and exporimantal tochniques that are uneful for loating, simulating and
analyzing auch exhaust u)}utﬂrﬁﬂ are deacribod. Two examploa aro givon
of wave~diffraction effects which are particularly important when tha
incident wavaa are atcep~fronted and which pignificantly affect the par-
formance of simple muffler clemonts in thosa circumntances, The
radiated noiaa dua tn thesa diffractsd waven alter thoir pansage through
the cxhnual-.uyatcm can be strongly affacted by gaa dynamic nonlinearity.
It in concluded that any procadure for qualifying mufflors of high-
performance anginna maat acenrately aimulate the unique featuras of

the axhauat dynamica of thapn syatema.
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1. Introduction

In this paper we review the unique aspecty of the exhaust
dynamicy of vmall, high-performance internal-combustion enpiney
and the spuecial techniques that should be used in testing, simulating
and analyzing their exhaust systems, In this regard, the moat important
feature ol small enpines operating ot high rpn g the fact that the pulses
gencrated by the opening of the exhaust valve or port tend to be ateep-
frontod and of large amplitude, Risetimes of prewvsures measured near
the oxhaust port of both 2- apd d-strole engines commounly raange from
0.1 te 1 moec (Refs, 1-1), no the thickanensa of the {irut pulse ag it exits
the oxhauast port iy in the range 2 - 20 cm,  PFurthermore, a large-
amplitude pulse tonds lo get thinner ag it propagatens, by nenlincar
steaponing. A pulsa with amplitude 0,5 bar will steepen to o disconlinuitly
after propagating o distance only 3 timceus ity initlal thickoeus, Thercfore,
for vxample, a pulpe with aninitial risetime of 3/4 macc will steepen

to o diacontinuity after propagatling 0.8 m.,

When atoep-{ronted pulses occur in an acouslics problem it io
more natural to treat the problem in the context of the theory of geometrleal
acoustica (Ref, 5), than by spectral decomposition and harmonic analysia,
In geometrieal acoustics the apalyais in carriod out in the timu domain,
an the phyaical procogaen aro more trangparent and the results more
intuitively obvigus. The theory of geometrical neounstics han boen
axtansively daveloped, including the treatment of diffraction offectn {Ref. 6),
Application of aonliasar boundary conditions {a atralghtforward, Fuerthormora,
pulsa thoory can be diroctly exteaded to account for effacts of gasdynaumic
nontnenrity (Refl. 7}, while considerntion of nonlinear cffrcts in the

froguency domain is cumbersome and unproductive,

Therafore, whon the thickness of the compressive portionn of
the prossure pulses in the oxhaunt aystoms of simull high-performance
engince s of the ordor of or amaller than typleal tranaverne dimennionn
{l.0., the largest dinmetor), it is uaclul for determining aconstic
parformance to trace the propagation of the pulaca through the aysten
and to atuly their intoractionns, This in especially true if one is Intorestod

in tha omitted nolso because noise {n the far flold o goncerated Ly ths
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rate of change of volmme flux ol the soarce. Therciore
origlnatoes at the vleep froats of he waved,

, thoat o the nojse
A Galtech we have condneted
aoma experiments in shock-tube facilities -, {n which the pulses incident
an exhaunt aystemy are discontinuous fronts (weal shook waves),  This
simplification has permitted the observation of two previously unexpected
diffraction effects which miay bhe Gnportaat sources of aotse (self goise)

in applications with gteep-fronted pulses,  The spiked waveforoms typical
of diffracted wivven are sensilive to the effecta of pasdynamic pontinearily,
g propagation in otraight veclions of pips (... the Ladlpipe) can have

fraportant offects on the emitted noise,

It iy concluded that any procedure for testing auulflers far
gmall high-performance engines must include provision for measuring
the effectn of fngt puloe risctimes and finile amplitudes.  Though the
apparatng uned at Caltech haw notl been developed foe woe ina ataondardiaoed
prﬁcudurc, it in poauwible that shock-tube facililies can be used to gimulate
thoae foatures of exhauat pulucs of high-performance engines, Of course,
shock tubes do not duplicate all the characteristics of ¢apine aoise gourcey,
#o thay ahould be uacd oply to supplement the information obtaiped in

ather, perhaps more convgnlional, teuts,

In thin paper we firat describe the test apparatus and then cite,
an proof thnt fintte-amplitude effects must be accounted for, lwiy examples

of two-dimenaional diffractlon clfectu whicl ate influcaced by gandynitnic
nonlinearity,

2. Experimantal Apparatus

In syatemas with Iarge - amplitude nnsteady motion, the max-
fmum {nstaatanaous {low \'ulc)clt'y may be subotantinlly larger thive
the mean velocily,  Thorefore, there may be substantial {nflow frotn
the atmosphars iato tho exhaust syatem doring cortain portions of
the cycle, Bacause of viscous ceffects awd separation, flaw oul of
an aren axpanaion (jot flaw), i» fundimentally different froin flow inlo a con-~

verging section of abe {olnk flow), oo the occurenee of flow reversal

r Complale datafls of tha exporimmental apparatun, the resvarch program
and gome finddoge of the fundanacntal behavior of fiofle-amplitnde waves
in exhaust aystemas may be found in lef, 1.
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during a portion of the cycle can be an imporlant vource of departure
{rom ideal acoustie behavior., TFor example, our work has shown that
the performance of perforated tubes in mafflers can be greatly affected

by the existence of inflow inlo the muffler from the atmosphere before

arrival of the main pulse, In the present experiments we use two different

facilities, a periodic vource and a aingle-shot source, to bracket the

offects of inflow. Thoe two devices arce represented nchematically in
Figare 1.

Rosonanca Tube The resonance tube (Figure 2) is o long

giu-fillod tube which io excited at one end by a reciprocating piston and
terminated at the other ond with the exbaust system to be ntudied, The
piaton is driven at the fundamental ncouslic resonance frequency of the
tube, and its amplitude i large onough that at resonance the compreasive
portions af the waveform steopan to form a ashock wave travelling back
and forth in the tube, Thus, the resonance tubo ia used as o wavo
goenorator to supply large-amplitude ateep-f{rontad porledic waven for
exciting the exhaunt system. A comparinon boetwoen tho resonance-tube
wavaform and o typical prossure history moeasured at the exhnust port
of o 250 ce single-cylinder two-stroke engine, whan both sourcos are
cannected to a high-performance expansion chamber exhaust systom, in

Riven in Figure 3.

Provisipn is mada for measuring internal prossurcs at sevoral
locations in the exhaust aystom and [or menauring freo-fleld radiatad
nolee. Data are acquired by a computer-controlled data acquiaition
ayatany, and all data are processad in real time and the rosults are
output in plotted format shortly alter complation of & run. ‘The data
acquiaition ia aynchronized with the piston crank mechaniam through
a 256-tooth gear mountad on the crank shaft and o magnotic pickup,
Thia has the lmportast consequence that spoctra calculatad by o
Fant Fourier Tranaform (FFT) algorithm are actunlly oxact Fourier
analysaa of the periodic nignnl, and it is not neccssary lo apply window
functions, etc,, te the sampled datn to lnsure adequate accuracy of the

raaults.
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Shock Tube., The shoclk tuhe (Figure 41 45 0 coaventional
pressara-driven ghoclk tube to which is attached the vxhaust system to
be stadied. In order to maximize the uniforimity of the input shock wave
a "eookic-cutter” configuration, in which the exhaust pipe ia extended
ingide the shack tube, is uwsed, Provision is made for meaguring joternal
pregaurens and free-field radiated noise, The same data-acquisition
pyatem ay wan used with the periodic syatem described above is aldo
uncd with the single-shot shoel tube, Further details of the experimental

technique are given in Ref, 1.

Cnly vary aimple mufller coafligurations bhave been studied
in thin worlk, for tho purpose of examining the fundamentals of wave-
propagation in exhaust aysteme, However, the resultys are sufficient
to demaondtrate the utility of the experimental muethod,  The repeatability
of the raaults and the necurncy of the measurements are such that many
affeccts relatod to nelae suppreasion arce caaily visible on the preasare
traces. Tharofore, the method in alve useful for diapgoostic analysins

and for mulfler-design optimization,

3. Porfarated Tubes in High-Performanca Mufllery

Lxperimanta have boon carried oul to determine the mechanlsm
by.which perforated tubea in mufflers attenuate aconutic pulaen,
Figuroe 5 phown the aimple stralght-through contigurations teasted

{encloaurca A, B and C arc dofined in Figure 9) and identifieas the

notation for the transducar locations U, D1 and D2 usned in nubnequent
fljgures. The parforationn ara 6,35 mm dia drilled holes and are
arrangad pa that tha opan area per unlt wall aren lu approximately 1/6.
The total arca AE of the perfarations in a given tast {u vet by tha aumber
of holes in the tube and is charactorized by the ratio A _;./A, whare A in

the tube ¢roas-~asactional araa,

Qacilloscope tracea of intaernal preassures measured at three
different locationa in a ajngla~pulae excited aystom, with three difforant
values of A far an Minflpite" enclosure (perforations open to the room)
ara shown in Figura 6. Thay ganarally confirm rosults abtained in
previous atudion of perforated tubas (Rafe, 8 and 9), Tho upnstroam
tracea ahow the lncident nhock {ollowed by ain expansion wave raflocted
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from the perforationn, The downstream traces show the detailad
gtructure of the tronamitted wave. The final steady-ustate prosyure
behind the transmitted wave {o well accounted for by a simple analytical
model of the nink effect of the flow through the perturbations {with a
recduced orifice discharge cocfficient due to axial momentum in the jets),
but the fspilcc and pregource minimum observed caspecially for large AE/A
are unpredictod 2 - dimoasional ¢ffects and are obviownly important

with regard to ooise eminpsion, When the porforation arca in large,
evidently the shock is not immediately attenuatod to its theoretical
value, Particulurly la the cave AE/A = 0.89 in Lhe figury, the effect

of propagating betwoon D1 and D2 in the tailpipe 1o evidont; the nhock
discontinuity and the very rapid expansion wave, ‘which is probably made
up of (2 ~ dimensional) diffracted wavon from the numoeroun orifices,
interact, resulting in an attenusllon (and slow disappearance) of the presoure
spike. This attenuation is due entirely to gusdynamic nonlinearity; if
there wero no nonlinear offects tho apike would ho much largor, a fact
which ir born out by the {act that it shows up much more atreagly for

the wanker wavas in our experiments {(Figuro 6) than for stronger
wavae, whare nonlinear cffocts aro lnrger. The fact that important
attenuation can cceur during propagation down the straight tallpipa
cinphanizon the importance of tosting complete mufflor nyetems in
obtaining nolan suppraasion data for high-performance enginos.

Figuro 7 summarises the overall effcct of perforations on
radiated noiso., Though a small spike porsista ut D2, the maln cffect
haa bean to slow tha rise of the compreasnion in the pipe to a vary much
larger value than that of the input dincoatinuity, vanstly reducing the
far-ficld (location ¥') noise lovel (n ahock of the name amplitude would
vleld about 1 mBar amplitude, ve. the 0,12 observed). llowever, the amall

aurviving prosasure splke remains the mnjor noise source!

Figare 8 nhown the effact of finita onclosuras surrounding
the perforations, Tho offacts of woven oxclted by tho prasage of the
incidunt ahock reflacting back and forth in the ancloauren arc avidaent,
particularly in the radiated nolamn, where secondary apikes now
occur., With the exparimental tachnique used in'this work it in aven
punsibla to see that tho odd ~ numhbered pocondary peakas at DI are
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amoothor than the even-aumberad, due to the nature of wave propagation
in the mufflor, with the conuequence that the corresponding spikes in

the far ficld are much weaker!

1, IExpanaion Chambers

T AW 10 i

Figure 9 shows the simple expanaion chamber configurations
tested in the present worlk., It io well known that when the acoustica
of expanaion chambary 1o considered from the pulse polant of view one
can traco the waves an thoy reflect back and [orth in the expansion chamber
intoracting with the discontinuous arca changes, no shown schematically
in Figuroe 10, Indvoed, vach and all of the infinito number of infinite
narios of waves can be sumumead in cloded form Lo give the overall
tranamitted wave flald, but this alwayns gives too large o value for the
radiatad noipe because vincoun dissipulion during the wave internctionn
has beon neglected, Howavar, within the pulse point of view it is o very
direct and offoctive artifica to simply truncate the neries at some finile
numbor of tarma to provide a {irat-order corroclion for the elfects of
dinaipation. In uny cane, if the apoctrwm of the tranamitted waveform
is calculatad it is acon that the multiple rellections of the dincroto
fronta have tha same offect as the familiar superposition of incidont
‘and reflacted wavens in a apoctrum of harmonic axcitations, bath pointa

of view showing the aflocts of deatructivo Interference,

The geomeotrieal point of view shows immedintely that the
mannar in which an nxpanémn chamber sarvaes to-attenuate an ncoustic
pulse is to break up the aingle incident pulse into s series of wanker
wavas, Inn sonso, the tranamitted wave is atrotchadout into a mora
gradual compreaaion, a0 the naot offact s the same an with the porforatad
tube discunsed abovae. Indeed, after a comparative study of hoth devican,
ona would conclude that the optimum combination of clemantn in syatema
whare wave amplitudes ara larga would ho o serfes arrangemant with
the expanslon chamber firat, followed by the perforated tuba {cf, Raef, 1)

Howevar, one phanomﬂnoﬁ that one-dimanyional thoory cian not
predict in the diffraction of wave fronts atl dincontinuous area changos,
Figure 11 dapicta schematically the geometry of the actual wava (rontn
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generated when a wave diffracts from the end of an exiended inlet and,

in the bottom skelch, the repregentation of the process by one-dimensional
theary, To the extent thatl the multitude of diffracted fronts peroiat

as they propagate in atraight sections of lube, the noise emitted by the

gystem may be seriounuly underestimated by one-dimensional considerations.

Figures 12 and 13 show lwu examples of interior and frec-
field wave forms obucrved in experiments with two different expanaion
chambery, The multiple reflections of the incidenat [rout in the ex-
pannion chamber are evident in the reflected and transmitled waveus,
but puperimposced on these waven are very high frequency fluctuations
due to diffracted waves. In Lhis case, contrary to the bebavior in
perforated lubes;gauvdynamic nenlinearily aggravates the situniion,
because, au iu well known, the wavelenpth of 4 nonlincar asawtooth
wavetrain tenda to saturate at a constant vilue, while lincar diffracted
waved tend to “morge' aimply by geometrical spreading from their point
of origin., In Fgure 13 the dilfracted waves at Jocation D3 have formed
a sawtoolh wavaeflorm containing shocks and have the same npacing as
at D1, indicating noalinear saturation, Tholr large contribution to the
radinted noiso at location I* is obvious. At D3 the amplitude of several
of the diffracted waven is miore than 109 of the mmplitude of the aingle
incident shoeik, ‘The relative strength of the diffracted wavas increasan
af the expansion chnmber dinmeter inereases, no in fact the neino
attenuation of an expansion chamber peaks out at a particular aron ratio

and fails to increase bayond that value,

45, Concluasiona

It haa boon shown that nome unique featurons of the steep-
fronted lnrgo-armplitude pressurc pulpnes ia tho exhaust aystomns of high-
performance iaternal-commbustion engines roquire accurate simulatlon in
proceduras for toaling and qualifying muffleru, An axporimoatal technique
which slmulates tho actual pulaes with discontinuous proasure risas,
(wank ahocks) is deneribad, Tha technique has the advantage that is aleo
udaaful to thoe designor for diagnonstics and dosign madification. Two
aexarnples hiava boen given of two-dimenaional phenomena that ara not
accounted for in ono-dlmannjonal anulysas but which are particularly

important when the puloen are dieep-fronted.
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FIGURE 10 EXTENDED INLET SYSTEM
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FIG. 1l . SHOCK INTERACTION WITH AN EXTENDED INLET
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HOISE SYMPOSTUM IN CUICAGO - OCTOHER 11-113, 1977

CORRELATION OR NOT DETWEEN BEHNCH TESTS AND OUTSIDE HEASUREMENTS

I'OR SNOWNMOBTILES,

Aa you probably know, our company, BOMBARDIER LIMNITED, iu
involved in rocreatienal vehiclen and more particularly

in SKI-DOQ nnowmobilew,

Wwith #nowmobiluy we are faced to three courtificatlion standardu)

S5e¢ vilide no, 1

58CC=55 which iy a 15 MPH pasus-by tontg
S5Al 3-1%2a which 1y a full acceluration tant:

L
I50 R=362 which 446 the Europaan procoedurce.

During thia symponium, up long, woe lave heard a lot n
theoritical prodictionn versus practical mecasuremonts on
bunch tantus. In thlas presuantation I do want te go away from
thiua latercating aspect for having a good uxhaust labulling.
I will try bto compare practical bLench test measurementsa to
actuwal meaguramanta on tha dnowmobile itawll.

WHY ?

Baegaunn I am Anteraestad in the consumer point of viuw,

Fora futura buyer of any tranaportation vohiecle, £t in

Amportant to glve him tha truch.
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80 wa try to take the problam by tho ond. Lat ua asuppoan
wa have tho right mothod to aobtain practical moasuroments
on bhanch teat and lat us try to asa what ia goling to happen

on the actuml field taat.

And, fxom Now we are going to notice all the parametarn
vhich ara involvaed in the gound of tha exhaust. Apd, I am
sure, that any of you can . find aven mora than what we arao

goAng to apeak of,

In oxder to oliminAte partially the diacuasion of the
influance of the other nourcan (alr intnaka, Etrack atc...)

w¥a uma a vahicle Ain which muffler noide. waa auppesed Lo ha
tha graatar mourca at leaat by 3 dB at fAfty feat, You will
ank why not moxm than 10 AA? Deacauna thim 4s never an actunl
sltuation and we wagra Intecsated in nasing how changing

mufflax in camhining in tha spactrum with the othor canpoRants,

At thia polnt, cehgaxning a poadlbln mathod to maanure nxhaunt
neime at henoh, pleapa rafar te next apeaker, Jim Moors who
An going to mhow you how bonch tant and outajide meAsuroment

corralate in msoma particular conditionn.
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I  OUTSIDE EFPECTS

Marat of all wo hava phyaical- parametora which are gonerally:
i) WItD, which should not be moro than 12 HPM,

pBut from ™0™ to 12 HMPH you can vanlly lmagina the cohooquaican
an parformanca {with freo air engine),.  temperaturs of j

!
; exhaust and angla of incidonce whicl can halp you a lot ,

I
' or not, Dpifferancear up to L.0 AB{A) T

i1) AIR PRESSURE, wa kpow that It affaects sound tranamjsaibility
and parformance, llot a lot for sure but nnough to bo

conaidarad., Differencaes: up toe .0 dAB({A)

' A44) AR TEHMPERATUHE, thin of couran Ls quite an impertant factor

! aapaclally on anowmobiles which will xuh in a -46%¢ to 0%

range, and At in not oasy to mix cold chambar and a

i memi-nnachoic chambar!

And of rcouran, temparature will affect the mufflar ltaalf

but alaoc tha spactrum and cha total value of nach othey

saourcoa., fo At 1a quita a job to naparate thone affacta
Aand to ohtaln a alqriflcant comparison or typlcal valuan

hatwann Aiffarnnt mutllarn,
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I QUTSIDE EPrecrs

i)

iv)

cont'd

omamber that o two-stroke engino with froa alr orx

fan cooled voralon, lt im much more affocted by the
axhaunt temparature than any liquld coolod anqglha.

Differencaa: up to 2.0 dibl(A).

HELATIVE NUMIDITY, evary onc of us kanow that it could

affact performance quite a lot., It affecta aluo aound
ralfloxion and tranambanibility, o are wo golng to take
care of the humldlty? You can contiel it on hanch teat.
Yan, but for cextifying a muffler, are you going to maka
thia huamidity vary from step bto athap to sen wharm in the
maximun? Certalnly not. For davealopment purposns, Yaa,
but not for ohtalnkng a rating laval of tha axhaust
nueken,

Pifferancamy  up to 0 dB(A).
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II GROUHD RPRLCTS

How apeak of the most lmportant polnt: ground offuctn.

Thim ia quite particular to anowmohilen.

Bea alida no, 2.

In the procadure they tall ug that you can una:

firatly:s packad anow with not more than 3 inchea of aordlinary

anow,

acscondly: AdAry gramm, 1 inchea.

The problama are:

What im axactly packed snow? It could he lce, it ¢ould be
'juut packed hy pamaing on with a anowmohile.

Hhut aoxrt ol gxamm and undarground? He could geb mare than
1.3 aB{A) Alfteranca with tha mama grass type bat with soft
ofx hard ground undarnaath,

And alno wa have to apoak of the “fact that some madels ara
unaffaated whan qompaxed hatwaen grass aAnd anow, Othera
Gauld gat Alffoarances up to 2,5, aven 3 AB{A}.

®a know Lhat mnow is much bettars than geaan and of couraa
apphalt, o nhno;b law Lraquencian,

. Bea apactrum no, L.
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Lat us go now with practical experlenco ln the anaw:

3" nnow 4_{““hu—f’""““"'H\x_a/“ﬂﬁ_"“\——F’"_-““‘\5‘/1

.

packaod anow
nuffior autput

Mﬁ —_—

An wa canh san, Adiatance from ground, raflexion incidehco

ragarding the axhaust are not always the game. fAa?

And, xemambar 4in Lha pnowmabilan traills it fs much more oftan

TN NN N

lika thats
rathax than An A atgaight line,

And a spewmobila im normally running on mnow, a0 according

to ma you hava to watch thia pltuation vary carafully.

g’

b ———— - v m———— = - -

e et e s ML T

|
|



Fepurew ol BT UVILT AOSHD

/e,

How aspoak of orientatjon of tho output.

If you look at all sortes of mufflerw on the market, you can

[" frame

11

,_,_.__"J.;

l » [ootrent

IST2 D AT,

have an cutput like:

qround

fr;ann
:1——1 ~Ploatrant

-»;/‘)‘7*}7*’7’,/) AT
Tt ia anothe® factor that you hate to conalder,

For thia we hava mada lnononlc curvan by having maximam NP /ROM

OoR A pbatlic vahicle.

Saa alida no. 2
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ror fininhing: pound direction rolated to npeoed,

A Mauai {') ”ﬂr-‘{l-) ﬂup‘h]
" " — " ]
x Do

fea allde no. 1.

When you conaider all otlier factorn that wn have talked
about {tamperature, praepaura, anaow, wind ete,.}) you cnn
updaratand canily that Af your vehicle in naot at the uans
place hacause of differant npoead you are to be Involved
with a lot of difficultien, S0 you can have your maxkmum
BulPoke at (1), (2) or (3).

Conatdar also that tha track depanding on conditions of
anow can apin all along the tenting part or eannot npin.

Of couxdo thn rosult will not ha the name.
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So, facing all thope factors, wo have triod to find an
omplrical formula which could be umed of the major pute

of what wo have axplainnd., Wa woxe interested in predicting
the influcnce of any exhaunt Lf sat-~up on any kind of

vahicle in any kind of conditionm.

For doing thin wao put onh a vehiclo dontors in ordaer to
qat tamperature of exhaust (near tha end of the mufflar),
tampagatuxa and pressurs at the apark plug, tamparatura
of the air intake, HFH (meanurad at the drive pulloey),
raal vahicla apaed (measured at the driven pullay with
appropriate corractlon for gearlng}l, and af coursc wa
meadurad aatarnal tomparatuse, humidity, prasaura, wind

and diraction.

Ha alon put coaffliclentn for nort of packed snaw, for

thicknaas of packald shnow, faxr aort of above snow, for

thicknaaa of abova anow, for dry grasa, for wet graan,

fax hard ground, :of soft ground, for aaphalt . and alac
' uaing hiacnonlc cuxves for orientation affect.

