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In thio firot (hopefuliy there will
be more) joint EPA -~ Univernity Noioe Re-
search Seminar, {t heeame clear to the
orqonlzern of thy semdnnr that all the
time nnd effort cxpended wan well worth
it. "o nee government and univernity
groups In fronk, open discunnlon on
mutual problems wos indeod gratifying.
Whother the larger aimos of the seminar
will be echleved remains to bo seeh,

The purpone of the peminar, initl-
nted and oponpored by LPA, woo to holp
EFA and other qgovernment agenclen become
awara of univerpity nolne control nmourcen,
It ia hoped that an understonding of the
nature, scope and resultn of such projecta
will e uecful to government agenclon in
both thelr current progroms and in their
future planning in dmplementing the require-
ments of the Nolae Control Act of 1972,

Principal lnventigators of active,
induntrially-related rescarch programo
at unlveraitliea were [pvited to present
information about work recently completed
{during 197% or 1976), or in progrenn, or
planned for 1977, Papers were solicited
on veaanrch, development and demonstration
projects in all areas of nholae control
except alreraft noinag, Emphaola won placed
on Apduntrially spennored, hardware
oriented projects.

In nll, 3% people attendeds 29 from
universitiaa, 0 from government and 2 with
other affiliations. A total of 23 papera
were pruasented. It ia regrettable that a
tew profaanors working in thile area wore
unnble to rospond to the call for papers.
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WORD

In theoe procecdings, 1t wan folt
important to capture the mood and ntmos-
phore of the various secsvionn. FPor thia
resnon all diuscupsslon woa tope recorded.
The Editora have ¢ndeavored to put an
much oo posplble of this dlocusasion in itp
original form inte the procecedinga,

In order to moke thia volume no upo-
ful an posnible, woe felt it Important to
provide a list of nll unlvarnity noise
control related projects, Thus we lnvited
submisnlon of information about such pro-
jectu over the loat three yecars. A com=
piintion of materinl from those who reo-
pended ls provided in on appendix.

Sincero thankn go to the many people
wihio have made this seminor potsible In
ouch o short apap of time. Particular
thanks go to the mithors who reaponded on
time with thelr papern; to Harvey Nozlck
and his nanocdaten for tholr coordipation
effortn ot LPA; oand to the many who rea-
ponded with the data that made it posnible
to asncmble the appendix of current univer-
nlty reuearch in nolme control.

Raymond Cohen
Andrew IP, Seybert
Joneph W, Sullivan
David Rk, Treo

rurdue Universlity
December, 1970
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Raymond Cohen

Director af Ray W, Nerrick Laboratorien
Purdue University, Weont Lafayette, Indlana

I would like to welcome you on behalf
of Purduc Unlverwsity, the Schoolp of Bngl-
neering, and all of my collequen. We are
delighted and honored to host thin preoti-
glous, elite group. He have virtually all
of the univeroitien reprevented that are
doing rewcarch in nolpse control, We omitted
the aircraft field bLocouse it has been
covered in similar conferencesn and semlnarn.

Tomorrow ofterhoon im an wnusual peo-
sion for which 1 ank you to be prepared.
Tomorraw afterncon im net aplde for a frco-
for-nll discuaaion, end wo hope that you
will he prepared to alr your views concern-
ing noiso contrel research, EPA's future
ragulatory activition, and other rolated
mattesn.

Tho title of this neminar iwm: "The
invironmental Protection Agency - Undver-
sity Noise Reseorch Seminar®. A general
incroano in the noine level produced by
incrensed uso of nolse-producing equipment,
ond a botter underntanding of the effactn
of noisa on man have made people realize
that ane of the major probloma tacing the
Unitad fitaten in reducing the noise laval
of our environment. The progrean that EPA
hnaa made ln comboating environmental noise
ainen annctment of the 1972 Hoiae Control

Act {u certoinly zignificont., This asceminer
will enlighten the £PA and other government
agencies concerning unlveralty noine control
projects and will provide an understonding
of the nature, scope, and renults of such
projectn, This will be beneficial to
gqoverment agencien in corrying out current
progroms and in future plonning to iwmple-
ment the requirements of the Noloe Control
Act,

Principnl lnvestiqutorn in active
reocarch pragremo at unlversiticn were
invited to present {nformation concerning
their work in noise control--work recently
completed, in progresns, or plonned for next
yeor., Paperns were invited on reacarch,
development, and demonatrotion projceta in
all arcan of noine control except alrcraft
noine., A pumber of the leading nolse con-
trol expertn at univernitiea in tho United
States were invited to join obout 10 to 15
government repronentatives to dinpcuna their
work and future needn. Enmphonls was placed
on hardware oriented nolmse control projects,
and pragrams aponnored by industry recelved
priority, dovernment~sponpored proijectn
will he linted, nnd nome remarka made about
them, in the compendium that will conntdtute
the appendix of the procecdings,

John Schettino, from the Office of
Noine Abatement snd Control will be your
next npeaker.

EPA OBIECTIVES

John Ychetting

Dlrector of Noine Control Requirements in Technology Staff
Office of Holne Abatement & Control, fnvironmental Protection Agency

Thank you, Ray, I want to welcome you

on behalf of tho Environmentol Protection
Agqency. Thln seminng in & very important
alement af our plan to prepent to the
Congreas a comprahenaive rceport on nll on-
gaing noiasa reaearch, not only renearch

EEA e T e T RS T e S IR TG A L e

supported by the Federnl Government but
alup research nupported by univereiticn
undex private geants, research conducted
by Llndustry using their own resourcen and
financing, ond international research
applicable to the needn of the Federal
Govegnment,
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1 think it might be appropriate to
give a bit of bhagkground on what han led un
to nupport s acminar by lurdue to try to
obtoin the informntion on ongoing non-lred-
erally Funded reacarch ot universitien. I
guenn my title Lo o good nlace to start.
I'm Director of Technology Requirementn and
Yoderal Progromn Divinion aof LPA'e Office
ol Nolne Abatement and Control. Ope might
wonder how technology requirements and
Federnl programs came togother. The annwer
lien in the copstruction of the Holue
Control hAct of 1972, in that the Congreoo
aid not envislon that the Environmentnl
Protectlon hgency would compote with the
nizeable copnbility alrendy daveloped with-
in the Pedernl eatoblishment, That copo-
bility im reprenented by theo Deportment of
Trannportation, the Naotlononl Aeronauticn
ond Opace Mminlstratlion, and nome 25 other
Pederal agencies that had responoibility
for noise obatement and control prlor to
the enonctment of the Nolue Control Act of
1972, Coordination of thin effort wis de-
airoble and necosanry, As o matter of fact,
had the rooponsibilities of those other 25
agencies been properly diascharged, there
would have been no nood for o Noloeo Caontrol
hat or an Office of Nolme Ahatement and
Control.

My job inm to cutablish the technology
reqquiramentn for the Environmental Protec-
tion Agency. I accomplish thin by coordi-
noting the activitiea of other Federal
agencion and encournging them to budget as
necaannry to natinfy our requirements, and
to undertnke the R & D necensanry to support
our ragqulatory nctivitica, Early in 1974,
the Environmentnl Protection Agency
initiated itn Federal coordination respon-
nibility. It given me n lot of plcanure
to acknowledge the presence of Dr, Frank
Hart, from North Carolina State Univormity,
who waa inatrumentnal in esteblishing thot
program in the early doyns of RPA when he
wan employed by the Office of Raacarch and
Davolopmant of BEPA, who hodl the repponni-
hility at that time for coordination of the
Pedaral R & D. Ap a rapult of approxi-
mataely 10 montha of effort on the part of
the Office of Reasarch and Development, it
wan poneible for the Environmentnl Protec-
tion Agency to publish nnd submit in mid-
197% to the Congrens a repoxt on all on-
going Federal resenarch denling with nolso.

[ 54

Time did not permit a comprehensive ecvoalu-
ation of that ongoing work to entablinh
lts relevance to the needs of EPA ond to
form the baoio for additionnl requeste of
the Congrens far funding to support the
needed R & D, We are now in the procens
of doing that, ond we thought it pdv)sabloe
to up=date the inventory developed in the
1973-1974 period., We aloo felt it advio-
able to include other remearch that is not
coverced by Federal funds,

In 12 to 18 months we hope to publish
a number of reports summarizing all of the
angoing nolse rescarch, More important
than just ilowuing an inventory, there would
be annlysis of the relevoncy of thot nolse
resenrch to EPA and other Federal estoblish-
ment requiremento. Por the first time, oll
Federal agencien will have o better under-
ntanding of whnt other sgenclen are dolng
relevant to their neede, Right now, there
is no mechanlem to bring together this body
of datn and tho Pedernl experta who are
sponnorkng thin rescarch., The only program,
of which we are aware, that attempted to
coordinate Federal reoseorch wan undertaken
in ovintion. That body was disbanded
acveral yoors ngo and was not replaced un-
til the Federnl coordipation program waus
initioted by EPA'o Office of Resebrch and
Development. HNow, we hope to carry out
mope aggresnively the mandntea of the Nolne
Contrel Act. 1I'm pleaned we have the re-
aources to do that, and those renourcesn
hove mode it pameible to mupport this
aeminac.

I'd liko to clomo my remarks by
announcing that nsometime within tho next
30 days the Environmental Protection Agency
will mnke avallable, in tho Fedoeral
Reginter, a atrateygy for n National Holnse
Ahatement and Control Prograin, 1 wont to
repent that it in o National--not on EPA--
program, It will cover all aspacts of the
noine problem, not only plecen for which
FPA hns remponaibility. We cpcournge the
public, induntry, und univerajitics to nub-
mit thelr comments, recommendationn, and
critique on thia otrotegy docurent. It ino
the depire of the AMminiatrotor of EPA to
pocmit the wldeat ponnible participation
in EPA'n bunineas of establishing programs
to abnte ond control evnvironmental pollu-
tion, including noipa. 1 encourage thie
body to submit itm commenta after roviewing
the document.
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LAWN TRACTOR MOISE REDUCTION

David H.

Treo

Purduo Univornity
Went Lafayetto, Indiana 47207

INTHOLUCTION

In a ruport by M.J. Rudd and E.K. Donder
[1) prepared for the U.5. Environmental
Protoction Agency, the major noisuo nources
of lawn mowors and thoir levels wara
roportad. Thin atudy glveas noloo luvel
information about threa typos of lawn
mowesra1r  a) ccol mower 2 to 2-1/2 hp,

b} tha walk-bohind rotary mower 3 to

5 hp, ¢} tho riding rotary mower 5 to

0 hp. The roport complotoly noglected
tha larger and ever increasing wo called
lawn and garden tractor with mowing
attachmentn,

wo interesting findinga other than leveln
of rotary mowors Aro reported iln referonce
1 tho ficzat which agreap with our [indingo
and tha ascond which does not: 1) the
noine lavel of tha roel mowor la much

lean than the rotary mower, and at thin
atago thore is no need to try to reduce tho
nolesa lavel of thea rael mower and 2)

the aharpnass of the rotacy blado han
littla to do with tha cutting procena.

Figure )1 roproduced fraom refercnce 1
ahows thu major nolac pouccen roported
for a gasoline-povwered rotary mower.
Note that foxr both types the major nolao
mource im the axhnust nolea,

For maveral ycars now tha Hay W, lerrick
Labaratories haa heen studylng the noinc
lavel produced and reduction methods fox
lawn and garden tractors 5«18 hp with
rotary mowlng attachmant, At tha nsamn
time the Agricultural Englneoring Peparcte-
mont of Pucdua Univeralty [2,3] has been
atudying tha affect of hlada pharpnonas,
ahapo, npeed, atc. on the cutting quality
and ahility, Hecause of the confidentinl
natura of this work, it la not posalble
to glva much datail about the cutting
quallity work, The author does know that
thay have found that hlade sharpnenn,
apaad, and densign all can hava a atrong
offect on cutting efficiency and quallity.
Applegata and Crockax [4] bavn also nhown
that thapo factors can hava an affect

on the nolwa produced by tha mowar.

aﬂﬂﬁﬁ“ﬂt&#ﬂﬂ'—"'“

DESCRIDTION OF TRACTOR AND TESTS

tiolvo wmource identification programs wore
conducted on two aingle cylinder, oixteen
hornopowor lawn and garden troctors. Doth
wore alr coolud, four cycle enginws, Trac-
tor A had a hydrostatic transmission and
gide shloelda woro usod ao partinl acouatical
enclosura. Tracter B had a nix speed geared
tranumission and no side shialdu. Doth
tractors could bo fitted with a three bLladed
rotary mowoer.

Moanurements

In ordor to butter understand thoe data
prusunted, a briaof description of the data
taking procesnus {n novdad. ALl moanure-
monta reported wara taken in a revorberation
room, Thoe tractors wera mounted on a dyna-
momater capable of loading the tractor
through tho wheols and transmisalon or
directly through the engina,

In trying to determine the noigo sourcon

of each tractor, the noisn level of the
followlng compononta wora oxamipned: 1)
ongine, 2) wexhaunt, 1) air intaka, 4) transa~
mignlon, %) mowar dack, and 6) whern posalble
vibration of motal ourfacos.

In reporting the data in this papnr, the
no called enyine noine and traneminpion
nolan alwo includas poms nolse for meatal
partn which waore caunmed to vibrate hocauna
of drivlny forcon coming from the engine
and tranamianlon.

Ao much an poasiblo the nolne aource ldenti-
fication wam accomplished by tasting each
componant noparataly or reducing to an
inuignificant valua nll noluw levels but
on,.

F'or example:

Tha nolan lavel of the mower deck wan
ohtained by driving it with quiaet aloctric
motara, axhaunt and air intakeo noime wan
ducted out of the room, whare posaihle
metal parts were remaoved,

[, b B 13 B et et Tim T P L By A T g e RIS g ST R L B 1 e e TR



ASO) TTEIVAY 1S3a

The biggest problem was to reduce the
engino noeloe lavel to low onough valuen

o that other componontn could be meapured,
I'ar one tractor, the enyine wap water
coolod by placlng copper tubes inulde

the nir £fins and then the engine wan wrapped
with a lead nhuect.

In many capon it wan otill necessary to
vag the legarithmle reduction mothed to
obtain the noiwe level,

For oxample in ordor to obtadn the oxhaust
nolua, all nolue pourcos were eliminated
except the engine, It's nofse level wan
moanured.,  The exhauwot noloe and ongine
noine were then rocorded. The exhaust
noine was thoen determined by logarithmicly
subtracting the wngline poloe from the
combined nolso,

This method haa one sarlous draw back

if axact valueon are needed, If the combined
leval in not at leaat 1 db higher than

the engine nofse it 18 lmpowssible to detor=
mine the exact value of the exhaupt noise,
If ono only wanta to determine if a nolne
pource Is a major wource, tho mothod offorn
no rondy disadvancagas. Thun, in somo

af tho abaolute data presented later,
thera are f{requoncy ranges whore no data
can be presonted,

PATA AND RESULTI

Effects of Load and &ipead

Figure 2 shows a typleal plot of tho total
pound powor output of the tractors ao

a function of spaad. A comparison of

the abaolute valuo of tha two tractors
ahould not he nmade since they wore xunning
upder different conditions. The graph
dona clearly indicato that tho noine level
produced by hoth tractora is a atrong
function of apaad,

A comparison of the soupd power output

aa a function of ongina load (no load

to atalled condition) for maveral differont
spaods for hoth tractors ahowed that tho
nolne output wan a very weak function of
load, In mont capum where tha polao did
incraaaa an tha load waa incroamad, it could
ka phown that moust of the lnereascd nolnmo
was due to increans in the noloe produced
by moma matal part vibrating.

Engina, Exhauat, and Tranpmiaumion Noimo

Flgure 3 and A phov thn poica lovels of
the engine, exhaunt and transmisnion of
tractora A and B rempactively. Tho two
grapha show that in the highor frequencion,
the engina of both tracters is a majar con-
tributoxr of polpa,

poth graphs alpo whow that for low Lrequen-
alan the exhauat polee is important but

at higher frequencies it bocomen luns
important., For tractor A on an A-wolghted
bavin the exhaunt noise is 6 db lewws than
tho cnglne noloe, While for tractor B

the exhaust neise and engine noise arc
about tho same,

In order to investigate the oxhaust and
other noise in moro detail, one angino

wan wrapped with lead pheets (as dlscussod
carlier) to reduce ito noloe level wall
below that of the unwrapped engino. Plgure
5 shows the noioe Jevel of the cngline
beforo and after wrapping wlth leadod
pheets,  Decauve of thoe problem of the
logarithmic roduction method some data

for the unwrapped engline is mioosing.

Figure 6 nhows the cffect of the muffler

for tractor B, Thip data were takon with

the luad wrapped engine, air intake oxhausted
out of the room, all metal parte pounible
were removed, and the transmission wau
disconnected, The flrat graph nhows tho
noivw level wlthout a muffler, tho second
with the production muffler and the third
for the oxhaust ducted out of the room,

The graph shows that thoe muffloer doun a
very gaod job in the high froquency ranga,
In fact above 1000 Mz it reduced tho nolac
level to a valve very clone to tho wrappod
ungline polao, almost 10 dp balow tho presont
engine, The graph also shows that the
mutflor dowa vory little at low froguencion.
on tho A=weighted scale the muffler reducan
the noise by about G6-7 db(A).

Tho blg Jdifferonco botween thune twoe tractors
in thoe transmniasion umsed Lln each., FPlgure 3
ahowu that For tractor A, tho tranamluaion

in tho major noime soncca in tho high fre-
quency range and on an A=welghted bania

in only 1 dn lower than the anginae noino.
This plot in for the maximum noioe level
output of tho tractor without mowora.

wWhile Flgquro 4 phows that tho tranamission
nolge for tractor B at all frequencian

in well below the noine of tho angine.

Later teats showad that thla was not the
nojalout transmisasion condition for thin
tractor. Although the nolalent condition

wag only 2 dB(A) highor than the ohe roported
and never more than 3 dB in any 1/3 octave
band.

Howex Dack

Figuren 7 and 8 ahow tho noike lavel in

1/3 octaven of hoth mowar docks an a functlon
of wpuocd. Both moworo mhow about tho samg
levela, Applegate and Crocker [4] have
dipcunsad mower hoipe in dotaill, It will

not be repuoated hore.

othetr Noise Sourcea

Tha lavol of all other noina acouccea on
tha tractor atda wall below thone disguased
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ahbove and are of little importance at
this timu. Driefly discussed below arc
the roesults of pome minor nolue nourceu.

Tho romoval of tho side panele from tractor
A ohow only a slight overall increanc in
db(A) levol, Somwe }/) octave band actually
inereauod because of the vibration of

tho panecln,

While tosting the lead wrapped engino

of tractor B, all possible metal parta
wore raemoved, findora, hood, otec. Tho
removing of thosa parts produced a reduc-
tlon in the 200, 250, 315 Uz 1/3 octava
band, A 9 4B reduction wau noted in the
Jl5 iz band, Thuero wao no oifect in tho
h=wolghted valua.

For both tractors tho air intake nolinse
wan vory low, evan uuing tho load wrapped
angino it could only bo frcasured at fro-
quancies balow 1000 Mz,

CONCLUBIONY

The results of thin study showod that the
noiso loveld in order of importance for
both tractors wore

Tractor A Tractor 1)

L. ongine l. engine

2. transmisnion 2. uwxhnunt

3. mowar dogk J. mowor dock

4. anxhauvat 4. panoel vibration
5. adr intako of removabla

6. poanel vibration parts

of removable parta 5., tranamisesilon
6. ailr intako

Goma experimentation with the transmiusnsion
of tractor A Indicated that that vibration
problem of parta of the tractor may ba

mora important than the two liasts indicato.
Soma exparimontal data waro taknn on the
tranaminnlon outnide of the tractor. Thin
data ahowed that the aolme produced by

the tranamispion outmida tho tractor wan
much lean than the noisa of the tranomionion
ap mounted in the tractor. This 1leads

o tha cencluaion that the tranamisnion

im driving other parta af the tractor causing
them to vibrate and produco nolana.

fioma meaaurenentm of the wvngine outaido
tha tractor indicaten that the tractor
hbady may ba acting aa a partinl acountical
encloaure for the angine,

It ia very alear fLrom this work, that the
major nolea pource of both tractora io
the anginn., It ia also clear that uati}
thlia noise pourcae ils roduced, reduction
of athar nolse aocurcea will produca very
littla nolse reductlion on an A-~weighted
laval,

R
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Cluoarly there is a necd for lawn tractora

to have noloe reduction reosearch dona on the
engine. The uuthor feeln that with little
work thoe noiso level floor of all typus of
lawn mowers will bLe the engine.

It in surprising to this author tho amall
amount of nolwe reduction work belnhg donc
on thevo pmall enginen. ‘Thoelr uee is pot
limited to lawn tractorn.

The roscarch work should tale two directiono.
h carcful oraminotion of tha noise mourcoen

of the e¢nging should be undertaken. Once
this has boen accompliahed, recommondation
for ecngine rodealgn to reduce noiuve can bo
glven,

A socond approach should be tho study of
onclosures or partial onclosurws to roduca
enyine nolsn, Our rosearch showed although
tractor A hao slde panels which sorved as

a partlal enclosure, they did little to
reduce the overall nolse lovel output,
Thera is no quention that thoy did changa
the directivity pattern of the tractor.

Tha llerrick Laboratorics 1s working in
both those arcan and hope to have rosultn
to report shortly.
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"Lawn Tractor liolse Heduction"
presented by

Dolie

NINCUGSTOR:

N, Muntert

The firot slide you showed had two
lavwi mower typen you werce conparing. What
wero the nimilarities or diosimilaritices
between the two?

DU, Tree:

The firot aslide way reproduced from hn
EPA peport which wan prepared by lolt Herp-
nnok & Hewpan, What they did war take n
large pumber of walhebehind and riding
mowern, which were lesn than about 8-12 1P,
and the resuits were averaged for all mewers,

H. Brock:

Dave, do you have any idea of the var-
intlony you would cxpect in yYour resultn {r
You nwitched componentn hut xept the snne
moveyr, for wxample, If you changed trennomio.
olons kedeping the onme typo would you ecxpect
to gel aimilar renults or woulld you expeeot
a large variation?

DBy, Tree;

Koy 1 don't think you would Hel much
varintion, lor example, if you awitched to
n difrferent hydrostatic unit you woulid get
ahifta In penhn, bul I think the engine
would ntill be the dominant nolpe source,

Dy bLyons
Firot of all [ didn't underntand the
rafarence on the powor leveola.

10

Tree
DR, Tree:

That'n becaune they would act let me
wive them to you.

L. lyont

Hell, the other question 1 have {1 ef
mare genernsl {nterest:; what 1o §t about the
University that mahes this work pertinent
ta It compared to deing oimllar work i
industry ftaclft Dld you do thio vworh here
begnuse the spohoor did not have the facil-
[tfen or s there something unique about
thia kind of wark that mnkeso 1t fit the
Univeraity?

Doty Tree:

Well, the unlquencoo of this work an
fnr an we nre concerned 1n the unlquencan
af Lthe Hay W, llerrlck Laboratoriens in the
fact Lhat we do n lot of worh lor {ndun=-
trinl people. One of thepe two companien
had the facllitien Lut not the manpower
and they thought the work could be done
better nat the Laboratories rather thnn
hawlng to hire the manpever to do 1L, So
1t wann't the unlquenenn of the work, nany
industerlen c¢ould do It, it was the unique~
nopp of the Laborataoricp that we do thin
type of work far induntey,

E_' flurnk

Could you glve up n quick rundown on
the type of nmufflers on thane enginen? YWere
they more nophisticntoed?

Dy, Tree:
Yen, theae nre very oilmple expannlon-
type nufflern,
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PUHCH PIESS HOISE RESEARCH,

DEVELOPMERT At DEMONSTRATION

J. K. Balley
Jo Ay Dapggerhare

Center for Acountical Studles
Herth Carolina State Unlversicy
linleigh, Horth Carolina

IHTROBUCTION

The Genter for Acousticnl fitudlun (CAH) became in-
volved in punch prees poloe control followlog In-
quiries by a number of cempnnien [rem the motal-
[ovwing industry, Alter Inltial atudien and review
af the literature, it was apparent that vnine prob-
lems in metalfogning ara formidable and ready wmolu-
tione are not avallable. Only modest pregrcen hao
been mada in quieting motaiforming machinery despite
readily acknowledged high nolne leveln, This may he
attributed 1p part to the diflicultien cncountered
in meanruring And annlyeing impact noipe and vibra-
tion, The extepslve {ragmentation of the Industry
alav has contrdibuted to the Jdearth of infuormatlan
on nulng conkttul,

Kemearch on moetalforming machinery nolno analynis
hogan in the aumasr of 1973 with a pllot atudy oupe
ported hy A major manufacturing company. HNolwme
charmctoristicns of mevernl melected punch prennca
warn delined, and a numhar of nolan Bources waro
identifted. Technlguos were devaloped for Jmpact
nolae analysin, and a syatess approach was developed
for ume in cvaluation of noiee control techuiquen,
The renult wam o Llow diagram which can bo uned for
avaluating tha [eanibility ol nelme control through
englnearing,

Following tha pllot ntudy, the Hatlonal Inetitute
for Qecupational Bafety and Health (HIONHR) provided
support for A major punch press neise reduction dem-
opsteation, This fenancch wan conducked ovnr A ala-
toon moith peclod in the plant of the aforemengloned
company, Usual progedura wan to record pound and
vibration data frim plant tentn for aubraquent anal-
yais in the CAS laborataorien, MHachino ngcann, mato-
riala for punching, tool and dle work, machine oper-
ators, and tachnical wemnlatance from four members of
the engineacing atalf woere provided by the cooperat-
fng company,

AL present tha CAS In conducting A follew~up project
nimed ag optimiration of tooling for minimum frac-
tute noise fn punching.  Teal avd dio dealgn am well
an matallurgicnl sapecka of punching are belpg con-
nidared in thim eflort,

Renultn of punch gresa soltw contrel rencafch are
aumaarized An the follewing suctionn,  In addicioen,

levels of effort are dennribed In terms ef manpewer
atd monetary support.

