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1.0 INTRODUCTION

As part of the evaluation of the noiseproducedby motor vehicles, EPA has
sponsoredthe developmentof a light vehicle noise testprocedure1 andthe acqulsltion

•! _ of a aomprehensNenolse data baseon 66 new (1977model year) light vehlales.2 This
: data basedefines the noise levels associatedwith varioustypesof light vehicles, and

z. _ ldontlfles vehicle typeswhich are noisierthan others. Among the noisier vehicle types
are thoseexpected to be moreprevalent in the future dueto increasedfuel efficiency. If

federal action is taken to limit the noiseemissionsof light vehicles, It mustbe demonstrated
that any required noisereduction is technically feasible. Aacordlngly_ a studyhas

beenconducted to define ;n detail the noisesourceem;ssloncharacteristicsof several
lightvehlalest Identify methodsof reducing the nolse, and demonstratethe feasibility

_, of these methods.

In the presentstudy, flve Ilght vehTcleswere selected fromthosereported in

I_ References 1 and 2. _ey consistedof three subcompactautomobiles,one Diesel

paweredautomobileand one Iighttruck.* VehlaleseleatlonarlterlaandspeclflaatlonHI
t_ of the test vehicles are presentedin Section2.0.

_r

_ I_1 Testingwasconductedon the Inertial dynamometerlocated at Wyle's Norco,
x, t_
il Callforn;a, test facility. Thisdynamometerpermitsthe simulation of an acceleration
_r

I:_ loadon a stationary vehicle. Theuseof a stationaryfac;lity permitted detailed source
;dentlfrcatlon procedureswhich wouldnot be practical in a movingtest, and alsopro-

vldeda degreeof repeatability which cannot normally be achieved wlth a moving test.
The inertial dynamometer, instrumentation,andexperimentalarrangementare presented

in Section 3.0.

The five testvehicles were operatedovera rangeof throttle settingsfromno load

!'l to full throttler andspeedsup to 90 percent of rated-enginespeed. The test matrix Included

the test condition defined in Reference1. A variety of microphoneposltlanswere used,

Including 7.5m (25 fl) and 15m (50 ft) sideline, 0.5m (20 in) fromthe exhaustoutlet, and

,
Wyle would like to thank General Motors Corporationfor providing the Diesel automobile,
andFordh_otarCompanyfor the light truck.
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o variety of near-fleld posttlons. Vehicles were first tested in their stockcondltlon, then i

tested in a variety of'modlfledconflguratlons. Themodified configurationsincludedvarious
degreesof wrappingand componentremovalfar sourceidentification, anddemonstration

conflguratlonsof'nolsereduction rnodtf,ications. Thetestprocedures,vehicle configuration,
+" anddata collection and reduction are discussedIn Sectl0h 4.0.

The characteristics of the vehiclesand theirno_se source components are presented

In Section 5.0. Thisincludes identlfloation of'major sourcecomponentsand the rank-

ordering of their importance. It wasfound that the englne was usuallythe dominant
: nolsesource. Exhaustnotsewasgenerally not Importantat mastaperatlng candltions.

1_ No;sereduction techniquesare presentedin Section 6.0. Methodsspecifically

Investigatedand demonstratedincluded flow-throughengine enclosures,coolingfanpi
_il changes,and exhaustsystemmodifications.

.... I_ In addition to the flve vehiclesselected f,ortestingt the opportunityaroseto

test a turbochargedDieselpoweredautomobile.* Moving testswere conductedon this

l_ vehlcle at EPA*sNoise EnforcementFacillty tn SanduskylOhio. Data f,orthisvehicle
¢t4

are presentedin AppendixA.

[: Thef,eas;bililyof a stationary unladentest, similar in conceptto the IMI test

usedfor heavy trucks, was brlef,ly investigated. Unladen testswere conductedon three
I1

vehicles, and comparedto measurementsunderacceleration. Theseclaraore presented

in AppendixB.

I

We would like to thank VolkswagenwerkAGB f,orproviding this vehicle.
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Table 1. SpecifioQtions of Test Veh;cles _

TestVefficle Curb Tire

Vehicle No.** Size Weight Engine C[D BHP Torque Trans. _RearAxle Size

Ford F-150 015 LT 4r, 590 V8 351 163 @ 3800 270 @ 2600 4M 4.11:1 L78-15

Toyota Corolla 005 SC 2,325 L4 97 75 @ 5800 83 @ 3800 5M 3.91:1 165 SR 13

Chevrolet Chevette 019 SC 1,958 L4 97 63 @ 4800 82 @ 3200 3A 3.70:1 155-13

Oldsmobile Diesel --_'** LS 4,120 V8 350 120 @ 3600 220 @ 1600 3A 2.41:1 GR78-15

Ford Pinto 047 SC 2,477 V6 171 93 @ 4200 140 @ 2600 3A 3.00:1 8R78-13

. *Units are; CurbWelght- Ibs; CID- cu. in./ 8HP- BHP @ RPM; Torque - ft. Ibs.
;'.**See Reference 2.
3*.t'Similar to Vehicle H053.

,<
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I _ 2,0 TESTVEHICLES

_ Table 1 lists the specfflcaHonsof the flve vehicles selectedfor testing. Selection
wason the following basis=

1. Modelsselected fromthe 66 vehiclesforwhich movingtestshadbeenperformed2

i_. _ 2. Noise levelsmeasuredaccordingto the EPA light vehicle noisetest procedure
i '. were aboveaverage.

3. Includeone'•lighttrui:k.

i! _ 4. Include modelsexpected to be morecommonInthe future due to fuel economy'_ considerations.il

;: _ 5. Include bothautomatic andmanualtransmissions.

_! 6. Frontengine/rear dr[re layoutonlyl due to the mechanical constraintsof the

'_i l: flywheel dynamometer.

_ I_ Fourof the five vehicles were the somevehicles previouslytested in the stud),des-ii cribed,_n'Reference._:._-TheCOIdsmo_le-D_eselwas_mechenieallyEslm_lar,to_a_model'" _ ' ' ' " " _tested''

_ [_ in that study. Table 2 summarizesthe movlngtestresultsfor thesefive vehicles.
In addition to thesefive vehlcles, testswere conductedon an experimentalturbo-

I_ chargedDiesel subcompact. The test resultsfor this vehlcle are presentedin Appendix A,

]
J
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i _ _ Table 2. Mov|ng TestNoise Levels (LA at 15m(50 it), dB)For TestVehicles from Refe_nce 2

• _ Vehicle No. EPA UrbanTest SAE d9B6a

[_ FordF-150 015 70.7 74.3
• ToyotaCorolla 005 67.5 72.4

Chevrolet Chevette 019 69.:1 --

_ : " Oldsmobile Diesel 053 69.7 74.5

FordPinto 047 68.6 78.1

N

i:

i ,

I

t"l
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:3.0 TESTFACILITY AND INSTRUMENTATION

3.1 Inertial D'/namometer

w Loadsimulatlonon statlonary testvehicles wasaccomplishedusing an inertial

'_i Ji dynamometer. Thisconsistedof a 1.22 m (4-Foot)diameter, 200kg (4SO-pound)steel

..... _-_i flywheel mountedona horizontalshaft, asshownin Figure 1. Thevehlcle was installed
• _, _,

"*: IX by disconnectingthe drivashaft unlversa]joint at the rear axle andconnectingit to the

" PI dynamometerinputshaft. A pair of shortshaftsprovidedclearanceunder the differential.
I i Twoheavy-duty, 4-speed manualautomobile transmissionswere usedForreductiongearing

between the dynamometerInputshaft and the Flywheel. Table 3 summarizesthe operating

capabilities of theinertial dynamometer,and Table 4 liststhe gear ratiosavalJable.

Figure 2 is a photographof the dynamometer. Toeliminate gearand bearing noise from

the dynamometer,an enclosurewasconstructedof I/2-1nch plywoodlined with fiberglass.

Ii_ Figure 3 is a photographof the site, showingthisenclosurein place and a vehicle Installed.
The dynamometerload wasadjustedto eachvehicle by selectingappropriate

[i_ gearingsoasto matchthe testweight of the vehicle. Thematchingcondltion is that
the kinetic energyof the flywheel equal the kinetic energyof the vehicle at the equlv-

: l,_ alent road speed.

i_ The equivalentroadspeedis

_ [_ V =w s RT/GR (I)

_ where oJs = driveshaftrotational speed;

RT = tire rolHng radius;

GR = vehicle rear-end ratio*

The flywheel speedis

- cuF = _us/GD (2)

where GD = dynamometergear ratio.

* Gear rati_ in thls reportore written asstep-downratios, i.e., input speeddivided
-, by outputspeed.

6
, WYI. E LABOnATORiEe
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"- Figure 3. TestSite and Dynamometer, With VehTcJeInstalled,
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Table 3. Inertlal DynamometerSpeciFications

5

} _ MaximumSpeed: 2000 RPM(Equlvalentto
6800 kg

Vehicle at 56 km,/h)

! _. MaximumInput Torque: 800m- N (600-foot-pounds)

FlywheelDiameter: 1,22 rn (4 Feet)

! _ FlywheelMass= 200 kg (450 pounds)
i l_i Momemtof Inertia: 37.2 kg-m2 (27.95 slug-ft 2)

k4
Table 4. Gear"RatiosAvailable

FrontTransmlsslonGear

, 2 3 4
.__ 1 5.1125 4.337 3.461 2.656

,. 2 4.182 3.114 2.485 1.907

tO 3 3.033 2.258 1.802 1.383

" _, 4 2.193 1.633 1.303 1.O00

"3

d
m

7
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_" Matching vehicle klnematlo energy ½mv V2 to flywheel klnetic energy _'IF ¢us2'

2 2=½IF 2 2½mv RT/GR ca)

Solvingfor the dynamometergear ratio,

• r _ GR IF

t_ GD = _] m--_'Fv (4)RT

WhenopplylngEquation(4), the vehicle masswasbasedon the curbweight plus 175pounds.