Hixad track: anphalt and grana (or asphalt and anev).

fan alida no. 1,
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A statlostical analyolas haa boen dope in ordor to find the

influance of asach paramatera. We want to have somsthing

abuolutaly genaral with no particular tont sito condlitiona
! or particular mufflaer with a particular englno. This in

going on xiqght now, Tho flrat trias are not very good

(2 5 dA(A)) . He hava to make aome changaa in factors to be

copnidernd and in tha program itmalfl,

Conolusion

This atatintical approach has the advantage of being not
vary csompliaated and nobt very heavy in terma of dollars,
It han the qunlit; ur.hnlnq vary near the fiold roault
Ehat Ia to eay, vnxy asax from what consumar praoplae will
really obtadln. Tha.reaults that wA have obtalned aram to
confhrm that At in quita difficult to prodict field reaoult

with gond corxalation faxr anowmobdlan.
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THATRUMENTATION DIED,

Sound leval motar BRULL & KJALR #2204

FH racordor BRURL & KIAER "7003

Low pasn fllter NP A540%a

Powar Aaupply HP A73a

HESTON voltmotar M4442

Elngtroniec conditionar P N5210a

fipactrum diaplay HP #3720a

Carralator HPF 813721a

Digital racordar |IP #5055a

Statintlical damcription analyaar BRUEL & KIAER #4420

Plottagr X, ¥ HP M44da
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JOHN DEERE HORICON WORKS

Fou LANT CARp Rl ke Wbt b 3 ey

31 October 1977 : ‘
JAMES W. MOORL ‘\}“‘s

MEASUREMENT OF ENGINE EXHAUST
NOISE IN DYNAMOMETER ROOMS

A method of measuring engine exhaust noise hag been develeoped

ag a substitute for the more complicated anccholc room or fiecld
teats. It in olmple and casy to use and does not require

axpenslve test facilities and cquipment or modifications to

the exhaust syatem. The sound readings and insertion losa can

bo determinaed simultancously with dynamometer power measurements.
The results have shown good repeatability' end are not subject to

the variationo In weather conditliony encounterced during field tests.

Thae teat procedure waa developed by Richard Kostecki of

ACS Engineering in Toronto, Canada and has been usced success~
fully by ACS for exhaust aysatem development for several ycars,
A similar test method is aluo used by two othor snowmobile
manufacturerya. John Docere hag used it exterszvely in tho
devalopment, comparisan, and selection of snowrchile and small
four cycle engine axhaust syatens.

Figure 1 is a schematic diagram of the test syutem. The exhaust
gas discharqges from the muffler (1) into a 4-foot long, 2-inch
diameter, flexible aexhaust pipoe {2) which ia anchored at the loosac
end to & 60~pound ateel block(5). The exhaust gasses can be
avacuated from tho tast ccll by the collector {f). The sound
presaure ls measured through o hole in the end of the pipe by a
microphone (3) in a apecial water-cooled mounting (4).

The langth and diameter of the flexible pipe were saolected aftor
extansive exporimentation and.are designed to lsolate the
microphane from the engipne vibration and nolse, and tg provide
adaptability to variousn oxhaust syustem qeomecries. Eanglne
pecformance and axhaust noilsce generation are not affoected by tha
measurement aystem,

The sound ‘level la read on a sound meter (7). Octave band
measurements can alga bae taken (8), Corrcction factors are
applied to each octave band to compenaate for nonlinearitiesn

in the measurement syatem and for comparisons to field tests.

This correction process ig aimplificed by a spectrum equalizer (9).
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JOHN DEERE HORICON WORKS

PAGE 2
A METHOD OF ENGINE EXIAUST NOTSE MEASUREMENT TN DYNAMOMETLER ROOMS

The upper curve in Figure 2 shows a typical exhaust nolge spectrum
of a snowmobile mulfjer measured on the test fixture. A correction
factor is subtracted (rom cach of the seven octave readings to
extrapolate to the exhaust noise spectrum in the lower curve that
would result from a snowmobile driveby sound teat at 50 focet,

The suim of the correctoed octave bands produces the overall
A-welghted level.

Figure 3 shows the spectrum of correction factors that aro
gubtracted from cach octave of exhaust noise measured on thoe

test fixture. 'The upper curve is the diffcerence botween exhauat
noite meagurements made in an anechoic chamber and with the test
fixture. It corrects the noise measured with the fixture to an
A-welghted, "free field" gound level at a distance of 1 foot.
{(Narrow band measurements have shown that the fregquency lincarity
of the meagurcement gystem is exeellent within each octave band,

N correction in the wider octave bands {o all that is necesgary

to compensate for the nonlinear effect of the d-feot long flexible
pipe.)  The middle curve converts the l-foot meesurement to 50 fecet,
The total correction iy shown in the lower curve.

Figure 4 demonsatrates how the 50-foot correction factor was
developaed. Octave bands of whike, random noise proeduced by an
acountic driver werce measured over a grass test siite at a distance
of 50 feet, The microphone was located 4 feoe: L£rom tha ground
gurface, and the sound gource wao placed ac 1/4, 1/2, 1 and 2 foet
above the ground. (The test site confirmed to the requirements

af "SAR J192 , Sound lLevel Measureiment Procudare for Spow Vehicles".)
The variations in sound level with soures height are caused by
ground reflectlions (ace SAE Publication 749211, “Effect of Ground
On Near Morizontal Sound Propagation® by Pilescy and Embleton).

The 1/2-foot level, which is about the helaht 28 a snowmoblila
exhauat, provides the 50-foot correction Jac+ters shown in Flgure 1.

Teaata havoe shown that thiua exhaust noise measuring syatem gives

sound levels within 2 db of weanurements rade in an anecholce

chambar, Correlation with the exhoust noine predicted in snow-
mobilo pansby tests is alvo excellent. The sound level difforence
boetween similar exhaust gpatems on the same engine or In the sanz
vehicle can be compared within 1 dib. The cowvenilence, repuatability,
and ndmplicity of th'z eaethod of exhaust neisc measurement nekee

it very ugaful in small cngine muffler develiopnent, ncelection and
rating,

Nolse neasurencnts have not been attempted on exhaust syntems
Athepr than thoge on nwel', two cycle and four cycle cengines.
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THE APPLICATION OF THE FINITE ELEMENT METHOR
TO STUDYIHG_THE PERFORMATICE OF REACTIVE &

I)ISSI‘PI\]IVL MUFFLENS WITH ZEW0 NEAR FLOW.

by
A, Craggs

pDept, of Mechanicat Engineering
Unfversity of Aberta, Edmonton
Alberta, Canada.

INTRODUCTION:

This paper gives a brief review of some of work carried out by
the author on the applicatien of acoustic finite clements to studying nuf-
fler performance. It is shown that the method can give plausible results

for a models having a simple qeometry because the results compare very favour-

alty with those obtained by other methods. Oecause the elements used 1n the
work have a varlable shape they can be used to simulate systems which might
have a difficult geometry and sti11 give  weaningful information. This 1s
one af the prime virtues of the method.

In two recent papers (1) and {2} it was shown that for transmis-
slon 1oss calculations the muffler has to be treated as one which has dampe-
ing even when the nuffler 1s a reactive one. This 1S because reactive muf-
flers 1ose energy through radlation at the inlet and exhaust parts. As
such the equations which govern the motion of the system are expressed in
terms of complex quantities. The general form of the equations are the same
for both transmission loss amd imsertion loss calculations,

As the theory 1s available elsewhere {1) and (2) 1t 15 kept to a
minimem fn this presentation. However, the concept of an absorption element
has not heen used before and 1t 14 Introduced here.  These elements are par-
ticularly useful when dealing with abserptive boundaries having an extended
reaction, A brief application of these clements is discussed at the cnd of
the paper.

2.0 CGENERAL THEORY

The appiication of the finfte element method results in o set of
1inear equations. Decause all of the sttwations are essentially for damped
systems the prehlem has to be formulated in terms of complex quantities,
However, using the method given 1n reference (1), the real and {maginary
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parts can be separated and the system equotions can be expressed entirely In
terms of real quantities, When this is done, the equation for reactive and
dissipative mufflers all have the general form shown below:
!
[A] - K2[B] - K[C,11 = k[Cy] P f =0

---.———.-_._--.--—q--—--..

+ k[CR '[A] -k [B] - l\[C ] PI Q[

' = (=)
flere PR 1s the real part of the acoustic pressure; PI is the {naginary part;
n 15 the real sofirce vector; Qp the fmaginary source vector; [A] and [B]
are the kinetic energy and Jtrain cnergy matrices respectively.  The matrix
{C] 1s 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 muffles having a dissipative 1ining o through radiation
at the fnput and output parts as in a reactive muffler, In the gencral
prablen the matrix [C] has the real and {maginary components [Cp] and [Cpl.

Thus 1f we have a given sound source {(} then the acoustic pres-
sure at any point within the system may be found through matrix 1nversionx
using standard computer subroutines.

2.1 TRANSMISSTON LOSS CALCULATIONS:
The transmission loss refers to the performance of a muffler
vhen it 15 inserted into an infinite transmission line. See Figura 1.
The source 1s due to an {ncident progressive wave, of magnitudg 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 15 calculated from the formula, (see references
{1) and (2) :
T.L. = 20 log |P
ﬁ;
Because of the fnfinite line there are no reflected waves edther at the input
of the output statlons, and the impedance at these stations 15 accordingiy
entirely real; being equal to pa, where p ¥s the mass density of atr and ¢
s the speed of sound.
| Transmission Toss calculations are usually the first step carried
} out 1n the disign of a muffler. However, because of the highly tdealised
situation which 1s applied some caution 15 needed when interpreting the

|
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the results for a practfcal situatfon where reflected waves ore present both
on the input apd output Vipes. A much more meaningful calculation is for the
Insertion Loss,

2.2 INSERTION LOSS CALCULATIONS

The {nsertion loss refers to the difference tn the sound intensity
levels at a point hefore and after the insertion of the muffler. In gencral,
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 value for insertion loss and the result
will ¢learly depend upon the individual case.  Two diffuerent sedels are
shown 1n Flgure 1; ope case Figure 1 (b) having a constant velocity piston
source with the muffier terminated in an infinfte transmission l{ne and the
other, Flqure 1 {c), having a similar Source, but being terminated Into a
half space through an fnfinite baffle, The finite element results for the
transnission 1oss and 1asertion lass problems shown {n figure 1 are discussed
tn a later section,

3.0 THE ACOUSTIC FINITE ELEMENT MOOEL

The acouystfc finite element uscd to obtain the results for this
paper 15 shown 1n fiqure 2. It 15 a hexahedral element having 8 nodes and
allows for a linear varfation of pressure between the node points, Becouse
the eiement 1s an 1soparametric clement it con be distorted to any reasonabte
shape. Therefore the use of this element enables problems having a difficult
geometry to be treated. For the results qiven here anly axi-synmetric cases
were studied. HWith axi-symmetry, the three dimensional problem can hLe
treated as a two dimensional one with a substantial reduztion in the size of
the prob1em. In this case the reduction in size was achieved by forming the
hexahedran into a seqment af a thick cylinder, then equating the pressures
having equal radi1 and Tength coordinates, The element thus wsed has effec-
tively 4 nodes 1nstead of B, {sce reference 1),

A typical grid wsed for a simple expension chamber model 15 shown
in figure 3. Although this Is quite crude compared with those required by
many other finite element solutions the results obtained were guite 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 farm a
useful cheek on the procedure. This 15 particularly true for reactive
mefflers when 1t can be assuned that acoustics within the expansion chanber
Is strictly planc-wave and thes onc dimensional. However, the plane wive
soTution breaks down when the wavelength approaches the chamber diameter.

It 1s thep that the finlte element model shows a distinct advantage.

Results are discussed fn turn for reactive mufflers, dissipative
mitflers with a locally reacting boundary and Finally for 1ined mufflers with
extended reaction at the boundaries. The extended reaction is modelled by
extendipg the finfte element appreoach to an absorptive materlal and then form-
fng-an acoustic-absorption model,

4.1 REACTIVE MUFFLERS: TRANSMISSION 1.0OSS

The transmission Tess of a simple expansion chamber {n terms of
the area expansion vatio, m, length 1 and wave nunber k 15 given by a formula
due to Dayis (3) :

T.L. =10 logy, (1 +1/4(m - T/m)2 gin® k1)

The fintte element results arve compared with those obtained form this form-
ula tn figure 4. There {s excellent agreement.  Further results correspond-
ing to higher frequencies are given in reference (1), they show that when
diametra) modes are excited they can etther act as passing filters and thus
reduce the transmission loss or as hlocking modes.

Figure () show the effects of extended inlet and outlet
pipes within the chamber, These act as quarter-wavelength filters which give
hgh transmissfon-loss values whenever the length of the extended plpe, le,
1s given by Kle = pn/4, when o 1s any odd integer. The finfte element results
show this to be the case.

4.1 INSERTION LOSS
Figure (6) compares the trapsmission loss results with the insertion

losses calculated for the two situations shown in figure 1. There 1s an

enormous difference and in ane case, where the muffler is terminated {into

a semi~infinite space the insertlon loss shows negative values, thus the muf-

fler {5 enhancing the sound, where transmission loss cateulations would indi~
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cate a substantial reduction.

4,2 DISSIPATIVE MUFFLERS : LOCALLY REACTING DOUNDARIES

The calcutation of the transmission lass for an cxpansion chamber
having a cylindrical absorptive lining is not a simple matter, although design
procedures do exist. Sce Deranek (4). [t can be handled with a fintte
element medel by solving the general vquations 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 liner 1s attached, The terms
in [C1] and [CR] depend wpon the form of the Tiner impedance. In this model,
the 11ner was assumed to be localiy reacting with the impedances given by the

empirical equations developed by belany and Bazley (5). See also reference {2).

These equations allowed for a semi-rigid porous material in which the charac-
teristic Impedance was a functfon of the materfals 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 1n figure 6, these
show the changes which occur when the thickness of the liper is {ngreased.
With a thin 1{per, there i5 Tittle ehange from the unlined reactive case.

As the thickness increases, the mudtiple hump transmission loss character-
fstic of the reactive muffler 1s roeplaced by a single hump which has a max-
imum when the thickness of the 1ner 15 ‘approximately cqual' to a quarter
wavelength, Thus the maximum value occurs at lower frequencies as the thick-
ness 15 increased.

However, there comes a point when the thickness is too great and
the magnftude of the reflected wave from the hard boundary 15 small, 1n
which case the houndary fmpedance of the liner approaches the characteristic
impedance of the 1iner material and no further changes in the transmission
lors eceur,

DISSIPATIVE MUFFLERS WITH EXTENDED REACTION

An improved model of the acoustic 11ning 15 ohtained 1f the
assumption that the houndary 15 locally reacting is removed., In order to
achieve this an acoustic absorption eleément has heen developed based on a
Raylelgh mdel for a rigid-porous material, This clement 15 again hexahedral
in form and ts entirely compatible with the previcusly mentioned acoustice
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G.

element, The general form af the response within the medfium 1S again govern-
ed by an equation similar to (1), the differences with the acoustic equation
befng found {n 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
pubtished 1n reference (6).

The absorption elements can be Joined to acoustic elements by equat-
ing the pressures at the common node points. A typical axi-symmetric model
is shown (n Flgure 7; this represents a cylindrical expansion chamber with
a thick 1ining. Results for such a chamber are also shown. Yhen the rosise
tivity R = 0, the model {s then of a simple reactive chamber and the traps-
mission loss has the typical “squared sine wave" appearance. The 1ining great-
ty 1ncreases the trapsmission 1ass when the resistivity R = 10,000 Rayls/
metre . Although experiments need to be carried out to verify the results,
the general form aof the curve 1s in agreement with those obtained from lined
duct sflencers used in ventilating systems,

COMMENTS.
The use of acoustic finite elements for modelling silencer systems

has been deseribed.  The method at this stage is particularly valuahle when
difficult qgeometries are to be similated and for predicting the perfarmance
at Nhigh frequencies when the wavelength approaches the diameter of the expan-
slon chamber and one dimensional theories no Tonger apply. It 1s also use~
ful for medelling dissipative 1iners cither with, locally reacting model in
vhich there s no substantial fncrease in the size of the matrices compared
with the reactive case or with absorption elements. The method can easily
he apptied to Transmission koss or Insertion Loss calculations.

The contents of this paper are mafnly concerned with the work of
the author. However, the method has been applied to mufflers hy other authors
with some success. +0un9 and Crocker (8) calculated the transmission 1oss
of an expansion chanber using rectangular clements. Kagawa and Omote (9)
censfdered reactive nufflers using axi~symmetric ring elements and later
Kagawa, Yamatmchi and Mori (10) considered the transmissicen loss of a muffler
vith a sound absorbing wall,
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Fiqure 1

Figure Captions

Modets for Transmission Loss and Insertion Loss calculations.

fa) Transmission Loss (b) Insertion Loss ¢ Constant Velocity
source terminated in an infinite Yine (c) Insertion Loss Constant
yelocity source terminated infinite baffle,

Flgure 2
Flgure 3
Figure 4

Figure §

Flgure 6

Flgure 7

Flgure 8

The cight nede 1soparametric hexahedral element.
Two-dimension grid for an axi-symietric expansion chamber model.

Transmissfon Loss. vuvomparison of fintte olement results with
cxact one dimensional solution at different expansion ratios m,

Finite Element results for the effect of extended inlet and out-
1et plpes.

Comparison of Transmission Loss with Insertion Loss. Finite
element results. See Figure 1.

Transmissfon Loss for Expansion chamber with a cylindrical
absorbent 11ning. Impedance calculated using Delany & Dazley
equatfons. Figure shows effect of 1ining thickness, (m=a)

Ea The Ax{-symmetric Acoustic-Absorbent finite element grid.
b} Transmission-~Loss with and without any absorption.




+
[LIN

——ben b

J{ut~kz)

—

e Jlwt+hz)

(a}

(b)

{c)

HUFFLER ELENENT

-~ Uﬂ ‘?Mt

—r R

A~ MFINITE BAFFLE

SRR s g o "";T"" ATt
‘.L',"i(".*\A*ﬁffé‘;‘\hA‘F".",:-“n‘u},‘a“‘r_?m.\jg\‘u‘tsl-'\'f e M Er N R A



Fowrerw ol TV YINY S0l

5 NODE ISOPARAMETRIC
ACQUSTIC ELEMENT

Figure 2

410




3

7

-

fiqure 3

411




TL
(db)

m = 100

Figure 4

ALz !




e wl LAY DRIV JAN D

50]

|

=8¢

-

(k1)

e] = 0,0
¥

.]H = 0.6

Figure §
413




e & LT HYAT 020

0

4B

m=8

Fonsmisskn  Loss

Insertion  Loss ~ Infinite _ pipe
fermination,

—e~ . Insertion loss ~Open end

ie

Figure 6

AT4




AN S ITY HTAY 400

sl

20F
TL.
(dB

20 1

W0

Figure 7

15

R B T L T s P R
G ‘M}“'{p‘m 8 T IF G I N TRV T R LI S R PRRNADER A v ) TR
B E ATURORICHS TNH  Fe R I (Y -m..ﬁ:“{ﬁ..ﬂ.'-:Efqa:;‘,z;i;j}jzghyﬁ?é'{&:.

B



Abse rhtion E\en/qmﬁs

i 2 AT e 22 & AV
AT A B WA i A, GV A WA, S A
. b Py PArCd Wi i Ca Pl pednyd
-~ 8
1
: Ac.auﬂ-ic. Elamcnts')
i . 1O m, o
i e |
5. Acovstic - Absorbtion
Finite Element Grid.
P )
“-
0 Rr 10000 Cotd /o
AL
% .
| TL %]
| (@s) >
- “.
(b) n Bwo, 0
'y

:
:
3

------ —— . it n e ———urTWRETL



A COMPARISON OF SVATIC VS. DYNABMIC

TESTING PROCEDURES

FOR MUPFLER EVALURTION

w., L. Ronci
yo/21/17
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INTRODUCTION:

For the past ten years, Original bguapment exhaust systems have been
denigned to meet the requirements of SAE Test Procedurce J986Ga.  J9B6a
was the first nolse test standard for light vehicles in this country.
The original development work on the procedurce wags done in early 1966,
The standard wag first applied to new vehicles in 1967 and was
revised to ito current version in 1968.

SAE Test Procedure J906Ga formed the basis for the so-called California
Pausby Test. The Callfornia Passby Teot 15 reguired under California
Vohicle Code 27160, for new motor vehicles under 6,000 gross vehicle
walght, The code first became ceffcctive in 1968, It has been revised
twlce since, first in 1972 and again in 1973, when the current version
bacame effective, Tha California Pasuby Test procedure is defined
under Title 13, of the California Administrative Code.

A detalled compaxigson of the California Passby Test and the J9f06a
Pasaby Teat will discloane that there are differences between the two
procedures. In actual practice the differcnees are minor. Teot
regults obtained by the two procedures correlate extremely well.
Walker usen the SAE procedurc as specified by theilr Original Bquip-
ment customers,

J986a TEST PROCEDURE

To conduct the test, & sound level moter microphone is placed 50 feot
off to the side from the center llne of vohicle travel ap shown in
Pigure 1. ,The microphone is locoted four feet above the test surface,
The procedure calls for a flat open area, free from obatructions for
a diatanca of 100 feet in all dircetions,

Under the procedure, the tesat vehicle approaches the test section

at a ateady atato speed of 30 MPI. When the vehicle reaches 25 feet
from the teat polnt, it is accelcrated at wide open throttle. The
lowaat genxr ratio is used which will permlt at leaat 50 feet of
accelerating diatance without over speeding the engina. Passbys are
made undar- theso condltions in Loth directions and the maxinmum ob-
served total sound presaure level for cach passby is recorded. Tha
average of tha two higheat observations within two dBD of cach other
is reported as tha test value for the vehlele. The test results are
repprted for the noisier slde of the vehicle,

It should be emphasizaed that the California Passby Test regulated
only new vehicles sold in that state. It did not regulate existing
vehicles. Nox dld it regulate the roplacement of noisc~producing
or nolse-silencing components, nor of vehicle modifications which
incraense the total. vehicle noise.
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20" STATIC TEST PROCEDURE

Accordingly, the 1971 session of the Califernia Leglslature enacted
Vehicle Code 23130 which regulates aftermarket replacement exhaust
ayoptems. The Commisaioner of the California lighway Patrol was
dirccted to conduct a study to define procedurces and standards by
vhich exhaust systems could be certitficd aog meeting the established
allowable total wvehicle noisie levels. The California Highway Patrol
commissioned the Mchonnell Douglas Company to develop a certification
program, stationary test methodology and related law enforccment
techniques. The study formed the basis for the regulations promul-

gated in November of '75 under Title 13 of the California Adminlstrative

Code.

The test procedure adopted in the code wan the so-called California
20" sptatle test., The cholee of a static tewst procedure was based
in large measure on the ineffectiveness of the driveby teut proce=~
dure in urban arcas. ‘The coverage attainable using the driveby test
in urban arcas wau llinited becouse of the lack of suitable enforce-
ment sites with sufficient open arca and low ambicent noige levels.
Tha pasnby tost was more appropriate to rural highways or freeways.
Morcover, being a total vehicle noise test, it was unsuitable for
regulating replacement muffleru. There was no simple enforcement.
means to censura that a cited vehicle was subsequently made legal,

The 20" Statlec Teat Procedure specifies that the test be conducted

on an ocutdoor pavement or on a shop floor. A clear open arca around
the test pita of only ten feet Is required, The microphone location
is dependent upon tho-tailpipe routing as shown in Plgure 2. Typi-
eally it is located 20" from the end of the tallpipe, 45° off-axis,

at the height of the tallpipe exit. The procedure calla for opera-
tion of the vehicle, after a suitable warmup, at 3/4 of ratcd RPN,
with the transmission in neutral. The value reported for the exhauat
ayatem ia the higheot reading obtained, diaregarding extrancousa peaks.