RESULTY

It tha mujority of punch preas aperatlionn, the pri-
mary wolse nources may Henerally be grouped an

13 air extinvecn, 2) mechnnlenl impaces durlng the

punching cycln, and 1) handlipg of finlahed partn,
A typleal nodse oignature of o alngle-cycle opera-
tion of an ofien-back, Inclinaile prens 1o shown in
Figure 1. The varioup eventa that occur durlpg a

cycle may ba jdentified an 1) clutch actuntlon,

2) Impact of the ram on tho atripper, 3} impact of
the atrippor on the workpleee, 4} punching of the

vworkpleceo, oml 5) accuatiow of the brahe,

for the purpones aof this paper, only tho nir ex-
hounts and mechanieal impacts will be treated.  The
contrel of the nolae due to the handling of finisled
paren can, in moot camen, bo hapdled by rolatively
aimpla technlquen.

AR EXIAUSTY

Dopending on the particalat operaclon, a dominant
sourco of noine durlng single-tycle operation of o
puncl presn may bo the alr ealinust acsocinted with
prcumatic operation of tha clutch and brake.

To previde a data base for the evaluation of asveral
comurcially avallabloe cahauet anfflern, tcats were
conducted in the North Carelina Scnta Undveraity
anechole facllity. During thess tests, the lmpul-
sive sound level wan memnurad as a function of the
inttial axbauat prosaure.  In addivion, the time ro-
quirted [or each malller to eahount an 0.001 cuhide
meger volume wan monltored. The enbauct time datn
vore neccasary to inoura that a particular maffler
dld not wnduly reaerict the extisunt and thue poma a
pnfetry harard by altaring the cycle time of the
Lraking Bystem.

Tho typen of mufflero tesmtad wota 1) puruus bronga,
2) radinl flow, and 3) porouws plantic,

Tyjplcal temt rosulta fndicate that, at ptossures
near 90 palg, a nolee reducclon of spproximately 20
ta 33 di may bre realized depending on the particular
typa of mufflar malected. It ohould be noted that

11
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the reduction da a plant covirooment may got he an
dramatfc an that attained in o laberatory nftuation
due to other sources that may be present. In fact,
an evaluation of several muillern to o plant opera-
tlon ylelded o maximum nelse reductlon of only 10
b,

For alr ejector systema weed in paren bandlag, an
unmiff led ndr Jet con geperate fapalolve nound lev-
oly of 110 to 125 di.  Comnercisl sllencers for alr
elector nystemh can reduce tlde lnpulnive gouml lev-
el by more than 20 db ot a typlcal pyuten operating
prespure of 90 poig. When the silencer is properly
puaitloned, the ferce at the workplece in at leant
equivalent ko thoe produced by aa open jet.

HECHANICAL IHPACTS

The analynia of typical puneh press signatures lodi-
catep that therc are wany canca in which the domi-
nant oource in the actual punching operation,

During the punching operaticn, both the maching com=
ponenta and the worhpiece will be nubjected to ol-
muleancous Smpulaive forces which wilt result fn
aound radiatlon from the ennuing vibrationa, Tent
reaulta hava nhown that direet sound radiatlon from
the wotkpicco can bo domipant when the dimennionn
of the workplece are equal to or greater than che
wavelangth of radiated sound, From o large number
of {requency annlymes Lt has been ohaerved that the
nound apectrum tendo to peak pear 500 Iz, Thus,
wlien characterfistic workpiece dinennfons excend
atrout four inches {10.2 cm), aignificant sound radi-
atfon cap be eapected from tho workplece,

An experinent wan cancalved to utilisce the aforcgo~
ing Anformativn to inveatipgate the relative contri~
tutiona of vibrationa of machine components and the
workpiece In mound radlatfen duclog punching. Thia
aaperlinent conniated of a merlen of teotn In which
enly the areca ol the workploce wam varicd. Theo-
retically, thim varfatlon should have had no effect
on the teaction forcen on the machine and thua 1le-
tla effoct on the noina radlated by machine compo-
nenta,  On tha othaer hapd, the nofue radiated by the
workpieco should inerease with an Ancreame In arca,
Rapulth are sliown in Figura 2, which 4o a plot of
atrippnr dmpact sand punching nofse ap a function of
workpince nrea,

It can he soen that for workpleco arcaa lens than 25
squara inchea (161.3 aquare centimotars), the peak
noutad level is cowentinlly conotant. This in aa ex-
pectred Lrom conalderation of the radlatlon cfficien-
cy of the workpiece pince the chacacteriatic lepgth
for themo miren in lemn than 5 fnchea (12,7 cm). On
the other hand, as the workpleca arna is tocreaned
from 2% to 100 mquate tnchen (161.3 to 643.2 square
cengimatern), the peak peund level Incrennes by an
avaragu of 4 dl, This result s an would be ex~
prctad AF vibrations of the wurkplece aml machine
componentns contributed equally to the nounsd
ralfation,

From thenn comultm, Lt munt he concluded that when
tha workplece dimensians excemd the wavelength of
radiatel sound, both workpieco and pichlne eomponent

vibratlons contribure significantly to the radlaced
sound pressure level durlng the punchlng operation.

Some fnedght fnto understanding of the above obaer-
vationn can be gataed by canalderlng the cedponne of
almple pyntemn to tranatent exeltation. Fer a nin-
ple-degree-af-frecdom nynten, it can be shown that
when the ratio of the pulpe duratfon to the aystem
natural period Lo much less than ooe, the manimum
reupunne of the aystem occeutrn afeer the forco han
droppen] to zere.  In thin ease, the respousces can be
reduced by Ipereaning the mann of the structure. On
tha other hand, when the ratlo of the pulee duratien
to tho ayntem natural perfod fo much greater than
one (L.e., the foree Lo applicd plowly), the naximum
reaponne aceurn while the foree tn acting. In thin
latter cooc, the renponte o Inverscly proportional
to stiffocos, f.e¢,, lncteavlng the spiffnens shuuld
reduee reaponse aid hence reduce nedse. Hhen the
duration of the force In equal to one-half the patu-
tal pertod af the nystem, o pacudo-resonance exiota.
Control of reaopant responec can be achieved by de~
tuning the nystem or adding donping. tHowever a ten=
fold Increane in the [ractlon of critical damping
cemnlin In a decreave din maxbnum roaponae of anly
about nine per cent, Thua, «dampiog has little po-
tentinl for reduciog punch prees noise,

The {mportance of thene conslderatlons of pupch
press noine cannot bo overenplanfized an they beat
directly on the pouapible methods of controlling tha
vibratory motions durieg punch preen opuratlens.

For exnwple, when worhplece arcas aro mmall, am In
plece=parts opecatfonn, the vibrations of punch
press components can be expected to e the dominant
vources of nolnes fue tv the characterlatic dura-
tion of the punching part of the machlne eycle, tha
repponae of the stryckare will be controlied primac-
ity by inertia effectn. A aubatantinl i{ncteawe fn
atructural mans {8 roguired to achliove a modarate
reduction in ayatem response,  Therefoers, 1n opaga-
tionw with nrmall workpincen, [t appears neconnary to
utilize a press of subatantially higher tolnage ca=
pacicy chan would be called Tor on the hasis of the
Torming operatien,  The uoc of n lafge capacley
press fa required to provide the mannive atructure
necenaary for contrel of structutal vibeatlons.

Hhen the workpleee nize fncreanea no that bhoth work-
pleco and anchine component vibratfona aro algniCl-
cant contriburora to the radiated aound, aignificant
nolne teduetion can be achieved only by centrcolling
bath avurcen, In moot production mituations ft will
not bo economically feanille to cunatraln the work-
pleve or to pubntantially incrense cha moap of the
preos ftoelf, In thin caac, the unly viable alter-
native for nofee reduction appearn to he in the

aten of reducing the force lovels fnvolved during
the punchlpg vperation.

For a glven operation, force roductdon ¢nn e accom-
plished by 1) reducing the punch-dle clenranca or

2) unlng ahenr Rround punches. In Figute 3, peak
noken leveln are plotted for a flat punch opernted
over a wide range of clearnnces, Ie ¢an he sden
that ahove elght por cent clenrance, the peak sound
preasure level Increanes dramaticsally with
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Increaring values of the clearance, Thua, a reduc-
tion dn the punchi~die clearabce in a relatively
aimple method of teduclng the peak noloe level an-
poclated with a given punehilug operation. 1t should
be noted, however, that reductionp {n clearance can
lead to degradation of the hole quality. The mani-
mun clearance reductlon for any glven operation

thun beeomew o trnde=of E between the expected nolse
teduction nmd the posolble decreane In hole gquallty.

Yorce reductlon muy aloe be obtalped by the wse of
shenr ground punches., In this cage, the nhear
punchens typlecally can be operated at o bigher clear-
ance valug cthion a [lat punch, giving o higher quak=
ity hole, while ntlll operating with a lower value
of the peak pressure level.

A comparieon between the peak vowsd pressure leveles
aspocinted with a flac punch, a female shear punch,
and a mala shear punch 1 ohown in Flgure 4, The
geomatries of the mnle amd femnle ohiear punches are
glhiown 1n Flgura 5.

It may be neen that the female shear punch provides
a reduetion In the peak sound presoure level for all
clearance valuen toated an compared to the {lat
punch. The male shear punch o cosentlally the snme
an the [emale punch over tho range of cleatance val-
ure trnted.

Further, the depth of the aliear, D, had llttle in-
fluepen on nolaae, L.e,, an lncrocase in D did pot
provide a corcesponding deceenne (n tho penk sound
prenmure level.

SUHHARY OF IHOJECT ACTIVITY

Talda I given a summary of projecta, Rupport perl-
ods, pefsonnel, support poutcen, and an estimato of
tota)l renources committed to punch prenn nolse con~
trol from 1973 to tho present. An entimnte of man-
power Involved in punch pross nojse coutrol actjvi-
tion is ahown in Figuee 6. It Im eotimntesl that
appronimately 5.5 man yonrn have been committed to
punch prumn noilne, Honetary suppork hao totaled
972,072 nince 1971,

Fig, 1 Typlcal punch prema nolna Afgnatura.
Fventn arng (1) clucch engagemant, (2) ram
impact with punch, (3) pmnch Impact with
matavinl, (A) matacial fracturn, (3} hrakn
activation
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"Puneh Precs Wolase Henenreh, Development nnd Demonntration'
presented by

J.H.
DISCULBTON:

f. Wnpponet)
What kindn of nolue reductions did you

get fo isduetry? Can the operalor notl weayp
ehrmufl s yet?
J.H. Mnlley:

Hell, the regulostion we were necking

to meat wap the 120 dB peak level, nnd wve
that for the operatlions

were nble to achieve
we conoslidercd, ‘There Lo something like WOO
thousnnd shearn and punch presnen ench cap-

alble of doing dosens of different Jobn no
1t becones almoot an lntrnctable problem une
laess you net yourselfl nome Loundn. o, ve
chope o nyntemntie appronch looking at a
large number of mnuchinecu, narrowing 1t doun
Lo ono and then looked nt a number of operas
lonn. I certainly connol mnke n blpnket,
fLntoment that all punch prenoen enn be
controlled, There Lus so much work ta be
done!
P, Hannbneh
Hhare wete thepe sound prénsurc levelns
moanured?

Jo . Hailae

Thene were measured at aphroaimntely
anr lavel Juat to ono slde of the operator's
normal posltlon. We dld tnke pume monbo=-
uramointn areumt the mnehine and found wvery
little variation. He wore in the nenr ficld
in nll enopon,
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e

Dnfley

We did aome nunh atudien at Carrier
ige fnd Lhere we hnd o Yery pesulinr
to work with, The materinl wan

20 there wau ne lmpuct of the

no fracture

yroars
punch prenn
very sofl,
vork plece on the materinly
nofne at nll{ and the clutch wnn wel) dee
slgned po 1t woo quiet, Hut whnt happenasd
waon that thin thing had n traveling pad
which came dawn and In coming up nand getting
lnte ponition for the next stroke,nfier nll
the work was done,lt hit a keeper {(clap!)
that 1y the kind of nolne which 1n totally
unnecepsnry. I you're lucky, you'll find
one of Lthoge and you can be a hero!

low do you define perceontupge clenrnncet
In the thicknenn lnvelved?

Ty Bnfley:

Yen, percentage clearance 1in dafined
an the diameter of the die minuo the din-
meler of the punch divided by the thicknens
o' the materinl times a huhdred,
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HOISE REDUCTION OF A COLD-HEADING MACIHINE

Lynn L, Faulknor, Anpooclate Profenvor
Glun €., Steyer, Graduate Resgarch Asplotant

pepartment of Mechanical Engincering
The Ohie State Universliy
206 W, 10th Avenue
Columbuyg, Ohio

IHTRODUCTION

Many motal forming and ohaping operationy
such an forging, cold-heading and stamping
utilizo mechanical impact tools on the work
ploce. While convidarable progrepa hau
baen made ln roduction of cartain typan of
machinory genorated nolse in the past fow
yaars, comparatively little has hoen report-
ad on actual nolse reduction of tha sound
genoratad by impacting type machinery. 'The
usual initinl assumptionns are that thoe im-
pact proceas of forming tho part is tho
muchanism rosponsibln for the production of
#ound enargy for this typo of machlinury.
Aitochow {2) utilized a almple lmpact ma=
chine for study of thuo nound gunorated by
the accularation of the alr botweon the
impacting parts tormad "slap" noioa, Tha
ranulta of hin analynis showed that sound
c¢an bo produced boforo actual mutal-to~
matal contact of tool and part deponding
upon the goometries involved, Nishimura
and Taknhashi (7) Llnvaatigated the accolor-
atlaon (or dacaleration) of air in tho direct
impact of atasl aphoros as an Ampact nolao
gquneration phenomonon., Abriahaman (1)
atudled tha paramatars rolated to thoe aound
radiated from stroan waven {n rods ntruck
by ntaol balln or roda. The effoct of im-
pact valocity and workpioce material han
pbaen roportad by Druce {3}, Mualtiplo im-
pactn on work-hardening matorial can rosult
in a changa in saund laval with nmuccossive
blowa of the farming procass. Evan for
matarialn which are not work-hardaning
thore 1 evidanca that succonnive foriming
blows produce graatar sound pressure lovoela.
One oxplanation in that tho flrat impact in
part forming uwaually doforims a gronter
voluma of matarial than puccosnive impacts
and hancn mora onargy ia abuorhoed in tho
part for the initial lmpact, Flnal impacto
arm typleally utllized to achleve purface
finlsh and dimepnional rogqulremonts which
deform amall volumaen of part matorial and
abnorb littla ensrgy.

An occurring renult of maay Impact machina
nolaa atudias in the psound yonercation of

1t

rarm T e AL i Y iy,

the so-called "conventional" machine olo-
mantn; sametimen to the extent of masking
the direct lmpact nolue. Pattornen (1)
reported the prescnce of all conventlonal
moachine alemunt noino sourcoes ouch an
gearts, bearings, nlides, cama, ete., on a
cold-heading machinu, The axcitatlion of
pancln by impact wan notod, Maaouremonts
were made of the sound levels with diag-
nootle ntudion to eutablish contpibution
af direct impact, alr jets, and cover
vibration of #sound level.

MACILING DESCRIDTION

Thia paper raports an analysio of a high
ppead, doublo blaw, cold hoeader machlng an
phown in MMlgure 1. This machipe producos
1/8 inch button head rivets at a rate of
467 por minute. Tho utock material is 1/8
inch SAL 1016 recaspod gqunlity hoader wire.
Thare arv sevaral stayen to the rivet form~
ing eoparation. ftlrat, an appropriato
longth of wire io cut. A #set of tranafer
fingors posltion tha blonk in front of thae
die ptation, A cone punch thon puphoes tho
blank into the die and porforms the Initial
forming operation. The second impact in by
a fininh punch which fogta tho finlished
civet haad, after which, tho formed rivet
id ojectad from the dio by means of a punb
rod and an alr jot ajector. Tho cut-off
lover, transfer fingors, and punch anpambly
are all driven from a slagle camshaft. Tha
kickout utilizon a rod which in driven for-
ward by a cam to push tho fininhod rivet
from thu diae, oOnce tho findshed rivat s
punhad out of the ddie, it in blown into a
collaecting chuty by means of an alr jot.
Tha air jut alvo simultancounly lubhricatos
tho punch aroea with a mist oller ayatem
attachod tu the alr aupply system. As can
ko poon, this machine wtilizes mony potoen~
tial nolse producing elemants auch as camn,
yaars, bearlngn, and alr jots in addition
to thoe ispact muchaniama in the givet hoad
formation,
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MEASUREMERTS

Sound proosuro lavels wore measured with a
1/2 inch Druul and Kjaer cohdenovor micro-
phone.  Pregqueney analyuis was performed
with a 2107 Drucl and Kjaor constant per-
centage narrow band analyzer and with a
Un~-500 Federal Sclontific Ubdiquitoun Hoal
Timu Analy=cr. All oound moasurementn wore
made ln an anechoic chamber with an 80-
harts lower cutoff frequency. ‘Thio chambor
iy poart of the acoustic facilitles at The
Ohio State Undverplty and wos conotructed
with four mounting postu in tho cuntor of
tho fleor arva to asupport heavy machinery
such as thoe cold-beador of thla otudy,

Acceleration muasuremontn wore made on
machine panals to dotermine both f[roquuncy
content of the pancl motion and the ampll-
tudens of tho cover panal motlonn. Acculer-
ation signals wore analyrzod In a similar
mapner an the nound progauro signalwe do-
gocribed abova. Cam displacemunt profile
and tranofor mochanism diaplacement motiono
waro directly moasured by utilizing a ro-
tatlonal potentiomdtor attached te the fly-
whool and linoar potentiomutors attached to
tho tranalating components. The rotatlonal
potantiometer waa connocted to tho X-axlo
and the linoar potenticmeter to the Y-axis
of an X-Y plotter. As tha machine was ro-
tated slowly through a cycla a plot of com-
ponunt dlsplacement could ba obtalined.
fiince tho flywhool rotatues at a constant
valocity for this nlowly rotating casu, tho
ronult i an X-axins displacement which can
bu ralated to tima, Tho result is a dio-
placement veraus tim signal for analynis
af frogquancy content.

NOIGE SOURCE IPENTIVICATION

Threo proceduros wure utilized in this
atudy to identify and charactorize thoe
noian acurcon and rank thom in order of
importance., The fiest mothod wapn to din-
connact varlous componants in tho machlno
ont at a tima and measure the resulting
aound leveln, Thin by necoswity dictated
that lavalas with and without stock in the
machine hoad to be astablishod since removal
of companents provented actual forming of
rivata, Thin procodure was useful in iden-
tifydng snourcon and ranking the wourcas in
ardur of decroasing mound level production,

A poecond mathod af apurca analysin wan to
compare thae fraefquency content of tho sound
prosaure with the freguency contont of
pourcaa, Thio waa done Ly frequancy anal-
ysin of microphone moanuremants in the noar
acovatlc field of varioun nourcas, accelur~
ation measuremaents on varioug compononta
auch aa covor paneln, [requency annlynis of
varloun cam diaplacemanta and frequency
analyals of transfer motions of varloun
machanical componentna from rotational and
linanr potentiomater signals. Meapuromentn
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made at varlous positlons around tha machino
for components not operating were uped to
classlfy and rank the machine compononts
and opurations 1n reqard to nolue genora-
tion potential. A typlecal froguency upuc-
trum is phovwn in Fiqgure 2.,

A third method of sourco {dentification wao
to dioplay the uound prowvoure level vorsun
time trace on a dual beam ouncilloncope with
a timing trace on tho other boam. Thia
timing trace was obtained from thu flywhool
or othoer known roferonce nignal from thoe
machine.

Somo of the noise source contributionn wore
canily iduntificd by tho linecar or A-weight-
ad measured nmound pregource levels. Othor
sources could only be identified by compar-
inon of frequency spectrums apd a visual
corrolation of sound prowsura lovol fro-
quoancy rofpohso comparad te accoeloeration or
dinplacament froeguency rasponsa data,

SULTS OF MEMSUHEMENTS

Thao firut measurements ware takoen for the
machine in normal opueration making rivetn
and for tha same conditions not making
rivats, ‘' regult woo that tho A-wolghited
wound proasure leval was unchanged whun no
ntock waa fod to the machine. This implied
that the impact gonorated sound lovel wos
lesys important than the othur sources,

Tha moat caally ddentified source wan tho
air ajectlon of fininhed parts from thoe
machine, Ellmination of the alr jota
reducod the sound lavel approximately 1 dba,

A raduction of 4 dUA resultud whon the
tranafor machaniam wan disconnuected., Thip
machanlom trannfars thae blank cut from the
atock fouod wira to the forming dio.

Bacaunn of the rapld machine oporatlon, tha
tranater mochanism iu reguired to poaltion
thae blank and ropidly rotract mo that the
conag punch will bo cleoarod, Thia reoulta
in rapid diasplacaments of tha mechaniam

and honce large accolorationn. B plot of
transfor mochanlom motion versun cam angla
is shown in Migure 3. A fruogquancy analyninp
revaalaed many harmonic componenta of this
motion. Sound is apparontly gunerated duc
to xoactlion forcos on the main frame of the
machino as & rosult of the inertla faorcon
of this transfor dovicu. The device Ltoalf
in gquite rigld and amall, tharofore diroct
aound radiation is dincountad.

Tha noxt moot sdgniflennt nolsw gource wao
a punch rockor stop. “This machipe requirea
two punch oparations for one rivet; u cona
punch and o finiohh blow. This in achiavod
by ona alider with o rocking haad which
contading two tools. To accuratoly poaition
the racking head an Impact ntop ia employed
ag shawn in Plgura 4. Thio impacting of tha
huad againat the stop accountud for an

g —— PSS
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additionnl 2 dBA nound reduction aftor
climination of the tranofor mochaninm.

The fourth sourco identifiod after olimin-
ation of the abowve wan the muchanical
"kick out" which njected the finished part
from the die. This operation wapn found to
repalt in an additional 1 dDh noinoe roduc-
tion,

Other aourcon idontifiod wure two panclo
over the can shaft and over tho top portion
of the machine. TFor the complate machine
making riveto, a roductlon of slightly more
than 1 4bBA could ba roalizad by ndding
damping material to thoso panels.

The rosult of elimination of all of thooe
sourcod simwltanvounly resulted in a
combinod nolwe reduction of 7 dbA,

PROPOSED MACHINE MODIFICATIONHS

Aftar ddentifying tho nolsce sources, tho
following modificationn were duggueted
ranked in ordor in which they munt Lo
implomantad.

1. Eliminate tho alr part ajection
aystom and eject parto with a high
vulocity oll wyatom.

2, Ihedoslgn the blank tranofor moch-
aninm so that the acenleration con
ba raduced.

3, Provide an ¢norqgy abaorbing, nlowly
daculuarating atop for tho punch
rockar head appombly to eliminato
impact.

4. Bliminate motal-to-matal impact
hotwoon klck=-out cam aml kick-out
rod,

5. Apply damping matarial to cartaln
penala and caovara.

Itam 1 abave wan implementaed on tha toat
machine and was found satiafactory. Tha
machina wan afquippad with an oil pump for
lubrication thernfaore minor changas wetra
nacusnary to utilize an oll ojoction syatom
to replace the air aejoctor. Item 2 ro-
rquirea a rodenign of tho parts and can.
Thin modification waa nat made on tho taeat
machina but inm planned for a future proto-
typa., Thia nourca munt ba reduced heforu
tha following itoma will bo affuctiva,
Itama 3, 4 and 5 are all possibla with
minoy medification to tha machine, Soma
davalopmant in roquired to asaure natio-
faatory machina gpuration with thouo
changans., Thao indication from thin study in
that tha A-welghted mound pregaura leval
can ba raduced to wall bolow 85 dBA, with a
porios of thana machinan alda by aide the
rasuitad lavul in calculatad to hoe bhulow

85 aph,
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Figure 1, Photograph of thue cold-hoading machlno ntudied.
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Flgure 2, ‘Typleal frequency
speetrum of the opurator
location sound pressure level,
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figqure 3. Profile of the blank
terannfor mechanism displacement,
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Mqgure 4. Diagram of the
punch rocker head asscinbly
tmpact stop for accuratu
ponltioning of the tool.