This representsa test welght with one person. If the exact ratio requiredwas not available

(see Table4)_ the next higher value wastaken. Thlswouldgive a slightly higher inertlal

_.i leading than is required, which compensatessomewhatfor the neglect of load fromrolling

I" and air resistance.

e

[_ Theequlvalent roadspeed, asa funetlonof flywheel speed, is g_v n by:
G D

! f._"= v = cuF RT GR (5)
!:,

• _i t_ Theequivalent acceleration is the first deHvatlve of Equation (5); ",.,-;,_.:y;

ii a = RT% C6)

_: 14 WhenapplyingEquations(5) and (6) to calibrate the data recording system,the actual

value of G D was usedif it differed from the ideal value computed fromEquation(4).

': l_ At its maximumspeedof 2000 RPMt the energy in the flywheel isequivalent to
that of e 6,800 kg (15,000-pound) vehicle at 56 km/h (35mph). Thiscapacity is more

" t! than adequatefor testing light vehicles. There isa slight restriction due to the 800m- N
(600.foot-pound)torque Iimlt. Full-throttle acceleretlonswith the vehicle in first gear

i!
k_ (typically 3=1) are limited to vehicleswith a net torqueof lessthan 270m - N (200-foot-

pounds). This restriction permits full-throttle testingof most, but not all_ light vehicles

in first Full-throttle acceleration be conductedin secondgear. tests (typicallycan gear

2:1 or less)for all light vehicles without exceedingthe torque limit. All tests at the
P_

throttle s=tfing corre_pondlngIo Ihe EPA urban eaceleratlon modewere well within the

¢opabfllly of the dynamometer.i.', IO .....
_) ww.n =..,_oonA'r o Rlu:s
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I,i 3.2 Instrumentation

Basicdata acquired consistedof:

• Twoacousticchannels

:! l,J • EngineRPM

i t: • Flywheel RPM

:' _ • Flywheel acceleration

/ _ • Manifold pressure
i J,_t • Automatictransmissionell temperature

"7 Figure4 is c blockdiagramof"the instrumentationsystem. Basicrecordingwason a GultonI

I '_ 8-channelchart recorder. A-weighted soundlevels wererecordedon the chart recorder.

I _ Spectraof eventsof interest were obtainedduring tastingus;nga real-tlme analyzer.
I

I Acousticdata were also recordedonmagnetictape in the event that further spectralanalysis

•_ _=_ wasdesired. An X-Y plotter wasusedto plot onenoisechannelversusengine RPM for field
evaluaron of no'semodifications.

: Spec;flc Instrumentationconsistedof the followlng:

• Two1-1nch General RadTocrystalmicrophoneswere usedfor soundmeasure-ments. Unwelghtednoisewasrecordedon a two-channel Kudelsk; Nagra

SJ-IV tape recorder, at 3-3/4 ips. TwoGR1933 soundlevel meterswereusedto prov;deA-weighted levelswhich were recordedon the chartrecorder.

-1 A B&K3347 real-time analyzer wasusedto obtain spectrafrom oneacousticchannelduring tests. A Tektron;cs31 programmablecalculator wasused to

_'l trigger the RTAat deslredengine RP/_duringacceleration tests.

= EngineRPMwasobtained by a frequency-to-voltage converterconnectedto

I"I the ignition system. Forthe Diesel, an Electro 3011 HTmagneticpickup

sensedthe passageof four metal p;ecesepo×iedto the crankshaftpulley.

= Flywheel RPNwasdetected by an Electro3011 HTmagnetic pickup adjacent

to a 60-tooth gear on the flywheel end, A frequency-to-vortage converter

wasusedto processthe signal, The voltage output waselectrcnTcally differ-

entloted to give acceleration.
il
i

I*_1 ]1, WYLIE LABOWlATOII I E5
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NogroTopeIRecorder

_: _ _ Meter Analyzer Recorder
_J

. ', Micro ones
• j

_: SoundLevel J
_i _ Meter Ii:

i!

• Magnetic Pickup Frequency-to- __t

I_!_ J--} Voltage Converter
'_il_ (Flywheel)

}} _ B-Channeli! Chart
!!

 carder
L_ EngineRPM Frequency-to-J [ Voltage Converter

(Magnetic Pickup

or Ignition)

Vacuum or

!-i Back Pressure
--= I I

r7 _Thormocouple
I J

I_ Figure4. Block Diagramof InstrumentaHonand DataAcquisition System.

12
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• Manifold pressurewasdetected usinga MTcrosystemsPA0055-1001 pressure

: transducer. Zt wasconnected to the enginevia an existing vacuum tap in
I p

the manifold.

I , • Automatic transmissionall temperaturewasmonitored with a thermocoupIe

attached to the end of the dipstick.

i , On the Dieselengine tested, exhaust back pressurewas monitored. A fitting was

,_ brazed to the exhaustheadpipe near the manifold flange, and the pressuretransducer con-

' nected. Also for the D_esel, vibration measurementswere taken by replacingone micro-

r.. phonewith an Endevcomodel 2242 p_ezoelectrlc accelerometer.
i,

All of the non-acoustic data were smoothedvia filter circuits with a 100 mstlme

Ii constant. Thls is the samesmoothingaswasusedin the mov|ngtestsdescr|bed in Refer-
ences 1 and 2.

I_ F;gure 5 showsthe recording ;nstrumentaHonasset up _n the control room.

r:
l °

h_J

_ Figure5. Instrumentation TnControl Room.
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I i 4.0 TESTPROCEDURE

4.1 Vehicle Operafin_ Modes

Noise datawere collected underthe followingconditions:
rl

• At steadyspeedsof 50, 60, 70, 80, and90 percent of rated RPM, with

. _ _ trensmlss'onin neutral.

• Underacceleration for five different throttlesettings. Thesesettingscon-

h_ slstedof:

That correspondingto the EPA urbanacceleration test condition]

Thatproducing an acceleration of aboutO.03g at the sameengine RPM

asthat achieved in the EPAurbanacceleration test. Thissimulated the

lead of a cruise condltlan.

r,_ Full throttle.

Twointermediate settings, onebetweenthe 0.03g and the EPA accel-

F2 eraHon, and one between the EPAacceleration andfull throttle.

r_ Accelerationswere performedwlth the vehicle in first gear and in drive (automatic/_
transmission)and in first* and secondgears(manual transmission).

Whenconducting testsat steadyRPM, was adjustedtothe throttle achieve the

desiredspeed. For the acceleration tests, a hand-throttlemechanismwith an adjustable

J stopwasused(Figure 6) and the stopadjustedto positionsdeterminedin the initial setup.

TheacceleraHonthrottle settingsthusconsistedof five specific openinganglesof the

v1-- carburetorthrottle plate (or the equivalent for the Diesel).

_. A baselineseries of measurementswasperformedfor each vehicle usingall throttle

"_ settingsand twogear ratios. It was found that noisewas not a strong function of throttle

setting, so that five throttle settings were morethan needed. Operating modesfor tests

after each basehne_erleswere therefore limited to steadyspeed, partial throttle corre-

!-1 spondlngto the EPAacceleration test condition, andfull throttle.

i1 For the Ford F-150, first gear wasnot normally usedin ordinary driving. Secondand third
gearswere thereforeused for the test.

_-_ 74 WYL _* LABORATORII_5l
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It wasalsofoundthat nolseat a given engine RPMand throttlesetting dld not
dependon whleh gearwas used. Accelerationat a given RPMand throttle setting was

;:i _ alsofoundto be proportional to the ratio between the two gears. Theacceloratlons
• encounteredwere sufficiently low for the powerandno_secharacteristicsto be quasl-

!' _ static. Acceleration test conditions after baseline were therefore donein first gear only.
g

Limited tes_ were also conducted wlth the transmissionin neutral to see if quesistatldc

conditionsoccurredfor inertial lead by engine inertia alone. Thesetestsare described
In Appendix B.

_i 4.2 MicrophonePositions

The followlngmicrophonepositionswere used:

1. 7.5 meters (25 feet) to the left s_deof the vehTcle_centered on thewheelbase.
i

Thiswasthe basic Far-field posltlanandwas usedfor all tests.I

2. 15meters(50 Feet)to the left side of the vehicle, centered on the wheelbase.

3. 1.5 meters(5 feet) in front of the vehicle, aligned wlth the vehicle centerline.

4. 0.5 meter (20 inches) from the exhaustplpe outlet, at the sameheight as the
outlet.

5. 0.5 meter (20 inches) from the muffler.

6. Varlauspositions under the hood, 8 centimeters (3-1/4 inches) fromthe
surfaceof various accessoriesand engine components.

Microphonepositions 1;' 2, and3 were 1.2 meters (4 Feet)above the ground.

Only posltlons1, 2, and4 were usedfor quantitative determinationof sourcecomponents.