CORRELATION STUDY

With the addition of a 20" Stotic Test Procedure which was to be-
come effective January 1, 1977, 1t wan evident that the potential
axisted for a dual design satandard for cxhaust asystem development,
Accoxdingly, Walker sot about to determine whether there was auffi-
clent correlation betwenn the two test mothods to permit the pre-
diction af atatic teat pexrformance based on driveby tests, which
wera currently hoing conducted for Original Equipment product.

The prime motivation for this wns to reduce the total engineexring
test load and to eastablish a single acoustle design and acceptance
test critaeria, Dats waa taken on o varicety of new vehiclea. A
repraorentative mixture of four, anix, and eight cylinder pastiengor
cars vere used Iin tha teats,
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A number of different types of mufflers were tested., These included
the Original EBguipment systems, with which the new vehicles came
cquipped, The Original BEquipment system sometimes incorporates a
amaller muffler or regsonateor. The system ig wsvally made up on one
or more asusemblics, with the pipe welded to the muffler. Figure 3
ghows a typical example of an O System asscembly.,  Welded agsemblies
are used to minimize the installation labor in the car factorien.
The 0.E. system is desidgned to mecet both the objective requirements
of J39086a and the particular car company's subjeoctive sound quality
a3 it relates to the image of Lhe vehiele in question.

Walker's regular aftermarket mufflers and resonators were also tested.
Reqular mufflers and resonators are sold ac sceparate units with the
gystem held together by elamps. Figure 4 shows a cut-away view of

a typical regular afteormarket muffler, Walker follows the practice,
which in common in the replacement exhaust syatem industry, of con-
polidating & number of Original Equipment designs into one after-
market denlgn in order to achieve some economies of scale in produc-
tion and to minimize the stecking and inventory problems that would
otherwlac exiot., Walker's, indeed the industry's, ability to pro-
vide the consumer with an cconomically priced replacement part, on

a moiment's notice, io heavily dependent upon itu ability to consoli-
date 0.5, hesigno.

The econstruction techniques and acouatie design techniques of
Walker's reqular muffler line is quite similar to the Origlnal
Bquipment, Figure 5 shows a cut-away view of an OB design for
comparigon, The subjective sound quality of the regular line con-
forma to Walker's own-corporate standarda for prefserving the Orig-
inal Equipment image of the vebicle, A Cadillac owner expects his
vehicle to sound like a Cadillacy a Corvette, like a Corvette.

Also included in the teuts were Walker's WACO mufflers. These are
a highly consolidated line for certain customers such ns K~Mart and
Montgomery-Hard., 'The line i3 bullt to the same high quality and
construction standardn as the regular line. Bushing adaptern are
used to accemmodate a wider variety of applications. On average
they are alightly smaller In slze than the regular aftermarket muf-
fler or the Ordginal Equipment design which they replace. Flgure 6
shows a cuk-~away view of a typical WACO unit.

Walker's Unitizod lino was tented ao well, The Unitized mufflox

is a 4" round tubular design with uawaged ends. This line has a
reasonably high dogyrece of consolidation. Generally it uses a "Tri-
flow" acowstic design (Sce Pigure 73 and is not as efflelent at

the low [frequencles begause of the amaller physieal volume, Single
and double tunced resonators arve not used.  The Unitized line was
introduced to satisfy the needs of car owners with oldexr vehicles,
who are lIntereated in cconomy.

et
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The f£ifth type of muffler included in the tests were glass pachkn.
Walker's glagss packs also cmploy a 4" round construction with
awaged enda.  In external appearance they look very mach like a
unitized muffler. Acoustically they are quite different. They
cmploy a straight thru design with a concentric perforated tube
surrounded by fiberglass, as shown in Figure B,  The design is
effective at absorbing high frequencies and is characterized by
a threaty, straigbt-thru sound guality. Generally it is both
objectively and subjectively louder than the other lines.

In total 305 gystems were tested using both the 20" static test
procedure and the J9%8Ga passby method. Fifty-nine Original Equip-
ment gyastems were evaluated along with 110 regular mufflers, 50
WACO units and a combined total of 86 Unitized and glass pack
vorglonag,

ANALYSIS OF RESULTS

The test data wayd analyzed using standard computer statistical
‘techniques.  The data wan examined in o variety of ways, Simple
statistics were deteriined for each test method and caeh elass
of muffler aystem; that ig, the mean, the range and the standazd

-deviation. The simple statistics, while not very informatlve,

are preacented in Tables I and 2.

Each class of muffler and the total population werce nubjected to
a corralation analysis from which the corrcelation cocfficient waa
datermined. A corrclation coefficient of one means o anc-to-one
corraspondence between the two Lest methods, A correlation cocffi-
client of 0 indlcates a totally random relationship between the

two tests, The rosults of the corrclation analysis are shown in
Table 3. It ia evident that there is no significant correlation
between the two. The data was also subjected to a reqrossion
analyais. From this, a beat, least-sguares relationship between
the two teat methods wan eatablicshed. The lack of correlation ia
very evident from the scatter diagrams shown in FPigures 9 thru 13.
It can be seen that the predictive accuracy of the J986n tesat ia
about I 20 to 30 dba.

From the analysin it ls appareant that there arce different accept-
anca criterla required for 0.5, and aftermarket product. It 13
evaldent one cannot eliminate the need for running both tests.

It was also evident that potentially differont design approaches
would be requicred for aftermarket and 0.8, product.

It appeared that the internal constructlon of tho mufflor affects
the relatlonship botween the test results cobtained by the two

. mathods, This is apparcnt from the difforent correlation cocffi-

clents for the regular, WACO and Unitized mufflars confligurations,
The {ncreased correlation shown by the Unitized and glasa pack
mufflers was probably attributable to the.lack of some low frequency
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tuning clewments in these degigng, and to the presence of a larger
conponent of exhaust naise in the passby toest,

The tedat regults lend credence to another get of conclusions that
can be recached about the process by which the two California laws
woere developed. A now vehicle law wad pasged first, which regu-
lated total vehicle noise without defining what the exhaust gystem
coptripution to it would be, and without adequate provisiony as to
haw exhaust noise would be regulated on older vehicles. Next an
aftermarket law was pagaed to requlate exhaust systoms. The end
result is two atandards of acceptance of exhaust systems which
bear 1L ttle relotionship to cach other., Perhaps this could have
been avodded had both 0.E. and aftermarket been considered togethor
from the atart.

Thatse 1ight vehicle standards have now been adopted almost without
chango by the atate of Ploride ond are being followed with intercst
by the state of Oregon, The ultimate ilmpact of these tests on the
industry 's ability to continue the fmportant practice of consolida-
tion i not yet fully known.

The federal government in presently developing a new set of accept-
ance criteria for pasaenger cars. This ope will probably be hased
on a totally different passby test. We have been meating here the
last few daya to dlacuss yet another criteria, this one a bench
tedt suitable for labeling exhaust system replacement parts.  The
question of correlation between these two federal test methodologle:
ghould be congidered from the ounaet ln thelr development.

The importance of considering tie impact of these now regulations

on tha industry's abllity to conusolidate Original Equipment designs
cannat ba overemphasized, Should the industry lose thia ability

and the numboer of replacement parts proliferate, the result would

be increased enginearing costs, shorter production runsa, lncreased
warahousing space and higher fnventory costs.  The and reault 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 vehicla.
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Mean Standard Range
Muffler Type value Peviation Lo 1l

o.E. 76.6 3.2 T1.7 g7.0
Ieqular 77.8 3.5 71.2 ag.2
WACO a0.0 1.2 74.4 80.2
Unitized & Glass Pack 40,7 1.1 73.13 94.0
Total Compoaite 70.8 4.0 71.2 54.0
J=906a Test Rogults
Table 1
. Moan Standard Range
Muffler Typse Value  Deviation Lo Hi
0.5, B4.4 1.6 78.1 92.1
Regular B5.4 1.5 78.2 95.8
WACO 06.6 1.3 79.0 46.9
Unltized & Glass Pack 92,2 5.3 B2.6 105.4
Total Composite B7.13 5.5 78.1 105.4

20" Static Teat Reoults

Table 2
Mngfler Type Correlation No. of
. Coefficient Ohacervatlons
0.k, . 245 59
Regular .333 . 110
WACO 202 50
Unitlzed & Glasa lack 451 f6

Total Compoaite ‘ A62 305
' Correlation Anulyalas Repults

Table 3

AZ0D ITHTIMAYV 1833
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Typical Original Fqauaipment Exhaust System

Figqure 3

Cutaway View - Reqular Aftermarket Muffleor
Figure 4
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Cut-away View - Typical OE Muffler

Figure §

Cut-awjy View -~ WACO Muffler

Figure 6
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Cut-away View - Unitized MufFler
Figqure 7

Cutaway Vicw - Glaus Pack Muffler
Figure B
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DISCUSSION OF PROPOSED SAE RECOMMENDED PRACTICE
A71207, MEASUREMENT PROCEDURE FOR DETEIRMINATION OF
SILENCER EFFECTIVINESS IN REDUCING ENGINE INTAKE Of EXIIAUST SOUND LEVEL

by
Larry J. Eriksson
Nelson Industries, Inc.

Stoughton, WI 53582

Presented at the
United States Invironmental Protection Agency
Burface Transportntion Exbaust Noise Synposium
Chicago, Illinois
October 11-13, 1077
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Discussion of Proposed SAL Recommended Practice
X01207, Measurement Procedure for Determination of
S1lencer Effectiveness in Reducing Engine Intake or Exhaust Sound Level
by
Larry J. Eriksson

Helson Industries, Inc.
Stoughton, Wisconsin

ABSTRACT

The development of Proposed SAE Recommended Practice XJ1207, Measurement
Procedure for Determination of Silencer Effectiveness in Reducing Engine
Intake or Exhaust Sound Level is reviewed. This Recormended Practice describes
a procedure for a measurement of the actual sound level produced. Successive
measurement may be performed to abtain relative performance values or insertion
loss. Various considerations in the writing of the procedure are discussed
and limitations 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 $1lencer Subcomittec 1n December of 1974, The objective
of this subcommittee was to develop "insertion loss measurement methoeds 1n
order to provide a rating for the respective devices." Since 1t was felt
that a single procedure was feasible for exhuust and intake silencers, the
standard was to he developed in close 1{ason with the Afr Cleaner Test Code

Subconmitiee of the SAE Engine Committee.

BACKGROUND
Membership was sought for the Exhaust and Induction S1lencer Subcommitten

(EI1S5C) from a broad spectrum of technical personnel including these involved
with exhaust silencers, {intake sfilencers, engines, and vehicle applicaticns,

An organizational meeting was held fn March of 1975 to review possible directions
for the Subcommittee's work, Humerous existing test procedures were reviewed

at this meeting as well as subsequent meetings. These 4ncluded SAE Recommended
Practice J1074, Engine Sound Level Measurement Procedure, and the SAE Recommended
Practice J1096, Measurement of Exterlor Sound Levels for Heavy Trucks Under

Stationary Conditfons, as well as procedures developed by such organizations as
L
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the Industrial Silencer Manufacturers Association (I1SMA} and Department of
Transportation (DOT). Although useful fdeas 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 YSLC charge to

the Subconmittee.

MAJOR CONSIDERATIONS
Two major areas of concern were discussed in detail. The first was the

type of noise source to be used in the evaluation of the silencer. Among
those considered were a speaker, a blower, and a standardized engine. Finaldly,
it was concluded that in order to obtain sufficient accuracy, compatible with
other SAE Recommendod Practices, 1t 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 arca discussed was the type of measurement that should
be made on the silencers. hga1n. a broad range of possibiiities were considered.
These included insertion loss, transmission Toss, transfer function, and actual
sound level. [t was concluded in this case that in order to meet the dual goals
of & test procedure that could be widely used as well as provide usable data
that could be related to other measurements, the actual sound level produced
with the silencer system installed on a 9iven 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 obtain relative

performance yajues or to silenced and unsiienced cases to obtain fnsertion loss

(1L).
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ADDITIONAL CONSIDERATIONS

Other areas discussed included the wide range of sizes of silencers,
engtnes, and test facilities that would be dnvelved fn using the desired test
procedure.  Hhile 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 light duty applications where
the available measurement distances are often considerably Tess than 15 metres
{50 feet),

It was alse concluded that the procedure should allow for measurements
in a free field above a reflecting plane. This may be obtained either In a
flat open spacc or scmi-anechoic chamber, The former offers the advantage
of a potentially better free-fleld condition, but also the disndéantage of
petentially more problems with ambient nofse, wind, temperature gradients,
ad other weather varfables. The latter approach, the scmi-anecholc chamber
requires extenstve wall treatment to obtain adequate free-field behavior,
hut offers better control over weather conditions and amblent nolse, In view
of these tradeoffs, the subcormittee decided to include hoth approaches with
specific requirements for both, This decision also resulted in data that were
more widely obtatnable as well as comparable to those obtained using other test

procedures usually performed outdoors,

INITIAL DRAFT

Follewing these discussfons, the first draft of the test procedure was
completed in Septenber of 1975, It included the aboeve factors and required
an isolated test celd contalning the specific engline to be used.in the measure-
ment with an adlacent free field above a reflecting plane. The exhaust or
intake system was to be piped to this open spnce'and placed in an orientation to

the ground as similar as possibie to the actwal end application, The piping
438
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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 noise was the only practical method to standardize
varfous test faciiities that might be used. However, all noise from the surface
of the s{lencer as well as the taillpipe must be 1ncluded in the measurement
along with noise from 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 ttotor Vehicle Council (MVC) 1n August of 1977,

COMMENTS ON FINAL DRAFT

Amony the areas receiving considerable attentfon during the various
revisions was {nstrumentation. The primary concern was to obtain suffic1ént
infarmation to determine that the engine was functioning properiy. The modgs
of enginc operation were alse reviewed in detafl. It was determined by the
subcommittee that the peak sound tevel could occur under a falrly wide variety
of conditions depending upon the specific silencer-engine combination being
tested, Thus, a steady state and varying speed mode arc required alang with
an acceleration test for governed engines. Fast dynamic response of the
sound level meter was selected for all modes as providiné adequate results
with minimum potential for error.

The final version of the test procedure does not include any measurement
of the restriction of the sflencer system. While thls {5 acknowledged to often
be an important parameter along withmany other specifications, it was not felt

to be directly related to the sound level measurement and as such vas excliuded,
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Because of the wide variety of test set-ups this procedure applies to,
1t 1s recommended that a photo or diagram of the test sct-up be included with

the test results,

LIMITATIONS

Among the 1imitations of this test procedure are the Jack of a direct
correlation to other overall vehicle pass-by tests as well as the lack of
specification of the subjective quailty of the exhaust or intake noise. This
aspect can be quite important for many appiications in which the overal)
A~welghted sound Tevel s not an adequate description of the acoustic acceptahility

of a sflencer.
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APPENDLIX A
Members of Subcowmnittee During Development

AMfiliation

Name
*J. Cah{11 {Sccretary) Stemco Manufacturing Co.
*p, Cheng Stemco Manufacturing Co.
H. Dreyer Halker Hanufacturing Co.
i *J, Dreznes United Air Cleaner
: *F, Egbert International Harvester Ce.
: *L. Eriksson {Chairman) fielson Industries, Inc.
R, Heath Walker Manufacturing Co.
i R. Hunt Stemco Manufacturing Co.
| S. Keehler flonaldson Co.
*K. Ligot Walker Manufacturing Co,
*K. Howak Cosmocon, Ltd.
*H., 0'hell Fram Corporation
*R. Palmer AP Parts Co.
C. Reinhart Donaldsen Co.
*D, Rowley Nonaldson Co.
G. Shaltz United Afr Cleaner |

*D. Thomas

. » « With contributions from many athers

* Current Members

441 4

!
B -

AR A AN A A A S R e SRS SN s O g G B
GG i




AQGD d Y IWAY 15358

APPENDIX B

MEASUREMENT PROCEDURE FOR DETERMINATION OF SILENCER
EFFECTIVINESS IN REDUCING ENGINE INTAKE OR EXHAUST SOUND LEVEL

xJ1207

1.0 Scope =~ This SAE Recommended Practice sets forth the instrumentation,
envirenment, and test procedures to be used in measuring the silencer system
effectiveness 1n reducing intake or oxhaust sound level of internal combustion
engines. The system shall include the fntake or exhaust silencer, related
piping and components. This procedure is intended for engine-dynamometer
testing and 1s not necessarily applicable to vehicle testing (sce Appendix
A). The effect of the exhaust or intake system on the sound level of the
overall machine must be determined using other procedures. This precedure
may be successively applied to varfous silencer configurations te determine
relative effectiveness, [nsertion loss for individua? sflencers 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 meots the Type 1 or SIA requirements of
?g?r;c?n National Standard Specification for Sound Level Meters, 51.4-1971
976

2.2 As an alternative to making direct measurements using a sound level meter,
a micraophone ar sound level meter may e used with a magnetic tape re-
corder and/or a graphic level recorder or indicating instrument, providing
the system meats the requirements of SAE Recormended Practice, Qun]1fy1ng
A Sound Data Acquisition System - J184,

2.3 A sound level calibrator having an accuracy within + 0.5 d. (See
paragraph 6.2.4.)

2.4 A windscreen may be used. The windscreen must not affect the microphona

response more than + 1 dB for frequencies of 20 ~ 4,000 Hz or + 1,6 df
for frequencies of #,000 -~ 10,000 Hz. {See pnnnqrnph 6.3.)
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2.5 If outside tests are befng perfgrmed, an ancmometer or other means for
determination of ambient wind spred having an accuracy within + 10% at
19 kmsh (12 mph).

2.6 A thermometer or other means for determination of amb&ent ang engine
fntake air temperature, having an accuracy within + 1°C (+ 2°F).

2.7 A thermometer or other means for determination ofofuel tsmperaturn at
the fuel pump inlet having an accuracy within + 1°C (+ 2°F).

2.8 A barometer or other means for determination of ambient and engine
intake air barometric pressure, havina an accuracy within + 0.5% of

the actual value.

2.9 A psychroneter or other means for determination of ambient and engine
intake air relative humidity, having an accuracy within + 5% of the
actual- value,

2,10 An engine dynamometer with engine speed and torque (or power) indicators
having an accuracy within + 2% of the rated engine speed and torque

(or power}.

2,11 A flowmeter or other means for determination of engine fuel rate having
an accuracy within + 1% of the rated fuel fiow,

3.0 _Envirorment - The silencer shall be measured in an enviromment such that
results are equivalent to those obtained in a free ficld above 4 reflecting
plane, Measurements may be made at a flat open space or- 1n an acoustically

equivalent test site as described in Appendix 8.

3.1 The flat open space or requivalent test site shall be free from the
effect of a large reflecting surface, such as a building or hillside
tocated within 30 m (100 ft? of either the silencer onening or micro-
phone. The area directly between the silencer opening and the micro-
phone shail be concrete or scaled asphalt with a total deviation of
+ 0.05m(+ 2 in,) from a plane extending at least 3.0 m (10 ft.) 1n all
directions from all points on the line segment betwcen the silencer
outlet and the microphone,

3.2 The ambient A-weighted sound level (inciuding wind effects and other
noise sources such as the engine) shall be at least 10 dB Tower than
the level being measured,

3.3 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 hehind the observer who {s reading the meter,
on a line through the microphone and the observer, or behind the silencer

under test,
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4.0 Procedure

1.1 The silencer shall be tested on the engine and silencer system for which
data will be reported,

4.2 The specified silencer system configuration shall provide for measurement
of the acoustical radiation from the surface of the silencer or silencers,
conneeting pipes, and the acoustical outlet of the system. This does not
include piping from the engine to the silencer. The silencer system
should be orfented in the same relative position to the ground as for
the actuai application. Any deviation must be reported with the test data,
A11 system connectfons are to be free from leaks, For determining the
insertion loss, the unsiienced system shall dinclude a pipe of physical
Tength cqual to the silencer.

4,3 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,

4.4 The engine shall be operated in the following modes after reaching normal
cperating conditions:

{a} Steady state mode ~ rated engine speed and full load,

{b} varying speed full lead mode - engine speed to be slowly varied
from rated speed to 2/3 of rated speed at wide open throttle,

For governed engines only:
{¢) Acceleration mode - accelerate the engine frem idie to governed

speed until the engine speed stabilizes, and return to fdle by
rapidly opening and ciosing the throttle under no load conditions.

5.0 Measurements

5.1 The microphone shall be located at a helght 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 s{iencer system. Other optfonal distances such as 7.5 m
{25 ft} may be used and awst be reported. The angular location of the
microphone relative to the silencer system opening shall be recorded,

5.2 The sound level meter shall be set for fast dynamic response and for the
A-weighted network,

5,3 Ffor the procedure specified In Paragraphs 4.3 and 4,4, report:

AQ00 STV IVAY 1538
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(n). Engine power and fuel rate as determined in Paragraph 4.3,

(b) Ambient wind speed, ambient temperature, ambient baremetric pressure,
ambient relative humidity, and ambient A-weighted sound levels for

the test site.

{c) Maximum A~weighted sound level measured for cach 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 {n
Section 4.2,

(f) The angular location and distance of the microphone relative to
the silencer opening,

(g} DOescription of the test configuration, including.all pertinent

It is essential that persons technically trafned and experienced in the
current techniques of sound measurement select the equipment and: conduct

lengths.
6.0 General Comrments
6.1
the tests.
6.2

Proper use of all test instrumentation is cssential to obtain valid
measurements, Operating manuals or other Yiterature furnished by the
{nstrument and manufacturer should be referred to for both recemmended
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 1ts orientation relative to the ground plane and source of

nofse,

6.2.2 The effects of ambient weather conditions on the performance of
all instruments {for example, temperature, humidity, and barometric
pressura). Instrumentation can be influenced by low temperature
and caution should be exercised,

6.2,3 Proper signal levels, terminating impcdances, and cable lengths
on multi~instrument measurement systems,

6.2.4 - Proper acoustical calibration procedure, to 1nclude the inflvence
of extension cables, ete, Field calibration shall be made immediately
befare and after each test sequence. Internal calibration means
{5 acceptable for ficld use, provided that external calibration
is accomplished immediately before and after field use,
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6,3 It 1s rccommended that measurcments be made only when wind speed {5 below
19 km/h (12 mph).

6.4 It is recommiended that a drawing or photograph of the test configuration
be included in the reported results.

7.0 References - Documents referenced in this Recommended Practice are:

7.1 ANSI 51.4-1971 (R1976), Specification for Sound Level Meters.
7.2 SAE J184, Qualifying a Sound Data Acquisition Systcm.
7.3 ANSI 51.13-1971 (R1976), Methods for Measurement of Sound Pressure Levels,

AlST documents available from American National Stds, Inst,, 1430 Broadway,
New York, NY 10018,
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APPENDIX A

A typical test layout may incliude an enginc-dynamometer located in an acoustically
' {1solated test cell adjacent to the test site. The piping from the engine to

the silencer should extend from the {solated 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. A1l 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 from the silencer and connecting pipes, but not including the
piping from the engine to the silencer. The test site may consist of a flat

open space or acousticatly cquivalent indoor or outdoor test site.