“iolue Reduction of A Cold«Meading Machine®
prenented by

L.L, Fanulkner

nrocunsTols

Dy Munter: W. Gntley:
four Table 3:I Juot don't believe 1t In the blank trarofer sechanlom, did
' There 1o Junt ne way I can perauade myself you rind radiation from the mechanlopn itaelf
that you ean have n %0th hkarmonic and have or merely the fact that It excited the

1t nmean anything when your tnlklhg about

structure around 1t7?
a¢celerntion. Admittedly thewae are computer

genernted, bul how nuch did you actunlly LoL, Foulhnert !
nuat In $tself £t Jd1d not have olgniflcant

radiation, but the foreen avting bnek thru
the cam and bearinge were cxeliting the
franc and coagbtingne.

Lab, Faulkner:

He uned only the lower harmoenica,

| lll Munbeiy

Well, vou should not lbelude the reout,
It'n garbage, nnd it tenda to mislead people
who read 1t
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PREVEICTING ADNONMAL COMBUSTION NOTSE

Peter K. Bande
Visiting Profeouor

oy ¥. llerrlek Laboratorlen
School ef lechanical Englncering
Purdue Univerolty
Went Lafayette, Indinna 47907

HEED Folt HRESEARCH 0N COMBUSTION OSCILLATION

Oncillatory combustiot in a nource of abnormnl
combuntjon noiae which can occur in virtunlly ony
type of combustion nyntemo ranping from furnaccso
for rcaidential heating pyotemn with an output an
low an (0,000 Btu/hr. and combuntion chnnbers memn-
uring only 2 rt. to blast furnace atoves with con-
bunstion chambern standing 100 ft. tall. Typdenlly,
pelf-cxcited oseillaticnn will oply oceur under
nome operating conditionn. In amall devicen, ouch
an furnncen, they may occur only briefly during
atart-upi but even thio i{n totnlly unncceptabie
bLeeaune of the annoyance of the pradiated nolse. In
Iarge syntenn, osuch an blagt furpace ateoven, there
ia not only annoyance, Lut aound prennure of ouffi-
clent magnitude to dentroy the brickworhk and cauninog
phyniological damngo,

Combuastion enginecrn typlcally dend with thene prob-
lemo in sn empirical manner Lf aond vhen they arlon,
At timen when there wao little pressure fop technos
logicnl innovatlon, such empirical approaches moy
limva hoen adequate, Iuring pepfods requiripg rapid
Lanovntionn, howover, the emplirical appronchen nre
not aatiafnctory. Terlotn of papid innovation nre
typically brought about by changen in the fuel sup-
ply mituation. One such period occurred in the
Untted tntes in the late 10%0'n and early 1950's
when naturnl gan replaced manufacturcd gan for
induntrial and domentic woe. During thin perfod all
axiating Inntallatfond had to be chebged over and
mnny new desfgnn evolved to mect tho requirements of
the rapidly expanding utilination of gan. "Thene
radical changen in utiliration and denign led to
mnny oceurrences of pnelf-excited oncillationo which,
in turn, provided the motivation for an {ncreadcd
ronenrch activity aimed at providing a botter under-
ntanding snd more rational approachen to hreventlog
nuch oacillatlonn. A similear sfituntion occurred in
Furope in the 1960'a after nhtural pgos becnag Avail-
alila in the aresn aurrounding tho forth fen.

In the Unttod Otaten we have enjoyed a period of 20
yearn during whieh the occurrence of combuntieh op=
clllatienn han baen relatfvely rare bechune tha rata
af ghangs in dendgn and utilisntion hno been quite
alow. Thin pepriod is about over: Hhortagen in the
supply of naturnl gan rinke it necennnry to une
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alteppative gansea for penk shaving and aa a standby
fucl, The introduction of pesk shaving gan by util-
itien hnn cnuped combustion encillations {in a number
of furnacey and beflers which have operated oatio-
factorlly on natural gas for many years. liew lontal-
latiops and dealgns nust be able to opernte ontig-
factorlly on neveral different fucle.

Another enmerging presoure for design innovation ie
the need to connerve gaps by achleving higher efri-
clenelen. Thio will require departuren from well
proven deolgna.  In thias nituation there is a clear
jleed to dntenuify revenrch effortna to fill~in the
£apo which otill exint In our khowledge of combun-
tion oncillationn in order to develop rationnl
depnign proceduren for meeting the now requliementd
without risking noioe pollution due to comluatlon
oncillation, Conpared to earlier reaenrch efforts,
we are fartunate in having at our dippobal vaptly
nere powerful instrumentation for eaperimental
ahalynis an well ne more powerful tools for mathemn-
tical nnelyais and modeling.

Combuation oncillation iu, of courna, not the only
type of combuntlon holse affecting the cuvironment
around a furnncae, boller plant, or other combuation
device, The other typey of poloe, comnonly referred
to nn combuntlon rosr or hisn, nare caused, however,
by entirely different pechnnfome and the metholn of
controlling them arc, therefore, entirely aifferent
fram the methodo required for contrellling combuntlion
apcillation. The reaearch project at Murdue Univer—
uity on which thie paper lo baned dealt exclusively
with the control of combuntion cacilliationn.

CHARACTLERILUTICS OF COMBUSTION QGCILLATION

Inanneh o the pethods required for controlling
combunticn onclllations are entirely diffarent from
thone required for combuation rear nnd combuntion
hins, it behsooven un to revicow the dintingulohing
charncterintica, Combuwntich oacillations are
nolf=cxclted, The ppeetrum of the radiated nolne
i3, therefore, dominated by n aingle frequency often
nguocfated with aldg-banda and/or higher harkonlen
aof that frequency., Combuntien roar and comhuation
hisg, on the other hand, are rapdom phenomenn and,
therafore, hnve a brondband apectrtm, This Lroad-
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band npectrum mny have a concentration of energy in
a certnin frequency range, but never at a diacrete
frequency. In nppronching an existing nolne prob-
tem, it 1z Important, therefore, to start with a
ppectrum analysls of the noice in order to nelect
the mont approprinte method of contrel,

Another diatinguiohing charocteristic iuv thnt com=
buntfon oncillntionn in & glven Llnastnllation usual-
1y occur only at certnin opernting conditionn (fir-
ing rate, fucl-to-air ratlo, fucl componition, etc.}
but are totally aboent at olher operating conditions.
It i{p pot uhcomioh for combustlon oncillationz to
occur during a brlef intervel at start-up and then
ceang nhruptly, Lut the opponite cnn aluo hnppen.

In either case the difference between presence nnd
nbhoence of combtuntion occillnticnn typlenlly mmountn
to well over 20 db, Control of' combustion oncilln-
tione, thus, means not merely reduction but rather
totnl elininntion of the oocillatory nmode.

The objective of the rencarch pro)ect at Purdue
Univernity han becen to previde practical informntlion
which can be applied at the denipgn otnge to prevent
the cecurrcence of corbunstion encillatfon In o pro-
roaed device or lnntallaetion, To thin end, stabil-
ity eritorin wepe formulnted for the feedback loop
which 1p renponolble for axciting oucillationn.
Appliention of these criteris requiren n hknowledge
of the anplifying chnrncteriotics of the flame. A
nathal wan, therefore, developed fop measuring the
teanafer function of aarated, fuel rich flemen.
Huch flamcu are used i many types of practicnl
conbuation devicon, ‘The datn obtained were the
firot for such flemen to appenr in the literature,
It wno alao recognized thint dynamic atability ananly-
pio of fecdback loopn and tranofer functioun nre
unfamiling conceptas for most prople 1n the heating
induntry. A specinl affort wean, thercfore, mode to
generate fnformation that would help communicate
the rroultn of the renenrch effort to induntry.

& typlenl canmple of this effort lo the production
of o ahort movie shich nhown in nlow motion the
nelf-nxcited onetlintions of the flame on the
multi-port burner used in thie investlgation In n
nimple, traapparcnt combuntlon chrmbor. Thin movio
demonntraten that there are two sepnente but inter-
relatcd phenomsnn that cccur during cembuntlon
cacillution:

1. Oncillations of the burning rate of the Clame.
In thin particulagy eane (and in many othern)
thene nanifent thenmaelven in viafble oncilln-
tions of the mine and ponition of Lthe renction
RONE,

2. Daelllntiono of the prepsurc in the combuntion
chnmher,

Thene two ooclllintions occur at exnctly tho pame
frequency with n flxed phnne roalntlionship to ench
other, Thn preosire caclllationn nre the caupe of
the {lamn oncillationa, but theoy are alno cauned by
the flane oaclllintionn. Thua, the coupc-cllect
relntionahipn botwern theoe two Dhcnomenn formn o
claaed loop an shiovn in Fige 1. Hecognition of the
exintence of such a cloned loop and an vaderatnndlng
of tha mannar In which thin lendn to nclf-excitntion
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are the key to nny rotliconnl nolution and ultimately
preventlon of combustion eaclllation problens and
the noise polluticn nusociated with them.

CURNING RATE PRESSURE

OSCILLATIONS

OSCILLATIONS

Fipo 1 Caare-offeet Rolationahipa In
Gacilliatory Combuption

CRITLHTA TOR COMUUGTION OSCILLATIONS

The existepce of this cloaed loop of cnuoen and
effectn and ltp role {n pelf-excited combudtion
oncillutions wns recegnized and very lucldly do-

seribed by !lnylclﬂhu) almont 100 yearns ngo.
Raylefgh polnted out that the occurrence of auch
opcilintions 1o eritically dependent on the mogni=~
tude and, particularly, the phane of the combuntion
rate oncillationn relative to the prennsure osellla-
tionn which caune them, He alpo pointe out that
thin pelntionahip, which 18 reprenented by the
arrcow in the batlom part of Fig. 1, depends on the
dyhanic recponse lag of the fiame itnelf and on the
length of the fuel aupply line relotive to the
wavelength at the frequency of oocillation. e
summarizes the iaportance of the phane angle of
thin relatlonohip by stating that gucillationn are
mont encournged when the reaulting oscillnationo in
tho heat relcase rate of the flame are in-phane
with the presnurce opcillatichn which couoc thea,
and that pelf-excited onclllinticnn canpot accur
when thin phinoe rolationship in nenr 100% Tantend
of 0Y,

Therse condltionn have been uascd to good advaptinge
by all of the enrly inveotigntora of self-excitod
combuation onelllation problems snd ni'e cottionly
called the "laylelgh Criterton”.

The mont extenoive nand frultful une of the Mnylelgh
Criterfon han been mude by Abbott Putnem and hia
co-vorkern at Dnattello. “he remult of thelr fnven-
tigationn are nummarized in Putnes's book: "Come

vuntion Driven Osclilations in Induatry" 2 y Whieh
deacriten cccurrencen and nolutionn of combustion
ascillntion problewn I n large number of difforent
combustion pyotechn,

Putnnn hao exponded the Bnylefgh Celterlon and put
it on A quantitative banin by resooning, from energy
connldevationn, that the opelllationa can tulld wp

and malntain themoelves only 1 the !‘ulluwingu)

o —— e iy e
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fnequality condition 1n met:

IT hep dt » o B, (1}
0

sthere T 1o the porlod of the osclllation,
hoin the time varying heat relenne of the
Cleme, and
p ip the tino varying pressure {n the combun-
tion chmaber at the loention of the flame,

The left=hand side of Fq, (1) in n quantity propor-
tional to acoustic enerpy generation per cycle,
Putnnm pointed out repeatedly that Lhin rate of
energy generation does not only have te he ponitive
rather than negntive, ut 1t han to be equal to or
lurger than the rate nt which acountic enerpy iu
ddnnipated from the wynstem.

In the 20 yearo nince noot of Putnnm'o work waa
done, many Inventigatorn of combuntion oncillations
have formulnated different criteria based on trans-
fer function conaldepntionn, So far, the trannfer
function approach hnn found 1little application o
fnluatry; and the loyleigh Criterdon in ntill
cxtennively uwacd. OUince the tranofer functlion
approach ia nmuch nore powerful, this appronch han
been uncd An the work at Purdue Univerpity; and

it han, indeed, been found to be very fruitful. To
help its ncceptance in induntry I would like to ohow
thnt Y. {1} cnn be recant {nto a form which will
lead to the pane eriterion an the trannfer function
appronch.  For thin purpoae, the lefiehand nlde of
En. {1) {n reformulnated no that it reprenente
ncountic energy generation per unit of time rather
than being merely propertional to that energy gener-
atlon. The right-hnnd alde 1o reformulated to rep-
tesent ncoustic energy ddnaipation no follown:

;}.:IT q p dt > i Do [],-] L, (2)
0 -

where § 1o the tine varying velune expnnnion rate
of the flane,
<p?> In the mean oquare value of the prenasure at
the flame, and

He [,1;'] in the renl prrt of the acountie adnittance
" af the combuution chenber, at the flame
loention, at the frequency of oncillation.

If the left-hnnd part of Fg. {2) in equal to the
right«bnnd part, caocillatlionn will maintain them-
nelven but noelther grow nore decny, I the left-hand
aida in larger than the right-hand alde, the oacil-
1aticnne will grow,

tHnce By, (2) needn to te evaluated at n specific
froquency (the freoquency of oscilliation), tha
follovwlng nubntituticna nre in order:

o p| con (2mgt) Eq. {3n)
a~ || con {3 nrLso) Eq. (3)
= n  |p|2 k. {3e)

whero [pl in the mmpifitude of the prensuro cheflla-
tien at tho flame locntion,

|a] 1o the amplitude of the volume expanilon
rate of' the [lune,

8 {u the phane angle of q relutive te p, nnd

£ lu Lhe frequency of the oncillatlon

(3.

With thease subatitutiona Eq. (2) can be wolved and
rearranged o follows:

o dal Ip] con 0 2 % Ipl2 nie (-‘1;] Eq. {hn)

[l
'—!—p'] cou 0

v

[te {T],'] Fq. (4b)

2z T’l‘—r con ¢ Eq. {he)
where 0 in the phane angle of the oncillations of
the volume expunsion rute ("volume veleoeity")
of the lame relntive to the cocillations of
the prespure, and
4 In the phane angle of the pressure relative
toc the volume velocity.

Obviounly, 0 must be -¢ no that con U = con ¢,

The ratis of |g| to pr in the left-hand vide of
Eq, {hb) in tlhe magnitude of the relationship; (l.e.,
trannfer function) represcnted by the bottom arrow
in Flg. 1. In Keference b thio relatlonship hao
been denignated by the oumbol (11:G). Thuo, Eq. (&}
can be rewritten na:

gzl » 1 Eq. {50}

I?.l ;“_Hﬂ—al bq. ('Jb)

Fqs (S5a) nnd (5b) represent the "mognitude criterion®
for the occurrence of nclf-exeited comburtion oncil=
lations derived by trannfer functlon annlyain in
ftefereace b, It ohould be noticed that this eriter-
lon npplien at any Crequency at which the oun of the
phnoe angles of 2 and of 0 1p zero. This condi-
tion wao implied above by otating that 0 = -4
becaune 0 fo tho phaoe angle of U+G and ¢ 1o the
plhinne nngle of ¥,

It should be recognized that the phame criterlon
ttiven above in that of a posltive feecdback loop.
Heveral Investigatorn (5, 6i) have derived otability
critorin from the propertien of n negatlve feedbnck
loop. Thia io entirely legitimnte and merely o
quention of the nign conventiona uned in definfng
the nymbals, The symbol Y wned in Reference % 1o,
for inntonce, related to the aymbol M uded in
Refercnce b by: ) = =Y,

AVDLICATION OF OTABILITY CRITENIA TO THE DENIGH OF
COMUUITION CHAMBERD AKD BUPPLY LIKEN

Idenlly, the denlgner of o combusntion nyotem nhould
have quantitntive information on the mognitule and
phase of the three traanfer functionn 2, I, and O
an functionn of Fredquency. Yhile nome datn can be
found in Meferences 5 - 13, complate fnformation in
not, at the prensent otate of the art, generally
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avallable. Certaln qunlitative conclucionu cnn,
however, be drawn from En. (5) and applied at the
deasign stage to mininlze the likelikood of combun-
tion ooeillationo.

¥q. {5b) whowy that oneillnticns cannot occcur unlean
the magnitede of 2 cxeceds thnt of il+ﬁ' Culeculating
7 for the very nimple combunticn chumber ahewn In
Pig. 2 one gets the curves of the nagnitude and
phage angle shown in Fig. 3. The aclld line for
T._.._-. Cylindrical Combuntion
|~ Chanber {glasn tube)

/ Diffunfon Fluae

Prenixed Flane {inner cone)

™
——

. Mixing Tube

v
-7 Oan Jet
Ve

X —— @inn Orifice
I Wl
A
(.Y

Fig, 2 Pamen and Pianaparant Combuntion Chanbuer

Jor beronatmating Effeots of Combuotion
Chambor Deoafgn en Stability

'lt"

4!

omall danping showo a aharp peak at L/h & 0,5; that
in nt the loweat natural frequoncy of the cylindri-
enl combmation chambor. Alno shown in Fig, 3 ia

an cotimats {datted eurve) of 'ﬁ%ﬁ connlatent with

the mennurencnts made in our project at Purduc
Univernity. Thin curve lo ocxceeded by the penk in
the || curve for mmnll damping but not by the
lownr penk in the broken curve for || pertaining
to incranand demping. In the denign of combuntion
chambern 1t In, thereforc, denirable to provide an
rmuch dnmping an practienl,

It mhould be pointed eut that the word "donping" ins
uand hore in itn broadenat nenme. It ip not re=-
strictad to devicea which mbnorb acountie energy,
but alan includen mny densign featurns which onhance
tha radfation of acoustlc cnergy from the comntustion
chambar to the environment. At fipst dlance, this
may appont to be counter~productive to the goal of
raducing nolne padiated to the environment, It can
ha dcmopatrated, however, that thia form of dlsnipa-
tion nctually reaultn in eno noine radintion pro-
¥1ded that thern le snough of thin dinsipation to
prevent hulld up of snlf-axcited oncilintionn
within the cerbuation chamber,

Aa far an the dealgn of the pupply Linco 1o con-
gerned, it should be pointed out that for mnny
arpangements (oot the onc ahown In Flg. 21)

"“‘;ll is the nngative Inpedance of the gan or mixture

aupply tuba at tha hurper head. ‘Thuas, any desipgn
fentures which increana thla impedancs wlll producs

L
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Fig. 3 Effect of Daumping on Impodanod o)
Combuntion Chamber of Fig, I for
XL o= 0,2 (5 = wavalangth)

e Pare Combustlon Chaxbar
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the dikelllivod of scll-excited combuation oacilln~
tione. If this i3 done by optimising the lepgth
of the supply line, nn la common practice in the
danign of blast furince ptoven, 1t must Le borne
in nind that the offcctivencan of thia tuning
dependn on avolding denping fn the oupply line
{ace lteference 9).

THTERPRETATION AND MEALULEMENT OF FLAME TRANSFEN
FUNCTIONS

In Eq. (58) and (%) G atands for the trenpfer
function of the flame defined in nuch a papnor Lhint
0 fn rero when the [lame L oot buralng, PFig. 3
phowa that thins teanafor functlon 10 inportant in
two wnyn:
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1, If G s small enough nt the natural frequency
of the combuntion chamber where the curve for

2 hay ito penk, then conbunticn opcillations

eannot be gelf-oxeited regnrdlesn of the phaoe

anile of G.

2, Fven i the mngnitude ot the Tlame tranofer
function 1n ovuch that the curve fcrm}—ul in

exceeded by the curve lor l.’.l nt pome fro-
quencien, self-cxclted osclllationy will not

oceur provided that the phage angle of ﬁ-}—(‘-

1p nat tao cloac te 0% at wuch frequepcian,
YFor many Lurner configurations, the phape
angle of M will be around +90° over a large
frequency range. PFor auch burncra it lo,

therefore, deairable to aveld phane angles of

G between -60° and -120% at the natural
frequency of the combustion chamber.

A typleal plot of the megnitude and phase angle of
g for the multi-port burper used in the Furdue
preject 1o chown in Fig, 4. Thin sct of datn wan

taken with an air-to-fucl tatio of 19 which renulta
in a very "hard" and compact flame (the primary air
pupply wan 027 of the stofchicmetric amount ). Thin

flnne with itn aopociated Lurner hao the greatent
temlency to go into nclf-cxcited opelllationa if
the natural frequency of the combuntfon chenber in

between B0 Hz and 1080 liz becauno the phane angle of

w
u
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" R N
# -200% +
Pt
—3000wllll }'
10 Crrii
5 ]
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1 : VT

-

Fredquency, Hz

Ftg. 4 Tromofup Punation of an Aomitod
Propane Flima on Midtipant
Mokap Murnap
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the flame trannfer Tunction in this frequency range
in between =60% and -120° and the ongnitude in

wbove 5. If the natural frequency of the combuntion
chamber o rafsed to 3%0 Nz or above, however, the
phinse relationahip of the trannfer function G would
make [t quite dopensible to have pelf-exelted
osucillations, In nctunl practice 1t would not be
aecennary to ralee the naturnl frequency quite that
high because the comblnation of the ilnerease in
phobe nngle and the fall-cff of the magnitude of G
reqult in a rapld deereane In the likelihood aof
oncillation 1if the pnatural Crequency of the combug-
ticn chumber exceedn 250G Me. Thin ean be demon-
astrated quite rendily by uping o combuotion chamber
nimilar to that shown in Fig. 2 but with a telencop-
ing; extension which permita chnnging the natural
frequency of' the combuution chanber.

The data ohown In Fig. U were obtnined with a novel
measurenent technlque developed under the Purdue
project and deocribed in Reference 10. It coupiato
of modulating the flow of the gas/air mixture to
the burner liend by meann of s loudvpeaker attached
1o the mixing tube and meamiripg the radiated aound
prassure mugnituds and phaoe angle at varloun fre-
quenclen, Voth with the flana “eon" and with the
flame "off", Vros theoe messuremchts the tronofler
function G in calculated ap follown:

p
gw - L) Ed. (G) '
Porr

‘Thio meapurchent nethod 1o quite aimple, but it 1o
rather tedioun beesune 1t involven menaurcnents at

many tlocrete frequencien. Particularly nt high
frequenclea thin rethod 18 alea very ncnoitive to

errora in phane nenaurcment and to changes in the i
tranaminoion of aound from the fliame to the micre=- i
phone brought aboyt eithor Le reflections In the '
measurcnent environment aff Ly temperature effecta

when the flame 1o on,  Errorg in the measurement

cnn be apotted by plotting the complex ratio of

ponl‘po“. on polar coordlnate paper and repeatlng

|
E
any meamarementa vhilch do not agree with a amooth
cupve throwgh the mjority of the datn polnto.
Frem the repulting ssooth curve one can obtaln the
transfer function Ly numarlical mennn according to
bq. (G) or by graphicnl meann by nhifting the
origin on the renl axin by the amount of 1.0, The
graphicnl procedure renults In a Hyquint plot of
the trahofer functlon an nhown in Fig. % for tho
snme dota points which were atowm in Fig. h.

HECONMENDATTON FOR Tk APPLICATION OF FLAMYE
TRAMUICEH FUNCTIONS T0 BURBER DRESIGH

In the precedlpg sectlon, the aignificance of the
mngnitide and phase of the fleme trannfer functlon
at the naturnl Lroquency of thoe combuation ehrmbeor
wan dfocuancd, For n given lurner and flema,
pelf-excited combustion oncillationn cen, in
prinelple, be preventad by denigning the cembustion
chamber auch that Its natural frequency s above n
yalue dcternined frod the tronsfor functions of
that burner nod flame, There are, however,

!
i
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practical limits to thin, A better approuch
penerally llen in deafpgning the burner so ne to
obtnin a [leme which nnnures ptabllity without
undue denlpn conotraints for the combuntion chanbuer,
This requiren Information on the effect of the
vurner paranctero on the tranofer functlion of the
flane.,

Fig, & Tranafer Punatfon of Fig, 4 in
Nyquiat Represuntation

In the proJect at Purdue Univernity, flame tranofer
functionn have heen meaoured for a few buraer port
geometrics at a number of differcht nlr-to-fuel
ration and port londingn, Thena mensurementn nhow
that both the phane curve nand tho nagnituds curve
af Flg, b enn be nhifted to aubatantinlly lower
frerqueneles by deopreaning the nir-to-fuel ratlo (15,
16). This reaultn in n "pofter” flamc having a
Javger inher cone and n parked decreane in the
tendency to oxcito onclilntionn an dincusued in
nuna detnil In Referencan b and 10, Changes in the
nir-to=fiel ratio bave long Lech recofnized as a
primary meano forr eliminating combuntion oocilln=-
tionn in many exinting nyatemn. The meanurcinentso
obtnined pravide at lenot a qualitative guldance
for nuch offorta.