_j Data from the other positionswere usedfor qualltatNe assessmentsand to determinespectral

_-' shapesof individual components. Figures7, 8, and 9 showtypical microphonepositions.
:,_

4.3 Vehicle Configurations

_ Each vehicle wasfirst tested in its stock configuration. Thiswas then Followed

"'I by a seriesof testswith various camponenlsremovedor shielded, and various degreesof
enginecompartmentenclosure. Quieter componentswere alsosubstituted. 1lie vehlcle

wasthen restored to stock configuration anda final basellne seriesof measurementsmade
I

as a consistencycheck. Modified vehicle configurations included:

16
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Figure 7. Sideline MicrophonePositions.

!

I

a

Figure8. Sideline and Front M;crophone Pos;fions,
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L-.. F;gure 9. Typical Under-Hood Near-Field MicrophonePos|tion.
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• Removal of the cooling fan. An external water supply was used to cool the

engine when the fan was off.

• Installation of a clutch fan on vehicles equipped with a direct drive fan.

l_i Where available asan optiont the unlt supplied by the vehicle manufacturer
was used. If not avaHablet a unit from an affermarket manufacturer was

• " _'_ used
o

• Removal of the alternator and/or other belt-driven accessories.I_:J i Wrapping of exhaust system components with sheet lead (approximately 9.8 kg/m 2

(2 Ib/ft 2) ) and Kaowool. The Kaowool was used in p_eees about one to three
centimeters thick to provide padding between the lead and the exhaust,cam-

ponents. Figure 10 shows a typical wrapping.

e Addltionof an external muffler over the tailplpe. Th_sconsisted of a 1.8-meter

(6-foot) long flex pipe, a large truck muffler of stralght-through design, and

3-meter (lO-foot) straight pipe. The internal diameter of these components

[_ was about 13 cm (5 Inches). Figure 11 shows this muffler system.

f_ • Modification to the original exhaust system. This was done on two of thei:
t_ vehicles. The Toyota's original exhaust system was removed and replaced

with one having a larger muffler of type similar to the original, plus a glasspackstralght-through muffler. On the Otdsmobile, a second muffler slhlilar to the

stock one was added _nseries, replacing a section of straight p'pe ahead of the-1
--] stock muffler.

i e Addltlon of absorptive materlal in the engine compartment. ThTsconsisted of

f'iberglass and/or Kaawool about 5 cm thick (with NRC of about 0.75) placed

I over about half the surface area.

e ConstrucHon of engine compartment enclosures. These were constructed from

..=. lead sheet with wooden supports. Areas covered were the openings in the

fender wells and the underside of the engine compartment. The underside of

1 the engine compartment was covered with a lower enclosure, attached to

i! i_ the frame ra_ls and the bottom of the radiator, and extending rearward as

_' far as the flrewolh The enclosures were Juft open at the rear to permit

i ,
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• Figure 10, Wrapped Exhaust System, Ford F-]SO

14

t

, q

Figure 11. External MufFler System
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; I ; cooling air tr_flow through. Rgure 12 showsa typical enclosureinstallation.

Thegeometryof the enclosureswasrestrictedto that possibleonproductionvehicles.

• Vinyl drapesover fenders, vehlcle, etc., to help Identify trans-under the

_ mlsslonpaths, A vinyl material was usedwith massof about 4•9 kg/m 2

_ (1 Ib/ft2), backedwlth opencell Foamabout6ramthick•

Thesechangesto the vehicle configurationwere appliedgenerally in order of• sourcestrengths. Table 5 showsthe configuration matrix for the Toyota. The sequence
. • •, I * *,

of madFleatons was:sm Ior for the other veh el%_.

4.4 TestProcedureandData Reduction

t:s Eachvehicle waschecked to ensureit wastuned to manufaaturedsspeclfi¢otlons,

then Installed on the test stand• The instrumentationsystemwas¢alibrated.and:thedhiottle

!! I:_ stoppositionsestablished. Thevehicle waswarmedup to normaloperating temperatures,

" beforenoisemeasurementswere conducted.

_', Steady, unloadednoise testswereperformedat stabllzed englne speeds. In general,

kI at least ten secondsof datawere collected at eaah speed• Acceleration testswere performed
r_Ji

four timesin successlon. Thisprovideda test for run-to-run conslstency.

Figure 13 showsa typical strip-chart recordingForan acceleration test at partial

throttle. Thevacuumtrace clearly showswhen the throttle opened, and whena steady

l"I acceleration was established. The acceleration trace follows this closely. Thesmall

oscillations in the acceleration trace are due to torsionalvibration in the flywheel. These

-- are causedby unsteadlnessin the englne at idle couslngtorquereversals; note the large

_ spikesbefore opening the throttle. Tominimize these, anoperatingtechniquewasdevelopedp
In which the throttle wouldFirstbe slightly openedfor longenoughto smooththe flywheel

motion, then fully openedto the stop.

/ The two no|sechannelson this figure are 7.5-rneter sidelTneand exhaustoutlet

_ microphonepositions. Note that there issomeunsteadinessin the noisesignals. Some4
": of this is a characteristic of the engine, especially the exhaustnoiseat closedthrottle,
J
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Table 5. TestConfigurationMatrlxr ToyotaCorolla

ConfigurationNumber
DESCBIPTION I

I 2 3 4 5 6 7 8 9 10 11 !12 13

Stock X

FanOff X X X X X X X X X X X

Alternator Disconnected X X '. X X X X X X X

Alternator LeadWrapped (w/Absorptlon)

Air PumpDisconnected X X X X X X X X X

Water PumpDisconnected X X X X X X X X X

Air ConditioningD|sconnected

AbsorptionUnderhoad X X X

Heavy Vinyl Undarhood ' . ! X X X

Lead Covering GapsAbove Frame X X X X

Belly Pan X X X X

Stock FanLocked X

Modified Muffler X

FrontoFCar Wrappedin Lead X X X X,<
FrontMuffler Wrapped X

m
0

1
0





i •
bi

while someat the 7.5-meter microphonemay be due to atmosphericfluctuations. The

fine-scale fluctuationsseen;n the Figureare essenHallyrandom. Toavo;d variaHons due
to randompeaksat enginespeedsof interest, data reduct;anfor the presentprogramwas

_. accompllshedby smoothingthe traces. Thlswas the apprepHateapproachForthe present
program_wheredifferencesof no;sebetween variousvehTcleconfiguratEonsore of interest.

, _ It pray;desdifferent levels, however, Fromthe usualconventionof taking the maximum
• _I _:" fast responselevel. Referr;ngto the noise tracesduring accelerat;on and duringengine

,_! TdJeperiods;n F;gure 13, the smootheddata reducHong_veslevels lower by about 1/2 dBand 1dB, respectively, thanmaximum levelsFor the 7.5-meter m;crophone,and about

I_ [,_ 1/2 dfiand 2 to 3 dB lowerForthe exhaustmicrophone. Th_sd;fi_erenceshouldbe kept.!
_' in mindwhen comparingthepresent resultsw|th data FrommovTngtestswhere the maxl-

ir _, mumfastresponselevel ls used.2

Uslngthe smoothingconvention for selecting levelsat a gTvenenginespeed, data

from thestrip chartswere read at the five stead)/speedsForunloadedtests, and at Fourto

five speedsForthe acceleration tests. One speedwasthat correspondingto the EPAtestt_g

t_ condition, one wasthe h;ghestRPMachieved in the aeaelerat;ons(usuallyabout 90 per-

cent of rated RPM), and one wasthe lowestRPMForwhich stead),throttle wasach;oged

Ji_ (usuallyabouthalf rated RPM). Values werealso taken at oneor two intermediate P,PM_

as neodadt to providesmoothplots of"no;solevel versusRPM. LevelsForthe aoceleraHon

[_ runswere taken asoveregesof the volues for Fourrepet't.ons.

(
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_; 5.0 NOISE SOURCESAND CHARACTERISTICS

5.1 Noise Characteristicsof the TestVehicles

Figures 14 through 18 showthe 7.5-meter sideline noise levels asa function of

_] engine speedat varlousloads for the five test vehicles. The following characteristics may

be seen:

• The relationbetween noise level and RPMis generaNy linear. This is in con-

trest wlth intuitive scaling lawswhich wouldbe logarithmic with RPM.
• Theeffect of load on noiseis lessthan theeffect of RPM. The greatestdif-

ferencebetween full andpartial loadnobe at a given RPM is about 7 dB.
Differencesbetween level at full andhalf rated RPMore between 10 to 15 dB.

L_ • The variation of noise fromthe Diesel -- both wlth RPMand throttle change -

is lessthan for the spark ignition englnes.

i, Table 6 listsseveralquantitative parametersof Figures14 through 18. These

]ii! [1_ Includeaverage siepeof the curves(dB/1000RPM), slope timesone-half rated _h4 (glving
_;,< Z_L from50 to 100percent r_M) t noisedifferences aboveno-load Forpart'el and full throttle

_ at oneRPM(correspondingto the EPAtest mode), and the valuesof acceleration at that RPM,

71 Figures14 through 18 are usefulEnthat they define the noiseemissionsof vehicles
t_JI

_, [2 as functionsof throttle and RPM. Theydo not provideInsight to methodsfor quieting,

however, asthey do not identify thesourcesof noise. Similar chartsare needed for source

_ components.

!_i 5.2 Noise SourceComponents
t I_m

Noise sourcecomponentswere isolated througha sequenceof removalandwrapping.