APPENDIX B

If a facility other than a flat open space {Paragraph 3.1) 1s used, the

A-waighted sound level from a broad band sound source must not deviate aver
the test distance from the response in a free field above a rveflecting plane
: mare than + 1 dB, Heasurement considerations in American Hational Standard
Metheds for Heasurcment of Sound Pressure Levels, ANSI §1.13 - 1971 {R1976),

shall be used,

.
;
)
i
|
|
|
i
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A Theotetlcal Examination of the Relevant Parametera

for Dynamometar Taating of 2-Cycle Englne Mufflers
by

Profesnor G. I's Blalr

Depactment of Mochanical and Industrial Engloeering,
The Quaen'a Univarsity of Belfaat

i
|
| Abatract
i
|

A powerful dealgn tool han been developed for tha prediction of
nolpa and performance characteristica for two-stroka cycle enginca of
thu type used for potorcyclen, chainnawvas, ouchoard marine unics, or
anowmobilea, Hera it fs uaed to asseos the various parametera fnvolved
; in dynamomater tasting of an angina when flcted with an oxhaunt mulfler
by comparlaon with the normal utillzation of the product. A mororcycla
exaple {a usad to fllustrate the mevaral problems Inhexent in such a
technique and tha effectivenean af the computer program in providing
aolutfons to them., The precimre usage of the computer pragram {s presented

in an appandix.
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1.1

datraduct ion

The history of the internal combustion engine is peppered with
theorctician. whose drean it iv to prediet the performance of aome
patrticular unit, or type, The higtory of i.e. engine uilencers, or
wufflers as they are referred to in the United States, in cqually laced
with theoreticians with aboolute degign pretensions. 1t han alwayn
amazed this author that the former group rarely Include the detodled
geometty of an exhaust (or intake) allencer as part and parcel of their
design [or cagine power or efficiency and that the latter aection will
checrfully deaipn a muffler in acoustic, pacudo-acoudtic, or in
alectrically analagoua termn an Lf the engine barely existed. Yer

tha interrelation of these componenta is all too sbvious.

Tha blunt truth la that deaignera of elthar type have, with gom
notable exceptions, falled to attempt thelr theotetical deslgn procedures
based on reality, namaly the mathematical tracing of the thermodynamic
sLALS, poittion and velocity for every particle of gan from the tlme Lt
entara the "ayatem” untll it lnavea it. The “aywton” is of couran the
engine and ica Intake and exhauat allencers, Sheuld auch a c¢alculatlon
ba-cnrrled out then In engine terma itw parformance charactoristica can
be dnduced as power, torque, fuel and air conmumption and thermal efficiency
at some parklcular rotational apead and in nolne terms the acparated
intake and exhaust nelee spectra and levala can be determined at any
desired location in apace from thelr sources at the “pystem'. That 8
a deaign procedure, for then the effect of changing tha maat decailed

of guomatry on hoth nelae and performance can be evaluvatad,

Tt will be noted in the forsgelng that no meation hna been made of
two~atxoke or four-stroke cycle, Maanl or apark~ignltion, rotaty or
rackprocxting piaton, supar/turbo-chargod or naturally aspiraced ungine;

nox i thaxe need.fo for the theories ‘of unateady gas dynamica are aa
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catholic in application as the particles of air are non-sectarian on

the topic of lnto which engine type they shiould be ingested.

2.1 Theory

Computer programs can, and have, heen asasembled for the derivation
of performance charocteristics for most of the enpine types fisted in 1.1,
but not many of these solutions have been extended to deriving the intake
md exbaust nolse opectra ereated.  In the appendix to thia paper there
in o veport bssued from the Queen’sa University of Belfaut, report Ho.l096,
degeribing the Loput and output data from such o enleulation for a
ningle~cylinder, naturally aspirated, apati~ignition, gasoline burning,
crankeate compreasion, two-stroke cycle engine; scveral species of fntake
valving can be catered for an can the most complex geometry for the "aynten”
for this common type of i.c, engine. The references lu that appendix
dancribe the backgrownd eapevimentnl and theoratical work ever the lant
thirteen yenra and the levul of correlation hetween mensursment and
coleulation which vow justifies the computational wechod as a working

dealgn tool. TFurther diacussion here would be verbinge.

One of cthe computer programs, type GPD2, will be used here to 1llustrate
the vaclous problems asnociatud with teating mufflers on a dynamometer
as a mopnn of evaluatipg thelr performance In thelr natural snvironment.
An can ba anen in the appendix, program GPB2 dencribien a cypieal ningle-
cylinder engine with piacon cancrolied inlet porcing and having a
performance tuned exhaust system but with exhaust eilencer conaisting of
four expunnlon boxea in series and with o single expanaion hox type of
inductlon allencer. The actual datn used in for an exiating 250 cmd
machlne sold in the United Stutes for 'enduro' or 'desart' racing., A
listing of the 'atandard! daca is nhown in Fig.) with certaln of the

valuea covored, for bhe data and the englne form part of a desfgn developed
451
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2.2

2.2.1

2,2.2

ot QUB Tor a particular mapufacturer and are counsequently of gome
confidentiality, Also shoun on Fig.l ia the output for the peak
horuepower apeed of 3000 rev/min and the deseription of the symboln

sid the data pomenclature is piven in the appendisx,

Theoretical nolutions to some problem dredas

When a motoreyele engine io being tented on a dynamoneter, either without
or withia its production chansgin, and a microphone in placed in the
dynamometer teat arca,unleas aeme acoustic cover is provided for it

then it will teceord tiw aummatious of the various welse gources, namaly
intake, exhaunt and mechanical moine, 1o the nomenclature for program
CPH2 the microphone {o ponitioned at diatance RFATHLI and RPATIHE from che
intake and exhaunt nolse sourcen. The program provides no {nfoomat fon

au to mechanicnl noise leveln.

The poanible eaperimental soluiion te the dynamometer asaendrent
of the effcctivennsaor atherwiose of an exltnuat aulfler would be to
acountically shield the entire teat area but have the exhaunt oriflce
appear autalde that slicld aond the positicnfug of the microphone at

REATHE from that orlflce becomes a lesns critical [actor.

A theoregical examlnation of theae posnibilitics appears in acction
2.2.1 by comparison with the ooise made felacly by incake and exhauvat
noise sources umder the test conditions imposed by typleal aceeleration
tent procedurea at 7,5 or 15.0 m emplayed by several legialatdve

autheritiaa.

One of the simplest methods of sllencing any eupine device s to throttle

the Iintake or exbnust aystems; chin han the diatinet commareial ana
ecologleal disadvancage ln that, almust certalnly, eogine perfarmanca

and afficlepcy dateciorate reapectively, Ao exsmination of the affectivenasa

ar otherwise of this approach {n discussed in section 3,2.2.
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2,2.3 Under acceleration test conditions on a brack the vehicle pasnes through
a torque amd power ppeed range as well as a poine-gspeed reloted spectrum,
The theoreticenl program allows one to examine in detail the performance
and noloae-apecd opectrum in detail and permits the redeaipn of the silencer
to s to eliminnte the worat noise case at a particular specd polnt without
roducing the overall engine performance; for it is that 'worst' noine
point which will register on an aceeleration test. Some viders of
motorcycles have demonstrated their ability to record lovwer (by 1 or 2 dBy)
nolne valuen under acceleraclon test conditions and this Is managed by
their instinctive ability to hold chat 'worst' nelsc-speed point Lu be
either well before or well after the minimum micraphone to machine diatance

point. Furcther dincussion of thins ia contained in scction 3.2.1 wherve

actunl valuea are quoted.

2.2.,4 Ona of the difficult asvosament problems an to the offectivencwss ot
-otherwioe of an exhaust muffler, and it applies equally to dypamometer

and accaleration truck testing, in when an exhaust muffler in bulng
employad fn the prescnce of an intake noiae level whieh s either equal
ta, or {n In cxcean of, that emanationg from the exbaust source. The sama
comments apply Rqually to mechanical nolae but that la outaide the scope
of the theogeticnl axamination hera, Discusaion of this probtlem with
prediceiona from program GPA2 to aaaint in icm [llumination are presented

in section 3,2,3.
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3.1

3.2.1

Discunsion

The information presented here is but a mlnor Craction of the total
avallable from the several computer tuns invelved In numerfeally
highlighting the general noture of potentinl problems in aeetionn

2.0,1 to 2,2.4,

A wunmary of the main performance characterintics of the ecogine are
ghown In Fig.2 over the apead range between 5000 - 8000 revimin which
tould be that cmployed for a cypical accelerntion test, icrospective of
microphene positioning aud tear conditions, DPreoscoted on Fig.2 are
both experimental and theogetfcal values at cach speed point for

powar (bhp), delivery ratio and brake apecific fucl consumption (ib/hp.hr).
The thooratical values are predicted by the program GPB2 for the lated
data in Fig.1 and the axperimentnl or measured values were provided by
tha englne manufacturer; thus not all thcoretical values predictoad here
have a measuced equivalent., The engine io running at full throttle
bach theoretically and on the measured dyno test data, and as it would
be for an nceeleration noise teat, The theurecienlfeaperimental

correlation is quite good.

"Accelearation Teat"

The contribution of the intake and exbaust noine nources to the
averall noine levela at each opeed polnt an the "acceleration’ test
are shown in Flg.3, aa predicted theoretically for microphone posltions
of 15.0 m for beth sources. The noise leveln on Fig.d are computed
as dba while the equivalent dota for the same situation buc with total
nolsa levels calculated are plotted aa dBLIN on Fig.h, It can be neen
that the intake nelnr is lower than the exhaust nodse In general, but
has twa quite diatinct pesks at 5500 and 7000 gev/min, 1t will be

noted that the peak exhauat noise occura ac 6500 rev/min. . The
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000 rev/min, irrespective of - hether the woine recording occurs by
ditn or DBLIN criterin. ‘The overnll neise/apeed spectram in quite
flat, produced mainly by a neisier and "f1ae" exhavst nolsefapeed
characterinstic, Should the intake noine have been at a higher level
a totally different situation would have occurred.

A Teut Muffler Problem

The kernel of a potential problem for muffler asecosment appears
here; lat un ansume for o momenc that the above defined oystem pansed
the “test", just, Lot us suppone that a new exhoust mulCler in to bLe
asgtesaed and ic i found that thin alternative device has o neise/upeed .
chinracteristic no higher in peak value than the standard unic, at r
75.9 dbn, but the peak occurs at 7000 rev/min and not at the 6500 ruv/min
for the inicial eilepcer, The nett effect would be that the peak intnke
and exhaust nolse/speed polnen would colncide and produce a peak noine at
6500 rev/min perhaps 2400 higher than the current highest valuo, Does

this nilenner then fadl the "acceleration" test; almost cevtoainly for

the puaks tend to get gvecorded!

i
I
i
|
|

Typleal Nolne Spectra

The progeam predicto che intake, exbausc and overall nolac spectra
at vhataver Independent microphone ponition in sclected. Present in
Fig.5 ia the nolee wpectra from the 7000 rev/min poaitionn in the
calenacionn discussed above, It can he secn that the principal nource

of nolne is the peak in the cxhaust nolse apectrum batween 450 and 700 Mz,

whernan the Intake nolne apectrum hoas a dip at thae posltion, othetwine

tha ovarall nolse pank would liave beep even hiigher. It can be seen that

the exbaust nolse spectrum falls off capidly after 1000 Uz wherean the

incake mpectrum acays very flat until 2000 Bz, The combination of theae

i twa characteristica reaults in a auntalned nolse source with o relatively

: flat overall realdual apectrum, influcnces the overall sound level and

should be the fraquency to be tackled by (say) a sultable afde rvuesonater

“element in any redenign of the unie,
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Hicrophone Positioning

In a4 dynamometer tent situation where the intake (and mechanical)
unelse fa not shielded from the micrephone which is being uned to
record (or attempt to tecord) the exhaust noise then the mierophone

ponitioning becomes critical. The relatively obvious conclusfon Inm to

place it ag close to the exhaunt noise outlet as is practical, An attempt

to illustrate this point is made in Figs, 6 and 7 In the form of tabular

data and in Fig.0 am a graphical representation,

In Flg.6 14 shown the intake, exhoust and overall aound preasure
levaela (dia) for several combinaciona of microphone posicioning telative
to the focake source polnt (RPATHI) and the exbnust outlet (RPATHE),
with the relative posltioning being mostly 0.5 m nearcer to the inlat
in monat casen for dyno work and 7.5/7.5 or 15.0/15.0 m to represent
the acceleration equivalent. The revorae altuation is shown in Fig.6
vhera the microphone in more logically placed cloper to tho exhauat

putlat,

At aqual/equal microphone positfoning it will be rememhered that
the cahaust noles is some 2dR groater ovorall than the Lntake leval,
A clone axamination of the figures revenla tho relatively ohvious,
namaly, tha cloner ane appronches the exhaust outlet with the microphena
the mare neacly doas the exhiiast nofise level and the overall nolne
laval colncide. Thua any carelens ponitioning of the microplione, auch
as poaltlonlog (b) er () dn Fig.6, woald mitigate againat any clear
anseaspent of a | or 2dR difference In the performance of any particular
exhaunt mufflar, The curves of nols: levels for intake and axhauat
nofipe at varioua lndependent microplone positions are shown togacher
on Pig.A. Hhile equal/equal microphone positioning preducen an
appraximataly constant 2d8 difforencial, the diffarenclal microphone

posicioning for equal noime levela from both sources incy asca with
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3. 2.2

distance. In other words at loOdB noine level from both sources
the differential microphone positioning is 0.2 m at about 0.75 m median
value but for 76dB equality the differentinl spacing ig 3,2 mon 4 12,3

median point,

Clase pooitioning of the microphone te the exhaunt outlet would not
naceasarily tequire the acountle shielding of other noise sourcea for

dynrmomecar test purposes.

Throttling the Exhaust Outlot

The four-box nilencer uacd in the relatively simplo ailencer
deaign dlacussed in the previoun acctionn hag basically four elementa of
different volumes connected by 24 mm dlometer tubes. The calculation
ac 7000 rev/min wnn repeated for a micraphoﬁe positioning of 7.5/7.5 m
equality of discance from Inctake and exhausnt {nlet/outlets reapectively.
It will be remembered that 7000 rev/mian was the highesat oolse poinc on
the noige/npecd charvacteristie, In each of five calculaclonn the diamcters
pol, DOLR, DD2 and DU2R wera changed auccesaively Lrom 16,0 to 18.0 to
20.0 to iz.o and to 2.0 mm; tha latter value belng the origlinal atandard
calculation. Ip other words the Final outlet tube diameter wam changed
from 16,0 pm to the atandard 24,0 mm value in acveral atepa. The rosulta
for powar, dellvery watio, brake apecific fuel conaumption and exhauvat,

Intake and everall nelaa are ahown on Fig.9.

Thexa ia no doubt that throctling the exhaunt ouklet down to 16,0 mm
from 26,0 ma diomuter certalnly reduces the overall nolae by mome 4AdB,
but mors aignificantly to below the lavels for the f{ntake nolnan which now
becoman the predominant acurce. The cquality of nolre level occura ak
an cutlat diameter of 22 mm; hare tha overall nofac level ia raduced hy
Juet 1,5 dB for 0,5 hp penalty in power and pone in fuel conaurption.

Significencly, alchough the alr flow was teduced by aome 2% the incake

-neise alightly increaned,
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2.1

Further throttling to 16,4 mm produces a conslderable drop in
power (6 hp}, n deterioration in engine efflclency (the bafc increased
by wome 10%); while the air [low rate decreased by aome 152 the intake
nolse barely aleered, imdeed it actually increased by ldB ac .the point

where the outlet dlameter was 20 mmn.

It can be neen that in any muffler assessment program, a device
which im overly rveatrictive on the entire ayatem reduces both engine
powar and cfficiancy, and must be recognised and categorired am such a
duvico, The teac methods should be capable of differentiating betwaen
the silencer which is allowing the engine to groduce its rated power
and efficlency within the nolso Limite and the badly designed or produced
device which dnratea the power unit mo an to £it within che legislative
framework, In theae egologleaily-conocloun dayn ratention of high englne

tharmal efficlency Is am Important na excessive noino,

In acction 1.2.1 the {mportance of the deaign of the intoke ajitencar
wag pointed aut; parciculacly emphanlzed was the neccasity to enmuxa
that the nofne peak In the Intake spectrum did not coincide with that

from che axhauvat ayatem,
*

On tha "acandard” englne the intake box, Bax &, had a voluma of
7200 cm? with a 40 mm outlet tube diametar (all diamacera PS1 ~ DS2R),
Thlz was replaced by a umn}lar box, Box 2, of 2500 cm? volume and a
cubr of A4 pm diamater of the aame length. This wan so arranged as to
produce the anma ctatal alr flow at 7000 rev/min and tharefore the eame
power from the engine with a common "Atandacd™ exhauat ayscem for aach
"papec~engina computer~dynamometar teat' situation. The axhaust nolan

is unalrarad in consequence,

The overall noime (intake) levnla and thalr fraquency mpectrum
ara shown in Fig.10 and the firat point to be obavcved ia preacly

ineceancd oyarall smound prensure lavel peak (dBLIN)'At the firut
459
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hatmonic (116.7 liz). It is at cthis point that one muat obacrve that
one hap grave doubta about the legitimacy of the A-welghting facror at
thin frequency; for Le nosured that ahould one ride n motorcycle with
such a replacement (Box 2) intake silencer box chen this low frequency
noigse peak would be obtrusive and unpleanant. Aa the Eacte atand the
application of tho A=welipghting characteriatic proluces an overall sound
level for Box 2 only 0.6¢D higher chan the original denign. Terhapa

it in time to reconalder the application of a total sound pressure

level (dBLIN) eritorla for leghalative purpoaca,

Concluslona

The theoretical proceduran fllusctrated hiere ahow tho uaefulneas of a
dealgn tool which ia that in a true nenne; It has the capabllity to reveal
the separate intake and exhaust nofoe production at independent distance
ansensment pointa as well an tho intaraction of the intake and exhauat mulflera

on the engine and Lta performance parametera,

The program here ia oriented towarda the two~cycle motorcycle, ouchboard,
snowmobila, chainsaw, or industrial engine typej thera fa no thearecical
harrier to itn application to any Internal combuatlion enplne which Inhalea or

axhales in the commonly unsteady manner,
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HICHOMIONE  POSITIONS

RPATIVL REATHE INTAKE JdDA ERHAUST dBA QVERALL HOLISE dbA
{a) 0.25 0,75 108.6 101.1 109.3
{b) 0.5 1.0 102.6 98.6 104.1
(c) 1.0 1.5 96,6 95.1 98.9
() 2.0 2.5 90,6 90.6 93.6
(e) 7.5 7.5 9.1 1.1 83.2
(£) 15.0 15.0 73.1 75.1 77.2

FiG. & - MICROPHOME DPLACED NEARER TO INTAKE  SOURCE

MICROPHONE  POSITEONS

REATHI  RPATIE  INTAKE dBA  EXIAUST dBA  OVERALL NOISE dbBa
() 0,75 0.25 99.1 110.6 110.9
) 1,0 0.5 96,6 104.6 105,3
(c) 1.5 1.0 93.1 96,6 99.7
(4) 2.5 2.0 88.6 92.6 9.1
(e) 7.5 7.5 79.1 1.1 63.2
¢ 15,0 15.0 73.1 75.1 77.2

_ ¥IG, 7 ~ HICROPHONE PLACER NEARER TO EXUAUST SOURCE
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Report Ho.1096 of Tha Queen'n Univaraity of Delfant
on A Computor Program for the Prediction of Holae and
Parformance Charactocincica of a Two~Cycle Enpine

by
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A Computer Frogram for the
Prediction of Nolse and Performance
Characceriastics of a Two-Cycle Englne
by
Professor G. P. Blair

Report No.1096

Summary

Thin report contelne a dencription of che daca shecka for che

uan of a computer progran called "THROUGHFLOW" which prediccn

the performence charactarfatica of power, torqua, fual

consumption, air flow, atc,, as wall as Lha snpsrate fintake

and exhauat noiaas spectra and thelr overall separate and

combined nolsa levela., A bredef description of the input and output
data ia included, an la fefarence material for furthexr atudy and

as background materlal and as exparimental proof of the accuracy

nf tha predlction mathad,

Ashby Institute, Strapmillls Road, Delfast 8T8 FAH  Telephons 49333 Telex 74487
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TRROUGHFLOW' ~ & computer program to predict the performuice
and nodse characteriatics of a crankease comu{gnﬁiuu two-stroke

cycle enpine

Ranearch work at The Queen's University of Belfast over the period
1964 to the prement day has been aimed at understanding the unsteady gas
flow behaviour of all types of engines, two and four-stroke cycle, Divscl
or spack ignition, supercharged or naturally aspirated, with reciprocating

or rotary piston machanisma,

Recent work published by Blair and Coheoon (1), Blair and Ashe (2) amd
Blair (3} alows how thia resecorch work hay moved with 8 natural progresaion
from prediction of gna flow chrough the englne to direct evaluation of the
engine'a performance characterintics of power, torqgue and specific fuel
copsumption, Relacted work by Hialrc and Coatea (4) and (5) deseribed the
mathod of evaluating gno-borno noiac created by pulaanting pipe syastems and
thia han now been incorporated with the above-mentioned predletion computer
program to glve noise characterintica for the intake and axhaust ayatema

or chalr comhined effact.

The data sheeta which follow this acction detall the geometrical
datalla of the naturally anpirated, gasoline burning, erankcanc compressaion,
apark dgniclion two-atroke cycla engines which can be analyaed with chia
program. There ace several variatiomof intake and exhaust ayatema which
can be handled, and [op tha acveral types of induction syatem auch nal piaton,

reed and diae valve concrol.

The main types of engine handled aro
(a) exhauac tuped wnitn (motorcycles and anowmobilea}
(b) non~exhaust tuned enginen (Induatciata, chaipsawn, jaommowera)

(¢) the "in-betwean' unlcte or part exhauat tuned (outhoacda)

The algnnture of the programs applying mainly to unite typlfled In

(a) arn;-

GPB2 and  GPRG
47

ST T r A
ST B O A Y G T e

) e r——— e R — e — o



A0 TIGVUVAY 1839

The wignature of the programg applylne mainly to units typified in (b) and
(c) aret-

GllL, CPB3 and GPBS
The middie inicial P refers to the program indexing a "piston~ported"
induction procena, with tha data oriented in sequence ta sule that program,
Middle infcials R and D refer to "recd-valve" aml "disc—valve"” induction
characterintics. In othet words prograw GPBL refers to o piston-ported
induscrial engine with a slngle cxhaust and a single intake box silencer {see
data aheat later) and prograsnGRIL and GDI would colculate che alternate
nolae and performance characceristics for the same systems buc for 'reed’

and *diac' valvad unita.

The numeric aymbol 1 ~ 6 dofinen the type of exhaunt aystem attached to
tha englne, all unita having a ningle "bon and tube" intake ailencer. To
{1lusexate this, apart from sxamining the nketchea in the dara shecta which
follow ~
Program GPB)  haa n alngle box/tube axhanat silencer, without a tuned exhaust
ayatem,

Program CPB2 han A aat of four hox/tube exhauat nilencera, with a tuned
nyatas,

Program GPQ; hna two box/tuhe allencern, without a tuncd exhauat aystem,

Program GPAS  has two hox/tube silencera wicth one tube perforated, and without
& tuned exhaunt aystem,

Program GPRE haa a nlngle perforated tuhe ailencer and a tuned exhauar pipe

Ayotem,

The following page, Flg.A, £n a reproduction of an nctual computar autput

for program CPAL - a pleton~parted dnduction unlt, actunlly of the chainaaw typa.

Tha firat half of the 'output' from the program ia the "fnput” data an
epecified in tha data aheata which follow and In the exact order of the data

Mated in that section. In othar words from BORE to ATOF (cylinder bors, mm

to alx to fual racle) is-the data lipting far the engina, Tha unlca are metrie
72
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{81) and Yinear dimensions are mm, with exhaunt tempernture (THAL) liated
an "C,

The second half of the output is the result af the caleculntions for tha
Lirat alx cyclen of the engine running on the computer as a ‘paper engine',
with tha £ifth aud aixth cycle calculationn printed out for power BNP, Hrake
apecific fuel conaumption BSFC, ete., at the input value of engine speed, RPM.
The nolse calculationa, mpectrum or overall wialues are for the lftut(nlntli)

cycle only.