Theae meanurementn ave connintent with the theoret-
ical prediction {Mefercnce 1h) thnt the phaon
magnltude eurven of 4 should ahift to lower frequen-
ecien 1f the alno of the pre-mixed portion of the
Cinme Au Increancd without fnereaning the mixture
yolocity; 2.0,y Dy lncrenafng port nize, Tha
meapureronts do not confiim, Lowever, the tlcoret-
ical prediction of Raference 1h that the high free
quency poart of the magnitude curve should be
inyeraely proportional to frequency. Inatend, the
meanurchants rhow a relatieonohip invernaly propor-
tionnl to tho nguara of the frequency. Alno, the
menpurnd phane lagn are nuch greater then thosy
theorctically pradicted in fnference 1h.
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Thease dincrepancles are not surprioing an the theo-
retieal derivatfon of Reference 1h nooumes that the
nhape of Lthe oseillating flame renains conlenl
(for u circwlar burner port}), chuonging nerely in
Beipht but resaining fixed at the base, Thia o
not consintent with experimental observationn {pec
Fig, 6). In the long temm, it 1o certeinly within
the scope of the projJect ntarted at Purdue to
derive n more adequate theory for predieting flame
trannfer functiconn,

For the vhorter term, 1t lu proponed te obtnin
cnough experinmentnl datn to catnblish enpirically
the Influence of the common deoign varinbles in
burner geonetry and operation on flame Lransfer
futrctions, Thirs should be dene for the varfous
f'uelp which nedern combustion nyntens have Lo bLe
able to handle withoutl ubhorinnl neine eninsion.

A generalized relationship te be derived from thio
datn ¢nn be applicd to optimlze the deslgh of
burners Lo cpernte, o udually required, inn
variety of combuotlon chamabers, Opreific data for
a given burher desipgh will be uneful to check
proposcd npplications of that burner in conjunctlion
with eaperimentnl ar genernl datn on the combtustion
elinmber.,

During the three yearn during which the project at
Purdue Unlveroity wan funded by the American Gno
Angocintion (AGA) with ndditional pranta=-in-aid
from the Anerican Soclety of Heating, Hefrigerating
and Alr-Conditioning Englnecro {ASHHAE), n basio
for the neapurement nud applicntion of flame
treannfer functionn wnn laid, During Lhe neat, na
yet unfunded, phase of thin work, neme alrendy
fdentified refinenents in the measurcment techniegues
nhould be fmplemented and the appropriate datn
obtained for n reprencntative et of burnera wnd
operating conditiona. Lialson with industry is
ennential both for picking oultable burners to be
teated nnd for tronplating thin techanledy [rom thoe
univeraity to induntry. GHRAE has nlready
appointed n lininon committer f{or thipn purpone.

A demonstration of the application of flame trano-
fer functiont to o full acale combustion system lo
proponed, A furnace which in alable with natural
gon but oocillaten when operated on other fueln i
alrendy on Liand for this demonatration.

As part of Lhe next phane of thin work, it le aloo
proposed that the repult of nimilar work golng on
In Burope be cvnlunted nnd utilized to reach the
oblectiven of the project in n cost-cffcotiva
rmanner. The neceasnry cantacta hinve alrendy Leen
cntablinhed,
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Fig. £ Instantaneowe Flame Shapes o}
Premixed Fortiony of IropanvsAip

Flame on 0,5 in. Dia, Ffort at
an Afr-te-Fuel Ratio of 10,
(from Raference 177,

fote: Stroboscopic plotiawvy at ooefllating fro-
dquensive of §8.3 and 378 Ms are taken kalf
a pertfod apavrt.
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"Proventing Abnormal Combuntion tioine®
progentod by
r. K. baade

DIACUSBTION:

R. Coheng

1 thought I should junt point out for
the record that thio was not structural

donping, but damping in tha acountlienl mode.

1anda
That'a right,

R, _Lombort,

Can you cnlculate tho critical damping

in & flue for a typicnl instaliation in
ndvnnce?

P, _Pandey

No, you can't becaune you do not have
quantitotive information on the transfer
functiona for nnyone of tho three ecloments

at this point, If you had a trapafor func-

tion of the flame: and tranafeor function
for the fuel aupply, Hr and if you could
modal the transfer function, 2; which doesn
contaln damping aa one of the parametorns;
than, yes, you could calculate the whole
ahebang.

P, Munmtor,
In qoing from equation 4 to 4b, how

Aid you do it?

P, Rande
T divided the right hand and the left

hand by [pl4/2.

K. McConnell:

You have » aimple model here and you
shawed ua a atack, but whoat happens when
you have a bhig hurner in there and there's
A lot of piping down the tube and you have
ciclonn neparntora ond all soxtn of magni-
ficent impednncaa? llow do you control one
of thoan? I'm awnre of one that's pargin-
ally atnble and overy once in a while it
qata out of hond.

Ry Bande

In principle it ia poasible to model
ruch n ayatem uailng Lwo-port networkn,
howaver it can qat complicated vory quick-
Iy nnd 4t in unlikely in on exinting in-
atallation that anyone would nttempt the
modeling, It wonld he much more logical
to mensure imprdances with an impedonce
tuba thnt you would ntick into the combun-
tion nron,

o

K._McConnnll:
1o there any way to shift the fro-
quency up in order to goln ntability?

P, Dander

1f you have a way to chnngo the
geometry of the combuetion chamber, yeoo,
In n practical case for the situation you
degeribe, it ip unlikely that you can do
anything to much chonge the natural fre-
queoncy of the combustion chamber. what
you could do in odd domping; and if you
look at the thing to see where it would do
good, you might find n very animple way.
Whot you should not overlook ia that daomp-
ing doen not hove te bo by abaorption of
acountic energy. It could be by wnhonco-
ment of the radiation out of the syntem
into the environment, HNow that may sound
counter-productive to reducing the genur-
ntion of nolse, but If you radinte it out
footer than it can be gencrated, [t won't
be gqeneratod in the firot place)

gy Tlehy

Well, I'm not sure we are talking
obout damping becpuse Lf you consider tha
Hyquiast Critorion for feedback and if you
can find a way to get it out of phane,
then you don't have to odd damplng,

Py Nande;

That'a correct., Thero are varioun
wayn to do it. If you can change the
tranafer function of the {lame, change
fucl/nir ratio, chapge burner port dimen-
slons, you can accomplish the aame thiny
without damping,
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HOOGDWORKING HACHTHERY HOISLE RESEARCH, DEVELOPMENT, AND DEMOHSTRATION

F. b, llart, Profeasor
. 8. Stewary, AJunct Assfetant lrofeonor
T. M. Hodgnon, Awpoclate I'rofeanor

Center fur Acountical Studien
Horth Carollna State Univernity
Raledgh, North Carolinn

1HTHRODUCTION

Intareat at the Center for Acountical fitudien (CAH)
in noine from woodwarklng machinery was otimulated
by an Inquiry [rom Lha Hewman Hachine Company of
Greensbory, North Carolina in the fall of 1970,
Newman Maclidne Company bad, during the previouns
year, made efforts to reduce nuoise of tholr planecra
(aingle and doubla ourfacern) with very dipappolnt-
iny ranulta (aven thouph an acouatical consulting
firm hmd wupparted their effortn). Expurienco with
planer noise by tha CAY pereonnal akt that time con-
ninted of oheervativas made {u routline nolee aur-
voyn in the futniture fodustry and familiarity with
aaveral artglelea In the liternture which reforred
to acrodyusamic nolee,  Hapericuce at Newman ahowed
that planer noise aecmed to be rolated in some pro-
yortion to the following:

L. depth of cut taken on the bonrd;

2, wideh of board belng cut)

3, numbar of hoads doing the cutting;

A. wpecie of wuod belng caty

3, npeod at which the matarial ja fed pant
the cutter.

dpwelific quentiona radacd by Nawman in inftial die-~
cusafonn included:

1. what in cauaing the nolae;

2. inm it tha knile atriking thn woud;

3. in it tho chips bheing turn [rom the wond}

4. in At the anglo at which the koile atriken
thn wood;

5. 1o a ahearipg cut qqulater than o stealght
oHt;

6, duen the nuine lavol vaty directly with
the dapth of cuty

7. does the nolme jevel vary directly with
the width of cut;

8§, doeo the noipre lavel vary directly with
thn apund at which you cutj

9. doen the notme levnl vary to any practical
dagres with tho npecio baing cut?

It bacuma remdlly appatent that mach work wiuld ba
inyolved in finding the pamwars to these quentlona,
but that aenking tho anavers would serve as a hanin
for undaratanding how one might tadoce ths nolse
omimation, The firnt decinfon that had to bo mauie
wan how tn eatahlish cha univeraity/industiy joint
ramearch affort.

an

T T TR TIPSR I PN S T Y L B S SR R

Since the CAS perwonnel hnew very little about the
denign, production, and operational requiremente of
woud planera oml Mewman englneers had little experi-
ence with nolne, a worhing agreement that teicd to
optimize what buth parties could Best contribute to
the effort wan agreed upon. For the study, Howman
Machiine, tharcfore, furnished a planet and a Jduot
collectlon nyotem, ancillary hardware, apeclal jige
and fixturen, and engincering and technlelan time
while the CAU contributed [aculty and graduate atu-
deatn' time, laboratory space, amd measurement and
annlysls cquipment and iuatrumentation,

Ho direct monetary payments wete made initlally o
the University by the Hewman Machine Company, Thero
were aeveral renpuna for thia. Flrat, the CAS wan
reluctant to enter Juto a contractunl agreement un-
til aufficlent Lackground and experlence with n new
probilem wan galned to detormine the likelihood of
making significant progroan tovards eolution to the
preblem,  Gecondly, the CAS find the good fortune
during that period of time to bo carrying out an
acount fes tradndng program under apensorably of the
Natiunnl Acronsutica and Space Admlnintratlon, This
proaram dld not tentrict pactlefpants to aelect re-
nearch toplca related to aireraft oolee, An a ro-
sult, a trainec wau glven the opportunicy to sty
thn wuod planer for bis resentch problem.  Thirvdly,
furniture sanufacturing and wuod preducts are major
industries in North Catolina, and tha Universicy en=
courngen faculty participation {n problem aclving
that could have benefit to North Cavolina Induncry.

An inttial chroe manth neady eatablinhed vibracion
of the boarda boing planed am tho mechaniom of nulnsa
generation, Direct monotary aupport from Newman Ma-
ching Company hedan in Jonuary, 1971, Hince thac
tirn n nutbar of projecta have been conductad, In
the follew[ng naciefin, summarica are provided of
npecilic project activityy hacdwaro developmont as A
direct or tndirece renulc of the studies in reviewed;
a lipting of papara ami reporta and manpower davol-
upaent in provided; and auggentfonn arc given for
prioritien in [uturo ropearch, development, and
demonatration.

HOUDWORKIHG HACHIHERY NOTSE ROSD FUDJECT ACTIVITY

Table 1 Rivos A Auwemary of projects, nupport parlodns,
peraonnnl, support noutcen, and an oetimato of total

e wrees sl
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repourcens (money, wanpower, aml equlpment) related
to woodworklng machluery frem 1970 to the propent,
Tha dollar values given in the far right column do
not include the fn~house RDAD effort (particularly
Newman Hochine Company) catried out by the varlioon
companlon.  The 5th entry 1o included becaune three
of the HASA trafnees conducted ropearch on wouwdwork—
Ing machinery, Ao cotimate in made in 06 of the
valug of equipment provided by aeveral companicn not
accounted for in other lintings.

An attenpt Lnp been made to estimate the disttibu-
tion of manpower involved in woodworking machinery
noloe WNOD over the laat six yenra. Thin entimite
ip shown o Fig. 1, It laclwden part time graduste
ovudents and Faculty without regard to direct sup-
port. 1t la entimated that between four {4) and
five (5) man~ycarn have been devoted to thin effort
since 1970, Dircct outlay of money and cqulpment
provided by industry f{n eotlmated at abont §$52,000.
Thin figure does npt includo the copineering time of
Industry perooonel in working with rvesearcherns at
the CAS on noine preoblems or the cost of pervsonnel
tima [ur meetings apd diacuseiona held at various
companien.

In project #l, the wood planer wna ntudied. Project
#2 roquired apnlyzing nolee for the wile ranpe of
machinen uned in the lumter, wood products, wwl fur-
niture fudusgrlen. Clrealar nows, high apeed rout-
arn, and phapore were ntudled In the laburatory and
in the [leld in project 73, The wibratlon charec-
terinticn and anrodynamie uolae of circular paws
comprined project Ph. Project #5 lg incluwded oince
three NATA tralnean Ol Phh theses on meveral ao-
pectn of woudworking wachinery nolsn, The mincella-
neous oiulpmant liating, 16, includes a planer, o
high apeed router, n sbaper, and a circular naw,
The propasnl [or project #7 woa submitced in 1972
and [unded in 1974,  Ito objective im to provide a
practical gutde for plance noloe cuntrol and Eo oxe
trnpolata thoan control prisclples to ather wewl-
warking machinea.

MAJOR RESULTS AND NARDNARE DEVELOPHENT

In midition to bettar underatanding of tha mecha-
nismn of noloe generatlon and more cfficlent onclo-
mico weilizatfon, the cooperative universicy/induoe
try H&D offart haw led to hardware dovelopment thet
fa bolng uaed, An parct, for nolne cantrol purposce
on planera, matchars, clrcular nawn for multiple ap=
piication, teponera, and molders. A noteworthy cx-
ampla of nuch hardware developrent im an holical
carhida cutterhead that fn being ptoduced by Hewnan
Hachina Coewpany under the trade name “Qnictcut.”
Fig. 2 nhows thin cuttorbend Inatalled in an Indun-
trial wouod planar.  Thin cotterhend gives from 15 to
25 ABA noleae reductlan ma compared to a conventionnl
ateal wirafght knifae cucterhead and in many applica=
tions reducaa operator exposurs to lesn than 30 dhA
without the uma of enclusuren. The denfgn princl-
plan and ncaling lawa upen which this cutterhend was
davelopad ara ddscunred in llveraturae baciop 022,

1t should be pointed our that uning the lorcgoing
exarpla ahould in no way ba intecpreted as an an-
daraement [nr application. Othnr scml-hulical,
mogmentad, Aand carhide cuttestiondn are cormorcinlly

available apd provide vatrylog degrees of nolne
reduct lon,

ADDITIORAL, RESEARCH PLIODUCTS

A tmportant product that resulte from universfity
renearch In the gumber of atudeats that receive
ppecialized tratlnlog and groduste degreen (M.5. omd
PhoD.) . Four M., and three Phab, stodents did
thenen work that relates divectly to woodworking mo-
chinery nofse. Only two of these graduaten (John
Stewart, IMGIh and Wiltiam Fefoler, M.%,) are cur~
tently engaged 1o profeonional activity concerned
with thene types of noine problemn, Dr. Stewnrt ling
a bupinesa (Nofpe Controt Servicen, Inc.) that ape-
cinllzen {n notne control fn the lumber, wool prod-
ucka, aml furniture induntries.

An el fort lian Leen mnde to prenept the resulta of
thin renenrch in the literature and to make prenen-
tationnm at appropriate profesasional soclety meet-
ings. Thin haa ceoulted fn abour twelve (§2) pub-
Lished papera and efght {8) major reports.  AddL-
tlonally, a number of articles have Leen prepared
far the trade magazines catering te theso fndua-
trlen, feveral additional papers and cepocks are In
various atagen of preparation. A linting ol the pa-
pers and reporte 3o plven aa the last nectlon of
this paper.

RECOMMERDATIONS

Enough work has been done to rafse the level of con-
funfon an to what lo tcchnieally possible, practi-
cal, and economically [uvaaible in control of noima
from woodworklng machinery, The beat way to clear
upp uncertaintien as to the state-of-thue-art for
nolae contrel fn the lumber, wood products, and [ur-
witure industries 1n to develop apd implewent & ma-
Jor demonatraclon program in neveral plantn with
ropreacntut ive machipnery and productlon aperaticns,
A plant wrald he solected whereln Little progress
bad been made in nolae control. A detailed nolne
analyalo would be copducted, aml attempts would be
made to reduco nolne to acceptable levela by the
moat appropriace cemblinatien of toollng chonges (re-
muledng from WAD elforea), retroficting of machlnes,
total amd partial enclovuren, aud other atandard
nolae control procedurcen.

Altnr all control mpeasuren have beoh fpplemented, o
detnlled apnlynln would be carrled ovut to determine
reduction In noise enporure,  Tha oporatlen would be
metttored for twelve (L2) months Collowing the anal-
yolps to determlno any undue Interfercnoe wleh pro-
ductlon, increape or decreane in production coot,
and rellability of nolne control hardware.

Huch a demonatratien progeam wouldt 1) entablioh
the numipal level to which noine could be controlled,
2) antablish the cont of control and tha econemle
[eanibilivy, 1) entablish the roliabllity of noiac
control hacdware, and 4) eatabliph the decreans in
lncidenca of heacloy impairment 1 coupled with an
andlomateie tentlng program to run pagallel with the
engincering nodae control dewmonntratlon program,

It in reoomrmended that the [irat noxt atep in woodl-
working machinery noine HDAD ba n majordemonateation
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pregran.  The program wauld cotablinl the state-of-
the-art amd fdenvily the technolopy gaps and vould,
therefore, aerve an a baoln for reallstlc and cont
beneficinl fnventment of additionnl RDLD funds,
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dtewart and F, [l liart.  To be publimhad in
the July/August 1976 Isnue of the Journal of
Nolse Control Enginsering.
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IMroject Title

1.

'

6.

1

Table 1.

fuppare Pertod

Hood Planer Holve Analyoin 11/0/70-6/15/72

Developrent of Teat Code 5/15/72-8731/12
for Holise Emlopion of
Hoodworking Hnchinery
Noimn Control ltemearch 10/15/72-8731/73

on Hoodworklng Hachinery

Circular Saw Holoe B/20/73-0/20/24

Annlyats
HASA Acountics B1/69-8/31/75
Training l'rogrom

Mircollancous-Equiprant 1 WT1-12/01/75

and Tooling Bonatione

Summary of Woodworking Machinery Nofoe HNAD

LPurnonnel Suppert fiourenn Amount
F. D. lNart Hewiran Hacliine 510,000
J. B, Hrewart Campuny
JooIt, Bafley
¥. D. Hart Hoodworking 54,000
J. 4, Stewurt Hachinery Manufacturern
K. X, Feinler of America (HMHA)

F. B, Mart, J. 5. Stewart WHHA and 520,000

D, H. O'Brien, D. Ferioll, Southern
W, P, Refter, K. Keltie, Purniture
W. K. Felnler Monufacturers Asaoc intion

W. F. Reiter GOHEXR, Led. 54,000
W, Keltie (Sweden)
F. D, llart, J. 4. Stewarc HAYA Indirect

oupport - X
ol 35231,000
total eoti-
mated at
430,000

T. Brooka, B, M. 0'bricn
J. R, Datley, T. H. Nmlyoon

Hewman Machine Co, 410,000
Haloen Hachine Co.
Thomanville Furniture Ind,

Hocth Americsn Tool Co.

P, D, ltare
J. 4, fGtewnrt

troime Control Hamoarch ALLITA-B131170 k. N0, Bart, J. 8, licewart NI1QsH $100,000
on Wood [laners H. Koltle, W. ¥, Heiger
M. Black, D. H, o'Bricn,
J. Peckinn
2.0
L5
1.0~
A
0,
1 1 L | 1
10/70 10/11 /12 10/73 10/74 10/715 10/76
TEAND OF AGTIVITY
Fig., 1 Eatimate of Hanpowar Committed to Woodworking Machinery RD & D,
kL)
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Fig. 2
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Indumtrial Wood Flanar Fquipped with Carblide

Nelieal Cutterheadn,



"Woodworking Mochinery Hoiwpe NMenoarch,
bevelopment and Demonstration”
prosonted by

r., D,
DRIGCUSOTON:
gy 0, Oibsong
trank, I'm not quite clear here, io

the enclosure method prefernble for wood
planern?

', llnrbs
It depends on the companles' mnonctoary

aituntion. We would explain to them that a
helical cuttoerhead would caontrol their
noioe without the ncod of unclonuren, lut
tho cutterhead conta on tho order of 20% of
the initial capital cont of tho maching--
about $G000 (lean installation} for n 30
inch cutting hend., BPut 4Ff you can convince
them, which im true, that you only hove to
aharpan it once evary three months an op-
pored to once or twlco a day for a ptandard
steel atraight knife cutter, mointennnce
coata aro reduced conslderably. In fact one
aconomic atudy done ip Alebamn with a car-
hidae hand shownd that in a period of o Yyear
Iou wera saving monaey aven discounting the
nitial capitnl cont of n very oXpennive
retrofit componant.,

ta

i6

rt

J. Pichy:
How did you dampen the boards fed into

the machine?

r, linrty

About the domping:  in n preliminary
ntudy we did une rubber attached hy cohtnct
coment to dampon one side of o board fed
into a ningle cutting machine. The dampling
wnn monourable, but of courtde thin is not
o practicol nolutlon, fThe mont offective
wny wo found wap n distrihuted contoct of
nteol-on-bonrd, as you would sunpect. Thoe
problem 4o the more preasurs you put on ft,
the horder it is to push through.
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ELBOW DUCT ChOoP DAYER FAN CXHAUST MUFFLEN

David K, liolger, Assistant Prafeanor
Kenneth G, HeConnell, Professor

Department of Englneering Sclence and Mechanics

and

Enginecring Rescarch Institute
lowa State Unfversity

Ames, lowa

INTRODUCT 10N AND UACKGIOUND

Centrifugal and anlal fans are tho primary compo=
nent of moeny crop aeratian and dryinyg systema.
ften those fans ara tho moat [ntende nolse sourccs
assoclotod with grain handling operatlons, In
order to redute the noise genarated by such fans,
It is necessary to pbtaln acoustical data which
charactarizo tho sound produced by the Fans in=
volved, Buring the supmer of 1975 a teat progrem
lavolving 10 awial and 12 centrlfugal fans wna com=
pletad, Al of tho fans tested are Intoyral parta
of alcthar grain drying or acratfon systems, The
anlal fans teotod range [n skze from 12 to 24
Inches In dliameter and from 1/) to |0 hp, respoc-
tively, Two of the anlal fans woro twoestage units
usling double shafted electric motors. The centri=-
fugal fens weore all direct driva units with back~
wnrd curved flat blades, Thay rengcd from & to 40
hp and had Inlet diamotara ranging from 20 to 27
Inches,

Thu ohjectives of the Lest program wora to cbtaln
baseline acoustic data for each of tha 22 fana, to
obtain from the baseline data Information which
would lerd Lo methods for quioting presaont fens,
and to ohtaln data for wie o fan redeaign, The
exparimental progrom conslsted of o seriey of oc-
tave hand pressura levei measuremonts at varlows
fan opersting ptatlc prossuren and pesltions around
the Inlet and ssheuat of each of the fana. For six
af the fans complete pctave band proasure lavei
maosuremankts wera mada on tan point hemlapharical
arrays at two radl{,. Hagnetic teps recordings of
the sound genarated by anch fon wore nade for sub-
sequent narr¢m band apalysis.  Thae basulling acovs=
tie data thus obitalned fdentifled which of tha Fana
wara the mdak serieua potantial nolae probilems,

Using tha bapaling date savaral Ten mod) fleatlons
wora attemptod with enly modorate succoss as far as
nolan roduct]on was concerned, Becousa of the fm-
medfate noed for large nolsa raductions at soveral
inatallatlona, It waa decided ta preceed with mufa
flmr donign for twa of tho centrlfugal Cans which
had been tested, In thia case tho Jomediate nomi
had prierity ovor tho actual sound output of tha
fans, Thia papar prosents tha resulta of some
leboratary and field testa conductaed foar thn two
contrifugal fans of lnterest, Pressure love) mon=
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surements arc presented for both fans with and
without the albow duct mufflers which wero daslgned
to provide the necessary reduction In pressure fovs
ela, With few reatrictlons the dosign should ba
applicablo to the inlet or oxhoust sides of elther
axlal or centrifural fans of small to moderato
3lzo,

THE MUFFLER

The mufflor which was dealgned for usa on the en=
haust aide of centrifugal fans with 20 inch and 17
Inch dlamoter Inlats §s shetchod In Fig. 1. It
consiats of a sheat metal heuslng with two internal
baffles In tha shape of o 90 dagrea olbo, To moot
geomebrle constralnts at varlous Flald locatlons
the elhow angle wos reduced to as low as 30 degrees
In svma cases, [or smaller angles tha duct was
tengthonad downatreom of the elbow 30 that there
was no upobstructed lne of sight throwgh the mufa
fler. The Interlor surfeces of tho houslng and
flow side of tho baffles worg Fined with 3 Inch
thick fibarglas blanket coverad on the oApoaod side
with 1/2 Inch hariware cloth, In erder to minimizs
the back prossure produced by the muffler, It ros
deslgned so that the arese of the opon cross soctlan
of tha mufflar Increased stightly Trom the fan e
haust to tho open end, All monsurements lndlcate
that the muffler had a nngllgible affoct on fan
parformance,