As each componentwasremovedor wrapped, its noise level was determlned from the dif-

ferencebetween beforeand after levels, measuredat the 7.5-meter (25-foot) microphone

_.l'i posltlon. Toensuremeaningfuldifferences, componentswere eliminated beginning with

the noisiest. The following qualitative meanswere usedfor preliminary rank ordering of

sources:

'-I • Direct subjective udgement. ' Overall, this was very unreliable. ObserversU
insidethe vehicle, for example, always felt that exhaustnoisewas significant.

_1 26 wvL_ LAnORATOR_ES
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Figure 14. Sideline Noise Characteristicsof Ford F..150.I
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Figure I5. StdeJine Noise CharacterisHcs of Toyota Corolla.
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Figure 17. STdellne Noise Characteristicsof Oldsmobile Diesel.
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Figure 18. Sideline NoiseCharacteristicsof FordPinto.
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' i

_ Table 6. Summaryof Nolse CharacterlsHes

" _ _ Slope Difference Difference Above
Vehicle dB/1000 FromHalt to EPA No Load, dB Acceleratlon, gRPM Full RPM, dB R_/'_* Partlal Full Partial* Full

FordF-150 8.0 15.2 2660 1.0 2.2 0.14 0.38

i _ ToyotaCorolla 4.2 12.1 4060 2.0 5.0 0.16 0.32
{ Chevro_etChevette 6.5 15.6 3000 5.5 5.5 0.091 0.32

_ OldsmobileD_esel 4.9 8.8 2500 0.5 1.6 0.15 0.25
FordPinto 6.4 13.5 2520 2.2 5.2 0.21 0.26

!,

1:

i! [_ *Thepart throttle testswere set up following the testproceduredefrned in ReFerence1.
;4 t*.l The Chevette and Panto, both equlpped with automatic transmlssfons, shifted at dgnlfi-

eanfly different speedshere than they did |n the mov;ngtests. Thesewere the same

l_I vehTcfes,but had seenseveralmonthsoFrental servTce. For consrstencyw_thdataIn ReFerence2, data here are presented for the RPNobtained _nthe moving tests.
Thecorrespond|ngacceleration rates _nth|s table therefore do notcorrespondto 0,15g.

r'l

!'i
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I;
Subjectiveiudgmentwas foundto be usefulonly wheno direct comparisonof

:_i_ separatesourceswasinvolved. Forexample_an observerunderthe vehicle
! near the exhaustplpe could ten whether the sectionof plpe nearhimwassig-

_ nlficant comparedto onadjacent section. Directional perception_ as opposed
i }_ ' to recognizingparticular sounds,was the d'scrim'natorymechanism.

I:_ • Near-field measurements.A microphonewasheldapproximately8 centimeters

:' (3-1/4 "nches)from the surfaceof variouscomponents.Twoobservationswere

i [_ made:

The level wasnoted.

_i Listeningthrougha setof headphones,soundfromthe near-field m|cro_

_!i _ phena end the 7.5-meter m_cro_hene were compared.

;._ Themagnffudeof thesound level, reJaHveto othersources,generally ind_-

_! cotedwhethera sourcewasa major contributor. ListeningprovldedadditionalP
!

confirmation, in that the near-field of a domlnontsubsourceusuallysounded

!_i very stroller to the for field. Listenlngwas not effective for exhaustsystems
_r
_! becauseall parts tendedto soundthe same. When evaluaHngthe measured

_.:_ levels, subjective considerat_onmustbe given to s_ze. Jn'one case, an
,[

i:_, alternator with near-field levels20 dBhlgher than the engine blockwasonly
;; 3 dBlouder_nth_ f'ar-field becauseof the difference in surfacearea. Near-

_:I field levelswere mosteffective asa screeningtoot to rule out the potenHal

;! importanceof small components.

_! I_ • Exhaustoutlet measurements.A mlcrophoneplaced 0.5 meter (20 inches)
k_

_: fromthe exhaustoutlet wasfoundto give an excellent measureof this cora-

l I_ ponent. If exhaustoutlet noise issignificant, thispc_itlon is dominatedby
outlet noise, and _salso in the acousticfar field. Exhaustoutlet data extrap-

olated to 7.,5 metersby 6 dBpar daubllng usuallyagreedwell wlth that obtained
by differentlaf measurementswith and without the duct!and muffler (seeFigure 11)

_nstalled.

The above techniqueswere found to be very effective _nplanning the ordering of
i-1
I the canfiguraHonmatrix ForsourceevaluaHon. Except for the exhaustoutlet measurement,
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' _t mustbe emphasizedthat only qualltaHve resultswere obtained. ]n caseswhere there

was somedoubt asto what the orderof attack shouldbe, the sequencewasreversedwhile
restoringthe vehicle to Its odginal configuration.

[_ Figures19 through33 presentthe componentnoisesourcelevels for the five vehicles.

For eachvehicle, three figures are presented: componentlevels at no load, partial throttle,

and full throttle. The total each those in 14
cu_e on

corresponds
to F;gures through18.

Thecomponentno;sosourcecharacteristicsof each of the five vehicles, togetherwith

approachesfor noisecontrol, are discussedbelow.

5.2.1 FordF-150
At no loadandparHat throttle, the engine cooling fan was the biggestsubsouree.

I_ This was a direct drive fan. Thealternator was alsofoundto be a major no'sosource, com-
parable to the eng;neat no load. The majornolsesourceon the alternatorappeared to be

: _tscooling fan, which wasa stampedcentrifugal impeller.

At h;gher throttlesettings, the exhaustsystemandengine contributionsincreased,Ig
_ becomingthe two majorsourcesat full throttle. 1_ebulk of exhaustno;sowasfrom the

F;li tailpipe, but the shell radiateda significant amount of soundat law RPMand full throttle.
[:m

Th;svehicle clearly exhibits a shTft;n sourcecomponentswith operatingmode.

!! _.1:_1 Note that noise control measuresdes;gnarlat Full throttle, where nglne and exhaustdom-
inate, or at no load, where fan and alternator dominate, would not be effective at other

_ _1 throttle sethng . All four of theseare of comparablemagnitudeat the partial throttle
condition.

Thefirst stageof noise reduction for thTsveh;cle is replacementor modification

of noisy accessories, SubstltuHanof a clutch fan virtually eliminated fan noise; this is

L_ discussed;n Section 6.1. Somek;nd of modification would be required to the alter-

nator. No alternator modificationswere attempted, but the impeller was obviouslynotI-I
- designedwith considerationfor low noise. Simply slowTngthe alternator pulley ratio

_- would eliminate ;t aso significant source.

-- Theexhaustsystemhad a single muffler, and there wassubstantlalroomfor larger

and/or additionaJ components. Provid;ng more volume {n the muffler system,as discussed

34
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Figure 23. Noise Sources at Partial Throttle, Toyota CoroJJa.
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in Section6.2, would poseno secondary difficulties. Thlswould reducethe dominant

exhaustnoiseat full throttle.
h

: A secondstageof noise reductionwould be to reduceengine noise. Assumlng

-: _ the engine ilself cannotbe modified, an enclosureof sometype wouJdbe required. This.:

i is discussedin 5ection 6.3. After thls staget considerationwould have to be given to

radiationfrom the muffler shell if the original design werestill usedin the modified exhaust

system.
p_

l i 5.2.2 ToyotaCorolla

[_ The dominantnoise this vehicle the Accessoriesand their
source on was engine O

drive beltswere identified to be majorsourcesaswell, bycomparinglevelswith the drive

[_ belts disconnected. This be accurate however. Mechanicalmay not portrayal,an reso-

nances played a large role in the nolse character;sticsof thisvehicle - note the peak at

l_ around4400 RPM- and it is equally possTblethat removingthe alteredbelts the vibration

responseaso whole. Qualitative and near-field observationsdid not identify a particular
m_

I: source,o,theydidforthePardF-,50
The cooling fan - which had a v_scousclutch - wasfoundnot to contribute meas-

1., urably to noise.

'I'!, Noise reductlonto thls vehicle, in the absenceof fundamentalreductionto engTne/
accessorynoise, wouldrequire an eng;necompartmentenclosure. Dependingon the extent

(I of reductionhere, exhaustnoise may be a s;gnlf'cant secondarysource. Engineenclosures
and exhaustmodificationswere tested for this vehlcle, andare discussedin Section6.

5.2.3 Chevrolet Chevette

! The engine wasthe dominant noisesourceat no load andpartlal throttle, w;th
imm

exhaustprovTdlnga significant contribution at full throttle. Fannoiseis alsoa slgnlficant
d.,t

secondarysourceat lower throttle settings. It is dlfflcult to quantify it precisely because
of the variable nature of the clutch drive. At full throttle, engine nolsewas too high to

permit measurementof fan noise.