The pressure~crankshalt angle picltures are alao drawn by the computer
graph plotter for the laat (sixth) cycle calculatlon, aee Flg.B, and an
axplanatlon of the relevance of the partfcular graphs {s written on that

figure,
Tha cutput containa symbols defined below:

REM: engine apoad rav/min (alno an Loput data value)
FOWER? engina puowar as
BHP =~  bhased on brake horacpower (746W)
or KW ~ kilowattn, kW
BEFC: braka apecific fuel conmumption ns
LB~ 1h/hp he
ot KG  ~ kg/kH h
BMEP) bhrake menan affective pressurn an
FSL ~ 1b/in?
or  KPA -~ kPa
IMEP; indicated menn affnctive prassure an
Pal - 1h/in?
or KPA ~ kPa
PUMFMEP; crapkcaae pumping moan effective prassure as
PSI ~ 1h/in?

er  KPA ~ kPa
AT
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FHEL: friction mean effective pressure as
PSL - lb/in?
ot KPA =~ kPa
PR3 delivery rotio dellned an

mans alr £low Induced per cycle
muts of englne's awept valume at STP

- whare 5TP is "srandard temperature (207 and presgure
(760 mm lig ovr 101,320 kPa)"
cE charging efficiency defined an

mass of air trapped per eycle
mnaa of engine's awept volume at STP

TE: teappling efficlency delined as

masn of alx trapped por cycle
mang of aip induced per cycle

SEt acavenging efficlency defined as

maas of air teapped per cycle
total masa trapped per cycle

(also can he gren as "trapped charge puricy')

T'IRAP: erapplug preasurs, or prassure nt exhaust port cloaure in
unics of At

PREL: roleass preasure, or pressura at exhauat part opening In

wnita of arm,

PHAX: maxkmuim eyl inder pressure during combustion in wnits of atm,
THALa alno an dnput value, exhaust temperature, .
HCAV: SCAVDEG, the nunber of degrees of ‘pecfoct' acavenging aftar

tranafer port opening, For'a fuller explanation ver rolerenca (2).

The nexat section of cutput dealn with the nolse output analysed over
the lant (akxth) cycle of calculation, Tha firat part abows the nolss spectrum
for the firat to tha nth harmonlc up te a maximum of frequency of 2000 Hz
applied to tha intake ayatem and the exhanst syntem at thelr respective
distance (RPATHI and RPATHE) from the 'microphone’, Also shown is the totn}

or overall nolme spectra, the combined nolse apectra of che fntaka~hnd axhaust

474
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system. The valuen are in dB and are analyned an LIN (overall sound prespure
level in dB) or ag AWT (weipghted accerding to the A-weighting vcale factors
in din).

The laat line of the output shows the nummation of all of thene spectra

to give the total intake noinc (LIN and AWP), the total exhaunt noive (LIN

and AWT), oawl the conbhined noine for both neise sources (LIN and AWT).

The graphical output In Fig.B shows the pressure-~time historics in two
setn, for reasons of clarity.
Gat It at the top of the plecture ave the crankcase and Inlet port presaurcs
{in actm.) with the horizontal tine belng ntmospheric preasure
(1.0 atm,).
Sar Il: at thae battom of the plcture are the cylinder, exhauat port and the
(middle of) tranafer duct proasucen {in atm.) with the horlzontal

line baing atmonpheric prassura (1.0 atm.).

Tha x~axin of tha plicturas run Lrom TDC to TDC (on the aixth cycla) or
260% crankohafc whera BDC at 180° s the centrr of the pleture, TPC and DNC
rafer to top~dead-centra and hottom~dend-centre piaton poaltions reapectively.
Tha vertical Lines drawn on tha diagram; apart from TRC, BIC and TDC are 10
and 1C (inlex port opening and claning), TO and TC (trannfer port opaning aod

cloning), and EQ and £C {exhnuat port opening and cloaing).
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Data Sheet for "Throuph{low" - a complete ncavenging,
{nduction and cxhaust annlynis of o crankcaase
compredsion two-atroke cycle eugine.

'rofeavor G,

ENGINE NANE

ENGIME TYPE

NO. 0OF CYLINDERS

INDUCTION SYSTEM: (o) Piscon ported
(b) Dine Valve

(e) Need Valve

P, Blair

Dimanaion Symbol Unics

lata Value

2,
3
h,
5.

7.
a,
2,

Cylinder Nore, diameter DORE o
Cylinder Stroke, length STROKE i
Connecting rod cencres, length CHIL. mm
Crankphaft speed RI'M Rev/min
Eahaunt port timing, at opening, EXUS0PEN degrees
degrecs ATDC
Trannfaxr porc timing at opening, TRANSOPEN | degreca
degreea ATIC
Inlet port opening, degrees BTDC FNODIEN degrern
Cylinder trapped compranalon vatioc | THAPCR
Crarkcame peometric comprasalon CRANKCR
sacho, Ancluding crannfer duct
volunwe
OR Crankcase clearance volume CRANKCVOI, cmd

includipg volume of all
tranafer docta

|

e

TABLE X

fee Figa.l and 2, {or further detalls
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Fig.}

Fig.2 Crankohaft pasicion nliown at bottom dead centxa,

volume trapped

Crankahaft ponition ahown at exhauat clonlop

position, usually DXNSOPEN deg nrne.

VOLUME  TRAPLED

TRAPCR = TTgRANCE . VOLUNE  of

CUAMBER WITH TISTON

N/

CUMBUSTLON
at  The

CRANKCVOL, cm?

rranafer ducts ate open, and khe val

ponition, the treapping

B0 = nute all

ame under the piston da then

the cronkcans cleagance velume, meanured in Cm¥,  1E SY is che awept

volume per eylinder, Cm then -

Y + CRANKCYOL,
CRANKCR  ~ ~—G K EVOL

Ag0
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TABLE 2

Dimenoion Symbul Unity Data
Values
numhar of exhaunt portd LXIND
11, waximum effective width of cach EXUSPRTWID mun e
¢xhauat port
12, cornar radius on top edpe of EXTRAD i .
each aexhaust port
13, corner radiug on bottom cdge EXBRAD n o
of cach exhaust port
14, maxinum holght of eshaunt port EXHSIRTITHAX n e
| i, not extended to piuton
{ HiC position
1
;'

|
|

hie Al I HRER WA

Notes

the axhaust port height extends to BDC,

I'ig.3 Tlan mection an exhauat porta

XVAH1H18a5H 3

Fig.# Elevation on an exhaust port

SR N AN TR
A RO W E LR R L PR A I ) PESR R
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A data value for EXHSPRTITMAX of 0,0 in the program jvdiecates that
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3
;
3
n
i

1l

bBlnenolon Symbul Unicy Data Voalucy
15, tumber of trannlee pocty TRANSIHO
16, Tatal effective trunnfer port TIAHSPNTHID mn
width (ugually 2{a + b + c})
o HIDTIL (a) a fien
HIDTIL (b) b mn
HIDTH (e) ¢ mm
16a, Port elevation anglcs OA degtean
t}n degreon
0, dagrecs
17. Corner radius on upper adge TRTRAD mmn —— o m
ol tranofor port
14. Corner radiue on lower edge TRHRAD mn — e o
of teannfer port
TRANSFER  PORT
"HIDTHS
Fig.6 Phlan Section through tranaler ports
PDRT  ELEVATION ARCLES
BA, pore typn A dag
ﬂﬂ, poct type B dog
ﬁc. poct typa C dag




R
.
:
;
i

TANLE

]

Pimennsion Symhel Unlus Data
Values
19, number of I[nlet porte ENTHO
20, maxinum effectlve width of EHPRTHID m
cach {nlet port
21, cotrner cadius on top edge of ENTHAD mm
each inlet port
22, corner radius on hottom edge EHIAD mn
of ond inlet port
23, maximem poasible iplet port LNPRTHTHAX kn
helght
24, carburettor flow diamter ne i
25, iniet pore down dravght angle DUWNDRALT degroen
wrt cylinder centre~line —
26, length from plaston face to the LG men
poaltion whera tract area
equala carburcttor flow aren
27, lengeh inlet teact where trace ) b o]
arca appencially cquale
carburattor flow area
~d

Fig.7 Sactlon chrowgh inlet Lract for Fiutnn*pnrt'
induction aystem,
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POl PROGRANS  GD v LNDLCATERG  THAC CTHE PROGRAM  BEFERS  TO A TWO=
STROKE DISC VALVE (D} ENGINE,

Dise valve, wor Rotary Valve fmduction

data volues Indicating the following: ENPRTHMAX, EHRCRAD, BHBIRAD,  LHPRTHID
on R MEZAH should be entered on Table 4 ag the vquivalent vamed data values

numbured 23, 21, 22, 20 and alsa data number 28 below,

ENPRTHTMAX
_—ENTRADQ and ENBRAD

~__mean radius
RMEAN

—e  |ENERTWID

Fig.8 alevation on face coverad by rotary Jdinsc

'\,ﬁj

il O--\DIP

- Qir

U

*.disc

Fig.% induction tenct length/diamater characterintlcs
for dise vnlve anpines.

%

3 Dmenalon hymhol Unita

»

M

: 28 Hean radlus of inlet port K HEAN mm
] for dinc valve dnduction

]

—

404
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Tranafoer Duct, leagth and entry ateas

TAMLE 5

Dimonsion Symbol thnita Datu Values

4. effective area to vach tranafer
duct at entry frem crankcane
(pce Fig.5)

2

individual arnnA. areay urnnc' am

and  {usually 24 + 20 + 2C) total aren | FTRDUCT mm?
29, centte iine leagth of cranafer LY m

duct {rum crankcase entry to
cyllnday exit (aen Fig.6)

——
—i————
r— .

Oftan individual transfec port and duct deaigns do not conform te the form ar

type Andicated hera. Dleana ekatch bolow if chin {a not tha casa:

EXWAUST CAS TEMPERATURE, THAL C

SIOULD  INFORMATION BE  AYAILABLE A% TO THE EXUAUST OAS TEMUERATURE,

%, (0R °E) TAKEN CREFERABLY IN POK A FOR PROGRAMS GEBL, GPRI
MD GPRS5, OR TAXEN RETWEEN D50 AND D60 FOR PROGRAMS GER2  AND
GEB6 THEN IT WOULD BE UELPFUL TO THE PROGRAMMER T0 LIST THEM
FOR EACH FOTENTIAL CALCULATION SPEED (RUM) OR OTUER OPERATING
VARIABLE,
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Y. AR
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DIR |1 gy
volume VAR
N XAB .

Microphone Position

A o b
Lo Hgyiese! T
P
CPEITA 5
& i e
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r
"

DO

e
-

%
4

Re,
. L7
RN
i
'ﬁ Y

k

Tl

L
AT st \ .
4 11 d DS]RI-‘“@’- i
ST o I
volume VSB DS2:
THROTT:..E
{area ratio) XSH

Program: G.PB1 EXHAUST _AND INTAKE_SILENCING BOX PARAMETERS REQUIRED FOR PROGRAM
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EXUAUST  AND  INTAKE

EXIUAUST PIPE:

LENGTIS
1
BOX A DATA:
A PAL DALR
Fm my

=
~
-

|

INTAKE MOX & DATA:

Throtels i maL

(atea ratio}

HICNOPHQNE  POSITLIONS:

RPATHI

(SPARK) IGHITION TIMING:

(ATOR}  AIR 7O FURL RATIOu

REENTAANT  TUBE LENCTHS

T

—

P i e ittt et oy

-
B4
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:
:
:
n
:

Micrdphane Pesition

D-)“

S 052
B‘T_‘ ,l/“?i{‘
| ,..__LS .
— T-i < ] ‘%S-
DSIR (=2 o
TH;'OT%EHL" volume YSp3
gl VAB Vi
farea ratioh g5 AR j, ve@ [ . xcR /KQ voB
o | /N
4 agin el f,mﬂ
= “ffi_:u
L50 ~—~ LBu—-;—-—-—w;.Lm--r = ol ==
t‘"...._,_ A A _Lr—v'-'-.—lmrl
L....-.-_..—......_,_..._A " "T
DA:ﬂntILAA CA:I".-!‘.‘R SC;['[::llﬂ.’.‘;‘ oA
D'AU D30 (]3] BOX A BOX B BOXC BOXD

EXHAUST AMD INTAKE SILEMCING ROX PARAMETERS REQUIRED FOR FRPCERAM GFPA 2,




EXHAUST AND JHTARE  STLEMCER 10X DATA  FOR VRUGIAM _ KEN2

EXtAUST PRy

LEHUTUS DIANETERS
m - i
110 [ul] blo i
L0 rm [V ¥1e] [l z]
1o ey [1E1V] nn
LAg 5 40 it
L50 nin HETH ma
L&60 1] jt e} i
L70 hm nrg 1]
DR i
! BOX_A_ DATA:
LA pab DALR A2 DA yan XAD
nm ] rm e W em! i
: 1K B _DATAL
i -
1 LY m oz g vm 1
m nm Lyl i L] et l‘.!lilI 'rL]
~ R
KX_C_DATAL
1w acL NCLR gg_!_ BC2R ven xn
ot e ma r e e nm
R R — — PR . RS
1ax_b_DATAI
L [T nLA mz pozR L] xun
L (] o ™ v cm? pen
irero—y ——— e Sy ey
INTAKY DOX_ 8  DATA1
Theettls LS bu o pim o pEzo DaR IR K
- o mm "M m A emd mm
{aren ratio)
MieRoPIoIm JOSITIONS
RTATIE [IMATHR
m m
‘ S e
‘ . (SPARK) IGNETION TIHINGE nne
o (ATOE)  AIR 10 FUkk  HATED:
‘ &n;rmurr TUBE  LENGTHS
‘ Ll LA Lin Lee ] 155
! 5] (2] - (]
' — r——n s ———n
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Mirophena  Position

BOX B
DA2 R 1DpA2 ’ Bax5 ™~
ZRp =N NS s 1)
—y EA{ | A - T T \. ] : «; M
i VR T
" DSIRI-LSS. tT
1055 ™ DSy
1 pTAYE )
'h:E" voluma VSB DS 27
' 3 4 THROTTLE
i |, Len Dafr volume VAD larea ratio) .
paz ‘ - .
vigl = XBB | %AR

Program; P8 3 EXHAUST AND INTAKE SILENCING ROX PARAMETERS REQUIRED FOR PROGRAM

r
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PXUAUST _AND  INTAKE  SILENCER NOX  DATA  FOR  PPROCHAM  GPMI

EXHAUST _PIM:

LEHGTUY DIAMETERS
[h m
Ll mm nt mh
' DIR R
5 HOX A DATAL
| Mo ma saR o o
™ m mm mn m em?
i
BOX B PATA:
La LY oolg pe2 ba2r you
an mA rm me m em?

INTAKE BOX 8 DATAj

Theottla LS 51 DSLR ns2 nsan vsh
Hom o] L) L] 23 4]
— —_—

{area ratic)

HMICROPHONE FOSITIONG)

E RPATHI RPATIIE
— Yt —ry L] e m—— m
(SPARK)  IGHITION TIHMLNGI . “athe

(ATOp) AIR TO TFUEL RATIOM

REENTRANT TUAE LERGTHS

¢

2] L Lo L33
() L] A mm
A




Microghone Pasition

k

/ ?lw;'we
o eoprhOI 1 mp?gx -
" B e M oaiR
AR e z. ]
o SRR 1
P! Tl | .—l———‘
LP -
LAA A
I l LA ~ T [
i D'RI L1
ya volume  VAD
v
Al XPA XAB

»

volume YSB

DS—“I-F; b1ss ]
0S1

ps2

l

!
)
§

A58

EXHAUST AND INTAKE SILENCING BIX PARAMETERS REQUIRED FOR PROGRAM GPR 5.
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EXHAUST _AHU_ INTAKE BILENCER 10X

DATA

UDRPROGRAM GI'NS

EXHAHHT  I'IPE:;

LENGTIIS DIAMETERS
\ ) mmn
11 fmm bl mn
DIR mm
BOX_A DATA
LA DAL DAlR A2 pa2el VAR XAD
) ma mm ran o em? e
MIX P DATAt
L!l H holen 4P yeu xnn
mm e cm? mm
INTAKE  BOX 8B DATA:
Throttle L8 51 DsIR B2 DSIR vs x58
o ™ ren 1 r em) e
(area ratlo)
MICROFIIONE POSITIONS
RPATILL RPATHE
n L "
(SPARK)}  ICNITAON TIMING: __“nrnc
(ATOF) AIR TO FUEL RATIOL _
REENTRANT TUIE LENGTHS
kL M AT Lt
N ™ rm ma




Mit:l‘}lxne Position

DS2 Y\\
Box S | k o
1 | I i
/ {155 f e
7 CSIR -] 0S2R o)
: R Y DS1
. A "
~ T volume VSB
. THRUTTLE

(0} 4] farea raticile XSlB XPB -
J [5a]
‘F

' D70 o VPB

L3 — Vavwas
q L4Q 1.50 ~—-= Lﬁf}::‘r'ﬂ:j]\n
O — | LTP

DIGO N holes of
L

1IN

P diometer

EXHAUST AND INTAKE SILENCING BOX PARAMETERS REQUIRED FOR PROGRAM FILE GPB 6
{mota_-cross_mdoreycle], FOR_PROGRAM FILE_GPB 7 (for road mcing no intake silencer S)

MR

;
:
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EXHAUST AND  INTAKE  SILEKCER  DATA  TOR  PROGRAMS

GPINO  AHD  GPBZ
EXUAUST I'IPL:
LENGTIS DIAHETERE

o trmn

L10 mn nlo trn
L.20 mn 120 nm
L30 m uk]e m
140 i (] DAO mn
' 150 mm D50 o
160 men [Eld¢) nEn
L0 m nto wm

FERFORATEND PIPE _ AND  BOX  DATA:

.ILl_‘_ yirn X Ho. tinlea Juits
P cin? [T mm
INTAKE _BOX_ 5  DATA:
Ihroctle 15 psl hELR LHE ey v
i mo__ e em? pun
TAIL PIPR Dn\ll.\‘l
LI rr
m frem
KICROFPHONE POSITIONS
n n
(5BARK)  IGNWITION TIMILuG “utne ’
(ATOF)  AIR TO FUEL RATIO L
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PANEL DISCUSSTOH

Thursday Afterncon = October 13, 1977

The panel discussfon was conducted 1n two parts as foliows:

Part I: Panel members were asked to discuss specific
155085 presented to them.

Panel Members

Dr. R, J. Alfredson - Monash Unfv., Australia
Dwight Blaser - General Motors Tech, Center
Dr. A, framer - Hat'l Research Council, Canada
peter Cheng - Stemco Hfg, Co,

Prof. M.0.ALL. Davies =~ Uniy, of Southampton
Larry Erikkson ~ llelson Industries Inc,

boug Rowley ~ Donaldson Co,

Dr. Andy Seybert - Univ. of Kentucky

Cecil Sparks ~ Southwest Research Instit,

Part I1: EPA re?resentatwes from the office of noise
contrel and abatement and from enforcement,
answered questions from the fleor

EPA_Personnel

Or. Hillam Roper » branch Chief, OIAC
Scatt Fdvards - OlAC

Charles thlloy ~ (HAC

John Thomas ~ ONAG

Jim Kerr ~ Enforcement

Vic Petrolottd ~ tnforcement
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PART 1 - PANEL DISCUSSION

Ernfe Oddo

For the past two and half days we've Vistened to experts in industry
and universities tell us about thefr work on various methndologies
being stwdied, developed and employed to predict the perfarmance

of meffiers on various surfoce transportation vehicles, 1 belleve
it's fair to say that most of this work has been done to afd in the
design af effective mufflers. ANl of us prosent, at this symposium
[ em sura, have a real appreciation for the complexities involved

in dealing with the significant parameterSwhich must be considered
in any muffler performance prediction technique, Gearing in mimd
these complextties then, we would 1ike to address the abjectives

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 discusiiens ['d 11ke to call upon Dr, DAE1 Roper from
the EPA Office of Noise Abatement and Control who will elaborate

an these objectives.

Dr. D311 Roper

I would ,11ka to go back and read over the four ohjectives that I
mentioned in my opening statement to this-meeting which outlines the
specific objectivus of the EPA general laheling progrom, vhich I think
15 very applicable here thiz afternoon and applicable to this entire
symposfum, The first objectfve 1s the provision for accurate and
undarstandable {nformation to be provided to produi:t purchasers and
users regarding the acoustical performance of desiqnnted products

so that a meaningful comparison could be made concerning the. aceustical
parformance of the product as part of the purchaser's use decisfon,
This objective I think, 15 a particularly fmpartant one with regard

to the subject of this sympostum. The second objective 15 to provide

498
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accurate and understandable information on product nofse emission
performance to consumers with mindmal federal involvement, The

third objective 15 the promotion of public awarennss and understanding
of eovironmental nofse and associated terms ond concept, And the

fourth objective 1s the encourageoment of c¢ffective voluntary nefse
reduction amd nofse tabeling cffarts on the part of product manu-
facturers and suppliers. ifith that quick review of the principal
objectives of the EPA general labeldng program I would 1ike to go

back and focus on objective one which dealt with providing tha consumer
nith infarmation at the point of purchase-decision relative to the
acoustical performance af a product. How, that docsn't necessarily

mean that a product would have to be quote "physically labeled”,
Information could he provided to the consumer in a number of different
ways, It 18 essentfal to provide him with information on the acoustical
performance of & product at the time he makes the purchase de¢ision,

We think this 1s an fmportant concept, A3 consemers utflfzed the
acoustical iInformabfon 1n thelr purchase degision it is feit that

such selective decisions wil) 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 requlatory standards on the
manufacturer of new products or aftermarket part replacement manu-
facturers. In looking at the prolilem from the aspect of a voluntary
stanpdard, consider that the consumer, given the right infermation,

can make a voluntary decisfon on whether they want to buy a noisy
product or a quieter product, Hithout the acoustical performance
information hewever, ha really can't make that deeisfon, Ina

goneral sense, that's one af the principal reasons that EPA fs3 {nterested
in 1abeling vehicle exhaust systems and is collecting information at
this time for use as background data to cventually put fnto a format

for decisfon making within the aaency,

1'd ke to Jook back at what I consider two soparate parts of the
Iaballfng background study that would have to bo developed in order
to haya the necessary information to Implement such a program, One
deals with the technical performance data relative to, fn this case,

499
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HATRIX

Cateqordes of engines vs, current best muffler assessment approaches

uffler Assessment Lt. licavy Auto~
Approach Truck  Truck mobile Buses

Snovi-
mob{les

l'nr'mi\utﬂc Analysis
Acausftic tiadeliny
Engiée SimuTation
Stanénrd Enqine

Actual fngine
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[NSTRUCTIONS TO THE PANEL

Please consider the following two questions for application across
all surface transportation vehicles or to a loafcal arouning of these
vehicles. (Light and heavy trucks, autos, busses, nmatoreycles,
snownabiles, motorboats)

Also consider approaches that:

]l

1. Is

Jo not use the englne, such as
A. ‘Parametric approaches

B. Analytical techniques

C. Engine simulation

Ucge an engine, either
A, Standard engine

M. Actual engine

QUESTIONS

there an existing bench test methodology that could he used

to test mufflers, which would give values that:

A,

Could be added to the nolse contribution of athep
predominant sources on a vehicle, to accurately
predict the total vehicle nolse level, or

Would characterize the performance of a replacement
muffier, compared to a vehicle's OFM muffler,

2. If not, can the panel make reconmendations on the most promising
bench test candidates that would meet the objectives of question
one, and the stage of development of these tasts.