Figure 1. Elhow duct sulfler.
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At least two problems could arlse in the use of an
albow duct muffler in othor typos of fen appllca~
tiens, Firat thora 1a the slze and gecomotry prob-
len, For large Tans or fons In a slze restricted
space, the albow duct may bo too large for installo-
tlon. All mufflors constructod as part of this
work viere slightly largar than the fans upon which
thoy wore mounted, This bulkinoas Ia primarlly a
rosult af tha nood to have a long enough albow to
biock 1ine of alght through the euffler. For large
fons tho size also mcans that the wolght of muf-
flers i3 larga anough so that more support Is
necodod than is provided by slnply bolting the nuf-
fler to the fon exhouat, A second potential dls-
atventage Is thot for high flow rates thora i3 an
arasion problem with the flberglas linlog, This
means that a more aaponslve feam typae absorbent moa-
torial must bo waed for the duet lining., For the
short term tests conductad, manimun flow rates In
the vicinity of 10,000 cfm coused no signlflcant
aroslan problems, Far the fans tested this flon
rato would cauze menimum alr velocitics of around
40 to 50 ft/aec,

LADORATORY TEST

Loboratory tests wore conductad on a 27 Inch 16 hp
contrifugal Ffan which was capable of dellvering
from 2000 to over 10,000 cfm ot 8 ond 2 Inches of
waler, respoctively, The fan had elght bachward
curved flat blades and operated at 17hS rpm, The
test arca conslsted of a roughly clrcular 25 foot
dlometor enclosure formed using & foot Ly 8 faot
flats of & Inch thick fiborgles an }h inch plywood
backing, A shetch of a typlecal enperlimental setup
Is shown In Flg. 2. Tho fan was attochod to o
standard AHCA 22 Inch tost tunnol, and the static
ond dynamlc pressure woro monltored throughout a
toat run uslng plitotstatic tubes, Al acoustic
maasurenents wora modo ualng o Genaral Rodio 1933
(Type 1) precision sound level meter with a one
inch microphona, The mlcrophune wos remotely
mounted on a tripod and sttached te the SLH by on=
tenslon cables durlng a test, Tho Inatrument was
collbrated at lcast twice dolly uslng a Geneoral
Radio 1562=A sound laval calibrator., Octave band
prossure {avols wape moosured nt an array of posi=
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tions around tho fan crhoust, and for o poaltion on
tho eahnust anls meosurcments wers made for six
atotlc pressuros,

Figura 3 Is a comparison of overall sound prossure
lavel at olght meosurement posltions with and with=
out tho mufflar, It should ba noted that without
tha mefflar tho fen was exhausting horizontally,
and with the mufflor In place alr was enhiousted
vortically upward, Heasurcment positions 2 =8 sre
alt B ft Ffrom the fan hub, and poaltion ¥ lo & Ft
from the hub on tho side away from the enhaust,
Position 5 P centerod in the exhaust for tho un-
muffled caso, The large reduction In love) &t po-
sltlon 5 Is, thus, partlally due to absorption by
tha mufflor and partially dun to o rodirectien of
the vound upwards, In most grain handling and
storage oparations, It I3 aonly tho total reduction
in lovel ot senaitlve roceiver Jocatlons which s
impurtent, Thus, eppropriate rodirection of sound
is often as good a3 abserptlon,

10%
100~
g
K
Vi
[ ] =8
2T U TN Y WS VOV NN SN S |
1 2 k] 4 5 6 [i]
POSITION
Pigura 3. Compacimon betwesn puffled (0) andd un-
mufflod (O} exheunt, 6P, va, positien,

Figura & contains a compariaon of octave hand prea-
sura lavels at poaltlon 5 with and without the mufs
fler. The data at 31,5 and 63 Hz are somowhat
queationabla beceusa of test faclilty limltatlens.
Howaver, reductions apjrear to be algniflcant at all
frequencien, It I3 spaculated that further reduc-
tlona could ke achleved In the lowar octave hands
thrawgh tha wia of vikration demping meterlals on
the fan and mufflar housings. Heasursments at vare
lous atatlc pressuren [ndicato that the rosults
shown In Flgs, ) and h ara achleved for the entlra

1%

oparating range of the fan.

90f—

BN LEVEL {cb)

Bpldlel Ll 1|
1.5 63 125 260 500 1K 2K AKX OK 16K

OCTAVE BAND CLNTER FREQUENCY {Hz)
Figure 4. Comparilacn batwoean muffled (Q) and un-

mutflod () exhaunt, band loveal va.
octava band.

FIELD TEST

Flald tests wero conductad on & 20 Inch 20 hp con=
trifugal fan cepable of dellvering from 1000 to
ovar 10,000 cfm at over 16 and 2 Inches of watar,
raspactively. The bin to which tha fan was at~
tachod was noarly empty so that the fan was operat-
ing near the low static prassure == high flow rate
of 1ty range, MHeasurements waro agsin mnde with
the ticparal Radlo 1933 SiH at varlous distances
from the fan oxit. Tho two days on which the meas
surements wern made worg both clear days: with |lt=
tle wind and tomperatures of approximately 65 doe
grass F,

tteasuremants at a dlatence of 20 foat from the en=-
hasat of the muffled and unmuffled fan are compared
In Fig, 5. In the two lovaat octave bends the muf-
fler appears to alightly Increase Lhe prosaure lov-
al, Thia ia protebly the result of pansl vibras
tions of tha muffler or transitlon svctlon from the
fan to tha mufflar for this particular care.
Stiffening of tha large papels together with appll-
coatlon of a sultehla damplng materlal to the mul
flor houslng would probably elimipate the sound an-
hancement at low frenuenclas, Abova 125 Hz the
muftlar is quita affective In roduging pressure
lavals In all vetave bands, In fact, atl bands
ahova 250 Ha have prasavre level reductlons of mora
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than 15 df,

100

290

1)

BAND
LEVEL
(db)

70

50

S O I

) I DU S |
6 125 250 500 K 2x 4K 6K 16K

OCTAVE BAND CENTER FREQUEMCY (Hz)

riguca 3. Plald compavieon hatwaen sufflesd {(O) and
wnmulfled (A} axhauat, band leval v,
patava hard.

40
.5

An was the caaa with tha lsboralory tests, thesa
raductiona reprasent the total reductlon at a polnt
of intereat, Thu reductions ara poartially duo to
ebeorption by tha muffier but also contain a cone
tribution from the radigsctlion of the exhauat, At
tha flald Instalfation teated, the fan without the
muffiler exheusted horlzontally (n tho directlon of
a private dwelling, The muf{ler directod thn ex~
haust down toward gress covoraest gravnd, The mea-
suroments of Flg, 5 wore medo at 20 Ft from the un=-
muffled exhaunt on the centerline of that exhsust,

S Thea, 19, 5 praviden a reasonabln entimate of the

reduction In levals enparienced at tha private homna
which Is a particularly senaitive paiat In this
sltuation,

SCOPE OF THE EFFORT

The work reparted in thls paper invalvod approxi=
mataly flvo map daya, Included {n the Flve doys
arc two of data acquisition, anc of data analysis,
ond two of mufflar design, Hessuremonts wore mode
in the lab for Inlet and exhaust sldos of both Foans,
feoaurements with the muffler In placo were made In
the lab for one fon and In the Fleld for the othor,
Fleld measuremants of tho unmuffled exhaust of the
20 Inch fan waro also mada, Tho data analysls In~
cluded norrow band freguency annlysls of both the
fans with and without the mufFflers, Data acqulaie
tion ond anafysls tima wore significantly reduced
becouse the work reported I3 a portion of o larger
teat program Invalving 22 fans. Onea the elbow
fuct shapa hed beon chosen, the doslgn of tho muf-
fler was roduced to specification of matorfals and
dimenslons, Hmenalonlng wos critical as the lino
of atght through the mufflor had to be conplately
blochad while heoplng the muffler sfze within con-
straints of the flald tocatlon,

CONCLUS I OHS

The muffler doalgn preseated Ju a afmple effective
solutlon to tho nolse problem created by sinll to
Intermedlote alzo fans wsad for gralp saratlon and
crop drying. In mapy situationa the muffler {a
capnbrla of providing the leval roductions nocessery
to bring fans 1nto compliance with state noise reyge
uletions, Tha dasfgn should work on either the lo-
Tot or eshaust 3ldes of any type of Fan. The muf=
Flor 1a partlcularly affactive If leval roductlons
can U enhanced by dlrecting the mufflar axhauat 1n
an Inoffensfve directlon or toward an absorbent
surfaca, {Ona disadvantage of the mulflor Ia Its
slze, but thia Is raraly a problem In grain hans
dttng eperationa, A second disadvantage i that
mefflor cost Incroases aigniflcantly IFf specinl ab-
sorbant linlng materiale ars neadad becawss af high
flow voloclties or temperaturas, The mufftars
tested eppearnd te have no inftuence on fan perfor-
manca, Thus, In many applicationa the 1lnod albow
duct muffler i3 capabla of providing convenient
offective nolse coduction for amall to Intermediate
s(ze (ana with no sacclfica In fan performanca,

vt ey g e 2 - i o ey e



“ilbow Duclt Crop Dryer Pan Exhuauat Mufflor”
presented by
D. K. llolgar

DNISCUNATON:

B. UHolgors
Wo put in about onu man ycar on thin

work with funding en tho order of ton to
{fiftoen thousand dollars. Actually, o good
denl of tlme wan donated,

. Muntor
E-_“_in Fiquran 3 and 4, how can you qot
15 db Inoortion Loss at point % in Figure
3 when in Pigure 4 if you add up tho bands
you qat nowhero neot that? Alpsg are the
levela flat or A-welghted?

Ds Moldery

The levels are flot. It's not men-
tioned in the Flgurea, but the donta in
figure 4 wan obtained under different opor-
ating conditiona than that in Flgure 3.
Figures 3 and 4 are internally conaslstent
an far an Insection Loss is concerncd.
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D. Bnade:

In Figure 3, it peemn to me that the
amount by which position % onceedn the
other pooitiono io o littio more than that
for which I would expect directivity to
account, Looking at I'igurec 4, and bearing
in mind the differonce in operating condi-
tlonn, it noems most likely the grenteat
contributions come from the low frequency
bands arcund 125 gz, wWith o two foot open-~
ing you certalnly would not get the kind of
directivity rigure 3 implien, Could there
hnve been f[low interaction noine on the
microphone for that paonltion?

n, llolger

We d1d have wind acreenn on the micro-
phonon, but of courne it inm a posaibiiity.
I might ndd that on the inlet nide wherae
flow is not n factor, we did notice
directivity, but not quite that much.
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HESEANCIE INTO ABATEMENT OF ALR-ANRASTVE MAST NOISE

John I, Ynochenburger, Anscclate Profgoaor

Hachanical Englneering sm! Mechanlea
Wont Virginia University
Horgantown, Weat Virginia 26306

ABUTRACT

The ohjective of the ranearch roported in thisc paper
wns to reduce the noise laval produced by the air-
abyasive dlacharge through the nogzle of an induntri-
al blast ayatem without appraciably affecting the
exiating surface improvement performince, Erpori-
mantal developwsgnt uskng nolos reduction techniquen
axtrapolated from ascodynamic Jet nolsa abatomant
mathoda led to several dmproved nosele and add-on
silencor designe, The oxperimental fncilities
davalopad for memguresment of sovnd prosaurs lovel,
abrasive flow rate and abrasive valocity are
danccfbad,

INTRODUCT ION

Binmt aystema which provide mechanical improvesment
to surfaces, such aa aand cleaning snd shop pesning,
have long been damigned to satinfy a wide range of
Anduntrial) roquitements, Homm such blsnt dystems,
howaever, are now Adentifisd ae major sources of
nolen, Thus, in addition to providieg efficlant
performance for sucfaco improvement, such blast
systoow will need to accomplish thelr function at
raduand pofan laymls,

IMOnLEH DESCRIPTION

The blant posxla Lor which impravad nozrela and add-

on silencer danigna wora davalopad duripg thia inveas

tigation te shown dn Fig. L. Thin noezle fs widely
vapd in Auckion foad blast almaning cabinace and

t 110 em

prram—an 3 79 g ]

S 4,

Mam 410w

100 am
A

FOROH CATHDT AT

MTELL CANNG

Fig. L Exlatiog blaac pounla denign

rooms as wall an direct prossure blast tank opera=
tlons, Tgplcnl upnrn:lua nuzelae alr pressures are
41,4 Hien* and 53,2 N/cm4, Thaeta presnuren produca
a highly turbulant suparsonile flow of air-abrasive
mixtura throuwgh tha bGlanst poxzle, Tho tanulting
doupd prespurs loval, whon ieasuwrad at the locatfon
nliown fn Figs 2 for alreabraniva blasting inoida a
cabinet without a workpleca, was found to Do 96 dDA
at 33,2 N/em?, Other expotimentation bias indicatad
that without the cabilnul tha coptinuoua nolee laval
manaytod at the sane locatlon could he as high an

103 diA,
/Mﬂl tubmal

level
inorder

Fig, 2 Arrsngement fot seund preasura level
poasuteant

Efficient aurface frprovement parformance using thiw
nossle 1a largely a function of such paranetara as
nbraatve flow rate snd abrasive valoclty, Thena
patformance pacamtera were mannuced during Chis
project, Othar pecformance pacamatera would e
blast pattexn and ailencer wenr realstancs, but the
monaucement of nofther paramater wan iocledad fn tha
scopa of thia fuveatigation,

EXUVERIHENTAL FACILITIKS

A nchematio dingram of tha expecipental facilikien
davaloped for this romaarch im shown in Flg. 3. Tha
blaat syatem uagd during thin research project in-
cludad, In addition to the blaat nnxrla with/without
slloner, an alr compresncs And fliter, an aic supply

A)
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taok, an abraviva tank, a blaot cabinet, and tho
appropiriste connuction hooes and rogulators. Theo
air comproaoor wan usod to £111 the air supply tauk
baforo gach toot, Tho alr supply tanlk wan connected

il
L *hreime E Illnl Ambmat

F

L1 e mtry
TR
faH vk
firted ety ol lhi':l'ilinuhulf
s -

s Ihee
= pryrty
(L} Lk ‘ v

Fig. 1 lGehomatie diagram of anperlimantal facllity

chrowgh an air regulator to tho abranive tank, This
comprednad ailr forcod the alr-abrasive mixture from
thn abranive tank through a high-presoure hoso to
tha blast norzles connected into tho blast cabinot,
An abrasive velocity mater waa placad in tha blant
cabinat and, for matters of convenlenca, romalnod
thare in oparatfon or shlelded from alr-abraalva
bLlanting duging nll enparimentation,

MEASUREMENT OF PERFORHANCE LUARAMETERS

For aevaluating the varfous noxsle or allaticar daw
migne, tha particular performnce paramatera of
Antarest wara tha ovorall A«walghted sound pressure
levnl, the abranive [(low rata, amd the abrasive
walocity, Hoasruroment syatema for each of thoow
pacamatars are dincusoed in cthe following parayraphs,

Tha aound preanure level meamurement systam uwtilizod
a 1,2} ¢m microphone mounted at n lucatlon 1.9 m
above the floor amd 0,90 m {rom the front vertical
conterline of tha hlast cablinat aa shown in Fip. 2,
Thia microphona waa conpected to a microphiona am
plifiar and matear and the wuwtput rocorded on 4 lavol
recorder, Hound praseuce lavals ware measurad with
the abrasive valocity moter insfde tha blant cabi-
nat And pushed to tha roar of the blast cabinatg:
away from the blaat neasle. A rubbar mat waa placed
ovar the front ol the valonilty metar to pravent
ahcaalvn [vom strdiking the mater and gonerating lm=
pact noiea, The laboratory alc cowproanor had an
avarall sound preasure leval of 46 dRA measured At
the microphona location, Thus, the air compressoc
wan turned off whan noleo laval measuremenka varg
beaing made, (vorall scund praomire leval meawura-
monts In A0A wara Lyplcally_made fof nosslm prok-
aured of Al,4 and 55,2 h‘/r.m2 ualng nteaul ahot
alixadiyn,

The reasufomant ayatem to datermina abranive flow
rata uard a circular lond ting an a welght=nnnalng
cranadocer, The abramiva tank was suvepanded abova
tha floor wicth tha load cing an & mecisa slomant in
tha holst ayatem, Thia arrangement permittad any
variation In ahranive wekght to be detected by tha
cAvcular load rhng, Seraln gage lend wires from
the load ring wara cannacted to a cartler amplifiaer,
Tha output frem the ampliflar was chen connectnd to
the y«t recorder ko pravide & permanent Cima histery
of the weight of abrasiva balng diacharged theough

LLY

tha noezla, From theso time histories, instantape
ous abravive [law ratan cowld be detormined, Abra-~
pive [low rate mpapuremunts wora typically wade at
G104 aml 35,2 Nfem® norele pressure for ataol ahot
abranive, Tho meapuremont systom fa ohown peropoc-
tively In Fig. 4,
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Fig. & Abrasive {low rate moasuremant ayatam

The votordity of the abrasive wae obtained by axperi-
mantally datermining the ameunk of tima fiecesanry
for tha abrasive to travel a Fixed dispance, This
wan accomplishod wich the wne of tha abraslve veloe-
city matar ahown disgrammatically in Flg. 3. In
thia abrasiva velocity moasurcment device, two

45,8 cm matal dioke ate mounted 22,9 cm apact on ap
axla drivon by an electric motor, A 1,27 cm hole
wnn drillad Lpoide the outer odge of che [irat disk,

ortached popnr Fwving
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#i8. 5 Abranivo velocity meacuremant oystem

and a corcasponding caferonca indontacion was made
on the pecond disk in Lina with the hola In the
first diok., When the bore of tha blast porals
Unad up with tha hole in the ficst diak, the abra-
akva would pass through this holae and serike tha
maving secomd dink ag moma angla away from the
raferance indantatfon. Dy measuring this angle and
knowing the angular spoad of tha dlaks, Lt was pos=
nible to determina tha Cima takan for the abrasiva
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to travol 22,9 em. Thosa two quantitles of tima sl
dintanco could Lhen bu converted to give abrasive
volociey,

DESIGH APFROACH

Inktinl evaluation of the blast nozelo noloa buggos-
ted that for the eninting blant nozele, tho sound
preosure lovel in largely a function of the afr flow
rato and tolatlvely inoonsitlve to whethor alraslve
1a or lo not boing discharyed, lMence, techalquod
which diroctly attampt to raduce serodynamic nolse
appear to Lo mwost promising for roducing the blast
notele noloo, Necent literature contalpa povoral
innovative conceptn Ln aorodynamle nofse abatement,

Thase noino abatement techniquea invastipnted by
various tosgarchera can ba_groupod Into tho follow-
ing thres main catagorion;

{a} Upo of [lyw Interactlony A sccondary [low
in unod to intoract with tho primary flow,

() Usa of ajoctor shrouds An antrainment
flow mixoa with the main Elow.

{(¢) Unpa of external mochanical modh{icatioen at
the noezlo oxity Tenthodeexit nozeles, couter plug
noezles and miltitubed guexlo arcangemontn aro
aranplen of auch techniquon.

The design approactt adopked [or this yroject spaci-
fi0d that principally bocnuos the onkobing blast
nokgle buka dlwonafons werq wall wotabliahed In torme
of onoa of manufactura and affective nurlace improve-
pent porlormanca, nolse raduction techniquas pursucd
woulld prinafipally be of the form of blast nocsle
enit flow Improvementa. Auy such techniquan which
showed merit could later be conaldarad for incorpors
ation into tha existing blant norele denign,

The timportant oriberia applicable to tha blaot
nokzle denjgn, In addition to thu acountlo crhberia
which mpeaificd the denirmd noise reduction aml the
porformance critaria which spocified that tho enlnt-
ing blast noxzle aefffclency e retalned, included
the geomstrlc critaria that mpecified the restric-
tlon af physical dimaneiona and accopaotbiea, tha
machianical critaria that specified sazy manufacturs
uaipg durabin or repleceable parta, and the aeconomlc
cedtarin that considared Anitinl and operating coaks,

THIMOVED NOAZLE DRIIGH

In the devajopmant of the [ollowing improved blaat
nokkla demigne, attempts wara ganarally mada to
incorparate exluting narodynamic nolma redugtlon
deatgn {eaturna which would reduca tha mean shear
and turbwlonca produced by the mixing of the air-
abcasive Llow from the blant nexnle with ambieut atr.
Aftor oach fmproved blant noxzlae confipuratfon wan
intedally fabricated from praiiminary desipn caleu-
lations and axperimentation bagun, fucther improves-
panta to Chena configucations wara then olitained by
altaring the various conligucation paramaters i
order tu experimentally cbtain the maximm nules
reduction, Tha threa moRt attractive improved nozsle
destpna whilch wara davaloped ave birlelly dercribed
in tha follewing pacagtaphn,

Tha coarial Llow blast nearle danign atfompts tu umg
ancondary air dischargod coexially around the

L))

periphiory of the ajr-abrasive flow te olimipate or
woakan nhock ralatad acoustic sourcus, to anhanca
the turbulont mixing proceoen, and to ruduca the
longth of the pocantial coro toglen. Thio type of
blagt nozzloe dooign hua beon raportad to raduce
supersonlc flow noiso by pbout 10 dbh. An experi-
mental blaot nozele modal repreagnted by the draws-
ing shown in iy, 6 wao devoloped, Afr hone
Cittings on the caning allowod nocopdary air at tho
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Fig, O Coaxinl flow blast noerle denign

name prasgure aa the blapt nocele akt prossure to
antet the model and te surround the alceabrasiva
Llow, To study the affect of fmplngemont angle of
thn socopdary alrflow on the alc-abinsiva Llow,
throa d1ffnrent end plates with pecipharal Liolas ac
anglen of 0, 10, and )0 dogrecs to the alr-abrasivae
[how wore machinad and ovaluatod,

Tho ajoctor shruud technigqua was developod [or both

a forced entrafmmant flow and a self~enctained [low,

In addition to tha potontial noles raduction reault=-

tng from the ontrafoment flow mixing with the air-
abranlve Llow inslda the shreud o produca a unifocm '
[low at the exit of the gjector, the ejector ahroud ’
aloo providea a favorable shield of the asrodynamic
nacoustic suiircan, Tansalve antrainmant flow is
usually not an effcctiva a woise suppionnion tech-
nifque A8 controlled secopdary Llow interactlion with
tha maln flow, A ropresmentative drawing of the
dovaloped forced gjlector blast norela denign La ahown
in Fig. 7.
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Irternnl flow modification technlquas at the nozzla
anlt worw employed tn the developmant af tha
ospasled barral blast noeelo danlgn.  Tho enpandod
barrel blast nozele dosfign allows an eplarged
annular opoce In whitch the atr-abraoive flov can
axpand somowhat to diffuse and dissipate a part of
fto enorgy. Many variatiens of barrol diamslers,
barral lengthe, aund nusbpr, size and location of
barral holaa were oxperfoentally ovaluatoed, Tho
mont favorable blaat worcle deafyn enporimentally
davalopod L torma of the denfgn criteria antab~
ltohed fn ohowih by roprasentative drawing tn g, U
for tha expandad barral blast nozele,

mHk 10 Ty
$VRrrte dnmeRiv Janiie

BARRIL PramiTIN
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(R NL)
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vig. 8 Expanded barrel blaost norela dasigne

Each configurntion of a particular hilaat nercle
danign wan opsratod at a mumbhar of nossla air
preaauren and, At sach prosrura, the varfoun par«
forminca parameterd ware mwasuraed, A summacy of the
pecformance reswlta for the axiating blast nozsle
and three more promieing lwproved blaat noscle
danlgne ars §1v¢n in Table 1 far a noexlae prooeura
af 35,2 Nyem® watog ateel shot abrasiva, The valuea
shown for ahraslva flow rate and abraniva valovity
wara ohtained from one measurement for each blaag
noanle, The improvad Dlast aoxrle dealgn tast pro-
gram was thus avaluativo rathat than exhaustive,

Tabla 1 HExpecimantal Nesulcs

Sownd
turmatve | Jueastes | roaaauce

Typa of Laval

Rlast Horsla kg/Ain, minec, dbA,

4.2 hg/min] + 2 a/mec | 4.5 dBA
Fxtating Hoarla 14,7 63,8 26
Goaxial Flow 13.4 6%.5 %
Forcesd Injegtor 15,1 67,4 70
Expandad Parral 15,0 60,4 u?