.., Any noise reductionof this vehlcle would require an englne enclosure. This

J wouldquiet both the englne and the fan. Dependingon the degreeof noisereductTon
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• reclukedat fulr throttle, addlt_onalsilencing of theexhaustwouldbe the next step. Thls

_ could be difficult, as there appearedto be little roomfor larger components. At full
throttle, however, exhaust noise is only about one-thlrd of the total; it is lessat lower

throttle settings.
H

1
5.2.4 OldsmobileDiesel

[,i The dominantnoise sourceon thls vehicle at all operating conditionswas the engine."

if' t l_ Theexhaust noisecomponentlevels sho_vn.inFigures28"ahd 29 for no load andpartial -"
_ throttle were obtainedfrom near-field exhaustmeasurements,andmay be somewhathigher

than actual/the exhaust wason the right side and the 7.5-meter microphonewason the left.
None of the accessories(including the high-pressurefuel Injection pump)were found

I_ to contributeme=urably to the noise. A qualitative examination, asdescribedearlier,
revealedno obvioussubsourcesother than the engine it=elf. Near-field noisemeasure-

I; ' se "
mentsaroundvarlou ngme componentsand accessoriesall fell within o 4 dBrange. The

air Inlet - often a major sourceon D_esels- wasexaminedand foundto be well treated,

tll including a smallsilencer on the inlet duet to the filter plenum.

As a final diagnosisfor sources, accelerationmeasurementswere madeon the valve

I:I covers,engine block, oli pan, and intake manifold. A-welghted vlbration levelswere

f_! generally w_thin2 to 3 dB of each other for these areas. In the absenceof obviousvibra-
_=_ tion differences,nodefinite conclusloncan be reachedwlthoutactually isolating components.

_ A subjective assessmentwas made by listening to the accelercmeter signal andcomparingit

J to thesoundat 7,5 meters. The block vlbratlans soundedexactly likethe 7,5-meter acoustic

signal;the other componentsmuch lessso, espec'ally w'th regard to the characterlshc Diesel

knockingsound.

Recognizing the qualitative nature of this examination, it hasbeen concludedth=t

n • ,-- the basicnolsesourceof the Diesel e g,ne ,s block-related v_brat_on. The manufacturer

"- hasobviouslypald careful attention to minimizing secondaryor exlernal noise sourcessuch

as resonatingsheetmetal coversand inlet noise. Furthernoisereductionon thlsvehicle,

in the absenceof fundamental changesto the engine, would require an engine compartment

enclosure.
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i , 5.2.5 FordPinto V6

The engine was the major noisesourceover the of conditions.range operating

At low throttle, the fan wasa comparablenolse source. The vehicle had a direct drive

fan. Exhaustnoise becamea slgnlfleant seuroeat full throttle, wlth radiation from the

pipesand catalytic converter an important secb'ndarysource. The increasesin level

i _ with throttle for the engine and exhaust.systemare consistentwlth that observedf'or!! _
? the other _ehlcles.

i l_i Nolse reduction at lowpowerwould require quieting the fant mosteasily accom-

1__ plishedwith a clutch fan. At high throttle_ the exhaustsystemwould need improvement•, At all throttle settings, the engine contrlbutesabout half the noise, so sometype of enclosure

wouldbe requlred to achieve a total noise reduction of more than 3 dB. Quantitative noise

_. control madlfleafiens are discussedin Section6•

[_ 5.3 Nolse at EPA TestCondltlan

As seenfrom the above data dlscusslan_vehlele noiseand its subsoureesvary con-

[I slderablywlth operating mode. The varlatlon of the relative importanceof the sourcesis
• • • a • .highly slgnlflc ntt saneeno_secontrol on onesourcedoesnot give uniform reduction over

II all modes•

]n orderto simplify the noise reduction analyslsof these five vehicles, it is desir-
able to limit the dlsousslonto a single operating mode. Theappropriate mode to use is

,: I'_. that correspondingto the test proceduredevelopedfor EPAin Reference 1. In additiont=,
to conslderetlonsof consistencywlth References1 end2, this correspondsto a median in

the operating rangesdiscussedabove. ExaminingPTgures19 through 33, sourceswhich
dominateat full or partial throttle tend to be at least secondarysourcesat thTspartial

l_ throttle condltlon. Thisconditlon therefore has the benefit of provldlng a reasonable

compromisewith regard to being "typleel" for designing noise reduction which will be

[_ effective over a wider range.

Table 7 summarlzesthe overall andcomponentsourcelevels at 7.5 metersfor this
I 1

.. modefor the five test vehicles.

11
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i_ Table7. TotalNoiseand ComponentContributions '_
_r at EPA Test Conditions. i

= _ FordF-150 ToyotaCorolla Chevette Oldsmobile FordPinto
RPM 2660 4060 3000 2500 2520

Moving Test 75.3 73.6 72.2 74.8 73.2

Dynamometer 74.0 73.6 71.2 74.0 71.5
t

1_ ComponentsLevel % ..Level % Level % Level % Level %

Englne 68.6 29 70.9 54 69.4 66 73.8 95 69.1 58

Fan 69.5 35 60.1 4 62,9 15 -- 63.8 17

l_i_ Alternator 66.7 19 ........Belts&Access. -- 67.8 26 ......

Exhaust 65.2 13 67.0 22 62.0 12 69.5* 35 66.3 30

MuFfler 61.2 5 ........

Pipes,Catalyst ..........

TOTAL 74.0 73.9 70.9 75.2 71.7

* Exhaust on rlght side. In movlng test, right side was 0.7 d8 louder than left.

n
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6.0 NOISE REDUCTION

Following identification of componentsourcesand their levels, a seriesof modi-

! flcotlons wasconductedon eachvehicle to determinetheeffectivenessof various

.noisecontrolmeasures. Non-acoustical properHes,e .g., structuralrequirements,operating
!

constraints,et¢, were not experimentally invesHgated. Noise reduction techniques

- J.i investigated included componentsubsfltutlon, absorptivetreatment, and engine enclosures.

To a large degree, the noisereductionstudywasan extensionof the wrappingandremoval

r_ processforsourceIdentification. Engineenclosures, for example, can be viewed as part

of wrapping. Not all reductiontechniqueswere applied to all five vehicles, especially

if trendshad beenestablishedfromother vehicles.

The findingsof thls studyfor variousquieting techniquesare discussedin Section

6.1. Quiet conflgurotlonsfor the five testvehicles are presentedin Section6.2.

[_ 6.1 Quletln_ ModlflcaHons

I': 6.1.1 Cooling Fan
r]

Twoof the test vehicles - the FordF-150 and the Ford Pinto -- had direct drive

[_ fanswhich were significant noisesources. The other three vehicles were equippedwith
p_

theramstatlcclutch fan unitswhich either did notmeasurablycontributenoiseor were

(by least 3 dB)than the alone.substantially quieter engine

- Fannoise is very highly dependenton speed, varying as S0logI 0 RPM.3 A"
_ 25 percent reductionin fan speed,all elsebeing equal, resultsin a reduction of over

- 6 dB. Thiswould also reducecooling air flow by 25 percent, however, sothat fan

- no_sereduction ls not usuallyassimpleasreducingthe pulley ratio.

The fan is normally requiredonly at low speeds,where there is noram air. Thespeeds

-- at which nolseis of interest aremuch higher than this. A direct drrve fan set up to deliver

adequatecoaling air at idle operatesmuchfaster than is required at driving speeds. Thermo-

-- statically controlled fans, which limit fanspeedsto thoseactually needed, can he very effec-

tlve in reducingnoise at higherspeeds. Accordingly, the stock fanson these two vehicles

-- were replacedwith thermostaticclutch units. Figure 34 showsthe fan and clutch usedon

the Ford F-150, togetherwith the arlglnol unit. The clutch fan hasmuchgreater blade area

to compensatefor its lower speeddue to somesllp underall conditions.
54
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With the clutch fans instaliedt fan noisewasnot measurableon thesetwo vehlcles.

a asoriginal equipment, coolingsystemmayWhen clutch fan is Installed the have

other differences in comparisonwlth a vehicle wlth a direct fan. The mostpertinent for

_ noise ls that the pulley ratio may be different. Drive speedscan be up to .50percent

hlgher. To assessthe effect of a higher pulley retie, the following testswere performed

on the FordF-150:

• Speedof"the clutch fan wasmeasuredat variousengine speeds. This is

shownin Figure 35, together wlth the direct drive fanspeedcalculated

from the pulley ratio.
• Theclutch unlt waslocked and thenoisefrom thls fan measuredwlth no

"_ _ slip. Figure 36 showsthisin comparisonwlth the orJglnal fan.

: Themeasuredclutch fannoise levels, clutch locked, were adiustedby the RPM

• curve shownin Ngure 35 to obta'n operatingnoiselevels. This isshownIn Figure 36
-j

'_ for comparisonwlth the orlgTnalfan. Alsoshownis the clutch fan nolselevel if the
I?|

[_ pulley ratio were 50 percent higher. Exceptfor very lowspeeds-- well below the speed

for the EPA test mode - nolsefrom the clutch fan is much lower than for the origlnal

: stock fan.

i I._1 Basedon thesefindings and the sourceresultsfor the vehicles wlth clutch fans,

!_ t_ It is concludedthat fen noisemay be eliminated, except at low RPMsby the useof a

i_ thermostaticclutch fan drive.

' 6.1.2 ExhaustSystems

Qver mostof the operating rangeof the flve test vehicles, exhaustno_sewase

secondarysource. At high RPMand highthrottle, it approachedenglnenohe on threeof the vehicles. On the Ford F-150, it wasthedominant sourceat full throttle; on the

r_i Chevette it was never a primarysource.