301
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the exhaust system; the other deals with conmunication of that
{nformatfon to the lay purchaser or user, I'd 1ike to separate the
latter one from the discussion today and concentrate on the technical
performance aspect, A major part of that consideration 1s of course

the measurement methedology procedure through which you can collect

the required data, Selection of a methodology must be based on a

whole series of considerations., There are many trade~offs. To name

a few there's the accuracy of the proccdures, the repeatfbility, the
simplicity, the cost involved {n both the operation, and the equip-

ment fnstrumentation. These trade-offs will directly {mpact whoever

15 using the measurement procedures, as part of his design or production
process. For the past 3 days this symposfum has focused on one type

of measurement methodology the bench test, to determine what was available,
problems that might be {nvelved in utilizing vhat {5 available or more
basically, if such a measurcment methodology was even available,

This methodelogy referred to 1s the use of bench testing for determining
exhaust system performance, [ think from a labeling standpoint we

would be-looking at the muffler particularly, although I recegnize

that many, or perifaps all af the people that have participated in the
symposfum have stressed the fmportance of looking at the total system,

I think from a labelfng standpoint the most {mportant part of the
exhaust system 15 the nuffier, although you'd have to consfder the

total system in developing the information base to properly fdentify

or character{ze the muffler, 1 think another clement here 15 the fact
that in carrying out this program, conducting this symposium and
{nvestigating what procedures are avalleble far measuring exhaust system
noise we at £PA recognize that the industry and the people such as
yourselves, who hava done research in this arca over the years are

the experts in the field, You are the ones that know what can and

can't he dong bath from a theorstical and a practfcal standpaint and

we would J1ke ta benefit from the knowledee that you have and recelve
recomnendations from you based on the best information that's available
on vhat you would recomend to £PA as far as any measurement methodolegy
for vehicle exhaust systems 15 concerned, llow, we get down to the real
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practical aspect of the task we at EPA have. to accomplish, which s

to look at specific exhaust systems gnd to determine the most practical,
available test procedures to use, to obtatn represcntative acoustical
data, [ have broken out here on the viewugraph the 7 major categories
of products that we are looking at at this time. [ would Tike to focus
the attention of all those on the panel and the audience on these

7 categorfes and based on the {nformation and reports that we've had

in the last three days I would 11ke to ¢hallenge you to come up with
your best recommchdation on how we might measure and character{ze
muffler performance on these 7 cateqories of vehicles. fow, I recognize
that none of the presentations have specifically broken the products
out this way althounh 1 think there are possibilities here for combining
certain cateqories, I would be very interested in the conments that
might come forth on these particular applications. How, 1 have gone
ahead and taken the 1iberty of using somne of Larry Erikkson's breakout
of a general approach to puffler assessment and 1isted sone of those
down the vertjcal axis here and [ guess the question comes down to how
much of that matrix can we f111 out? Hhat's avatlable today? And
perhaps 1f 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 hest for use in that particular application, 1 think
as we mave Into that discussion, since you are the experts {n the field,
you can also {nterject your concerns for the other elemonts of measure-
ment methodology that have to he considered at some point such as
simplicity, cost, accuracy and similar things, The EPA program, from

a time standpeint calls for our contractor Mcllonnell Douglas Astronautics
to pull together and present to us 1n approximately one month, the
recommendations from this symposium, alonq with thelr own views on

this question. These reccommendations will be used by the EPA to

make decistons on & procedure or procedures te be used in our testing
program for measuring exhaust system muffter performance; a procedure
other than for measuring total vehicle sound level, Our contracter

wWill be conducting lests wsing Loth total vehigle and whatever ather
bench test procedure we have selected, starting the first part of

next year. 1 have briefly sumnarized the program schedule that we're
working under and the purpose and objlectives of this symposium.
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Our primary objective in this symposium 15 to come up with the best
available test procedures to be used in assessing a muffler exhaust
system performance, other than by using total vehicle sound measures
ment pracedures, So with that challenge ta the audience and the
panel I'd 1ike to turn the session back over to Ernde Oddo,

Ernie Oddo

1'd 11ke to amplify on one of Di11's statements. Currently in our
contract we are going to test vehicles in each one of these cateqories
that are on the board, 4e will also test, a minimum of threc after-
aarket mufflers on cach one of these vehicles, using the currently
most applicable total vehicle nofise 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
methodology, This {5 part of the test plan that is in the current
contract, Continuing then with the panel discussion I'd Tike to

flash on the board the questions that we gave to the panel at lunch
tine to review, HWe'll.give the audience a chance to read the questions,
Then we will flash a viewgraph en the screen showina a matrix of
transportation vehicles versus various muffler assessment approaches

we would 1ike considered by the panei,

Cocilt Sparks

Looks to me 1ke 1t addresses itself to the evolution of the hench
test faciTity which will be used for actual predicted purposes, that
15 to predict the sound level coming out of the thing which 1n essence
means e can then put a label on this muffler that w111 define the
muffler, the exhaust system, the engine, the whole thing, In’such
cases, it appears to me that your 1abel’s going to be nigger than

your muffler fn the sense that 1f you consider all the possible
parametric varfations involved you're going to include in the label,
fnciuding the testing facility, the wide varlattons and engine aperating
conditions and the exhaust system, ete.. The approach inferred

then {3 one of predictive rather than Just a hench test facility

that will say that this is a reasonable quality muffler and as such
wi1) have ta be a label of the system rather than the muffler {tself
and while this kind of thing 1t seems to me 1s theoretically possible
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in that you can bulld a source sinulator for any glven cngine to
cover a wide raige of conditions put sinulated exhaust systems,
etc. an 1t, seems T{ke 1t would be much simpler just to test 1t on
the vehicie,

Erpfe Qdido

I vant to clarify one point there, by labeling we don't necessarfly
mean physically sticking n labe) on a muffler, He have a auch brosder
description of tabelfng. Labeling could be Just some {dentifying
numbers on the ouffler similar to whot s donc today. The numbers

or letters would fdentify the manufacturcr of a auffler which then
could be traced back to the manufacturer's catalog, The catalog which
most manufacturers currently fssue vould have all of the {nformat{on
that you have discussed, This s Just one alterpative,

Cecll Sparks

The other altermative would he to categorize it in terms of the
inherent passive respense characteristfcs of that particular
cenfiguration but again you would need the same kind of {nformation
we're talking about {f your intent {5 mevely to be able to predict

what the pitimate notse level at a given application will be eather
than say, okay this 1s a hospital type {stationary) muffler or something
1ike that,

Ernle Dddo

As an erample, [ would 1i{ke ta relterate that which Doug Ralley from Nonaldsen
prasented. That appronch 1s simtdar to what we are talking about,

for trucks. 1In other wards, Donaddson has all kimts of information
computerized on tab runs and tn catalogs, wiich take {into actount

back pressure and a1l the ather parameters that we discussed. Thedr

program considers the speedfic parameters such as englne back pressurea,

pipe length, atc., and then indicates candidate mufflers, for that
apulicatfon,
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Cocil Sparks

That was the point 1 was trying to wake, do you do this with a bench
test facility or do you use the actual installation?

Ernie Oddo

Okay, well that's the question we're posing here to the parel and to
the audience today, considering the broader definition of bench testing
which could be any of the categories wp on the board.

Dr, Davies

1 wanted to step back two steps first ~ I know D411 Roper said that

he wanted us to concentrate on technical performance data and that
communication of information concerncd was of secondary importance,
well already we've seen you can't separate the two, they're a combined
excrcise, You can't really dectde about the technical performance
data you're noing to produce without taking the communication problem
with 1t S0 you can't divorce these. They're part of the same process
in the first place, The second point I'd tike to make {15 that when
you come to a laheling procedure and we've heard the difficulties af
Tabellng muffler units on their oim you really must look at the system
and all these other complications and that there 1sn't such a thing

as a good or a had muffler, it just depends on how you use 1t, The
consumer and 1f you think of the consumer in a simple Teyel, and
that's the housewife 1n her house, she has the same prohlem, she has
to buy a cooker and a distwvasher and various other things, and operat
these and get them to perform certain tasks, she makes a distinction,
she knows what she wants, and 50 1 think that what you've really got
te do 15 ta think of the two tegether, you've gut to provide technieal
fnformation that's understandable, It can be cooplicated, 1 mean you
are going to jeok at the sales feature on some of this equipment, 1
dan't understand ft. The housewife does, You don't get bugued up

on the techaical probloms too much, hut you put the others on the
consumer to say, all right we've glven you this information and 1t's
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up to you to make proper use; what he's qot fo be sure 1s that the
information 1sn't deliberately misleading, I think that's the first,
and secondly the fnformation §s sufficient for him to make a qualificd
Judgement, HWell npow, that's one part of the problem, the second part
of the problen .. that ['m horrified by this here table or matrix,
becouse 1t's quite clear, and I'd 1ke to add another cateqory to the
115t, why we've got recreational vehicles there because they really

cause a tot of problems,

Erpie Oddo

They are not in our contract.

Or. Davies

They are not 1n your contract? Then let's exclude these eaplicitly,
The second thing {s that we have a very wide range of cngine types and
I don't see¢ how we can come to a simple and meaningful way, consumer
orfented way of describing the characteristics of these systems over
this big range. For two reasons, the guy 15 not going to br {nterested
1f it Isn't taflored to his requirements, lia's not goina to go through
five pages of data Just to get the two tfnes he's f{nterested fn,

So what you've got to do 15 to come wup first with a ¢learly defined
classification system. It's not difffcult, 1t's here, heavy trucks,
you might put 1ight trucks and autos together, huses are a special
problem becanse buses are operated on the whole by corparations and

the corporations have the technical expertise to make decisions,

And then you've got the nther problem, the snowmrobile, the matorbeat,
the motorcycle, the semi~recreatfonal vehicle and also you've got the
ordinary driving cap and also our washer or our cooker or whatever

ve have at home, in our house, | think we have to produce a «ifferent
labeling system to suit the application and [ think {f you start in
that direction you might make some progress.
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Ernie Oddo

first of al) we do have recreational vebicles in our centract, motor=
cycles and motorboats are recrcational but on your point I agree with
everything you safd Professor Davies, concerning this matrix, we don't
in any way intend for miffler 1abeling information to be collected

in this format to be passed on to the consumer. e just presont

this i{nformtion in a matrix format for the pancl's considerations

as an easy way te keap in front of you all the various possibilities
tiat we would 1ike you to consider, He realize, of course, that for
Hght trucks one or more assessment approaches could be used, For
heavy trucks ar automobiles, the same thing holds true. The question
15, can we group the engine categordes abave and then use one of
these particular approaches to handle two or three or four of these
vehicle categories?

Praf. Davies

Hhat I should have been clcar in saying is that I think that as well
as th‘ls'cntcgorizntfon you really ought to categorize the consumer or
the purchaser or whatever you'd 11ke to call him, That after all

the fleet operator represents one category and he wants a different
sart of fnformation than the indiv{dual operator or the private
fndividual, You might think again that you really have a Jdifferent
labeling procedure for these three categories, because they are
different.

Ernie Ddda

That's true and that's why we try to separate the two 1ssues - one
heing the technical. e feel that once we have good technical
fnfarmation obtained from a good hench test methodology, the trans-
mittal Chen of that dath or fnformation to the consumer, {5 another
problem, we recognfze that. We are also open for suggestions an the
best way to transmit {nformation to consumers, but [ think the first
step has to he the technical question, do we have a bench test
methodolagy that would give us good, valid, accurate data to do with
{t what ve want to do?
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Prof, Davies - It's this question of accuracy that bothers me, If
you'd left out that word 1'd go along with everything you say, 1
think you have to define what you mcan by accurate, 1 think {1t's
got to be convincing. Convincing 1s a different overtone, The
consumer, tho gquy that's going to fit this to his car of tit this to
his truck has to convipce himself that what he dees has to comply
with requlatfons and he needs information that will convince him
that what he dges 15 a sensible approach to solving the problem that
he's up agafnst - regulations. That's what he wants, Accuracy really
doesn't come 1nto 1t. le's going te depend on the certification
provided by the manufacturer.

Ernie Dddo

That's where we want to apply the word accuracy. Mot reslly to the
consumar, we're really Intercsted. in the manufacturer guarantecing that
his product when used on a certaln vehicle 15 going to do what he

says 1t 1s going to do,

Pr. bBrammer
g ratmer,

I belteve that the sort of questien the consumer {5 probably gqoing
to ask 1s something very simpie such as, 1s this replacement muffler
equal to the one 1 have on my car or better, or 15 1t worse, and if
these are the type af questions one wants to obtain answers for then
we're really talking about a relative measurce of muffler performance;
we're not talking about an absolute measure and in terms off questions
that are posed here, this moves us more towards 0 than A perhaps and
alsa it enables us to, 1f we think about it, we can now start
running some form of test as yet undefined, 1n which we can replace
singla components, comparcd with the original existing components,
and sea the effect of them relativa to the original muffler. I think
wa have to think a tittle hit about the type of tabeling

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 aning to get started

on this particular problem but here's a notfon that I think ve could
useful ly pursue, If one tries to ansuer questions of this type but

1t does get away from a 1ot of these problems of predicting the noise
of the vehicle and things Tike this and the accuracy of the measurement
that was giving a lot of concern and rightfully so. [f | had to rank
order one A or U of which 1 think 1s mopst important to the consumer

I think 1n terms of questions he's asking from a replacenent plece

of equipment, I'd rank B above A at this pofnt in time and lct that
Iinfluence the chofce of measurewent technique that { would go for.

Ernie Oddo

Any comments?

Doug_Rowley

0111 Roper lafd down quite a sti1ff quideline for us and [ think I'd
Tike to get them a 1{ttle hit stiffer. Talk about this accuracy thing
and 1'd 11ke to ask, accuracy to do what? Hhat are we really trving

to do? By that I mean what level are we tryinn to control averall
truck nolsn teo? Then we can talk about whatever the exhaust system
has to do, Can you comment on that 11?7 Can you follow the question,
In other words, somewhere alnng the 1ine I'm trying to get semeone from
EPA to tell me that you'd like to control the nolse of the new 1978
trucks once they get in use, to seme level. Then, when a fellow

starts looking for a replacement product lie's got somn guide lines,

pi1? Roper

Okay, 1n response to your last question, you're right, the new medium
heavy truck standard«{s one that applies to the date of manufacture

and we have an in-use standard for interstate motor carriers vhiich

15 06 diA for speed zones 1ess than 35 mph, there 15 a gap so to speak
in the Federal program although not {fn some state programs, I understand,
as to the fa-use level that would Le applicable ta the medium and heavy
truck, say that's manufacturercd at 83 dPA level beginning 1 January 70;
there 1s no Federal standards other than the 06 dBA pass by, new we

have under way right now a program at EPA devcloplng the background
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information that will be necessary for revising the interstate motor-
carrier reguiation with the intended purpose at this time of setting
that {nterstate motor carricr standard at a lower level which would

be cquivalent for an fneuse truck to the new truck standards, In other
words a truck that is manufactured to meet an 83 dBA newly manufactured
standard would then be required 1f operated by an interstate carrier

to meet some equivalent standard while 1n wse. [low, 1t may be the same
leved, 1t may be s1ightly different because there's a different measurc-
ment methedology involved. DBut yes, we arce addressing that now, In
regard to the labeling aspect 1 think we're talking about more than
Just a Tabel that fdentifies 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. He're again focusing on the
tnformatfon that describes the acoustical performance of that product
to the consumer so0 that he can consider notse as one of the elements

he thinks about in making that purchase decision. 1 guess I would
Alse want to talk about two different vays that you could look at

two differeant types of information that could be used for a basis for
labeling. One would be {f you're comparing system A with system B

or system A with the original cquipnent, and that's such as you were
mentioning, a comparative type of informatifon. The other would be

how does 1t compare with the total system ar total vehicle performance;
in other words, given this exhaust system, how {s it qofng to affect
total vehicle acoustic performance, There's really two different
approaches there from the CPA standpointive are not locked into ef ther
approach., We're tooking for the one that makes the most sense, There
may be implications, depending on which kind of approach you take as

to vhat's avaiiable from a measurcment stamdpoint,

to provide the tool to develop the data for labcling. That's onc
alement that I'd 11ke to hear more cosment on. Considering these

o qeneral types of approach, to collect the necessary information

for labeling, which one lias the necessary measurcment tools comnensurate

with 1t to provide the data, at this tine?
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Ceci] Sparks

You could 9o & couple of ways in that rcgard, again I think that 1f
you're trying to use a bench test facility or c¢volve one wherchy you
can predict what this particular muffler w11 do on trucks X, Y and

Z, etc. you've got a pretty tough row to hoe. On the other hand 1f you
can evolve the system of labeling where you label the truck and the
muffler that this trick has, then, when a rcplaccmept miffler 1s used,
class G31 and 4XB2 or somathing Vike this then in essence qualify your

. mufflers for thosc various applications. How that 15 something that

seems to me would be a practical appreach. Dut again, perhaps you don't
neet a bhench test factlity to do this you could qualify the muffliaer then
as betng original equipment ar better. And then you put in your owner's
manual which mufflers you can use, as possibiiitfes,

Ernle Oddo

That would leck 1t inta GEM enly and how would the replacement
manufacturer, for {nstance, comply.

Cecil Sparks
They'd Just have to qualify their muffier for that application,

Ernie Oddo
fight, and that's what we're talking about. Qualify it how?

Cectl Sparks,
On the vehicle,

Ernte Oddo

Okay, that's true, that 1s definitely one methodalogy that can be
employed and we know {1t will work 1f you test avery ¢ne on the vehicla,
but we are looking for methodologies other than vehicle tna:ihg, to
supply performance data on mufflers,
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Ceci) Sparks

The podnt 15 though, 1f you build a bench test facility whereby you're
able to predict this muffierts performance on this whale broad spectrum
of truck configurations you've got a horrendous job.

Ernie 0ddo

That may be the case.

feter Cheng

I agree that while the best thing {5 to put a muffler on wach truck
model. He've got two problems here. First, even OCN truck manufacturers
cannaot test the mufflers on every truck model,  Sav one particular

truck model, they may have 80 to 90 4 fferent 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 questien, if

“we are going Co test the muffler on the truck who i5 going to do {t?

Hha's gaing to pick up the vehicle? There are so many aftermarket
truck muffler manufacturers. Do cach onge of them have the right to
ask OEM manufacturers to test muffiers on every one of the OEN truck
madels?

Cecl] Sparks
More people would have access to the trucks than they would have the
facil1ty, I would think,

Peter Cheng

Hall, from our ¢xperience {t's very difficult to get a truck, Iost
1ikely, we would like to test the muffler on the new truck hecause

the other noise sources were controlled when the truck {s relatively
new. And usually, the deaters would not Aallow us to get the ney

truck to test and another thing i3 that talking with seme of the O
truck manufacturers when they want us to test some truck, especially
on back pressure, they would specify the truck must have gross vehicle
waight., He have to put say, a few thousand pounds at lecast on the
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truck and no lecal dealer or whoever would Tike to lean us a truck
by putting a fow concrete blocks an it. I am Jooking at this problem
fram the other aftermarket companies' point of view, Mo are also in the
OEN business and first of all, our cxperfence agatn 15 Timited to
heavy duty trucks, [ don't know anything on snowimobiles, etc. The
heavy duty truck is dfffernt from the passenger car in nne sense in
that the customer is more knowledgable than the aeneral consumer.
It 15 a different type object., Sccond of 211 I am not saying that
they understand exactly what dBA §s, ote, but at least everyona of
our distributors has a nofse level meter they can somehow crank up

an engine and run some tests, And then, Tet me view the problem from
DEM market experience. [ don't think there i5 1002 satfsfactory
bench test method,  Decausc of the plpe length, ete., but the SAE
test procedure mentioncd by Hr. Larry Ertckson this morning, I think
that's a good compremise between practicality and 1008 accuracy.

And, we also have a lot of experience on Judgement of whether the
muffler we sent out to our OENM customer w111 pass the drive-by test
or not, He hava a very good fdea 1F 1t will. He're Just 1ike e,
Doug Rov;'ley safd when he qgot 95% accuracy. I don't know vhether [
vould have 95X accuracy or BOX accuracy but I tend to agree with him
that there 15 some corrglation between a bench test and drive~by test,
If we cannot get some Kind of ball park feeling from our bench test
then the GEM truck muffier manufacturers simply would not be in the
husiness, He cannot send five mufflers for our customers to test and
for them to pick ope, They are not going to do that, tile send him
one sometimes at most two and we make our best Judgement whether he
w1l test 1t or not, alse, we do not send one auffler to one manufacturer,
Fe sand a mffler to possibily a lot of manufacturers, And from our
experience tf the muffler vhich we Judge 1s a good muffler probably
will pass the test with a lot af our customers, On the ather hand,

a bad muffier probably w111 not pass the test,

Ernfe Oddo

Thank you very much, Pater
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Lapry Erikssan

ell, T had a few general observatfons, a 11ttle bit over what Peter
satd and what Cecil said, looking at these vehicle catenories one
observation I'd ke to make most, {s that many of these categories

are products that elther have been or will shortly be governsd by

seme new product noise regulatfon by EPA. And T%d 11ke to focus on

that @ 11ttle bit, Onc of the observations I'd 1ike to make 15 that
for thosce products 1 personally don't see the nced for muffier labeling
for the new products and I think this 1s an important point, He're
talking about a truck or whatever that is already subject to a new
product requlatfon, [ for one feel 1t would Just add complexity to
also ask for a tabel on the partfcular muffler used on this ptecc of
0EH equipment, It's already meetfng speciffcation for the overall
vehicle, Accepting that.point then what that leaves is the aftermarket.
And, tn terms of the aftermarket the only observation I can make is

If we are settfng levels for overall vehicles, new products that are

as stringent and as accurately measured, etg, as we are for trucks,
buses, or what have you, 1t seems to me that any aftermarket gvaluation
proceduf& measure ounht to be at lenst comparable in accuracy, He
shouldn't nive away an awful lot in terms of the aftermarket measurement

. procedure. Essentially what we ocught to bLe shooting for 15 something

T e g

that 1s more or tess enuivalent to OEM and the OEW unit that the OEN
equipment has. In the sense tpat we don't want to allow any degradation
of that product, that the EPA's propesed regs already have fnciuded

som: aspects of not allowing any degradation, | frankly sce the
requirement 1n the aftermarket endfng up one way or another, Saying

in so many words {t's going ta be about 11ke the OEM unit was, Accapting
that fact and the fact that you want an accurate test 1t seems to me
that you're going to be leoking at an actual engine test of ong sort

or another. MNow, I agree with Poter, I think the SAE pracedure that

we have worked up 15 prabably not too bad a compromise,- but whatever
you come up with I think 1t's going to have to ba something very

simflar to that in order to obtain the kind of accuracies to he
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consistent with the rest af the program, And, 1 jave not scen

in any other presentations including my own that the other four
techniques Tisted here really provide accuracy that is at all comparabte
to the rest of the noise program, that {1s at all comparable to the type
of thing ve can achieve in the SAC type procedure, with the type of
engling dynometer and real engine close to real system type of test.

Hovr, 1f you're still with me on that where that leaves me, 1s saying
that okay, we're going to do real engine testing, we're going to test

on something Vke and SAE test, but what about the multitude of
combinatifons, It's been stated, ft scems to me §f my obscrvation 1s
correct, that there s no practical vay to measwre all combinations that
ex1st and so 1t strikes me that we're going to be ina situation

where some kind of certification that 1t weets 15 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 engincering house 1n arder sufficiently so he can certify

it and be reasonably confident that when he gets around to testing 1t

on an englne or when somebody ¢lse gets around to testing that particular
situation on an enging that within some tolerance 1t does in fact follow
what he safd 1t would. So those arc a bunch of ebservations which

are connected.

Ernie Qddo

With reference to Doug's comnent before on the SAE procedure, on the
accuracy of that procedure, would you st111 consider the new SAE
procedure accurate enpugh for this purpose?