# Nonkle alr presasurs = 55,2 I'l/l:ﬂ\2

The attraative acouscic results for the axpandsd
barral Blast nosala wars further apalysed, An
ockaya band analysis aof the nuine from this blaag
packla poisa an wall am tho exiacipg blast nozzla
whan measured at the microphona location shewn
in F1g. 2 produced tha spectrum analysis results

shinmy In PAR. 9.
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Pig. 9 fpoctrum analysin for expanded barral
brlast nocela nolen

ADD=OH SILENCER LEYIGH

In the dovolopmant of the expurimentol gilencar
danigns, sound attepuation at apecific frequencins
vwas Chevratically attenptad whota possthla, Tha
dimenoiens of thae silencar Jdesigne wors genacally
arcortained by ataveing with cortaln avaklable parca
and then varylpg certaln silencar paramstera, largely
by trial and arror, to provide maximm nolae roduce
tion., The fulluwing paragrapha provide A dascrips-
ticn for ench of thraa particular silancar dasigns
that wern developed, Ao santloowd praviovaly, tha
thooratical consfderationn dascribed balow waro
urbilized only for the purposs of initiating ponaible
axparimental ailancor deaignn. [ome thevratical
conniderations proved rowarding whila others were
not succasaful,

For dovaloping a Helmholtz resonator allencer for

tha nuskle flow, helpful daafgn cufvas vera avaliabla

for pradicting values of nolma reduction, Uaing

thans curves ami design formala, A Halsholts nilep=

car duafyn was developed for a fundamental sffactive
fraquancy of about 2,000 lk aa woll aa higher hags
monica. To reduca the aspeetatd wear problem rasutt- |
ing from ahrasiva Llow, a flared llalmielts nilancer |
was (nnignal an shown in Fig, 10, :

Alagg Peaady Thrvaerd on Fall I

sediay, ‘;
//ltllllll.u’:.nl 'va

dagls of florid Btval Paipenl
ds Avsll Abzanivy Bprwd

Pig. 10 lalmhiolts resopator wilsncars f£lared
bacral
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A afmple anpanded volume nilencer conoiats of an
abrupt chango tn tho erosa-spnctional aroa of a pipo,
rRoulting in an eularged barral volume, Thooroti-
cally, ot certaln fredquanciea, the cxpandad voluma
will provide a4 miamacch of acoustle Lipodanca for
the norele flow at tho enlarged voluma interfacan,
fuch ispedanco changas will cause {pcidont sound
wavon to ba partlally roflectad buck and Interfera
with other incldent waves, rooulting in noloe raduc-
tion., Am a Cirat deolgn of an expaided volume
oiloncar, a previcusly concoivad and dovelopad
oilencor was axperimontally adjunted to provide max-
{wum nodso reductfion ot abouwt 6,000 He. Thio wap
the lowast affoctive froquoncy that wan convenfently
practical with this available silencer. A doacrip-
tive draving of this orxpanded voluma sllancor 1a
ahown 1n Fig. tl.

lasn Pownin Thapsdnt o dnan bl

272
e 7

g, 11 Eapamded volume allencar

In tha enlarged barrel siloncer danfgu, the nogclo
siolen concaptually will bo reduced by allowlpg the
flaw from the notrle to partially expand in an
additionnl longth of largar dlametaer barral, Thin
aitlargad bacrol allows tha [low to ba subsequently
alovad down hafore batng discharged futo tha amblant
alr, Tha mixing procens botweeny tha flow lenving
tha enlargad barrel and the amblent akr should bo
leaa tutbulent than chat mixing procena [or tha
unuiloncod nugele, llvnce, Aoma nolsa reduction
shuuld result, As shwwn In Mg, 32, an onlargoed
harrnl tnmert was fitted into a ateal casing aml

tha caaing threaded onto ctha amd of the blast porsle,
Havaral onlarged barrel milencara ware enpsrimental«
1y developsd with digfoerent lengthe and diamatezs

af enlarged harrel to provide alternalbive optimim
aurlate [mpiovement parformances.

D100 vt la Theseded on (L0 Bl Mping
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Fige 12 FEnlarged barral allencer

Expacimental reaults for thase thyoa add-cn allencer
domigon dovaloped ara -umri:ml in Tabla 2 for &
nogela preapuca of 33,2 N/em® using ntoal nhot abras
alya, Thesa torults wora wbtaipad from ona test of
each daatgn,

A7
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Tabla 2 Experlmontal Heaults

Sound
‘!br"“" Abranive I'resaure

I"low ltate | Voloclty 1

Blant Hogzle Love

with kg/min, o/ sec, dbA,

Led hpg/min | 4+ 2 mfpoe | .0 dBA
He Silancer 14,7 65.8 0
Flarod Htelinoltr, | U A7.0 9%
Expansdast Voluis 14,0 66,4 b5
Yilarged Barral 15.0 60,4 uz

® Nogzle alr prossute » 55,2 H.h:in2

COICLUE IO

1t has becn shown that axperimental davelopmant
uaing nofne reductfon technlquap extrapolated from
turbulent flow thecorlen and abatemont practices hno
led to sevaral fmproved blase nogcle and allencet
deaigna, HFurthermwera, the nefso reductions have
baon achicved [or most Limproved blast noccle and
silencer deofgne with no approciable redwetien [n
termn of asurface fmprovemant afflciency as Lndica=
tad by abrasfve Llow rato apd abrasive velocity,

Javeral other cencluoions can be drawvn Lrom tha
raoultas of the Lmpreoved noxelae daafgn teat program,
Chearvationn mada duripg the tests and the daca
indicata chat tha improved blast nozala danfgua
affect noloa reduction In savoral ways, The flow
of pocondary air, as with the coaxinl flow noxcle,
provides aoma noine reduction, Howaver, the morae
oignificant nolae roduction renulted aimply Iron an
onlarged anoular barcel eatenslon. The diameter and
length of tha barral artennfon wern sura feportant !
to the notme reductivn achfaved than ware various
openings atd antrafnment [love,

The Helmholts rosonator deplgn vae tho firat ailen-
cor concapt devaloped. The initial ovaluations,
porformed with alr only [or a atralght barral deaign,
wara fuite encouragiog and auggested that tha
ftelpholtr principla may provide roduced nolse levals
for the norrle nolne. However, [urthar axperimencal
dovalepment of this nllencar dealgn, In which the
numbar and siga of the tubular openfuge connecking
tha branchad volume were varfed, indicated that tha
larga part of the noiea reduction achieved rasulted
from tho enlarged dtameger of tha added barrel,
Thus, it wap later concluded that tho llelmholtr
pringipla Lemalf deoan not nake tha aignificant nolso
resduction contribution In this yllencer danign,
Although the [larad Nlelmholer rasppator allencac did
not produce aktractiva tent ramules, thoy wate
inclwled bocausa of tha pesopator's minisum veat
chacactariatics,

Tha eapnidad volume allanzor concapt as axperimens
tally davalopsd durlng thla jrojact d4d not lead to
any noticeabla nofne reduction, Almorptive matetinl
filter aanembiiea wora fabricated to f1C fnto the
arpanded volume portlon of che allencer, but no
improvement in nofss reducticn was oboarved,
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The enlargod barrul ollencar providod the hent
ovarall solution to blawt nozele noise reductlon
in tartw of tha various dosign criterin aspecificd,
Alvornativoe proportioning in enlatged barrel Jdlmen-
glann during experivental develapmont enablod opti-
wum valuos to be obtatuod for sevaral of the
porformance parawetern, Tabla 2 shows that a polne
reduction of 9 JUA wap achieved,

Recently, work haa boen done by nome rosearchats to
obeain computor-afded oilencar donignm, Huch
computar~aided donfgnn could save a let of time and
hardware work in tryfng varieun eiloncer concaopts
and conflgurations, HKeosults [rom oguch dosigns and
furthor onperfmcntation should lead to genaraliced
ralatlons for tha donlgn parareters of affocktive
ailancers such an the anlargod dlameter silencer,

It should bo remombgred that thara conclusions
which are for afr-abrasive flow through tho blast
noceloa and sllencora con be axpectod to Lo diffcr-
ant from tho conclusions that would result if alr
Alona wero tha flow through the worele, Jou
Appondix, In thia study, for axnwple, tha affact of
abrnaatva in the blaat noxele flow was fouml to bo a
decroane in nofae veduction achlaved by a modiffed
blant nexela denign, Hence, a paw blast noczla or
an addeon siloncer that ceduces airflow nolog my
not raduco alr-abraniva f£lew nolso, even for tho
samo akcflow cotea,
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ATPENDIX: ALr (mly Rlacharge Through Isproved
Horela

Tha most saignifioant nolea attonuation for exbaunsted
compiensed alr with no abrasive was achlevad using
tha sagmonted expandad bartal dlffuser typa of
noxxla modification shown in Pig. 13, This otep
changn An barral cross sectlon pormits the Flow to
ba pactially expandad and onbmeguantcly slowad down
hafora being diwaharged into the awbiant atir,
[Hmapulone of the entire twesle, particulacly thone
aof tha segmentad barrel, arte ¢ritical to tha affoce
tlva pariormnca of the expanded barrsl noxzla,

Studtan wora parformed to dutermina the alfectiva
pocformance ranga for navaral of the barrel
Alffusar pacamatera, such ae dy 1o Flg, 13, In
terma of varloin flow patamntors as wall as tha
rpsulting notaa levael, The affect of various

AWl

expandod barrel dismoters on mosaurad counid preuvoure
levol ao a function of nozrle pransura s shown
graphidcally in Fig, 14, Comparisen of thoae curves
for differont diameters with the "wozzlo only’
curve lwllcatan that o 15 db notee reductlon can ho
attainnd for at least a 7 Hfem? range about oparas
ting norele prossurss of 25, 40 and 55 NiemZ, As
could bo oxpected, other Lntarmodinte dita diametaers
would provide similar nozele noise reduction for
othaer valuon of cperating nogtle prassures,
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Fig. 14 Sound presaure levels for varivua
oxpatded dinmetarn

In aurmary, thua, it has boen experimentally found
that barrel diffuser pacamaters for the oxpnided
barrel noesle can bo salected tu provide n ceduce
tion of aw ruch as 20 4B for adt {lovw nolsa genars
ated At typleal nozela oparating conditions,
Additcfonul atudfes of thie nofpro reductien tech=~
niqua are currently baing contemplated.

The afmplicity of the devalopad [lov nuisa reduction
tochniqun inviten applicablon to sllencipg athar
almilac poinen asuch an turbulent pips flow nolsa,
cleaning norsla nelee and ponnlhly sogine exhaunt
noloaa, Many chamiar and blowoll ailancer denigns
for gnran Involving fluw baffling and potous
matarial dinporafon arn often unoutied fur applt-
cations in which tha gason contaln a pacticulatn,
The aexpanded barral technlque ia quite sulted to
thin typa of nules reduction application,



"Hosoorch inte Abatement of Alr-Abrasive Blast Nolwe®
prepsonted by
J. B. Sneckonberger

PIDCUSATONy

N. Muntor

I'Irot of all I wont to compliment you.
This 1s a good paper in thot you've got the
81 Syntem ond you've got your dotan pro-
oented oo thot yow can read ft. Dut the
thing that concernn me i the velocity
device. 1It'o not an averaging device as I
oee lt. I've made measurcmonts with very
thin wires oand air damping can bo tremen-
doun, oepecinlly whon you got down to amall
particulaten, no that what you wnee in the
lowont voaluce, not an overage,

I, fneckenhergnr
Ay definition of an nverage veloclty
im thin: the pnrticle travels through the
firnt holo, then in the procesns of traveling
it decreapun it's velocity over the distonce
belwaon tha two disko. Hinco we alwayn kKept
thae alak apacing constant, the monpurcment
acrved as a comparison botween differont

doalgna.

1, uuntnr‘!
What wan tho nir volocity?

J; Ineckanharqoer;
T don't know. That would reguiroe a

hot wire anoemomoter, and with tho abrasive
in thero, Wollissaaass

K, McConnelly
Have you run with presaurens higher
than what you reported in the paper?

J. Sneckenherger)

Elghty wan the higheot we had reported,
nnd to ga to higher presaurea would have
required additionnl comprennor facllition
that we dild not have at the Univernity.

R Coheny

i guaaa the expanded harrel in the
bhaat from your ntudies. How about & vnri-
ation of parameter mtudy--goometric or
otherwlne~-to optimize for a porticular
application? Mave you done thia?

J. Sneckenberqer:

T have oanother allde here for air only.
Here we have the expanded barrel configur-
ation discharging oir only. Thin in the
graph for different diameters showlng wpound
presnure level versus nozzle prossuro,
vhat happens when we change the expanded
dlamoter port from 11/16, 13/16, 14/16=-inch
in that the pressure for which moaximum at-
tenuation is achieved moves upward, We
aloo tried vorylng the length, but that
doea not nppear to be Loo important, ale-
thougly I've oeen some receht work from
roland showing that the length iu lmportant.

R. Tyong
what part of this project wao dono by

your engineering ncounticy elasn and what
phrt was done by subseduent thesis, nnd
would you comment on the genernl educational
impnet of the project?

J. fSneckenhergor:

The englneoring ncousticn clame qot
the cquipment in at about mid-nementer and
their result wan the graph that nhowed the
sound prensuro level with and without nabra-
sive. wWith that result the company wanted
us to contipue with moro work. Thus the
engineering ncountie elasn In one-half n i
aementer qgqat the equipment going and showed :
that result. I think thoy bepofitted In !
that it took them from the textbook to n :
real induntriat problem. As far oan groaduate
ntudy, wao hod two graduatoe atudents in the
ertemled work., lNoth atudents had a chance
to bacomo familliar with some of the real
up-to-dnte idean in noine control, and alno
they had to hinve the hargdware bullt, etc.
Both of them neemed to have heen very
antinfied with their efforts.

|
|
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NOIOK AND VIBIATION STUDY O SMALL
HEHMETIC REFRIGERANT CONPRESSCNS

Jamen ¥, Homilton
Profocusor of Mechanlcoal BEngincoring
koy W. llerrick Laboratorien
urdue University

Wont Loafoyetto,

INTRRODUCTION

Increaned connumer reaction to hounoheld
applinnce noine levelws io producing noise
reduction projecta by many appliance manu-
facturern. low noipo lovels have bocome

n deairable sslen fonturc. Decousn of the
intermittant operation of freczors, refriq-
orators, and alr conditioners, connumerns
are moro menaltivo to tho noime loveln

of thene appllances than to the noino
levela of many othar appllancen.

fince the rofrigerant compreascr ims ona
of the major nourcuns of noige in thenec
applinncea (1) a general knowledge of the
noioe production and tranomisalon charac-
torinticn of small hexmoticanlly nenled
compreanora would be invaluable for noiam
reduction. Identification of individual
compreasor npoiso problema and effective
nolae reduction methods could then he
davoloped in termn of the general charac-
terinstica.

This pnper will combline and genornlize

tha resulta of noveral renenrch projecta
{ovar ns many yaara) onh comprosmor noine
chagacteristica carried out at tha fay .
finerick Laboratorien, Purdue Univeralty.

A genmral model of compressor nolsoe gener-
ntion and transmisnion mechanisms in pra-
aented for understanding and guiding
ndditlonal research.

GENERML, COMPREGSOR SOUND ODPECTRUM
CHARACTERIATICS

Tha two geometric configqurations commonly
uned in small hermatic rofrigerant com=
praansors are the rotarcy vane and recipro-
cating piaton., foth confiqurationa utilize
A progreanively reduced volume compreoasion
chambar In which the refrigorant in moch-
enlcally compreaned to n highar dennlty
and prenaure, A direct Arlve slectric
motor im attached to the compraanor frame
and the compressor ayatem im apring aup-
portad in a hermetic shell, Itrom mechani-

A PR T VAT AT AW L T
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col similarity it could bo hypothensized
thot tho two comprossor typos would have
conparable nolse gencration and tranamis-
tsion charactoriotico,

tigure 1 phowns tho sound spoctrum of a
rotary vano compransar {2) while Figure
2 ahows tho pound spoctrum of o recipro-
catipng piston compreswor (3). The two
comproensord wore roughily tho nome horpe-
povor but had different pumping spoedo.
The rotary vane compressor had two vanco
at 3500 APM glving a pumping frequoncy
of 117 1IZ ond the roclprocating plston
compronsor hnd ano piston at 1750 /PM glv-
ing & pumping frequency of 29 Uz,

The sound mpectra of hoth comprosvors are
primarlily composed of pure tonen (with
varying amplitude} of the harmonicn of

the pumping frequency acronon the antire
apactrum. Detniled examination of the
nound npectra will nlao show mome lowar
frequency hammonices of tho eloctrical fra-
quoncy and the ahaft rotation frequency.
The sound npectra of broth compressorn have
handn of pure tone activity and freqguantly
a highar levasl oingle pure tono argound

500 HZ (Figure 1-460 17, Pigurs 2-570 HA).

Moanurementen of comprenaor noine wera made
in on anochoic room with & lower cut off
frequency of 100 112 with the micgophone nt
the midplane of and approzimately 3 f£t.
from the compreasor sholl nurface. Com-
porloon with the ambient nodeae apectrum
showed that all tenes oshove 10 dB wore
attributable to tho compresaor. Repont-
ability tants on the rotary vane compren-
nor, to determine control of tha expeari-
ment, produced 90% roepuatabllity to with-
in 4 Al of all haxmonica hotween any two
runs., HBetter agreemant is ohtained 1if
levoln aro nveraged over aaveral runs.

COMPRESHGOR HOIHOE GENERATION AND TRANSG-
MINBION MECHAMNIGHI

Flgure 3 in a propoaed concnaptual diagram

|
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of the genorsl nolse goneration and tranp-
minnion moechaniamo of mnnll hermetic re-
frigorant compronsors (4). The figure
depictn the exclting mechanlams scting on
the internnl membero of the compressor
ond the pntho that the resulting nolse

and vibrotlon must take through the com-
prousor to tho heronetic ohell and oh to
tha opplianco cabinel,

Tha oxciting forces oacting on the moving
ond stoclopary parts, l.e., piston or rotor
ond the fromo or stator, consint of the
inortin forcen of the moving ports, the
magnetic fiold forcon from the motor wind-
ings and the gan presourc forcen from

the comprension choambor pressurcs.  Tho
inertin forcos will oecur ot tho lower
harmonics of tho rotationn! speed ond the
magnetic flald forces at the lower harmon-
icn of the eleoctricsal fleld frequengy, In
comparison tho compreasion chamber gap
prenpsure forces will generally bhe rich in
harmonies of the pumping frequoncy due to
the rapid prosasure rinse in compresulon nnd
ahnarp cutoff aftor dincharge,

At equilibrium the compression chambor

gnos premnsura forcon will be balanced by
the bhearing oll film prosaure forceon and
the ologtric drive motor torque, tlowover,
due to time lags in the oll film and the
eloctric motor, this mol of forcen and
torquon will not be in balance inatantan-
oounly {only in avernge ovor one rotation)
and will chune vibratory motion of thao
comproasor at the harmonicas of the pumping
froquency, Thne vibrationa of the compres-
sor will then be transmitted to the her-
matic shell through the aunpension nystem
and the suction-vibration will dinturb the
murrounding gan producing gaan-borne axci-
tation to the sholl.

Tho compresaion process and the manner in
which the suction and diacharga valven
operato will produce premsurn pulantiona
in the nuction and dinchnrge gas. lligh
nlda comproaaors may communicate the din-
charge gno pulaationsa to the gan in the
ahell while low aide comprennors may con=
municata tho suction gan pulantionn to the
qan in the nhall and produce gna-borne
axcltation to the nhall, Mufflers ara
atandard efquipmant of compransors to reduca
this nxcitntion.

When any of these excitationn accur at such
a freguency An to exclite a reponant condi-
tion of the shall or & gans rosonance with-~
in the nshall, the resulting magnlficntion
will produca incraared compreasnor noloe

st foctn,

COMPRESHOR VIRRATION RFFRCTS

Accaleration mopmurements were made on
the rotary vane comprenaor to inveatigate

the relationoship between comprossaor
vibration and compressor noiso (2,4), The
rogulting compreosor nccoeleratlon spoctrum
in shown in Pigure 5 (a), Harmoplcn of
the pumping frequoncy are clearly identi-
£inble up to the 43rd harmonic. whila

the 460 U2 pure tone lo not prenent {actu-
ally o gas ropsononce), the band of pure
tonen from 1800 1iZ% to 2400 12 found in

the nolue spectrum is rendily apparent,
With the exception of tho 460 IlZ pure tona,
comparison botwaen the nolve spectrum of
Figure 1 and the necoloeration speetrum

of Flgure 5 {a) can generally boe mado
acrons the total spoctrum,

Figure 1 {a} ohown typical time traces aof
the compreapion chamber prosourns ot threoe
locationn for one hall shaft rotntion.
Tha chapbor prossure increanmos until the
dincharge valve opens and tho goao flown
out., The ovorprensure pulno occurn dun

to rostrictions in gas flow through the
valvo ayatcm. When tho rotating vane
pannon the discharge valve a sudden burat
of compronsed goas from the discharge valve
port ecxpands back into the followlng com-
prension ¢hamber couning a prevsure ripplo
on the comprosaion traco,

I"gura 4 (b) shown the propsure traces
aftor amodiflcation of the wvalve system
to “pofton* tho tracos and reduce tha
higher harmonic content of the compraension
chambor prossure. The modification con-
ulsted of increanlng the clearance volume
and tho flow area, The offect wan to
smooth the overnll trace, roduce tho over-
prronnure pulne, snd aeliminate the flash
back pressure ripploe.

Plguras 5 (a and b} and Maures 6 (n and h)
nhow the effoct of tha modification in
produeing a reduction of the compressor
nccalarnation apoctrum and the compronpor
noimo spectrum, Tho hoine reduction
offoct wap moat pronounced above 2000 L,

Kncont work (5) uning coherence annlynon
botwonn tho comprasaion chomber pronnurg
trace and tho compresmor nolne hns shown
that tho praanurn ripple haa littlo affect
on noine while the overpronours pulne and
tho genoral nhapo of the preasurs trace
(producing highor harmonica) have a major
offact on noina loveln,

GAD RESONANCE EFFRCTS

Tha volume af gan contained hotween the
comprenncr npd the hermotic sholl will
vibrate wvith resonant amplification if
tho excitation freguency colneiden with
ono of the natursl frequencies of the gna
volumo, This phonomenum will exint inclae-
pondantly of the comprestor vihratlion,

Analysls of the rotary vana shall cavity
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agsuming the compressor occupied an ldeal-
ized cylindrical internal volume predictoed
thoe first gos rosonance frequency should
occur around 500 |14 at the normal opernt-
ing gan temporature {(4,6)., LUxporimontal
atudy eof the 460 HZ pure tone in Figuro 1
ravenled o otrong nensitivity of {tn ampli-
tude to gas tempornture, Mo the tempero-
ture of the «qan changes, the sonlc veloci-
ty ond thoroforo the resonant [requoncy
will change. This tomporature sonoltivity
puggonted that the AG0 112 tonoe wan o gho
cavity rosonance asmplificotlon of tho

4th hormonic of tho 115 M4 pumping fro-
quongy.,

M toust aystem utllizng two ldentiend
rotory vano comprossors was uped to atudy
the gas cavity tromonance offect. Discharge
gas from n runnipng compressor (containing
all the pumping harmonics) waw fod into
the hermetic sholl gas cavity of n ntatic
{non runnlpg) compresanor. ‘Thim system
provided gas pulnation excltotion to the
static comprenmor gan cavity while olimi-
poting the other noise sources of a yun-
ning comprosmor. The temperature of the
dincharge gan flowing into the atatic
compresnoy wan ralned oo thot the nonic
velocity nnd the chvity rosonance fro-
fquency increanod.

The effect of this change in gan tempera-
ture and resonance frequency is shown in
Flgure 7. At the beginning of the scquonce
{177.% F) the qgna renonance frequency in
approximately 10 H7 bolow the dth harmonic
axcitatlon frequoncy and aa the tempern-
turn Ancraases the gnm renonancn Lrequency
ahifte through the conatant frequency 4th
harmonic. A aimpleo chnange in the gcometry
of the compremnor wan alao teated and
affactively moved the gan cavity rasonance
fragquancy away from the 4th hapmonic with
the rosultent major reduction of the 460
I pure tane.

HERMETIC SHELL VIBRATION EFFECTA

Toata on severnl difforent comprasnorn
have shown the hermetic shell houaing to
ke the principal mnddator of nolee (3,7,8).
Tha oxcitation of the sholl tonkem place in
two waya; the gas cavity refrigerant gan
preanura acting over the inner surface of
the shall, and the vibration of the aun-
penalon springa and the auction-dincharge
tuboa ncting on the nhall at the connec-
tion polnte, The romonant charactarintics
of the ahall and the ceaulting magnifica-
tion of the oxcitation at the rononant
frequencles ean produce major effacta in
the overall radiatord comprennor nolsu.

The remonant Lrequenclan and mode ahapes
of tha rotary vane compronfor vore dator-
mind oxporimentally {A). Tha ohell wan
oxcited with an electrodynamic shaker

3]
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through a force tronsducer, Minloture
avcoleromoters, for low mnno loading

of tht nhell, wore uned to moanuro the
phall motion, Resonnnt frequencies ond
made shapon wore obtainad for the compros-
sor ohell with the comprosnor mechanism
mounted innido.