Exhaustsystemnoise control hasbeen the subiectair a large amount of research

'-1 endengineering, Modern exhaustsystemsare designedto match the characteristics of
the engine. The findings described in Section 5 showthat this work has generally been
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J ; quite successful.Wffhln the contextof reducingtotal vehicle no_seat the part-throttle

EPAtest condff_an,only moderateadditlonal reductionsof3 to 5 dB would be required.*
With reactive mufflers, this can be achievedby increasingthe volume by about 50 percent 4

Available spacebecomesthe major constraintan feas'bHity.
In view ofthe existing body oFexhaust silencingwork, a detalred study ofexhaust

systemswasbeyond scope presentstudy, pertinent studythe of the A demonstratlon to this

wasthat somemodification could be madewhich met the abovegoal, and could be installed

space degradingperformance. Accordingly, two modified exhaustwTthFnavailable w_thout

systemswere prepared:

_._ e On the Toyota, the or_glnalrearmuffler wasreplacedwith the systemshown

|n Figure 37. This consistedof a stralght-through attenuator wh|ch replaced
t_ a sectlon of plpe, and a new reactive muffler with larger volumethan original.

" ['_ o On the Oldsmobile D_esel,a secondreactive muffler (nominallysimilar to the
single original one) wasaddedin series, replacing a sectionof pipe.

"' t'; Neither of thesemodified exhaustsystemsreceived any formaldesign;they were

_, basedsolely on available spaceandcomponents.

: Figures38 and 39 comparethe stock andmodified exhaustsystems. The Toyota's_x

_ _;11 exhaustwasquietened by 4 to 6 dB, and the OIdsmabile'sby 3 to 5 dB, depending on
L; speedand load.

! _ 6.1.3 Engine _nclosures

i,_l Thepoint isvery quiakJy reachedwhere the dominant nolsesourceisthe engine
i: m Itself. Referringto Table 7, the engineaccounted for morethan half the ne_sefor four

t I_ outof the Five vehlcJestested. The remalning vehicle, the Ford F-150, wouldalso fall

Into this category after lnstallatron of a thermostatic clutch fan.

t¢ •

: _ ThisTsbasedon thepractical Hmits of noisereducHonachievable with Flow-throughI
-- engine enclosures. See Section 6.1 .3 and 6.2.
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Figure 38, Comparison Between Stock and Modif{ed Exhaust Systems,
Toyota Corolla.
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i. i Figure 39. Comparison Between Stock and ModlFied Exhaust Systems,
Oldsmobile Diesel.

Ij

'I 62 WyLI_ LA[IORATOnm CS



-- Ideally, no;segeneratedby the engine itself shouldbe reduced. This is a very

complexproblem, however, and it is not expectedthat systematicsolutionswill be

available in the nearterm. Accordingly, controlof engineno;sewasobtainedby the

useof enclosures.

_ Theenglne compartmentona motorveb;cle is essentiallya boxwith three of
r

thesides - Front, rear and bottom -- eft open. The Frontisportlally blocked by the
II

li radlator, the rear by the firewall, and the bottomis open. OF the three closeds_des,the

left and Hghtsidesoften have someopeningsto allow clearancefor frontsuspensionand

ste ring components.

.: /T Enginecooling is a major considerationin englnecompartmentconfiguration.
: h; Totalencapsulationwouldrequire radical changesto vehicle design. Accordingly, thls

r _ studycons;daredonly flow-throughenclosures,where the front and rear were allowed
_" to remc|n openForcooling air to passthrough. L;mltedtestswere conductedto examine

_ _; the noisecontrol Implications of thisconstre;nt.
Partial enelosuresscons;stingessenticillyof belly pansl were constructedon

I_ Fourof the test vehicles. The belly were attached to the bottomof the radiator andpans

to the frameraflss and extended rearwardto aroundthe pos;Hon of the transm;sslonbell

housTng A of several ;nches (this varied, aecordTngto the available) generallyspace space

existedbetweenthe engine ell panand the belly pan. One to two inchesof Fiberglass

or Kaowoolwasplaced ;n this area, and alongthe ;nner fender walls and firewall. The

bellypans themselveswere constructedof .032 inch lead, weighing about twopounds

persquareFoot. Thisthicknessof lead was usedbecauseof its ava_labiJlty;half the

thicknesswouldhaveprovided adequate transmissionloss. Gaps _nthe innerFender

wallswere f_lledwith lead.

Table 8 summarizesthe nolsereducHonsobtained for the belly pans. Sideline
--1
.._ noisereduction was in the rangeof 3 to 4 dB. Removaland substitutionof components

-] showedthat this noisereduction applied to all underhoodsoureessincludingthe cooling
I-- fan.

Becauseof the opennature of engine compartments,there ;s a questlonas to whether

-I this type of madfFicationshould be v;ewed asan enclosureor asa shield. Viewed asan

_I enclosure,absorptivetreatmentwouldbe important. Viewed asa shield, thesize and posi-

_ tlon of the enclosurewith respect to the acousticpath Is Important.
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J _ Table 8. Noise Reduction Obtained with Partial Enclosures

i: Vehicle Noise _educhon, dg

_" Ford F-150 3.0

. . i! Toyota Corolla 2.6

_.;ii[_ Oldsmobile Diesel 4.3

!_ Ford Pinto 3.4
i!

*At EPA Test Condition.

t_
Table 9 shows the findlngs f'or the Oldsmobile Diesel for Five dTFferent absarp-_:il,i

i} Hen/belly pan combinations. The "complete" case is the belly pan asdescribed above.

_i [i_ The "front" case is the Front half of this alone• (This case was suggested by the f'nd,ngs

of General Motors that a substantial part of engine noise Is radiated by the crank pulley. _)

_ The *'extended" case corresponds to the belly pan including thearea under the bell

I housing. The at the of the extended comparable that For
open area rear pan was to

I_i the "complete" case.

It is seen in Table 9 that both the length of the belly pan and the presence of

absorption ate ;mportant. The placement of the absorption was found to be of importance

'-'1_ aswell; benefit was obtained only _f ff was on the sides or bottom of the enclosed compart-
_ ment. Placing large amounts of absorption above the englne, as shown in Figure 40, pro-

__ vided no measurable sldellne noise reduction on any of the test vehlcles. The large inner

boundary assoc;oted wffh the engine prevents the engine comportment from being viewed
i

-_ as a sTngle reverberant space; reverberant buildup occurs locally and must be treated
I

wlth appropriately placed absorption.

....; The sound transmission path From the engine compartment was investigated byi

dr ping various parts of the vehicle with leaded vinyl weighing about one pound per

i"! square foot and backed with i/4-inch open cell foam. Drapes were placed over three
_1

areas:
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Table 9. Noise Reductionfor Various Enclosureson

OldsmobileDiesel

_ No Absorption Absorption*
U

Front"EnclosuPe 0.1 dB

, Complete Enclosure 1.5 dB 4.3 dB

ExtendedEnclosure 3.0 dB 5.5 dB

*Absorptivematerial placed on innerfendersand firewall. Both
! "_ caseshadabsorptionIln;ng the belly pan.

_ Table 10. Noise ReductionObtalned by BlockingVariousI_ TransmissionPaths_Oldsmobile Diesel

J_ No Belly Pan Belly Pan*

_ No Drapes 0 dB 4.3 dB

Drape Below Fender 4.3 dB 6.6 dB

DrapeMid-Section 5.6 dB

FenderPlusMid-Section 8.3 dB 9.1 d8

Fender, Mid-Section, PlusFront 6.7 dB

w

Complete belly pan with absorption.

m
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_ I i 1 • Front fender, extending to the ground.

2. Mid-sectlons filling the space from the rocker panel to the ground and

_ from the front fender edge to the rear of the Front door.
_4

' 0 •!i 3. Front of aar_ e vermg the grille and extending to the ground.
i

r_ Table 10 showsthe results for the Oldsmobile. Draping the fender gave noise reduction

similar to that obtained with the belly pan. The improvement with the belly pan indicates

that the construction of the belly pan was somewhat lacklng with respect to detailed fit

' and sealing. The very large noise reduction with both fender and mid-section drapes

i_ indicates that o major transmission path is to the rear. This is oonsistent with the data

in Table 9 For the extended belly pan.

_: Coverlng the front of the vehicle was of no benefit. The measurementson the

Oldsmobile showed an increase, which can occur due to re-d_rection of sound• Lead....

,_ _ wrapping the front of the Toyota and draping the front of the Ford Pinto resulted in no

change to s3deline noise• Because of: potential cooling problems, tests wffh the front of

If! the vehicle covered were of"necessity brief, wffha corresponding decrease In precision.

i Howavert the measurements on these three vehicles certainly suggest that little or no

i _ s_dellne no_sereduction could be expected from a front shield.

Side shields are important if there are openings in the inner fender walls, i
I Filllng such openings on the Ford F-150 gave a 1 dB reduction to underhood sources i

Belly pans for the other vehicles included s_deshields; th_s is an _mportant potential i!

noiseleak.

i Draping vinyl over the hood and fenders (wlthout blocking the space below the

vehlcle) provided no measurable noise reduction. 111enormal construction of vehicle

-I bodies has sufficient transmlss_onlossso that under-hood sound is transmitted under the

vehicle, and not through the sheet metal•

Basedon the data d_scussedhere, the following conclusions have been reached:

;-I • A basic enc[osure_ as described earller_ will reduce noise from under-hood
1

sources by about 3 to 4 dB. Absorptive material must be included.
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• If a well-sealed enclosureis constructedunder-hoodsourcescan be reduced

by about 5 dB. Somerearwardextensionof the basicenclosurewill be required.

• Furtherimprovementswould requireextendingthe enclosurerearward.