Larry Erfkssan

I didn*t really disagree that much with oug, maybe 1t ceme out that
way [ don't know, The procedure s a very good procedurs. It's an
accurate procedure fn a sense that certainly I think all of us in

the muffier end of things at least 1n this pancl, arc using, something
vary simflar to that precedure today 1n our muffler testing and {1t
certainly does correlate 1n an indirect sort of way with the kind of
measurements the vehicle manufacturer might be making, I quess I'm
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1ike Peter, I don't know what percent is exactly, the correlatfion, but
certainly we do supply units to our customers, and often times thuere
are no probiens in terms of correlating our numbers with their numbers,
Occasfonally, of course, there are, but there {s certainly room for
inprovement {n that particular area. llovever, 1t seems to me 1t's
far-and-away, from a technical point of view, the best vay to do it,
that we've found and usually, the correlation 1s quite satisfactory.

Ernie Oddo

5 Thank you, are there any coments?

Dr. fobin Alfredson

It seems to me that a falrly easy measurement to make in the taboratory
anyway 15 tha measurcment of transmission less. And the question we
really have to work out 1s how good 15 transmission less a measure of
perfaormance en an actual vehicle. Hy guess is, and 1t's really only

& guess, that transmission loss 1s probably not too bad for the large
multi-cylinder engine siteation. That's only an {ntuitive quess,

] 1 belteve 1n the single cylinder or two cylinder case
transmissfon loss 1s very unrealiable, I suppose on tho average 1f
you're measuring transmission logs for a large multi~cylinder tvpe

of vehicle that might give you an Indication of the performance.

; A Tittle bit 1ike having your feet {n two buckets of water, Have

one foot 1n a bucket of water that's freezing cold and the other is
bailing hat, you can spy on the average ft's warm but 1t's hurting quite
a hit, 1[I don't have any strong feelings, perhaps some of the manufacturers
might have, If you do have a qood muffler, and I imagine that means
good 1n terms of transmission toss perhaps, can you he reasonably
cartain on a larga pumber of vehicles that on the whole 1t performs
well. My feeling {s that probably with a larger multi-cylinder enqgine
that would he the case but certainly not with the smaller confiqurations,

LA L .
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Daug Rowley

1'm not going to try to answer that question. I den’t happen to agree
with that, ['d like to qo back to Larry, Peter and B{11, obviously

one of the reasons [ wanted to know what your goals are {s to establish
a point that we will be faced with replacing a product that 15 equivalent
to the orlginal cquipment and yesterday {11 Roper mentioned something
about replacing the exhaust pipe with an equivalent to the original
cquipment, [ think one thing we as part of the {ndustry do not wish

to get fnto is placing a stamdard on the exhaust system. Really,

what we're trying to Jo 1s control everall truck noise, which, perhaps
exhaust nofse is o very significant part. The question 1s, and it could
be a 1ittle bi¢ ridiculous, are you going to put a standard on the
mechanical noise in the enginc, intake noise, fan noise and ete, Hell,
this 15 pretty much what I'm driving at, ! do feel that if our catalogs
should say, as a guide to the user, that this is cquivalent to the
original cquipment, rcn]ly to carry that on further, is there a nced
for a specific type of evaluation methad, Perhaps thera Is, but you're
coming up with an assessment. [ could perhaps look at a praduct and

say nell, yes based on a lot of experience that's going to be equivalent
to origfnal equipment. Do you gat what I'mdriving at here B1117

Far instance, to meet the 83 dBA requircement we may have an exhaust
system that controls tha exhaust pofse to 80 dBA or in another case

vt have to control the exhaust noise to 70 dPA, A vast difference
probably in the size, shape, weight and the cost af the exhaust

system,  And really, when youw get right down inte the trucking business,
this 15 the namg of the game. They Just ort by with as 1ittle as they
can possthly use,

8111 foper

I think in your comments you brought out aone of the points 1 think
fmportant, That 15, knowing what the exhaust system will do on a
particuiar truck 15 vitally fmportant to the person who 15 using that
truck, You mentioned the one case you sited. The one case might be
an 80 dBA muffler and the other case was a 70 dBA muffler to meet a4
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particular desired level of total vehicle nofse. So {t's vital to

the user of thase two trucks to know which muffler or which exhaust
system to apply, And I think that the gencral 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 1s buying along with the other things; cost, or what-
ever. I don't know, I guess it's not true that in a general sense the
quicter muffler 15 always the wost expensive, sonetimes it isn't,

S0 he would have the acoustical performance avallable along with other
information vhen he makes a deciston. The other point you ralsed there,
{5 other components of the vehicle are jmportant. As [ recall, my opening
j remarks pointed out a couple of things that are particular to the eahaust
‘ system. That 1s, one, 1t's an important source of noise. Two, 15 that
it 15 replaced on a cyclic basis throughout the useful life of the
product so that 1t {5 something that a user later on in the 1ife of

that vehicle will be replacing and 4f 1t 1s replaced with n_system

that 15 acoustically lauder 1t's Just a louder source of noise in the
enytronment. OBeing in the noise control business we're concerncd about
that, s0 4t's for that reason too we are interested fn coming up with

a vay of defining the performance of replacement parts, [xhaust systems
fall into that particular cateqory of a product that 15 1n fact a
replacement part, to a tatal vchicle system,

Inight lilaser

I think the one thing that baffles me a 1{ttle bit on what seems to
be charged here of this threo day symposiun is that mavbe 1t's. the
next to the last iine therc on the screen, everything seems to be
nointed toward characierizing the performince and we all seem to be
charged with which technique 15 the best to do that., in arder to
decide which technique ft scems to me, that first you have to define
which performance paramater arc e going to use to characterize ft,
Let's even limit 1t to the acoustic performance, [ feel certain that
of all the bench tests, analytical techniques, all the en-vehicle
tosts, they've all been carricd out 1n a very systematic carcful
manner, they're all relatively accurate for developing data which
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refors to a particular performance parameter, It looks to me 1ike
what we really have to do s to define or decide which performance
parameter first then maybe we can back off and Yook at which technique,
1f you wish, 15 the most accurate, to measure that parancter.

Erple Oddo

fespectfully, I am asking you the question back again as a panel.
Taking fato account that you've done a lot of rescarch, a lot of
wirk 1n this arca, and you're famildar with the {nportant parameters,
which should or should not be fncluded 1n any bench test methodology,
Can you eliminate as maybe less significant some of these parameters
to come up with a sfmpler bench test and still meet the objectives
here.

Dr. Davies

1 don't reaily feel {t's helpful to repeat what one's sald but [ think
a lat of things safd in between on a remack I made earler and & remark
I make now 1s along the same lfnes. The point 15, i1f we're gotng to
gat anywhere, that we've qot to stats some objectives very clearly

and this is what Dowg Howley safd, He've heard about heavy trucks
mostly, in this discussion. That's only one part of the problem.
Now we knaw what the objectives are there, The operator has got a
tough Job, To megt the noise requircment legislatfon. [locause we
know the engfne nofsc that's the carcass nofse 1s so domipant, that's
ene particular problem, and the methodology you want and the problem
that the muffler designer 1s facing {s {n one cateqgory. low if you
talk in terms of total environmental pallutfon, the private automobile,
the problem fs quite different, tiat ts an exhaust noise dominated
area, as far as the environment s concerned {n gencral. That's very
much more difficult [ think, the replacement probicm, hecause thers

are mera replacements, that are going to happen in the 1ife of the
duta. Secondly, the replacement's going to be made {n a much more
arbitrary way. A private {ndividual's going to put a replacement part
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on, that he can get cheapest and quickest to getting by, [ mesn that's
the answer for the average user, That's a different problem and {f
you're going to try to come up with a methodology or a test proccdure
I think you've got to look at each of these catenories on the 1ist and
in the matrix and say allright let's pick the paramcter for that one
and place the methodelogy on that one and let's go on to the next one
and took at that and then you make progress,

Ernic Oddo

Good observation and 1f you'd ks to continue that discussion --

Larry Eriksson

To carry an a Mttle bit on what Dwight's conment was, which 1 think

I heartily agree with,  It's very difficult I think to scparate tho
technical questions from questions of the objectives and what the EPA's
trying to arcomplish, why they're undertaking this program in the first
place. I think you've got to get very specific about why this program
{s betng done, Specifically, what 1t's trying to respond to, what 1t
hopes to accomplish. I know with our own company there's one excellent
vay to waste a Jot of time and get a Yot of wrong information and that
15 one of the personnel in our company, whoever it might be, someonc
from aur sales group or engineering group walks aver to some guy in
our research department and he ‘asks some questfon of our research quy,
how do you do this? And unless he gets very specific about what he's
really going to do with that information and vhy he wants 1t in the
first place, chances are they're not qoing to talk the same language

at all, they're gofng to qget a very strange answer. And the research
quy may be operating from a totally different point of view, 1 think
the only way we can work 15 you've got to have a person yho's asking .
the questions to give you all the background. Hhat s he really leoking
for? Hhat i5 he trying to accomplish? And this has been lacking, 1
have felt this 1s needed for us to have a hetter {dea of cxactly why
we're trying to do alt this, low, that's kind of a cop-out, How part
2 15 the SAE subcormittee to a certain extent answered that from their
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paint of view, Their answer from their point of view was, we want the
sound pressure level produced by that exhaust system. Our subcommi ttee
had to deal with that, not from a government regulatory point of view
but from the point of view of a group of enqineers trying to provide
some reasonable characterizations of exhaust systems so we had to answer
questions from that point of view. Regulatory agencics are senething
elsc again, ! have not heard that, from the CPA. VMo were looking
forvard to the questfon session with EPA, because that was to be my
question.

Peter Cheng

I'm not trying to answer Larry's question to EPA for EPA but I imagine
one of the objectives in the miffler labeling proposal probably 1s
because there are many mufflers on the streets which are basfcally

tin cans. He can label mufflers in a very strict sense, put an A,

B, C, D on it or we can label the nufflers 1n a rather general in a
broad sense. That 15, in the very first step the EPA would require
cach aftermarket muffler manufacturer have a good test faciltty they
would have to know what they are dofng, The CPA can somehow certify
their test or their test methodoloqy, In addition, EPA would have to
to require tha aftermarkat muffler companies to report the test results
to their consumer. [ personally helieve that EPA should adopt these
two steps and then wait for awhile and then sce whether there 15 {ndeed
8 need to label tha mufflers in a strict sense,

Pr. Seybert

We talked a lok about non technical things and parhaps I'm not quite
as fam{liar with the rest of the peeple 1n regard to some of these
questions. Robin Alfredson touched on something [ don't think that we
have recafved a satisfactory answer for and that 15, how can we use

a bas{c muffler descriptor such as transmission Joss. llaybe not on
1%s own, but madified accordfng to some particular configuration with
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exhaust pipe or tail pipc lengths and engine configuration, as a
descriptor, 1 don't think anybody has really demonstrated that thifs
cannot be done, If we do have a proper deseriptor for cach of the
subsystems of the overall exhaust systems. Certainly transmission loss
and inscrtion loss have a lack of correlation. Transmission loss with
more definitive iafeormation on the rest of the system may be an adequate
descriptor, He haven't proved that 1t 1sn’t, That's onc thing I would

iike to see pursued,

Prof. Davies

I've disagreed with ftobin before so 111 disagree agakn. Can I refer
back on the three days past, to my original presentation

in which I pointed out that an outstanding problen, and this affects
the issue on technical accuracy, 1s that we don't really know how to
categordze the source and so we're really in the dark, You cateqorize
the source and you can then categarize the rest of the system, Fine,
4f tranemission loss is 1t. That's quite satisfactory, that's nice

as Charlie pointed out, 1t's iavariable for a particular unit, that's
nice top, you can label 1t, as he sald gold plate the label and shove
1t on there, That's grand, vastly, but we're not fn that position,

In fact I don’t know that we ever w111 he because 1f you take the top
Tine operator 1t keeps these vehicles on the top Vine and all that
Jazz then you're talking turkey, If you're taking the average user
and particuiarly, snd we haven't talked about cars much in this
discussion, the average driver of a fomily car, he's not geing to

keep that 1n the shape that all the accurate measurements and gvery-
thing else are made tn. And 50, talkino about one or 2 dB or high
accuracy or whatever 1s meaningless, 1t doesn't mean anything, Because
the source is not geing to be anything 1ike the GEI source the vehicle
was when the vehicle was categorized., It's gofing to be different, 1
think you've got to qo back tn something that will provido the consumar

" with the data rather 11ke the truck operators are provided with data

by the equipment manufacturers and they make the decisfon which muffler
to buy and to put on their particular truck. It's thefr decision, in
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the long run. You provide the 1epal authority, the police or whatever,
with n test procedure 1ike the 20 fnch procedure far deciding whather
the individuals are complying with the law. And, we've heard about

the difficulties of providing a simple bench test procedura for that,
So that's what you've got to do and I think you've got to be specific,
fut there's no way of stamping a label op a particular product and say
that's going te alwmays be satisfactory, It's been sald several times
and 1 agree, there's no such thing as a good muffler or a bad muffler
excluding the tin cens, Hithout saying where ond how and why you're

using {t.

Cecil Sparks

I just want to second that and the way your f{irst question 15 worded
1t says that the prediction has to be i{n a form of an actual nofse leval
so it can he added to the other nofse levels from the other vehicle
s0urces so we agree that some of these more erudite dnfinitions of the
inherent muffler characteristics much more adequatcly characterize
muffler performanca than something 11ke insertion loss, My wife {sn't
gaing to be able to use something 11ke that and very few people will,
S0 1¢t's more of an evaluation process of what you do with the data
after you qet 1t more 5o than how you gqet the data,

Erntie Oddo

That's true, that's an Important part of the contract. Hould any of
the panel members llke to comment on these two questions relative to
any other vehicles other than autos and trucks which s more or lass what
we have dwelied on here.

Dr. Alfredson

I thought I'd just make a point hers which really 1sn't very relavant
but the manner {n which a vehicle 15 driven, can make quite a diffarance
to the &mount of nolse. This 1s particuilarly 1mp6rtant for the
recreatfon vehicles,
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Or, Drammer

A comment on the simall engine vehicles, 1 think the technique employing
some form of engines is highly preferable to those that don't, so

1t you want a constant measure I would use one of those, 1 don't know
whether the panel agrees, but we've really wandered araund and 1 don't
think we've got anywhere, 1 think 1f one simplifies the question
perhaps 1n the way ! suggested right in the beainning we night lead of f
to some direction, that 15 of course assuning there i5 a need 1n some
way to contrel the production of mufflers vhich 1s what it bolls down
to. Control the performance of muffliers 1 should say, This can be
olther by somg form of sclf certification that this ruffler {5 hetter
or vorse, backed up with some test procedure which could be used as

a method of arbitrating between a manufacturer perhaps that clafms {t
15 equivalent to the existing one and perhaps a consumer or in

this case the requlation agency that claims the muffler 1s in fact
superfor or infcrior, A1l of the qualitative descriptions that I

have used will be turned {nte quantitative terms such as equivalent
could befor example + 5 dit of original equipment for example, and |
think that 1f we're going to make progress on these questions 1'd 1ike
to see us sort of direct the discussion a Tittie Lit, somewhere along
these 11nes,

Ernte Odda

I don't know $f panel members are familiar with the two testing Institutes
in France and Germany, The one tn Germany ['m referring to is the TUV,
Ha've heen {n correspondence with liefnrich Gillet Company nne of the
Gennan manufacturers wha nakes mufflers far various vehicles, They

sent us a lot of Infarmation and data on these twe Institutes that

do testing for the respective guvernments,

I belleve they're not goverament institutes or tasting aqencles but
they are certified by the goversments in each one of the countries,
They do have & scheme and a process wherehy 1f a company wants to sell’
an aftermarket muffler, in efther country he must submit that product
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to the appropriate testing Institute and that testing Institute uses

a standard bench test methodelogy to cvaluate the mufflers.  The test

1s an A, b type comparison in which they cempare the 0 muffler to

the replacement muffler as part of the methodology. HWe haven't
interpreted the articles fully yet, since we haven't had them fully
translated, fle Just have selected paragraphs that have been transiated,
There §s an ipdication that they use a standard engine as part of the
test methodalogy, He will follow up on this fnformation after this
symposium,

Cecil Sparks

But they're not taking that to predict noise level on any arbitrary
configuration that you have 1n mind thereafteor. So I agree, that's
a reasenable approach, To qualify your muffler,

Ernfe Oddo

Well, that's what we have to find out, wvhat qualify means, We don't
lhave the articles Tully translated but 1 any of the panel menbers
are familiar with those testing methodologies and what they mcan
we'd really appreciate heartnn,

Prof. Davies

I don't know about these two but 1n England {t's the Mater Industrics
Research Assoc. and they do perform this functfon, And I can state
quite categorically they don't use a standard engine bocause I know

1t doesn't work, They are certifying a product or a range of products
for & specific vehfcle and that's the way they work, They provide

the certificate, 1 think also that from what I've heard 1n this
meeting, from all the mapufacturers fnclwding the replaceoment manu-
facturers, they do provide some sort of certificate, And 1 think we're
getting hung up on technolony. Can [ get back to what ! sald in the
heginning, 1f you g0 to buy a washer or cooker or uhatever that's
certifted when you buy it. IF you're going to buy a recreational
device 1ffe a high-f1 system that's really certified, I really can't
understand what they put on the decurentation but that's certified

all right, The mapufacturer puts so much dope there, 11 he didn't
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comply you'd net him, You know for non-compliance, at least he's
responsibie, Well, there's one point. After and sccondly you go and
buy whatever junk you 1ike and put {t in your house kut 4f that
docsn't meet city regulations that's your responsibility and 1t's

not the supplier's Fault, So I'm saying, the route to follou 15 the
supplier, provides the certificate, and T think they're willing to

do this, and the user is responsible to seeing the compliance 15
agrecable. Now, if the user's worried 1t's up to him to approach

the supplicr and say, look, 1f I use that product am [ aoing to qet
bombed.  And he'11 get an ansver,

Peter Cheng

I would ke to agree with Professor Davies and I would 1ike to
amplify that point showing cur extremes. In the State of Florida our
aftermarket custemers would 1ike to buv high performance mufflers
nare 5o than many other states for the simple fact the State of
Floridn has a rather strict enforcement.

Larry Eriksson

You mentioned other products and I think 1t's probably obvious tut 1
think you should say for the record that there are a couple of other
things an these other products that are extremely Important to consider,
the obvious one, particularly for motorcycles and snownobiled §s the
extremely strong connection hetween the sound level of the exhaust
system and tha horsepower, Certainly the exhaust system 15 connegtod
with the power produced by the enqgine for al) of these products hut
snovnohles and motorcyeles 45 of such a different order of magnd tude
consideration in my mind that that truly has to be considered separately,
The ether one wauld be in the automobile arca although we're nnt
tnvolved In antomobiile mufflers it's certainly the casg that as I've
been told hy my friends 1n the industry there that subjective consider-
atfons, and I think we're all aware of this in terms of autemobile
mufflers, are at least as Important as objective measurements and |
think that's fairly unfque to automobiles and perhaps 1t does carry

over te sone of the others but particularly so 1n automobiles that
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in terms of what's qood or bad for the consumer a subjective character-
fzation does play a pretty important role {n terins of whether the
consurer finds this to be a satisfactory muffler and I assume this {s
the kind of thing we're shooting at in terms of regulatory activities
as to somehow satisfy the consumer in terms of what he buys, So |
think the subjective aspect 1s going to have to be looked at if you're
out to do that for cars,

Crnie QOddo

At this point I belfeve ve'1) open up questions from the floor,

Don_whitney

I think I'd 11ke to bring up a point that ! don't think anybody at

this conference has safd. lamely, that we already have labels on our
mufflers. He all have part nuabers on them, those part nunbers

refer back to catalogs, those catalogs go to the individual manufacturers,
the muffier mnufacturers already know the performance of those mufflers
in relation to the performance of other mufflers that they themselves
have amd they have a pretty darn good {dea of what these mufflers do
already, 1 would 1ike to add ape other part with respect to the SAE
test, as [ understand 1t in terms of an {nsertion loss test [ really
don't agree particularly that fnsertfon loss 15 the thing that we

want to measure, llowever, in terms of comparison of one muffler with
respect to another, 1 think 1t can do a pretty good Job of telling us ]
equivalence on a systom that truly duplicates whatever the vehicle
with 1ts exhaust pipe lengths, tall pipe lengths, ete. do manane to
do, [ think that we can ask a question here relative to the accuracy
point that's come up many times and I would 1{ke to turn the question ]
around 1nstead of saying how good 15 the accuracy I'm more concerncd
with how bad {s the accuracy from the standpoint that 1t's fipe to

say that a muffler 15 approximately equivalent to the muffler that

might have been on the equipment in the first place but I worry when

we say 1t's approximately equivalent, Is that accuracy good, do |

have to put in a stapdanl deviation of 2 B and then in order to
ranufacture a replacenent muffler and satisfy nyself with some reasanable
canfidence that my nev muffler will be bhelov or cquivalent te, do I

have to desiqn the new onc to 5 db below, or whatever. low bad 1s
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the carrelation is of more concern than how good 15 the correlation,

1'd ke to reiterate again 1t's been nentioned several times that

the performance of a muffler an a particular cngine does 1n fact

affect the power but I'd like to also say that it does affect emissions

also since the pressure pulse 1s back on the engine witl affect the

fnstantancous pressure at the valves, ete, and as a result wildl affect

the emissfon characteristics. dHe're getting {nte a dual requlatory

situation where ve've got a 1ot 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 {s what I'm invalved in, a

double test, 1 would say that vhenever double testing {s involved it

ineffectively decrcases the level to vhich ve have to manufacture

trucks, Using trucks as an example simpiy because you have to meet

haoth standards therefore the total truck noise 15 lower. That might

he a desirabile objective but I don't think that's the way to go about

ft. I would Ve to say that while [ don't necessarily endarse the

precise Caldfornia procedure the J1169 SAE procedure for passenger

cars 1s p coursa fiiter, it's diff1cult to get dawn to precise lovels

in temms of enforcement, however, 1t can do a job, 1t can do a real

Job more than I think new truck or new passenoer car requlations

will do, in the sense that those vehicles arcn't really bad right nou

the ongs that are really causing the problem in the comunity are

the ones that don't have any nuffiers, thay have straight pipes, they ‘
have modified systems, that type of thing 1s the thing that we really
need to gt rid of and while the J11069 for passenyer cars s a ~carse
affair and we a1l agree it's coarse 1t's not o finn test it can do

a very effective job,

Hick Hiller

1 think wa need to focus on the fact that as 1t's been mentioned, therc
are twe areas here of concern, I think, first those pleces of equipment
that ara now subjcct to regulation as new cquipment and those that
aren't, We'rce more familiar with those that are, so we'll address those,
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{ think we nced to remember that durina the promulgation of the truck
regulation and a1l of the other new vehiele regulations both EPA and
the Industry were cxtremely careful to avoid any restrictions upon the
componentry that's used to meet the standards. The truck regulation
and the other regulatfons are overall performance standards and this
was the philosophy taken 50 that each manufacturer based on his
understanding of his market, could comply with those regulations most
economically. Iow, the concept of labeling a component 15 Somewhat
akin to wearing suspenders with a belt. The vehicle regulation, the
truck regulations, and the athers that arg patterned after that, has
tampering provisions which obligate the user to use cquipment that will
not «degrade his nofse level. [I[n nddition, the proposed revisions to
in-~use regulations will also provide some assurance that won't get out
of tand, [ think what was going to happen {s that obviously the
manufacturers are not going to provide equipnent that 4111 ratse noise
levels and the aftermarket suppliers are going to be forced into that
position just to stay in business. 1 think this 15 a situation where
we can depend on the free enterprise system and along with the fn-use
regulations to provide all the necessary palicing that we need. So,

I think we have te ook at the objectives that we had when ye first
started looking at requlations for new products and stick with that
philosophy because [ think 1t 15 a well formed one and I think 1t's
baen fajrly successful,

Ross Little

I have a comment more than a question. In s{tting throug

this whole program, many of the speakars appear to me really aren't
addressing what we need or what's needed out 1n the field. He nced as
1 see {it, to 1dentify the aftermarket exhaust systam which when
installed degrades the nolse level of the vehicle, He don't have

- problems as a general rule, with nevt vehicles. So in the rating system

we need a relative noise level which correlates $n a sound level ascribed
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to the vehicly when the vehicle 15 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 s a standard being propased
here for labeling Lut somcone eventually has to enforce it and if the
numbers aren't correlatable or sowcthing that can be used, then the
enforcement goes down the drain, and there 15 no enforcement and the

whole program 15 lost,

Hayne Marcus - Hotorcycle Industry Counci)

First off, in the regulations that are under consideration noy labieling
regulations are naturally directly from the nofse contral act and 1'17
read you ong relative clause from that, Section 8, which says, “the
ndminissrator shall by regulation requive that notice be given to the
perspective user of the effectiveness, of the products effectiveness

in reducing nofse.” So this 1s what at least the Congress and the
Prestident of the United States were Tooking for when this act was passed,
How, 1n determining what the effectivencss in roeducing nolse is, In

my mind, we're looking not for & comparative number relative to an OFN
number, Hhat we want is to know what is the reduction in noise from

a muffler, any muffler becavse certainly the OEM produces replacement
muffiers as well as aftermarket companies, Secondly, carlier in the
program today we learned that even OEN produced composite or universal
mufflers for older vehicles. The replacement muffier industry {ncluding
Ot replacement mufflers, 15 as far as motorcycles imdustry 15 concerned,
is from a labaling standpoint, this labeling rcgulation 204, should he
aimed at pre-affective date matorcycles, that 1s, motorcycles which

are produced prior to the effective data of the upcoming new motorcycle
and replacement exhaust regulations because [ don't know 4f you're
famildar with 16, if all of you are familiar with it, but a5 far as
motorcycles are concerned there are tvwo such regulations which {nclude
labeling pravisions and which 1nclude noise provisions. The ones that
are coming up, very shortly will set noise level standards for motor~
cyg:ms such as other types of vehicles already have on the books,

This ona, that we're considering here is purely for the consumer's
information, Therefore, matorcycles which are produced after the
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effcctive date of this, soon-to-be-announced noise reduction requilation,
will be controlled, They wi11 be contrelled to a certain level of
noise enissions, It's the pre-effective date, the ones that are out

an the streets right now, those that have deteriorating mufflers on
them at present and those which have engines which have gone theough

an extensive break-in period and have different source characteristics
than when they were orlginally produced, So what I'm interested {n

15 knowing how to look {nto and how to discover what the reduction
characteristics of an exhaust system are on these broken-in, presently-
an~the~street yvehicles, not necessarily the vehicles that are going

to be requiated.