Figure 8 prosents the compariaon of the
mobyured shall rosonant frequonclon to
tho sound spectrum of the rotary vane
comprosnor., Practienlly all of the shell
rononant frogquoncies are identifiable in
the ncoustic opectrum, With tho oxcept-
ion of the 460 NZ% gas resaonance, tho
mnjor peake in the acountic apectrum gen-
erally occur nt the shoell resonancen,

CONCLUDING NEMARKS

A gencral concapt of the nolse goneration
and transminaslon mochanisms of small hor-
motic comprensora has beon predented with
supporting experimontal ovidence, Tho
following statemonts roview and dolinonto
the presentod mochaninms,

1, The major sourco of the compraassor
noinn in theo compreanion procons and its
ganeration of multiple pumping harmonica.

2, The dynnmic action of the valven will
affoct the compreasion procesa and the
noiso gonerated,

J. Tha nolae in trapsmitted to the sus-
punslon syatem amd the purrounding gaa
in the ohell by compressor motien or by
suction-diacharge tube openings.

4, Comproasnor mufflera (suctlon or Adia-~
charge) will reduce tho noimse transmittad
to the surrounding gam in the nhall by
the nuctlon-discharge tube oponingn,

5. Gas rensonancen of the gan in the shall
will magnify the exciting pumping harmonie
with resulting high noiso transmionion to
tha shaoll,

6. Tranemipaion of nolwve to the nhell
occura through theo shoell gan and the com-
preanor suapennsion ayatom,

7. The alhell in the major radiation of
the noina, Henonancea of the shel)l almo
magnify the oxciting pumping harmonica
with rasuwlting high transmiselon and radi-
atlon of tha nolaa,
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"Mlotge and Vibrotion Study of Smoll
flermebic Refrigerant Compreposors”
presented by
J, F. llamilton

DITRCURITON

J.R. pBnilnys
In the coupling with shell resonancen,
do you foel damping would be effective?

d._Nomilton,

We have put domping an these shello.
The problem is getting o meterinl thnt will
ptond the teppornturcn and be effective,
Internal domplng contings are completely
out begouse inside the ohell thene are
1ittle chemicnl plants ond the monufoeturer
vould like Lo guarantoce them for at lepot

57

%=10 years. On the outside they're a lictle
funny about appeorance, We have tried nproy
on contings and have gotten o bit over the

4 dy reduction we felt we had to get, Other
monufocturers have tried coulomb damplng
trestments inside the shell, These are
effoctive for a wshort length of time until
wonr soto in, then they degrade. We have
nloo tried to detune tho shell, but thie
bucomens olmoot itpoonibla beosuse of the
numbor of haormonics genorated.
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FC CENTRIFUGAL FAN HOISC

David Ra], Graduaste Instructor
Willlam B, Swim, Profensor
Department of Hechanlcal Cnglncering
Tennessee Tectinological Unlversity
Coohkeville, Terncssee 38501

INTHODUCTIOH

Forward curved centrifugal fans are uscd eaten-
slvaly In alr conditloning and ventllatlon systemns,
Thesa fans produce o slgnificant amount of nolse
and are froguently the major source of system
nolac, Dua to the amall system sfze and the close
coupling of small FC centrifugal fans to aoccupled
spaces, high annoyance to people generally occurs.
To avold slze and cost prablems resulting from the
use of sound attemuntlon dovices, the sources of
the noilasc need to be reduced In strength., A
raacarch atudy has been Inftlated at Tennessee
Technologlcal University to meet this peed. This
paper doscribos the work in progress on FC lan
nolse,

Tha threa most slgnlficant contelbutors to FC
centrifugal fan nolse are thought to be:

the rotor nolse sources
the affectas of the housing and
the rotor=cutoef{ Interactlon.

Tho rotor preduces broad bend nolso and 13
belleved to ba the largast contributor to tie fan
rolsa, The houalng appaars to act as a rozonator
and fl1ter which madlfles tho rotor nelse. The
rotor-cutoff Interactlon can produce strong dlia-
¢rata frequency nelsa.  Thus a algnificant reduc-
tlon In ovarall fan nolse appoars possibila only If
tha atrength of the rotor nolae i3 raduced. And
rotor nolse reduction can best be achlavad by
{dant(fying and describing the ascurces of tho rotor
nolaa. Than afforL can ba effectively applied to
el iminate and/or teduca the strength of the malor
rotor nalse Jources,

Host ol the rotor sources appear acrodynamic In
orlgin. %o a llkely resulc of the nolso reduction
vwork will be & dacrease [n the Intenalty or entont
of the unateady flows In the fan. A by-product of
tha Improved (low patterns In the gulatar Fan
doslgn could ba a mora alflcinnt fan,

PACKGROUKD
Studica of cantrlfugal fan nolsa hava, to this day,

kean yary lImlted In both pumhar and scope. Host
of the rpaearch Iy naparimantal,  Analytben)

RSV ATTRY e 1T T ARLATR

analyses are nearly nopexistent. Carly workers [1]
measured fan nolse levels and developed cmplirical
fan noiso equations. The equatlons related the
nolse gencrated to the fan power Input and other
fan performance parameters, At hest, these cmpirl-
cal correlations provide a falr estimate of the
total wolsa produced by a fan, Dut thay glve no
clue to the sources nor mechaalams aof nolse gener-
atlon. They are henee of llttle or no use in tha
study af the nolse sources Ina Tan.

The Flrst attempt to stuedy fan rotor nolse was made
by Howes and Real [2]. Their rotor nolse measure=
ments ware masdo using & rotor aperating without a
housing, Aa an uncased FC rotor will normally
operate In stall, thelr results secem to be (or
stalleitt flaw. And analyals of nolse from a agalled
rotor ls of Vlmited wie only. Holse measurements
made by Chanaud (3] on an uncesed rotor also gave
tha nolse from a staltlad rotor.

Huebner [h] supgested that rotar nolse cama malaly
from the vortea shedding mechanlasm, glving rlse to
broad band random nofsa. A few attempts to reduce
the broad band rotor nolse have becn mada In the
past. ot thoy have not met with much auccess.
Embloton [5] put a sorles of tranaverse slots In
the blades. He hoped to pustpena tho separation of
tha boundary tayor from the low prossure alde of
the blade, Thila nudiflcatton produced some par-
formanca loas hut Iittle nelse reduction. Patrov
et al, [6) reduced the broad band nolse by placing
screcna at Lhe entry to ond oalt From tha blados,
A conaldorable Jdecradase In fan efficlency
accompanied a small nalae reduct fon,

The pure tona nolse at the blade-pansage froquancy
and ts harmonfey s produced by the rotor-cutoff
Interaction. A alren type or monopols ganeratlon
mochaniam was auggasted by Hushnar [A].  Dut
neasurements show tha source to be dipele In
natura. So the hiado pasalng nolse llhaly rasults
from the fluctuating Torces on tha cutoff. The
fluctuatlons would bo caused by the Interactlon of
the cutaff with the strong valockity gradlants chet
seama to occur a3 the flow leaves thao blades,
Hethuda to raduce thila source have boen studied In
dotall by many resecarchara [5,7]. The suygested
modificntions, to achleve a 10 to 12 dB nolse
reduction in the ypuro teno lovels, ara:

: e
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1) ipcreasing the rotor-cutoff distance, 2) sloplng THE APPROACH

of tha rotor bLlades or 3) sloping af the cutoff
vilth respzet to the blades. ALl three mod[flca=
tlons reduce the magnltude of the force fluctua-
t lons,

The fan selceted for this profcet I3 a single
width, single Inlet 10" FC centrifugal fan made by
LAY Industrics. The nondImensionalized performance
curve Tor this fan, based on manufacturer's data,

il & IUY BTN A3

The fan houslng doos not appear to be a major noise
source ftself. Dut rather, It acts to amplify or
suppress the nolse radlated by the rotor. Heasure-
ments [8] have shown the enbancement of certaln
froquancles by the housing.  The lowest frequency
corrasponds to the Holmholtz rescnant frequency.
Tho houslng easentially behaves |lhe a small
reverberant 'room' placed around a large nalse
sourco. Agnon et al. [9] “softencd” the houskng
anvironment by perforating the housing and covering
it with sound absorbing materinl. Thls absorption
produccd a measurable reductlon in the high
Frequency broad band nolse. But the overall nolsc
lavels ¢id not drop much,

Honce, apart from the reduction In the rotor-cutoff
Tniaractfon nolse, vory little fan nolse reduction
has been achleved to date, Analytical analyaes on
FC contrifugal fana have not bean publlshed

becausa of tha mathematlcal complexlty. Lighthlli's
noilac theory [10), and Curle's modiffcation [1t} to
Includo solld bodles, hava bkoon applled to slnple
flow prohlems with aome succeas. Sharland's [12]
analysas of axial fan nolso sources showed promise.
DBut somn of his results bave been challenged for
anlal fans and hls methods have ot yot been
applled to contrlfugal fans. Flnally, Yeow's [13)
attempty to model the acoustlc bebavior of a ducted
centrifugal rotor waroe successful at very low
froquenclos (<150 Hz).

Tha problem af FC cantrifugal fan nolae I3 Indeed
vary complen. Analytical annlysas require the
Input of detalled knowledge of the flow flald
Ineluding aecond order sffeets, throughout tha fan,
This type of flow datall for the complox fan ayatem
ta impusaibla at thia time, Thus, the prablem can
bast be tackled axparimental |y,

DBJECTIVES

Tha rator appears Lo bo tle primo source of nolsg
in a centrifugnl fan. The raduction In the rotor
nolso §3 tha flrat step towards development of
quletar fana. Hodlfyling the rotor goometry Lo
ahtaln a slgnificant nolao reduction can hast be
achlaved after tha noise sources on ihm rotor ara
Idontiflod and the muechanlsma of nalse generatlon
proparly underatood. tHance, thn objectlves of tha
roaaArch arai

1} To measurs the nolse apoctra of n centrifugnl
fan rotor and to Fdontify the Important nolse
jourcol,

2) To apply tha Infoematlon on sources o re-
deslgn the rotor Lo achlave a signiflcant reductlon,
10 d8 ar mara, In fan polie lovels.

3) To datarmine tha effect of the fan housing on
tha nolsn gonerated by the rotor only.

Maat of the work lu enpacted to be exparimental,
Analytlcal modals, howover, wil} ba uysed for an
afrdor of magnitute comparlzon af the nolse sources.

ls shown In Flgure 1. Performance measurements

made In this study closely fallow this curve.
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Exparimental Approach

Prellminary exporiments are belng performad to

study the flaow in the fan using Lufts, smoka and
hot wire probes. The tast aetup for the eapari-
ments la abown bn Flgure 2. The fan Fa belng run
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at low apced (000 rpm} to make the Flow visualiza-
tion ware affectiva. The houslng of tho fan was
mada completaly of plenlglass to the samo shape and
slzo aa tho metal houslng, Pressurn taps are
mounted on the houalng to maasurn the prenaure
distribution arownd the wheal, To ace tha tults
and the smoke In the houslng, tha rotor §s
Yatopped"! using n strobo, which |a actuated by tha
ratatlon of the fan,

Some af the praliminary experiments have heon com=
pleted and tho pesults conflem some assumptiona
almiut tho nature of the MNow. Tha pressure «dlatrl-
butlon around the whoel at varlous flow rates are
ahown tn Flgure 3. Tha polar plot shuws that tho
prossura |s far from unifaorm. Que to tho largs
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tangential pressura gradients, the Tlow in the
Impallor will be a strong function of tangential
position. Each sectlon of the impaller will tend
to operata at a differant back pressure and,
therefore, at diffarant "operating points."

The flow antoring tha hlades was found to be far
from ldeal., At the Inlet end the flow was axial
and at the back plate the flow was radlal. The
Flow through tho blade passage In the region close
to tha shrowd was highly unstaady with back Flow.
At the blade onlt, tharn was vary l1ttla through
flow In tha reglona close Lo tha shrawd,  Also
reglons of flow separation worn observed on the
suctlon slda of the biadas. Hore wark with {low
visuallzation s belng dona to get a hotter
dascription of thn flow Flald.

The valecity of tha Mlow at a few locatlons will ba
measurad w3ling a hot wire probe. Tha visual
rosults will be used 1o selecy the critical spocs
for the valoclty measuremanla, The combincd hot
vlra and flow viauallzation data should giva a good
deseription of tha Mlow fleld.

After tha pretlminary asparimonts, two major
exprriments wlll be parformed.

I. Expariments on rotor nalsa alone.  Efferts
In tha pnat to measura the rotor spectra have
given the spectra dua to stallod flow over the
blades, To nvold tha problem of rotor atall, a
radlal diffuasar will be put on the whoel, The pro-
poaad eaparimantal sotep ls shown In Flgure 4, The
prassura recovary of the diffuser should provant
the wheal flow frem stallling. The atabiillty levael
of the flox throwgh the rotor Is not enpected to
changs appreclally with the replacement ol the
howalng by tha radlal diffuser,

Tha flow at the hiada outlet witl bo moasurad using
a hat wira probe,  Statlc prensure Leps are to b
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located radially ocutwards on tho diffuscr plates.
Theso voloclty and pressure data will be wied to
define the flow corresponding to tha measurcd nolse
levals., The flow patterns will alio be corralated
with the nolse apectra. The nolde apectra of the
unkt wlll bo measurad in a reverberation room to
anpedile the nolag mensurcnents,

This sctup will bo usecd to measure tho rotor nolaa
as s function of through flow rates. The rotor
will be loaded by changlpg tha radlus=<and
prassure roecovary=--of tha diffuler and by changlng
apecils. A 3tudy of tha changes In nolso apecira
will Indlcate joma of tho nolse jourcas. Tha 3amn
sctup will ba used to obtain tho distribution of
the Important nolse asources In the fan, For thia
purpose, croas corralation tochnigues, uaed
succeasfully In the past Tor ldentiflication of
nalae and vibratlon sourcea, wlll be used.

The two microphone arrangement to ho wsed for Lhe
crosd correlatlon eapariments are shown in

Figquro 5. Thase moasuremantsa wlll bo made In an
ancchelc room, The microphones will ha poaltionod
such that enly a small arc on the wheel can ba
“"sean'' alowltancoualy by both microphones. The
difference |n tha time tahen by the sound algnals--
teaving a zource on the are=-=to feach the two
mlgrophones {3 a function of the anlnl location aof
the sound source on the bladas. Thus a tima delay
c¢tors corrolation of the signals rocalved by the
two micrephonos will glve the relative importance
of the scurcas diatributed axlally on the blados
wlthin tho arc "agen' by the microphones. Slnce
tha flow I3 axisymmatric, thls distribution should
ba tho same all around Lho wheel.

|
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2. Cspariments with the complota fan--rotar and

houalng, Iha nolse produced by the fan will be
measured wilng tha almplae In-duct mothod. Mo
spectal tast rooms are required. The [n-duct
mathod hes been found to give rellable Fan nolac
measurcmants {1A]. Oatalls of the procedura are
out!ined In the proposed ASHRAE Standard 68F [15].
The axparlmental aetup |3 shown In Flgura 6. it

Mo winy

o, iy Akt
s J |L>n-m: :. ”
lasalilim Vounag
Fitid A m" <] /
O --_] l o i
G Cieanan Jur \‘\j
framm
WL M l 'L:';ln\
nn
fimry l'[‘.'_r“

Terrt & Tor Seete o (o et Morty Maurgan

conalsts af a Fan connectad to n circular duct via
a transitlon pleca, An anochole tarminatlon at the
and of tha duct pravonts the reftectlen af sound
back towardy the fan. Tho flow la moasured down=
streom of tha anecholc tarmination, Venturl flow
matara~=wlth two or threa different throat sizos--
will ba usad to minimlze tho prassura less in the
yatem,

Tha pressure loading of tha fan wlll be achioved by
placing porous matarials on the diffuser antlet.
Tha fan static prasaura will ba measwred with a
piczomater ring at a sultabla location {n the duct.
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The nolse produced by the fan will be meosured
using o micropheno fitted with o special sampling
tube [16]. The tube-microphone combipation will be
located at an optime radial and anlal posltien In
the duct. Correctlons for the Frequoncy responsce
of the sampling tube wili need to be made on the
measured levels to obtaln the actual nolse spectrum
of the Ffan.

The Flow ant stotlc pressure at the blade outlet
will be measured=-during the nolse runs-~using hot
wire probes and atatic pressure taps. These
measutements wil] Tndficate the operating polnts at
tht varlous clrcumferentlal reglona In the Tan.  An
attempt will be made la correlate the flow patterns
In the complete fan with the nolse and Tlows
obtalned In the radial dIffuser caporiments.

Flow Holse Hodels

Even though annlytical annlyses ore very complan,
simple flow noiso models can be effectively used to
qulde and Interpret the experfimental results. An
order of magnitude analysls of the various sourcos
can eliminate the weakest sources from consldara-
tion. Flow nolse models wlll be uwsed to gulde the
study of the following sources;

1} tha jet-wake flow feaving the blados
2
3} turbulent boundary layer noise

—

scparated flow In the blade paszaage

i) iIncldent turbulent Flow over the bladcs

§) alren affect at the cutoff
FHYERPRETATION OF RESULTS

Tha (aformatlon obtalned from Lthe experiments on
the rotoer aource locatlon and sirengths will te
used (o gulde the redesign of the rotor. Rotor
modiFlcations wil) then be made Lo eliminatae or
reduce the majJor nolae sources. Heasurerments wit)
then be made on the redesigned rotor to determine
the chante In the noisn level ohtalned. A noize
retuctlon ol at least 10 B 12 enpectod for tha
"uiet” rotar, It 13 Vlkaly, however, that the
redesigned rotor mey require a new acrotl to gat
the Tull beneFlts of the rotor mod)fleations, The
emphasls In thls atudy 13 placed on the rotor only.
A thorough wndorstanding of tha rotor nole 0urces
will be a succezsTul readitatlon of the objectives
of this rescarch, Follow-up work on housing ia
planned for naxt year. Henco, with a "quiat' rotor
and [ts matchlng scroll, slgniTicant reduction In
FC contrifuyal fan nolsa can be appected In tha
near Futura.
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“'Cc Centrifugal Pan Noilne®
presented by
Swim

W. Db,

DIRCUSSTON:

W, fwimg
Thin work haa been Univernity finonced

but hao hod » small amount of induntriasl
input. Thore la ono PhD astudent working
on thin snd wo oxpect nround ono and one-
quarter man yenra affort Ly the end of the
Eirat phooe,

X, McCannnll,
In your presentontion, I did not neo n

deocription of inlet conditions. HNove you
given conalderntion to the clircumferentinl
aren of the fan oss opposed to the inlet
diametor?

H, Swim:
Wo are uaing a standard fan configur-

ntlon in which the wheel width in GOX of
the wheol diameter.

Ku McCannally
Ho nctunlly you're asking the alr to

decelerate and then turn 90 degrecon?

He fwimg

Yaa. This is the curpent denign for
an FC centedifugal fan. It hoa a voery tor-
tuous path. From the inlet the alr decel-
orates into the bladen, the alr in then
whacked by the bladen whore it then nccol-
araten acroas the bladas. Then all of n
andden the alr acen the houaing nand » large
deceleration ngakn.

GA

P. Rnondnog
I would certoinly think that anything

that ¢an reduee the nolpe of forwurd blnde
centrifugnl fann by 10-12 Ab wlll puat
yourself into the position compnrable to
the prople who doveloped tho bettoer moune
trop. Thore ls a huge demand for such
Fann. Do you hava ony iden how likoly it
will be to get that much?

Wy Dwimg
Phe chancen of succoos are atill

highly volatila in my mind at this time,

1 thipk there {s o good chance to get a
rotor whonse broad band nelose {a down 10-12
di. Whether npow we can got this into a
housing and get the noine down 10-12 dD 4ip
problematical, at thie tine.

}, McConnnlly
Another quontion occurred to me whan

you talk about nolse reduction, Aro you
talking nbout inlot nolwo or discharge
neine?

W, fwims

The total--both inlet and dincharyge,

- Ead U 1T =
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Ltanloy A, Haggounat
valupaunt Loginoer
Agelcultural Lnglnwacdog Dupt.
Univarulty of Callfornin, havias
Davln, Calilernia 95616

INTRODUCTION

Baducing cannery nolse la a complex problom and a
challanglng prejoct. Practical anglnvaring svlu~
tiono aunt bo Llound and lmplemanted to lowar cans
nury neivo lovels at or buloy the accaepteble lovela
rofuired by GiHA (1). Currencly many working arunu
al tho cannary have oxcassive nofpe lavols (Ao high
as 95 dBA 1n genoral work acvsn and appresching 110
dBA at local wurk ataticns), In some ipatnaocun o=
dividual workets aro expuned to nouive lovals [rom
250 to 200 parcent of OSIA maximum exposure limitn

(n.

Noloo lavoln In the Koewd prucussing industcy sate of
tha vama pagnltode as nolea loveln in many other
Jiduntrlon, but the canneelow Lave two additional
conntralnts whan chuoalpg saturials and techniguap
Lor nulna roductlon, Thw Lirst conatraiot is high
wanitation atandeatde. ALl mataciale used 1n [uod
proconming aross muut mael FDA Toquifemenca an saot
forth in the Faderal Food, hrug, aid Copmetlc Act
(1), Envitommouta) matorinla should not depunit
any mattar on the fued of centalnace, aleuld pot ba
aunduciva to bactoriml ml Lungal grewth, smd
snhould ronlot utosm and high prasmuce cold water
claaning whila not abmorbing axcessive poletura,

A pakarial tlat doen noet maul thana standarda may
atill bn utilined by anclosing 1t in a satacisl
khat doms muok FDA Taguiredentn. Habarlals unod
muet hava smouth, cloanablo sucfacen (hat will
atand up tg contiouad chlekinacod cleaning iu a lut,
huald atmcaphura, The [eod processiog envigfensant,
thtuugh the DA rugulationn, exclwles the uae of
many corgin nelow reducing matoxielsa auch me por-
aun sound alineching matorials, lead producta, and
waod products, The socond addicieoml gouatzalng
of gteator Jepostapnca than in most ather industcien
im acppealca, Hoat cennarlen in Calllopnim muat
precnas all of theic arops ducing & tlivse=munth
harvent peciod, and chia rasulen n four tinen

che amount af equipment coRpaced to A Ll-month
opetation, Thus, A wulution that may he acuncmis
cally fesoibla Lor a l2-month Liduefoy may not ba
acencalcally [oasihla for & cannecy. Lowe relaced
tnduscriaa aunh aa tha bavarage liduslry, che [ro=-
ren Epoda Anduatry, the idruy fnduatry, and other
Foudl industrion have & alniler operacion with maay
of tha sane sanitatlon conncraints. Hauy of the
palmpa contred solutiona found for tha cennarlnn
can bo apphisd Co thase ralated induatries, IC
wust b rewoabafwd Lhak tha scenomic constrainta
for theoea related induskiinn ata, In gensral, not

6%

Jomon ¥, Shackoliurd
Annlotant I'rofansor
Hachandcul Eaginearing Dupt.
Univuraity of Californla, Davip
Davie, Culifurnia 95610 Layt Lanaing, Hichigan 40021

Thuwas 1, Nurkharde
Aunociatu Prefoomor
Agricultural Englncering Dupt,
Hichigan Statu Univocolty

an }yreat.

The Agricultural Luginsering DupartRent of the
Unlvegaity of Callfurnla, Davle, bas recupulred tho
bigh nolec levals of canunucfus along with the sani-
tation and vcuenvrle conotrainta and has nmot out to
ald in a wolutlon by inltiacing and continulng a
cannary neloe Coescarch atudy, Tho third yoar of
the prujoct will bo cumplated in Hay, 1977, The
firat yuar was Lundod at & low lavol and kept a
gradusty studont omployad 50 purcont of tho time,
The gocond year wiaos [undod by industcy to lncludo a
full=time devalopmont onglneer, s graduatu studenc,
sud threo cnglnecering afdus. Tho third yaear had
tlin pabu nunbers of puroonnel and was fundod mgain
by industry. All threo yoara Loncluded faculey
nuperyimion, awl perticipation.

UECTIVE

The ultimate vutcoma of this project will he & te=
ducad nolwa luvael for the cannery worker, ‘To accom=
plinh thim goal, the ovarall objoctive of thin re-
noarch project is o dovalop effoctivo, ofliclent,
and acvnomical nolwe attonuation tochniquan to
anaint cannavine {n cheofir nofwe caductiun prograsn,
Thia prejoct fw intendod to halp them comply with
both GiHA nolre rogulations and the DA sanication
cagulatione, HRapoarch in neoded to provide tochni=
cul knowledge amd Ainformatlon for roducdng and con=
trolling cannery nuime lovale which ara tuo high in
raiy plant arcan, Tha praject will fermulato and
promole procodures Lor mininlaing nuipe~related
prelilens in the cannery euvironment.