• _i _ 6.1.4 En.cj|neAccessorles.r L; TWOother n01sesourceswere identified in the test vehicles: drive beltsand

accessories,end thealternatar. Ingeneral, belt endaccessarynolsewasdif'flcult to

isolate fromengine no|sel and quite possiblycannotbe treated separately(especlolly

when vibration of the accessoryon its mountis involved), sothat this is properly

treated aspart of enginenoise. On one vehlcle, the alternator wasa major noise

source. AIthrough no testingwasperformedto evaluate quieting of this particular unlt,

[rli there are three possiblereduction techniqueswhich could be readily implemented:

_ • Reducethe alternator speedby changing the pulley ratio. Basedondata
measuredfar the FordF-150 alternator, a 25 percentreduction in speed

i! wouldreduceits noiseby about 6 dB.. It would thenbe slgnlflcantly

}! quieter than the engine, l_ls approachmay adverselyaffect battery

_ _ chargingat idle, however.
'ii e A sllp clutch could be used in the alternator drive. Thlswould permit

!! [: adequatealternator speedat idle, butwouldslow it at high speeds.
: Alternator speedwassignificant only at a speedwell abovethat needed

(_ for full electrical output.

• Substitution of e quleter alternator. There was no apparent reasonfor

[_ the alternator on the FordF-150 to be this noisy. Alternators on the

other vehicleswere quieter at slmilar engine RPM.

.,!
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' J 6.2 Quiet Vehicle Configurations

The componentnoisereductionanalysisdiscussed;n Section 6.1 providestheL.I
following conclusionsfor nominal noisereductionof varTouscomponents:

• ,.]i • Fannoiseis essentiallyellmlnated by useof a clutch fan.

• A basicpartlal enclosure, asdescr'bedearlter, reducesunder-hoodsources
by 3dB.

• A well sealedpartial enclosure,extendedunderthe bell housing, reduces

under-hoodnoiseby 5 dB.

• Exhaustoutletnoise can be reducedby 3 to 6 dBthroughthe useof larger

and/or additionalmufflers.

Calculation of theeffect of various combinationsof thesemodifications has been

!_ performedfor the five testvehicles, usingthe componentlevelssummarizedin Table 7

for the EPA test condition. Reducedlevels are presentedin Tables 11 through 15.

!_ Themodifications,oaredthe sqquenees.of.appcat;on'shownin the tables,.follow _'he

descriptionin Section5.2. The levelsshowncorrespondto the totalsof the source

componentsin Table 7. Note that there are slight variations betweenthesetotalsand

the stock valuesdirectly measured;the calculationsas presentedprovide consistent

i_ [_ praiectians of noise reduction. T_e ceJeuJated no_se reduotions presented _n Tables

11 through 15 are cans'stentw't} measuredqu et conflgurohons,differing only to the

extent that actual componentmodlficatlonsdid not matchthe nominalvalues usedhere.
Forexample, enclosureson the Oldsmobilereducedunder-hoodnoise by 4.3 and 5.5 dB,

not thelnomTnal3 and 5 dB. Forexhaust noise reduction, nominal 5 dBhasbeensystem e

usedexcept for the FordF-150 andthe OldsmobileDiesel. 6 dB is usedfor the Ford

becauseexhaustnoisewasa slgnlf_cantnoise and 3 dBwasusedfor the Oldsmobile
source I

becausethat was the smallestnoisereductiondirectly measuredfor the modified exhaust.

r_
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Table 11. ReducedNoise Levelsand Configuratlons,FordF-150

Clutch Fan • • • • • • •

il [:_ Slow A'ternator • • • • • •

_' _ ReduceExhaust6 dB • • •_' Bas;cEnclosure • •

_ SealedandExtendedEnc[ • •
I •Level at 7.5m; dB 72.3 71.2 70.3 69.'2 68.1 68.7 66.9

:!l _ Reduction,dBre: Stock 1.7 2.8 3.8 4.8 5,9 5.3 7.1

_ :' Level for stockconfiguration: 74.0 dB@ 7.5 m.

,7
r:

Table 12. ReducedNoise Levelsand Configurations,ToyotaCorolla

_.I BasicEnclosure • •
,I

i_! [_ Sealed and Extended Encl • •

_:_- ReducedExhaust5 dB • • •

Level at 7.5m, dB 73.2 71.7 70.5 70.5 68.9

Reduction,dB, re: Stock 0.7 2.2 3.4 3.4 5.0

Level for stockconfiguration: 73.9 dB @7.5m

7O
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Table 13. ReducedNoise Levelsand ConflguraHons,ChevroletChevette

N
BasicEnclosure • • !

Sealedand ExtendedEncl. • •

ReduceExhaust5 dR* • • •

Level at 7.5m, dB 70.4 68.4 67.7 67.0 65.9M

,] Reduction,dB_re: Stock O.S 2.5 3.2 3.9 5.0

! _ Level for stockconFigurat|on: 70.9dB@7.5m

I t_ *May not be feasible dueto spacerestrlcHons.

i,

Table 14. ReducedNorse Levelsand ConfiguratlonssOldsmobileDiesel

I.! E0clour0 . .
Sealed and ExtendedEncl. • •

_;1 ReduceExhaust3 dB m • •k_
Level at 7.5 m, dB 74.5 73.2 72.2 72.2 70.8

ReducHon,dBr re: Stock 0.7 2.0 3.0 3.0 4.4

I Level for stockconFiguraHon_75.2 dE @ 7.5 rn

m
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Table 15. Reduced Norse Levels and ConF;gurat'onsl Ford Prnto

l,_l Clutch Fan • •

• Bas|c Enclosure • •

l,I Sealed and Extended Enclosure • • •

Reduced Exhaust 5 dB • • •

Level at 7.5 m, dB 70.9 69.8 68.2 68.8 66.7 65.9

-- Reduction, dB, re: Stock 0.8 . 1.9 3.5 .'2.9 5.02 "5.8

Level for Stock conFrgurotron: 71.7 dB @ 7.5m

r

{I
0

e

_ r"l
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ii 7.0 CONCLUSIONS

A seriesof noisemeasurementshasbeen conductedon flve light vehlclest utilizlng

an inertial dynamometerto simulate acceleration load. Measurementswere made to define

_ the noise characteristics of the vehlcles and their componentsover a range of operating

condltlons. Various noisereduction techniques were investigated to the extent of demon-

• i I stratlng their acoustical effectiveness. Moior conclusionsof this studyare summarized
below.

-'] 7.1 Overall Vehicle Characteristics

7
• Noise from light vehlcles is a functionof engine RPMandthrottle settlng

i alone. Foran accelerating vehicle, this functional dependenceis independent

I i,,_ of transmissiongear.

• Noise Isvery stronglydependenton RPM. Forthe fourspark ignition engine

_ vehicles tested, the noise level increasedby 12.1 to 15.6 dB when engine

tj speedwasincreasedfromhalf to full rated I_PM. Thenolse level cf the Diesel
I_a engine vehicle changedby 8.8 dB over this range.

• The dlfference in nolselevel betweenno load and full powerwas from 1.6 to
5.5 dB forthe vehiclestested. Thedependenceof noiseon throttle setHng,

f_ while slgniflcant, is secondarycomparedto the RPMdependence. The Diesel
exhibited the lowest throttle dependenceof the vehicles tested.

• The nolse characteristicsof a particular vehicle dependedstrongly on the
nature of the componentsources,whoserank orderingwasfound to change

r_ with RPMandthrottle ForsomevehTcles.
bN

r_°_ 7.2 ComponentSourceCharacteristics

• All sourcecomponentsexhibited strongdependenceon engine RPM, comparable

! t in range to that noted above for vehicle noise. Throttle dependencevaried from

no dependencefor belt driven accessoriesthrough very strong depencence (up to
1"1
,_. 15 dB fromno load to full throttle) for exhaust noise.

!
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• Ingeneral, rank ordering of the sourcesvaried betweenvehiclesand between

throttle settings for the samevehicles.

• It was found that major noisesourcesat no load and full throttle were always

[_ effher dominantor important secondarysourcesat the part throttle test point

defined in Reference 1 . This test conditionthusprovidesan excellent com-

prom|sefor |dentifi/ing sourceswhich are important over a wide range of

conditions,

• Themaior noisesourcein mostcaseswasthe engine. Exhaustnoisewas

only important at full throttle. Cooling fanscanbe _mportantif directly

_"_ driven; the fan wasthe maior sourceon onevehicle.

• Thealternator wasfound to be a maior source onone vehicle, due to its

cooling fan.

_ • No significant nolsewas foundto radiate from the exhaustpipesormuffler

L_

: bodies. Suchsources,where measurable,would becomes'gmficant only

I_ after other sources(including exhaustoutlet noise)were substantially reduced.

F,_ 7.3 Noise ReductionModifications

• In all cases, under-hoodsourcesdominated at the part throttle condition.Exhaustsystemmodificatlons would be useful only after thesesourceswere

quietened.
• Cooling fan nolsel where significant, can be essentlally eliminated by the

useof a thermostatic clutch fan dr_ve,
I

• Under-hood sourcescan be reducedby 3 dB by meansof a flow-through
-l

, enclosure. Thisenclosureconsistsof o belly pan bnder the engZne,extend-

ing from the radiator to the bell housing. Holes_nthe fenderwalls mustbe

j shlelded. The enclosuremay be constructedof"material similar to body sheet

metal; a massof one to two poundsper square foot is adequate. The enclosure

i_j mustbe lined w/th absorptivematerial to be effective.