Martin Burke - John Deere

I have both questions of the panel as well as conments,
In the area of snovmobiles, snowmobiics have been requlated by States
for a number of ycars now, have a 78 didA drive=by level per SAE 0192,

As a result of this fairly stringent regulation snowmbile manufacturers
have had to put In unitized exhaust systems on the column in which

there 15 only a single connection hotween the engine and the exhaust
system that 15 a single flexihle type connection. Earlier yoars we

used to see systems that had two or three joints 1n it and which you
could perhaps replace with various components, Slace snovmobiles

are basically different hetween manufacturers, 1 quess ['m not currently
avare of an outa{de replacement market on snovmob11es other than the

0E supplying exact replacement parts, Mhich would 1 quess 1n the

case of our company, be fdentical to or better than the original ones,
and I say hetter than, it could he a case where we carried a madel
through several ycuri and hecause of the increase or reduction of

noise wa've had to improve the cxhaust system in those ¢ases we have
replaced the older systems for repairs with the newer systems, How

vihat decisfon does a customer have to make 1f he can enly get ane

system from one source for that machine,
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Unknoym

1'd VMike to clarify one point, and that 1s that 1t's {mpractical to

put a noise level on an exhaust system, Vhere vehicles that are
mahufactured to meet an overall vehicle requlation one manufagturer

may require more of the cxhaust system than another does. And so

the anly thing that makes any sense 15 to require equivalence to the
original system, And that's much easier to get than a number to begin
with and {t's Ehe only one that's going to make any sense to the consumer,

Frank Savage - Donaldson

I lTook at this thing and there are threc parts to this whole question
here, One {5 the government which 15 responsible for setting the
standards and enforcing the standards and the manufacturer siho makes
the particular product and has to and imust stand behind that product

as far as performance 15 concerned. And then the consumer, and 1t
seems T1{ke vhat we're dotng here {s putting the entire load or the
responsibiifty for meeting noise requlations on the manufacturer or

the gavernment, I think the consumer has an equal share in this

whole business here, 1 think that the muffler mpufacturers can provide
a hench mark and I say hench mark because that eliminates the accuracy
type af question but at least 1t's a banch mark which he will certify,
that says that this praduct will work on these machines. You've got

to make surg that the consumer’ has not taken this good quatty muffler
off and repiaced 1t 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 shell {5 sti11 1n good
conditfon but 811 of the internal parts are {gnored, but you still

run 1t down the road, The second test that has heen used widely {s

the total vahicle nnisn test, flow, I'm pot suggesting that all these
tests be run simultancously by any one pepson but .tha total vehicle
noise test allows the final supplier of efther the whole snovmobile op
the whale truck or the whols motorbeat, integrate all 1ts nolse sources
to qualify through some procedure in his own facility, [ think {t's
been demonstrated a punber of times that {f you want to get o sound
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pressure level 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
systea that 1s quatiffed to predict some sound pressure level at some
distances, There wore at Jeast two procedures given today by Larry
Poters, by a John Deere man where they had correlation with their

own bench testing to get them to fifty feet. OF course, these facilities

individualiy could be certified by EPA-and then with published sound
Tevels o certificate could go out that certifics that the silencer vas
tested ina facility certified by EPA. Ve alrcady have a methanism
that takes care of nat relating accurate informatfon and that's called
a quarantee. A man simply has to ask for a guarantee and 1f 1t deesn't
meet it let's say a truck muffler, 1f he buys one and tekes 1t out to
Mr, Ross's test station and 1t docsn't pass the test he carrfes t back
and gets his money back, 50, that allows all the test facflities to
date to go ahead and operate, Ue have dealt with the problem of muffler
laheling only in 1SHWA, Industria) Siltencer Hanufacturing Asseciation,
e have to deal with that because of the stationary source, seldom do
you knaw what the cxhaust pipe Tength is or what the tadl pipe length
is and In many cases the silencer 15 purchased and yau renlly den't
know what the engine 1s. From my own experience, and I'm going o gyo
back to some of the things that Larry indicated amd [r. Blaser from

Goneral Noters, if you want to talk apples to apples, a simple comparison

of mufflers, nat relating 4t the {n-ese sound pressure levels, because
you cannot unless 1t's on the actual enging on the same scurce but 1
you want something 1ike the absorption coefficient, or transmission
loss class, what 15 112 - ASTN70 they give a laboratory test procedure
and clearly state that you'll get different numbers when you apply this
to the field, If you have to bhave some comparison, then you need to
took at broad-band noise. I prefer fnsertton 1oss with no tail pipe
and then an exhaust system, cxhaust pipe that minimizes the effect

on any stlencer that would be testad. And 1t would have to be tested
at an average flow rate for the mean end use, 1.e. automobile exhaust
typically has nuch higher exhaust velocities than in the stattonary
engine and 1t would have to be tested at some avarage or mean temperature
for the end use, this 1s particularly true for an engine exhaust vorsus
an engine intake,
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Ken
I'd Yike to make a ¢comment on these procedures that, iF they don't

: {nclude shall noise or pipe noise or leaks due to clamps or anything
ke that, they aren‘t going to be accurate and we have to ask EPA
what accuracy we're looking for.

Ernie Oddo

: Thank yad. This {5 the Tast call for questions for the panel w.ile
; we have them up herc. lie will next go into thie third part of our
program 1n which the EPA members w113 repliace the panct members on
stage and we will open the sessien with questions from the floor.

N Panel members, we thank you very much for your participatien in this
j symposfum,

A reminder to everyone that we will be publishing proceedings of this
symposium tn the very near future, Everyono who attended this symposium
certainly will recetve a copy of the proceedings. A word to those
people who gave papers at the symposium, please send copies of your
paper, with art work ta me at McDonnell Douglas 1in Calffornin, He

are assembling the procecdings for the EPA,

At this time, we will open this sessfon for questions for the EPA
from the audience,

B{1] Roper

Perhaps T should pick up an some af the questions that were asked
eartier. The one from Larry Erlckson about what is the objecttve of
the EPA labeling program? [ think that at lecast the general objective
remafns the same as 1t was spelied out In the Federal Reqister Notfice,
the four paints that we've put on the board, or the viewgraph a 1ittle
earlier, but ! think specifically relating to exhaust systems, there's
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two specific arcas where we were looling for informatfon at this meeting
and that was information on development of a statistic for a comparison
between two exhaust system or two mufflers; an A-8 comparison with OEH
or whatever, a relative comparison between two systems. Thﬁ other i5 a
statistic or approach for developing information, statistic {nformation,
on comparison betyeen a total vehicle Tevel and the exhaust system.
Now those are twe qeneral categordes of faformation that isvolve
differcnt methodologies and can be used in different ways. And we've
had opinfons expressed as which one {15 the hetter or the worse. I
think to be quite frank, 1n a government study effurt such as we have
usler way here that we may or mav not Tead to any type of regulation,
whether 1t be Jabeling or cventually a standard, a neisc performance
standard, 1t would be in a sense dishonast on my part to say specifically
what 15 going to happen or what's not gning to happen. Me're collecting
information at this point, to define what the problem {5 and what the
possible solutions are -given the general abjective providing {nformatien
to the consumer or user, in this case, exhaust system muffier, that
he can use 10 the purchase decisfon. I don't know if that's a satisfactory
answer Larry, but that's what I have to give you. Another point that
was rafsed by Nick Wi1Ter regarding the sfteatfon 1n 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 mufficr, I think he has
raised some good points; that 45 a good point In the truck area

I would Umit 1t to that portfon of the truck industry that
Tnvolves vehicles that are cperated by {interstate carriers. - I think
that's fairly valild because in that arca EPA does have the nuhhority'
ta set {n-use standards. There's only two arcas where EPA has that
authority and thnt{s for {nterstate motor carriers, or vehicles operated
by interstate motor carrfers, and for fnterstate equipment and factiities
operated by {nterstate rail carrders, Section 17 and 18 1n the loise
Control Act. S0 in those two arcas and the rallroad area we have not
set Seetion G new product standards that apply to those vehicles when
they are newly manufactured, He also have authority in the {n-use
arca and we have such standards. So there {s a follow~through se-to-
speak on total vehicle, at least compliance requirements, But of course
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that would not hold truc in cvery other product cateanry that was

Yisted in the matrix. Out agaim, I think [ vould qo back and say that
1t sti11 remains important for the user to have the information
available to him that the suffler or the cxhaust system that he's applying
to his truck will allow the total vehicle to meet a particular sound
Tevel and quite frankly 1n Tooking at some of the materfal that has
been prescnted by Dopaldson for example, wbere they I think, to a large
degree, arc praviding their customers with that type of information,
How, one of the principal objectfves of the CPA 15 the encouragement

af voluntary labeling which would describe the acoustical performance
of a product. How wo're encouraging that and 1f that occurs without
any Federal invalvement, which 14 one of our other objectives that I
mentioned, minimal Federal 1nvolvement, 1 think that*s what welre after,
which 15 a reduction In nodse and if 1t can come about with voluntary
programs, that's fine, 5o, 1've attempted to respond 1 guess to some
af your commnents Hick and I think maybe this helps clarify for the
athers some of the ramificattions timt are applicable on trucks but not
nerhaps 1o other arcas, Uith that [ quess 1'd open this sesstion with

a call for questions from the floor,

Ed Halter - fBurgess

You do have promulgated requlations, proposcd requlations for air

comprassors, that glve a dll level that you have to checl at four

ar flye points around the compressor and that 1s an overall level

including a prime mover which could be an engine, which undaubtediy

would have some kind of a muffler on it, And you've also reautred

the manufacturer of the alr compressor to warranty it for the life of the unit, o
service 19Ffr be 1t four years, that the system would, nolse wise,
matntain that Yevel, 1t's required when it's manefactured, 1 woutd
assume then that the manufacturer 15 going to, if necessary replace
those acoustic romponents with oquivalent aceustic composients of the
same, ] guess the same manufacturer, right? He would have te 1f he
fnstailed these OfM parts and hae's warranted this, {f thev had any
problems ar the customer ran a truck or damaged cne of these componeats
they have to be replaced wifth the same {tem that was ariginally
manufactured, Is that correct?
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Biil_toper

It would have to be replaced with a comparable system component. Let
me go back a minute now. On the portable air compressor, when that
standard was promolugated 1t didn't include as 1 recall, what we call
the acoustical assurance period of seme period of time when that product
would be required to continue to emit or meet the standard at which

1t wvas designed to meet the standard at the date of manufacture, In
the later regulations that we recently imposced on wheel and crawior
tractors that the acoustical assurance period concept was involved,

But essentfally, the maintenance fnstructions that are {ncorporated

in the standards require that the manufacturer jdentify those components
af the piece of equipment that are key nolse control components that

1f semething happens to one of thase components uniess it's replaced
vtith an equivalent system 1t would not meet the standards. Essentfally
identifytng to the user, hey look, here's a 115t of things you better
keep track of and maintadn properily or you're not going to meet the
standard,

Ed Halter ~ fluraess

Isn't this essentially what you're addressing here with respect to
ground franspartation. In other wvords, 1f you Inld a muffler as part
of a package and you have to replace that muffler with the same type
muffler, right? The casfest way to do that fs replace 1t with the
same ftem, the same part number, the Same manufacturer, you mav have
to qualify other supplicrs if you have a manopaly problem to produce
that same product,

B111 Roper

I think from our perspective we get into our guneral counsel informs

us, a constrafnt of trade sftuation, 1€ ve specifiythat {t must be

0N replacement.  So we're looking at vays of {dentifying the performance
so that anyune who produces & product that meets that performance could
in fact sell it, have 1t applicd to the plece of equipment and 1f that
gets back to what we're talking about today, and that way can ba used

to charactertze the performance, in this case of the exhaust system,
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Ed lialter = Burgess

But wouldn't the ultimate be that you had to qualify that on that
particular piece of equipment. In other words, {f 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 methed,

3111 Roper

That's certainly onc way 1t could be done, Probably the easiest
way 1t could be done at this time,

Ernic fkido

Another thing I'd tike to add here, Concerning exact replacements te
the OFM, we'va met with the automobile manufacturers and other motor
vehicle manufacturers and have discussed consolidation of design.

A wide varfation of many different destans result from continuesd
consolidakion, The end roesult §5 a raft of mufflers that are still
so-called 0N equipment. You may find a wide tolerance there 1f you
would actually measure the performance of those aftermarket mufflers
and compare them with the CCN performance. There could be 3, 4 mayhe
5 di difference, That's the practical world,

Doug McBann -~ Ford Hotor Co.

['d 1{ke to clarify the statement that Ernis just made, From g
requlatory standpoing the aftermarket mufflers that we produce and sell
are equivalent to driginal equipment. The subjective levels have been
compromised 1n many cases.
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Bi11 Roper

Could I ask a question? It came up in the carlier session that in
the automotive arca, looking at subjective levels was Important,
Is that in regard to exterior, interlor ar both?

floug Hebann - Ford llator Co.

Both,

Jim Hoare - John Deere

The snommobile industry currently has a voluntary total vehicle nofse
labeling program and Martin Burke brought out the fact that there
currently exists no aftermarket 4n snowmobile exhaust systems. In
view of this, do you think {t's nccessary to label snownobile exhaust
systems?

0111 Roper

I think the information we have been provided on snovmobiles certainly
puts them 1n a unique situwation. [ thinl, compared with some of these
other arcas and that's certainly something we'll consfder, Hhether
there 15 a need or nat fn the snmmobile arca, Again, I think 1 vant
to go back to the pofnt that we're really on a fact~Finding mission

at this point 1n this particular area of exhaust cmisston performance
and this kind of Information {s very useful to us, I can't sit here
and say what the ageacy 15 going fo Jdecide to do on that parcicu]ar
questfon because I don't know, but certalnly that Inforsation viould
raise a questfon of whather or not 1t's necessary on snovmohiles,

Doug Rowley ~ Donaldson

I'd 11ke to discuss this voluntary action a 1ttle bit 0411, 1 know
that Ross Little spent about a year and a half getting voluntary action
out In the State of California relative to controlling truck notse and
I'd 1ke ta ask the EPA the questian, how you Intead to got voluntary
actfon? Ohbviausly, 1t must be through some enforcement proaram, Could
you tauch en that a bit?
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0111 _Roper

In response to that 1 think again of the [PA's standpoint we would be
looking at what's happening out {in the country now. For example, 1s
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 1s adversely affecting his sales amd
causing him a harrassing problom because 1t's against state requlations
or vhatever and that tiie industry Say has gotten together and ¢ome up
with a test procedure and s voluntarily certifying or labeling or
whataver their praduct to meet a specific noise level, He would be
looking at what's happening taday, and ot that relates to reducing
noise from that particular product. I might go on further and site
some exemples. In the snowmobile area which was mentfoned carlier today,

“there was a ot of concern in vardous snowbelt states for lovels from

snownobiles and there were laws passed and then there was vesponse by
the snowmobile fndustry to do something about lewering thedr noise
levels, They did establish or agree amongst the assecfation a procedure
that was_ acceptable to them to fdentify the noise performance of thelr
product and they bave gone ahecad and labeled, That's just one example,
there's perhaps others but from EPA's standpoint, 1 think as we move
into any arca where there was 1abeling or setting standards we would
be assessing amd look{ing at what's being done now with that product
and what's possihle to be done. Again, I quess ve are qoing to a
Sectfon 6 requlatory study which many of you may be aware, the kind

of three pronged approach ye take there and that 15 to ook at what
technology 1s available, what's the cost of applying that technalogy
and what kinds of health and welfare benefits you get from applying

the varfous levels of technalogy., Me fn the standards and regulations
division are respoensible for puttfng together the facts and coming

up with recommendations for the agency to make decisions on and so
again, our Job is fact finding and certainly what's gaing on in the
industry as far as voluntary standards {s an important factor that

would qo tnte the arraying of {nformation and generatfon of rccommendations,
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Crnie Dddo

He have time for one or two more questions,

Ross Little - CHP

I have a corment on snowsnobiles - To beadn with, T don't know anything
about snowmobiles, Ue regulate thom but we don't have many out in
California, fortunately. OQut | am hard pressed to believe that they're
as tnnecent and pure as they are making out to be, I bea your pardon,
but I know they race snowmobiles and 1F Hooker {ndustrics think they
can get another ounce of horsepower out of the snovmabile with an

uns flenced expansion chamber, that's what you're gofng to find on ft,
And if they'11 race with them, they'1l also ride out 1n the woods

with them, They do motorcyeles.

(111 Qaper

That's the other sfde of the coin.  We're lookiag and we're sensitive

to that side also, Although therc appears to be some Jifference between
the spovmobile user as a qeneral group and motorcyele users as a qgencral
group hased an the 1nformation we've scen so far,

Jim Noore

Just a slight rebuttal to what the gentlemen 1s saying, It 1s certainly
true, there are expansion chambers and stuff available but I don't

call those silenced oxhaust systems, and in most states they are not
allowed to run except on the race track in a sanctioned race and 1p
today's racing rules, gencrally you could determine whether you're

going to race stock or race modified, If you race stock you're going

to have to have a systom that meets the 70 oA Jevel. If you race

modi fied, and they are allowed in some arcas, the manufacturer has

no control of that and nebody gives a dang about the sound level on

those machines, especially the guy racing or the people at the race track,
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Ernie Oddo

One last question,

tHek Hiller - International larvester

[ think the point here {5 that whether the parts are labeled or whether
they're not labeled, has nothing to do with whether someone will modify
a vehiele no matter what 1t 15, I think it's {important as we address
the EPA's concern for voluntary program, Could we have the'matrix back
up on the board for just a sccond,

I think {t's {mportant to Lring up at this point the arecas where we

do have voluntary areas that have been successful. First of all, hoth
the auto and light trucks have been very successfuliy controlled in
Californta and sone other lecalities on a voluntary basis by the
manufacturers, It's not new vehicles and well matntafned vehicles in
any of those arcas that are a problen, it's modified vehicles and only
enforcement will solve that problem. The heavy truck you alluded to
8111 15 n matter there of the ICC reogulation, motorcycles are Jjust
about to be regulated and In the hearings that I've attended In the
various states and 50 on they have done a good Job of bringing their
vehicles and aftermarket parts {nto compliance where they are requlated.
Snowmobiles we have noticed, have a special situation as you said,
buses you nov have your thumb on and so I guess all I can sce that's
there any major gain far 1s motorbeats and I understand you're looking
at those, M1

B111 Roper

He Just started this year looking at those,

I might respend a 11ttle more to fiick's comnent there, ['d add though,
that in the early stages on all of those products that we have requiatory
programs falrly downstream or have alrendy set regulations that we did
took at what was going on from a voluntary standpoint in the carly

stages of the study and ['d Mke to mention that 1n 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 seventics that set
standards in a sense did have a lot ta do in bringing some of the nofse
levels down. I alse agree that {t's the modified vehicles that are

a problem, That varies from category of vehicle to other cateqories
of vehicles on how big a problem it {5, Particularly motorcycles scoms
to be a big problewm,

tlayne Marcus, - 1IC

I'd 11ke a clarification, ! got the {mpression from Vistening to vou
carlier that you're shooting for some form of comparative rating as
oppased to an absolute rating, I'm speaking of comparing the level

of an aftermarket exhaust system to an QEN exhaust system or comparing
an exhaust system to a tota) vehicle nofse, Is this a misconceptfon,
{f not can you explain why you're shooting for comparative?

411 Roper

I meant to convey the thought that we're leoking at both of those.

He have not decfded at this pofnt whether one from our standpoint

ts better than the other, but we did want to get conment and information
on the kinds of things that would be avaflable to us a5 tools 1n
assessing the performance of an exhaust system by both approaches.

Docs that answer your question?

llnme Harcus

Yes

Crnte Giddo

Thank you very nuch, Is there a final conment you would 1ike to make,
Bi11, before we close the sessfon?
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11 Roper

I quess from EPA's standpoint [ would like to again thank all of you
for participating in this symposium. This {5, I think the first time
the EPA 1n the nofse office has conducted this type of meeting with
the tectnical oxperts in an arca this early in a study proqram and

as 1 think has been shown, in this afternoon's session there really
are no ¢asy answers to some of the questions that we're faced with
attempting to collect information on and male rccormmendations to the
agency.  There is difference of opinton and we're not surpriscd

by that, but I think it's been very constructive the last threc days
to have the caliber of poople that we've had at this meeting together
in discussing, 1 think quite frankly and openly, their opinions on this
subjJect and I heard a comment carlier this morning that even 1f thero
vere no specific recomnendations that came out of this meeting, but
Just the fact that a lot of ideas wvere thrown up, a lot of thounhts
have heen discussed that sone of the mapufacturers of these products
way have picked up some tdeas and we nay get potentialily some noise
quieting coming out of the fdeas that were exchanged at this meeting,
After all, that's the business that we're really in 15 to make 1t a
Httle quiceter out there {n the envirenment and [ think that's great
if we contributed toward doing that through this meeting; so again
I'd 11ke to thank you all and wish you a safe journey home with one
thought too that 1 want to leave, and that 1s that tihls 45 in a sense
the beginning af what I hope wi1) ba a continuing dialog between

many of you and EPA as we move further aleng {n this program, so
thank you,
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