, 74
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• Under-hood sources can be reduced by 5 dfi by meansof a well sealed and

"7 extended partial enclosure. All io_ntsand all hates in the fender wail must:4
be sealed. De enclosuremust be extended rearward to _nclude the bell housing.

e With an enclosure in p]ace_ engine noise is transmitted out through the rear.

opening through the radiator and grille was not found to be a significant

--_ • Following enclosure of the engine, exhaust no_secan be on important source.

This can be reduced by 3 to 6 dfi by increasing the size and/or number of

-J mufflers _n the system. Available space is the limiting factor on smaller

cars •

"-7

--I

_.]

]
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"' APPENDIX A

TURBOCHARGEDDIESELPASSENGERAUTOMOBILE

E

An experimental turbochargeddiesel poweredVolkswagenRabbit, on loan to the

_ r I Departmentof Transportationfor fuel economyand emissiontesting, becameavailable for
.m

:i I no;semeasurement. Although not a productionvehicle or prototype, it is an engine con-

I figuration which may becomemore prevalent In future yearsfor fuel economyreasons. The
i_ vehiele was essent;allya turbochargedversionof the productionDiesel Rabbitdescribed in

Reference2 andtherefore wouldprovide a direct comparisonof the effectsof turbocharg[ng

on noise. Table AI summarizesthe speeificaHons of this vehicle.

Faclllty and Instrumentation

Testingwas conductedat EPA'sNoise EnforcementFacIHty In SanduskytOhio.
:,

I:m h_ovingtestswere conducted, utlliz;ng the following _nstrumentat;on:

:' • Three=oust,°ohon°eJswereusedut'I'z'n4;6S;/2-,°ahcondenser
•:_ _!i microphones,2619 preamplifiers, 2804 m;erophonepowersupplTes,and

_i I_1 2607 measurementampllflers.

= Forthe moving tests, m;crapheneswere placed at 15m to the left and Hght

!i " of the measurementpoint and one at 7.5m to the s;de,

I I_ e A-weighted levels were recordedone Guiton 4-channel chart recorder.U S;gnalsfrom the two 15m microphoneswere recordedon a Kudelsk_Negra IV --

SJmagnetic tape recorder.

e Eng;nespeedwas measuredusing a magneHcpick-up and frequency-to-v61tage

i_i converter asdescribed in Section3.2.

• Veh;cle speedwasmeasuredusingthe Fifth wheel systemdescribedin Ref'-

7_ erence A1.

_"1 e AcceleraHon was obtained by differentiating the speedsignal.
J

e Vehicle data were recordedon a Gulton 8-channel chart recorder.

!'1
_ * Tomark the posffion of the vehicle, a pressuretape switch wasplacedon

i the vehlcle path. The switch was connectedto a_bTstablemultivibretor.
i II A-; wvl._ LAaOnATOnII=S
!



Table A1. Specifications aFTurboahargedDieselVolkswagenRabb;t
_sm

H
pP

• iCurbWeight, 2072 pounds

: _'_ Engine= L4

"_ CID= 90
IJ

! BHP= 70 @ 4800 RPM
: _ Torque= 90 @ 3000 RPM

'_i _ ! _ Transm;ss|on: 4M

: : _ T;res= Semper|t155SR-13

• i
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r_

' : The output signal from this was a square waver initiated by the passage of
i

_ the front wheels and terminated by the rear wheels, This signal was recorded
_ .... on the acoustTc date chart recorder. A rad_o I_nk (usinga parr of Cffizen_s

Band transceivers) was used to simultaneously tronsmlt this signal to the
.: I_! on-vehicle chart recorder_ thereby synchronizing the two recorders.

• r .... !1 Figure A1 _sa photograph of the vehicle during a te_t. Figure A2shows the veh_c)eH

• interior w_th chart reoordert throttle stop (the hand throttle f_xture described in the body

of the report) and meter displays of speeds RPh_and acceleration.

_ TestsConducted
hJ

:: The following tests were performed:

• The EPA part-throttle aceeleratlan testA1

i_._ • SAE J986a and SAE J1030 A2• Cruise and coast up to 89 km,/h (55 mph)

• Stationary steady RPM

J_ e Stationary IdJe-Nax-ldle (IMI) at full and f:PA throttle settings.

• I_ For the stationary tests, the microphones were placed 7.5m to the lefh 0,5m
from the exhaust outlet1 and I,Sm _n front,

Measurement Results

Tab)e A2 summarizes the results of the moving tests, Shown are A-welghted sound
levels and the speed and engine RPht corresponding to those levels. Also shown for com-

"_] parlson are the corresponding values [or the spark ignition and the norma)ty asp'rated Dlese)

versionsof the same veh|cles t'rom Reference A3.

-_ The turboeharged vehTcle produced the bwest noise levers. The d_fference between

the turbocharged and normally asplrated Diesels rs sHght_ however, and can be part_ally

-,-|'_ accounted For by the difference in test RPM; thls RPM ;s defined as 70 percent of rated

speed.

i I
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Figure A1. Vehicle and Test Site.

Figure A2. Instrumentation in Test Vehicle,
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.table A2. A;'celeration Noise Levels for "rurbocharged Diesel_

_ Compared wlth NA Diesel and Spark Ignition Models

_ _eS' Vehicle I 'Speed /A, dB,_ 1_11

"_ " ;I _ EPA Urban Turb0charged Diesel 27(17) 3360 68.0Acceleration N.A. Diesel* 3499 69.2

I Spark Ignltion* 31 (19) 3960 69.3

_ Turbooharged Diesel _48(30)** 3000 69.3l
SAE J986a N.A. Diesel* 48(30/ - 74.3

Spark Ignition* 48(30) 72.7

SAE J1030 Turbocharged Diesel 73(45) 4400 75.7

_i From Reference 21vehicles #020 and #060.
I:J **
?! Approach speed

i:I

!.-!
_1
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' TheSAEJ986o level is substantially lower for the turbochargedvehicle. Thlstest

doesnot accurately reflect the full power nolset however. Dueto the time lag associated
with the turbocharger/ the vehic/e did not respondto throttle opening until the vehicle was

[_ well pastthe microphoneposition. The level measuredunder the SAEJ1030procedure,
" which is designedsothat the veh;ale is near themlcrophonewhenit isnear rated RPM,

is slgn'f'cantly h'gher. SAEJ1030data are nat available for the other two vehicles.

Cruise and Coast Levels

. P;gure A3 showsthe erulseand coast levi_lsfo_"the vehlcles. AlsoshownFar cam-

parlsan are the acceleration test levels.

Noise Sources

In addltton to movingtestsl the followingstationary testswere conducted for the

l', pun.ooseof evaluating no,sesources:
l_

• SteadyRPM

_: [: • IMI with no load, at full and EPA test throttle settings.t_

_ _:_ Thesetestswere conductedwith microphones7.5m to left slde, ] .5m to the fronh and
kl 0.Sin fromthe exhaustoutlet. In addition, near-field, under-hood, measurementswere

I;z made for qualitative sourceidentification. No specific sourceswere found;under-hood

i_ L_ noise is apparently oil due to the engine.,i

I " Table A3 summarizesthe componentnoiselevels at 15m for the EPA test condition,

Thesevaluesare basedon smoothingof the measureddata (asdescribedin Section 4.4)

['_ and are therefore about 1 dBbelowmaximum levels.

-: A-6
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I I
• _ I] 0

• g

i i 7o
:' : _ { _! • SAE J986a* O "

;' _ "_ • EPATest

..< o "

li _ 60

. _ 0 0 Cruise

Idle . • Coast

' _ *Speed Approximate for SAC Tests
I 1 I

• ,_, 50 llo 2re ao 40 50
, • "J Speed, mph

t J I t
-i o ,b _o Jo 4'o 5'o 6o 7o 80 90
"-: Speed, km/h

,,.J

i: Figure A-3. Cruise and Coast Noise Levels r Turboeharged Diesel Volkswagen Rabbit.

[1
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!i Table A3. Nelse Source Component Levels for Turbocharged

! _ D|esel Rabb,,

Cemporient Level at 15 m Cner_y

Eng|ne 66.5 93

[_ Exhaust 55.0 7
Fan (when on) 48.5

-- i
i

,q
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APPENDIX B

j_ STATIONARY UNLADEN ACCELERATIONTEST

_ Forthree of the vehicles testedin thls study, unladen IMI no_se testswere performed

_! in addition to the loaded acceleration tests. Table B1summarizesthe results, comparing

bath. Shownare the levels at EPA test throttle and full throttle settings. Data shownare

the averagesof at least Fourruns.

Table B1. Loadedand Unloaded Acceleration Noise Levels, dB, at 7.5m

!_ EPAThrottle Full Throttle

[: L°°ded Unloodod Loaded UnJoade i',j

_" Oldsmoblle Diesel 71.7 71.6 73.8 73.1
(I900 RPM)

fl
rtl FordPinto 71.5 72.2 74.6 76.4

(2520 RPM)

li._ TurbochorgedDiesel VW 73.5 73.5(3360 RPM)

_r_ Overall, the agreement is very good. Conclusionscannotbe drawnFromtestson only
three vehicles.:however, this stationary test techniqueappears to be well worth investl-

gating Further. IFdemonstratedto be practical, it would be a simplificationgreat over

the movingtest.
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