The pro)ect Inclwlos wany arees of nolse conteoly
1) Estimatlon of tho magnitwde amd apuccow of
nefng controd, ) Rescacching che obete of the acc
of nolme countrol An cannatiem, 3) Byaluakion of
available noleneroduction materiale, 4} Adaption
of axinting aquipment for lowark nolsa lovaela, 5)
Devalopmant of quictor aquipmant for cannerlesn, and
0) Megaminactlon of Anformation asang cannefien,

PROCERUME

In toduciog fndungrial nolen, OHHA regulationuy ghym
prafotenca Lo noles allainagion throuyl snglneecing
molutiona. 1L chat cmunut ba duno, tha sacond math=
od of roeducing wurkork rivlsda exposura phould ba Che
unpz af adminlatrativa controle, Third, asr pretoc-
tors aro the last cechnique to use in feducing noimse
waposura Lo the wucker.
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Thio projuct will addewess the [irati ewjlneering
golutiond fur reduclog the nofge level, Sumg of
the runvarch will Involve comsbining exloting tuch-
nology with the envirunmentol and opurativnal con=
ditdong in tho cannery to dundga add~on componenty
for cansuery aquipmant. Otler rosearch will lavelve
tow tuclnelogy to mko nolus controel tuchoteally
and vcononically feaulbles The angineering douvign
will hulp convert {nformakion and iduso luto uvwe=
Lul Lardwaro, Prototypon will bu designed Lrom
the ravvarch idvas and buile ualng miturials that
ara cowpatible tu the canaury onvironnuat, The
prototypau will be uvad to pluulate actual cannuty
aporations and will bo ceated for Lunctivnal cone
strafnta and polss reduccione in an apecholfe clir=
ar. The protetypus whilch saum to maut all tha
cannerien roquicomento and cegulaticis and hava
signilicant nofou raductlen capabillties will Ehon
be rio up [n actual canneriva. The pllet prograns
wial cent whather the aquipsant sodificativn will
te durable {n a hot, humid cannery enviconaunt and
will monc the canneriva onpectativam [or compati-
bidley with thadr ayotems wid thalr expoctacions
12 polvo reduction, Thruughout the project aig-
nlflcant fnfurmation will be disseminated arung
cnnories for thalr ovn upe,

RESULTY AND DIGCUSLSIOH

Cannary Mulea Sauzcan

Tha firat-your program inclwded polse leval sos-
auromapts wWiilch wora compllad lo soveral cannurlos
to daturmline maximun nodouw lavels amd to laolacw
dpecific nolne pources, All noigo Wumguromunke un
actunl sachinug wvara takan 1 m from the noisa
wouTea, wakng a Genaral Kadie Model 1933 Soumd
tavel Hator, The range of nulsa lavalas midd thu
corseapamiing nourcun ata preseated In Tablo 1 (2).
Table 2 Sfndicataw the noise lavels At ssvacal
worharu' ntationa, taken with the mictujhons posi-
civnod Ac approafmataoly the wurker's ear lavel (2).
Tha Livced rangom of JBA polow luvel resdings repr—
repent varlatfoon of nolno AsasuTemenin Corrseprid=
ing to dif{loroicns St conddedons and Jdif{uralces Ln
cannarian Al mquipment.

Htatn of the Art

Ater woina souraan minl thedr magndtmiee wero ldun~
cikied, klm atate of the art af pulee coatroel in
cannedien wan fasndtchiod, Huggescions for relucing
and qontrolling nuise in cannarioa warn surmarised,
Acaan of duterewt Jaclwled geansral nolse contiol
Adana and ppecilic suggantlonu for reducing the
paden lovel on apoacific machines or compunencs,

Can handling ayatema, high pressura aly s mgcen,
ponltivn and nogakive alrc syatema, hlanchors,
mosuarn, and vibrating conveyora wofa Aradm of
licaracura fadoarch, Maay of tha suggedtfote have
beonn avallabla (o many yoars, but mowt have atill
not baon Llald tasted or fAplomenked in Cha canuagy,

Hith the hacsh environmantal ceaditions sl etricg
sentiatton and sconeaic conekxaints, ceating of
pofea foduccion makarials was assonsial £o deagare
minm which macariala could be uead In tha cannery,
feudins on neles roduckion, sankeacion, durabllity,
Jnatallacion, san conk were of priwe literest.
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TAULE L. CANNERY HOXISK LEVELS 1 m FROM SoUkchk (2)

livine sourco Hobpe level, dBA

Uoflur roun 9n=-93
large pumpe 55-100
Stoam vout 100-105
Steam valvun ug-97
Contrifugnl fan $9-91
liot broaks H0=92
Couking aroa 90-94
Hunwgandaer sy-94
Can Llller LDEDM
Can covketn 9g-95
Stuam can cledanod 91-93
Nlownr to dry cany 49-03
Cable can carrlor Hy=25
Gruvity can drop 90-11
Pull can cunvoyor Su=91
Walesfall depallaticas 94+-110
tnack pack ucrambler 6=
Surygiug cang te [iller 93=95
Glawp bottle [fllera H9=94
Gimdy lTottle burxern Li=94
Genrbux and motur dtiva for cuoked 93-96

TADLE 2, CANNENY HOISE LEVELS AT WORKER KAR LEVEL (M)

Hurkar locatlon ABA nolue lavel

Woller mondtog 4391
Couker monlcer 92=95
Piller aperator 44=93
Sortdng bolte u9-91
Cati linag monlter [REUT]
Dupalletizer opeiator 90=-99

Hatucinle Tauciy

flalun_Raduction=tound Abuorbing Matacfalm, Origin-
ally conmitcrod to ba a major uolse control method,
avund abuvrbing ratecinls appast to be podaatly of-
foctive, Heiosa Lavel ceducklous en cha ofdar of 3
ditA can ba exjpectod {or eest applications L the
proceaalng area. ligher ceductions can be ubtained
with full Lotorloc abwerptdioen fn an enclopuga,  Al=
though net & copal suluclen, they are ueaful and pay
provide tho axtea noles reduction to halp 4 parcicus
lar area cuwply with QWA acandacds, Hodad abrorb=
Ang materials acan gonorally quite halpful whon ueed
cogathar with batrier materiala and ahould be naed
dnwlde enclopurne for affactiva aulaa coductlon.

Tun JLLIavant attanuating sacoriala wnra tnuied by
the dmpodasice fube mathnl Lor wound abascptiun
chavacfoarLatica woling the Assrican Socleky [or Test~
ing amd Hacoclale (ASTH) Soandacd Dealgnation
JU4-58 (4), Dua te the poreus nature of thowe
matariale, hygionic conaidaxacionm tequicta theoe
maturialy to bo covared. Film faclingn of variown
thickinaensas ware tamtad cenkinuously=adharad-ta,
drapud=on, mul apaced awny Lron the absorpelon
matorial, A thin £L1n mint be used, su that it dvas
Aot excaspivaly cafinct tha acupd away Irom the
moutl abwpcbing mediva, The basc avund abeorption
for a foru=film compunits was obiafiad with & l-mtl
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film drupod in {rent of the aboerptivae guriscu,
Hhan thin {1l wan continuwualy adhored to the
surface, tim surfacu rallectud wore sound and the
abporplivn wans grascly roducod,  Aleo, I=wll {ilma,
which sdem Lo act o o bLarrier, aubbtantlally fo=
duced abuvorption, lewaver, 4 thwoe coptinuoudly-
adhared film~foarms agu uwped in a machine onclonuta,
thoy way provide a Letrar tranemiselon loss through
the eucleaury wallp, Lo thu many maturialu tostuod
a wido varlntlun in abeerption coulficlontn wou
abnorved, Thup, care must ba taken to chouma an
absorpiion putorial with high abeorption coutif-
clunts. A UCLA expurlmental carsmlc fven wan aloo
tanted wnd compured woll with commarcial whturislu,

Holas Roducklon~Vihragion Daeplog Hetaerleln, Tho
wug ol vibration Jdetping matoerisls can taduco
noine radlated by vibrating or ahuck uxcltud kRetal
wurfacan und pannla. Hany commercial viscoolastic
maturinle in panto and slwat form were tostod and
[ound to plvo modoruto nolpe roeduckions, Nowivaer,
munpt of thuye matorials are troublusviee te apply
st have autleced which ara aubject co Jamago sud
} deterioracion. (na desping muthoed which overcvtioo
i thano deawbacks aml Jdewonstratus goud nolou roduce
! tlon connlstue of bonding & secumdary sheat mulal
: panul to thae orlginal panel.  didiconus RTV or
: vatioun uthaer typon ol bumling compuunds can be uwod
! in 1/8-1uch leadn two cr four 1nclies on cenker to
bund the sfeat and to provide optimel dewping,
The sihwat matal aandwich provides wuparior Jura-
Liliey, excellont pulss caduction and gine of fn=
stallation, all at low cost. FPestenlng {uanm to
the binck of sheat mets) punaly alpo provides an-
collant demping, bus agein e subject to abupe.
Cumanreially dampod ahoat metal ia nlso availlabla,

Hojue Reduation=Euoduosits Matecisls, Wiete lacgae
nalon raductionn ara necdaed which cannut he
achluved by reducing noles leveln st tlis Avutca,
anclusuren are most affsctiva apd acopunical, The
| bighwr Che nodon teduction owedsd the higher the
cout, Howmver, an enclosuta Pdy ba clespar sl
ouplor than modilying or replecing the nulsy aquip=~
wank, Dapording on the spplicatlon, typen of an=
clonurka matorialn will yary [rom m large concrakao
wall to a shin clenr plancic,

A vaploty of gosnible barriar wacecisln wWas fn=~
vastigated, Upecial enplinkin wan plecad un thows
with applicaciun in tis cminery otivirenment, Other
matarialn wuch am lowd et WaEu unsd e compara=
tiva ntandardn. The tants ALCsapied to duplicata
thae prectical prohilens of wnclonure fabricatlen
and mound lonu threugh small gapa and epenknge.
Thio latter problem ia impoctant since total en-
chupura of & moving can Adam im ot possibla.

nixact air leaka apa detximantal to the effentive~
paan of an epclunsura, Fax AD dBA pocencial an~
clenursm transminslon kean, Q.13 upan avea will ra=
duca tha affectivenens by 210X, A 1% opan ATes will
reduca tha mffactivenann of tha encleumwre by 50X,
Thum, loaks should ba Limitel ox dealgned su there
arn i direcs patha sub of the spclowuce, Aleo,
fox small anclosuves with no Intecnal acuod abaoghb=
ing watarlel Gim tolow larsl say clea 20 JBA [rom
#ound pressucra hulldup and tlhe paterial palectod
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for thu barcler musl account for thin bulldup,

Supitation, Thae growth ol bLacterla and Cunguo wan
oboervad on vetlous nolse coutrol materials, Poton-
tial cannory miterlely for abeorbing vound, for
dawping vibratlon, for unclomures, and [or polymer
cap gulde ralln wers chucked for their ponuible
aupport ol nlcroorgunduws, The teuls woere fuu at
conditlonu optiwal for fungus and becterla growth
followlng AT standacds, Hone ol thoe waterielo
topked providud & carbun source for microorganion
growth.

Mursbility-Heuc wmd Abranlon of Gulde flall Vipsca,
An uxtenuive theorutlcal analyuls of wear apd
abrapien of can rall linur materialy has busn come
pluted.  Alev a protecypu horlpental fan Linn
lingd with ten diffutent guldo rell watorialo tun
lor appruxiastoly ? wmontho Lo dotetimine actusl can
rall liper wear, Doth theory and actunl topnting
pednt towntdd tuwy of the choapost plastics, high
daneity puelysthylens and polyprupylene, &s agpelble
woar pbripy for horlzontal cspty can Llnes, Thure
way be nvcan of hWiph lspact and high abraslon,
whiere moru axpunslve natorisls such ams acetnl uhould
e uged, but & wajorlty of the eAply can trackn
could be linud with thome cheaper watotislo, It
wppomrs that no plamscics applicable for gutde rajl
wpe wxisl which bave A thefmol expanslon copffl-
clunk clupe to that ol vteal, Thun, diflecaacen
in thermal oxpunmlone wunt by providued for with
propur lontallation tochnlques,

furability-tloplacemnne of the convantlonsl gravity
drop with a clcar plastlc matorleal Lunctioning ao

ay snclysure An sddition to bolog the can gulde fn
pusnible., Testns wore Tun on ackylic and polycag=-
bgnmta alivots Lu pea how they would woar when used
s thin wnclownre can guida Lor gravity drops, Doeth
matarinle alwwod axcallont wwar rowistanca. Callu=
lowa mcutaie Lutyrats may aleso ba a pousibilicy, an
wall am nonscluar polymecs,

Durability-Teat and Puncture of Filas, Polyathylane,
polysstor, polyvingl [luoride, and pulyimide Iilna
wore tewted Lar Comr and punctufs roslotAncs in
Ehdckiaunnn cauging [rom LfA-mil to Z-mil, For
parformance relativa to cuat l=uill pulyeator wan
fouml ko bo moat patisfactery, Folyvinyl (luoride
[ilm alwo hims wacellent ronlptance tu tear and
puncture, bk Le poro oapetelve,  For aroan noesdiung
gewatar atrongth, 1 1/2~mil [Lloa could Lo uned,

but tha vound abwarbod may ba roduced alightly,

Imrabilicy=titoam and High Premsuca Clowning of File
Poao Conpositss, Thewa filme munt be used Lo cuver
foana in tha caunoriae, ‘thase filmn puat withntand
jarimlle stesm clasndog typical of a cannacy, loly=-
suker and polyvinyl fluoride wore the vrly two i~
mil Liime which showod srcallsnt duvability both
agalost steam cloaning and 500 pal cold water,
Pulylinids atued up wall apgminel stoea cloanlng and
pelyekhylone slivmd goud reaintsncs to 300 pad cold
wator, For parfofmmice rolakivn Lo cust, l-mil
polysstor ahwould b umad,

Inatallation=fouid Abeurbiog Hetecielu, Whan potoun
aound shisorbing watarials ara used ln s cannacy
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wnviroinant, thuy muot be coverad wich a thido Cilm
for cleanubllley apd sanltation, The Lilw thick-
neou whould be Lans than 2 wll, with 1 wil belny
prefarabla, and the (44w nheuld not he cuntinuwup-
1y adhurud to tho fuaw, but should bo drapued or
parctally sdhvered,

Praping the [1lm ovar the foan would bu fdwal, A
guod appronimation of this would by te placa tho
fonw balfle in a l-wil plagtic bag., Thiv pluntilc
g wuuld then be hust wealod ac its opun el to
cloge ol the porouns doutd abporbing mweterlel Lron
tho cantory'n waviromzeat,  Heny varistivus ot

thin heat~oualed plastlc bayg or fuelded oheet arg
povoiblu,  Thon tlw gnalud sound shavrption ahvaty
could bu placud fn o frame which hodds tho matoxial
tight aguinat thu sldes and the back. Thiw tech-
niqua allows the (il foan to bu lwld cightly dn
thy framg, but lots the £llm face be limp to allow
thu pound to puans {nto tho guund abourpllon mituyl=-
al, HWhen lurga surfacos are aueedad, tha Lllme can
Lo apoc=adhered, loaving most of the Liln nop~ad-
hurad.

Installatlon-Yihragiuen Danping Haturdaln, Vibra~
tion demplng cuchuoiquus reduce the "ring" or
eiundncoa"” in a ahoot nmatel panel. lor the fusd
precunolog fndustry the moot Jdurable, csvieot ap-
pliod, leawt-coat aevlutlun ia to Lol a avcendary
ohuat Co tho pelmdcy vibratlog panel.  {hls Lech=
nlqua gdvon guod nojea reductions amd can bu ap=
plicd eaplly In che capnery with roadily avallable
materialo.  With a ahest mputel panel the axpoped
wurluce waar and abuoe Would be swch leas chan that
af vipcoelantle compound exposud aurfacuou,

In ehdn danping cechndque A pocundaty alivat aatal
janel La wiolp=bonded with a visceelawtic adheniva
tu the vibwating pooel. Tha gauygw ol the secendary
shoot matal pannl can Lo tha sang gRUyu of a
wlightly thinner pgauwge chan the primacy rouvnsnt
panel,  Tho tonddng compuupd can be aflicena HIV
adlwniva, or octher bonding compoumda with goud vie=
cualastic prepurtian aco avallable, It ls appliad
i 1/8 An,. buads dlagonally acrops tho matel's
sutfaca in 2 in, of 4 In. spacingo, A parimagor
haad 1/4 fn. In Ixem the adgae abould alno be ap=
phiad, Thiv scrlp bonding providen opelmem damps
ing, makdng [ull coverage wautoful aml coetly,

Sephloticatad instcuvavikaiiun i guonurally net
pucded €0 lucate a loud vibratiog panel. If one's
hand can Loel the panuwl vibrating, chuacos ara
that tho puncl g poley and dasplig 1o noedod. A
sacopdary lighteguugo nhnol dogy goc have te cover
tha entive vibracdog sucieca, but aheuld in{tially
cuvor 30X of tla area ol tha primary punel, Ltf all
odgon ul A prlmacy panol are {ixed. The secomlary
pepal aleuld ba placed dn the atddle of the panel,
If wopt odgen of the prlisacy panal ara {roe, Ghan
1002 coverago la peaded, but thio Ias net cumsun
In machinacy applicativia,

Inutaliation=Enclomura Haterfals, hLaclunuren cen
e constkMctod of basrier macarioln only or bn cone
bAnad with deapliog apd absurption magerala, If
shaat sceal La usad for the anclosura At should ka
conatrainsd by applying & Yiscosnlestic damplog
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waterfal, The additlon of uoutd abworption mute-
rlaly Lnpdde the vnclowury will reduce thu nolue
tuvel by aboorblng roverburant vound wavoen,  Plas-
ticy In gencral do not have to be damped, olnce
chuy arv good at not tranumitting structural=borne
polau,  Aleo cleor ploaucle barrlor watariale are
avallable when viuibillty te needod through the
barrior. Mloaetie anclosuros way sloe be poro of=
factdva by the addition of nound abuerbing malerl=
aln,  In guporal, che heavier tho matardal, thu
battor tho saud tranceission logy, Alwo, gound
transmlugion lows Inceenuoy with Incruauloy thick-
neud,  Alr leako aru dutripencal tu the elluckive=
auun ol apn enclosura and ohould buo winlmized forp
optinun souwd ruduction,

Irotubypy Can Hamlling

Ganeral Congidorationo, Ucme can handling com=
ponuntns rasch lovelw up to 110 dlp.  The cetwwon
pefue gancerator for all can handling componento
are thu cant clwmsulves,  [n wmply can Lines the
majur nolue wgutcus ara cfeatud by can-to=can in=
tavaceion, can~to~rall Interactiun, cenvayor cable
and can~trach Interaction, amd structural vibra-
tion. ¥llled-can linow hava the same nelpe vourcos
a0 the wwpty=can Lines althougl the can=Fo-can
aofue lo reduced greatly, lopry can nolwe lo oig-
pilicantly hWighar than the nulse radistod by the
railu, since vwpty cAud havo tho amallac roalatsance
te vibratfon, In Lillud canu the gulde rall gon=
sratod nolsa will dominate., Tho esvuntlal [oapurans
of a typlcal cannory can hapdling vperation were
pimitated by protubyjpra systems aimilar to thema
shonar 4a Flgura 1,

P Figurs L, Can han~
' dling precotyps
ayatom,

(&) can alavator and
gravity dzop,

(b} yravity drop and
hukiaontal can
line,
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Holou luvelu {roum horliontal can lines tangu frum
u5-104 dBA, Thus, 1o sonu ceuus @ nefow raduction
{HR) of 14 dbA say bo noodud, Many methodn of
nalpw contkol ara avalleabloe four can linew. Soma
cannatlon have roduced the empty can noloa level
vlgnificantly Ly placing the wiply can linwea on
the reol, Thiu vkeludun the nolos [rom thu pro=
casolng atuna; thuo, 1t Juwors tho nolew lavel for
a majority of tha workars. Cunslderacion ohould
alno bu glven to reducing thoe lungtho of the can
linow, ewpocially whan the dopalletlzer amd filler
arn [ar apart or when can linue travel above work=
Ing otativos,

loine [rom convuyor cable and cap~track intutaction
nutsda dmvolisto atbention,  Skwel cables alould Lo
teplaced with nylun-conkod cablow {HIG  U=14 i),
Stoul aluuve baaringe slwould bo reploaced with plawe=
tle alwava heagdngs (it 3 ABA). The roplacemant
of mutal shoaven with entruded plastic guides
should be conolderod (Hitt ) dBA). Thuue guldos
ara oot nooded AL nylon-cuatod cablo im woad, The
noisae coduckiony listad are {ur isclatod machineae
with low Lackyround noiso and, when implemented in
nimgon, are wot addicive, Onu can achilove, at poat,
anly the minlwum nodva ceductlon 40 the componont
op machinoe o not lovlated.

Control of can line wpoad is an oxcellent matliod

vl nolse roductlon. Hhan cao apeed 1o reduced, the
can impwcting furcu Ao taduced which luwnrka thae
nolsa lavel, 1€ ippect wpood 1w ducrusesd by =
I[nctor of 2, the radiatad nolow will Jecrosnn 6
JdBA. Thum, thae cans shuuld be aluwmd whanover thia
L1l not sdversely affact the productlon elliclancy
uof tha nynten,

Hliminatiog isjmcto will eifectivaly roluco tolno.
Two, sumowhing ddanlistic mathods ace te alvays have
the cans tuuching or puver allowlng the canps to
touch, In praceical jeplemuntation of thooe fdeasn,
sl oAaToa to allow can lapactlng may ba nowlod. Thius
aran shiould be lavinted awvay [rom enployes working
Araan,

fitrugturad invlation kespu vibrationa from radiat=
ing thitoughout the antita can lina snd mleo in al~
faccdvae in teducing nolen, The use of resilisnt
proemaka balwann frama and nide ralls is bonoficial
(HRt 3 dBA). Almu, unieg tesilient magarial to
funinta vibrating scobnra frvn che rent of che can
Ana will help xeduce nolma,

Full anclosuias aro cepnable of pruviding lacgw
nelna reductionn (Nt %-20 dBA) .  Au alp=Cight en=
qloauca which dinnipates as wich opergy an peanible
in nocded. Visual inspsction and lmmediate saccuouns
te can Mnon ara & must, Thoa, &t leest one gioar
mida and an eany-actans door muot bw provided,

Tha £firat prlority (or reduclng tha nolew Lrom liori-
rontal aapty can lineo is to fpacall nylen-coated
cablo and plantic ahoava Leurings. The next cun=
gldocation would ba ko implesent can line spesd

or wpaging conkgel. I tha nuiess laval is atilld
ton high, guide rail Rinerm, atfuctutal vibeation,
poalploning of che ralle, and {ull saclesuran
ahould all be coumidared.
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Hordigontal Can Line, Nolwew lovels [or horlzontal
can linas {gure 2 range [tom 95-105 dBA} thun,

@ raductivn of L5 JIA may be neaded. Jlotcizonkal
cap Linup provide a continuous nolne source in con=
krant with the Lateraittent nature of nolse of
othur can handling cenponantos,  Thus, a bold atap
iu to ellninate the horizontal can llnve snd in-
crason thu numbor of direct can Linas whilu dlow=
Iny tho cans to achiova the donirable scoustic
affuct and tlw sawe arount of productdvicy. Other-
wioe guldo rall lindngs (Hitt 2 «BA) and proper
pusitioning of the ralla (N2 3 JBA with halving
ul distance) can bo holptul. Insercting sagnetas

in thu corner pullays may holp. In horlrontal

can lincy ntacked ouu on thw othur, sound absorb=
ing balflun placed batvmaon cach Llayer ate helpful
(Hitt

Figure 2. lloriaontal can line showing cann
and guide salle of & 180% turn,

Gravity Trackm, Holms lavels [rom gravity tiachs
Tangn Irom 90=110 dBA, Thum, in woRo cAmen A
roduction of 20 JBA fs neodod, Thin ngnd of lacys
roductione may tule vut partial enclusucw polu=
tionm, The nulps muat adcher ba cuantrellad at itn
sourca ot & [ull enclowuia with minlmum loskagn
whould ba implomantad,

Hany genural nuien roducing tochniquen aca avall-
able for nolwa coutrel, Pecraasing the wlope of
Ltha gravity tracka will docresss thae can velocity,
thue ceduciog nodwa 6 JdBA for oach hnkving of
spand, The neine lavel of gravity tracks can bo
raduced by ceontrolling can impacting wilth sansoga
to kaap the track full or onclosureos to sucround
tha ilmpacting araan, HKeoplug the impmet reglon

ag far [rva vmjtluyoan as puseible has abivious
ranulis.

The specific aoimo control aplutionw thet cauld
irmadiately be Implomanted to quint gravicy drope
arei 1) conutructlng an enclumurn around tha
waluting ac, 2} Introducing A Flap syaterm chat
wauld nlow, dnmp, aml reduce ispact botwaan cans,
atd 3) a conbipation can toack, anclosura that
would roplaca tha existing yravicy drep.  Each
cennary may hava diffoveat copdlitionms, thum vari-
aun Aolutione for quieting jravity drops Azae
newded, Theso Lldona waro Caated At the Univer~
alty with resulte shown and now nesd to ba Cnoted
in an ackunl capnery snvironsont.
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For pluaclng enclusuroes arcund gravity drops numec-
vug waterialns are avallablu, The encloguru ma-
teriul [laully arrived st depuady on tho requives
wunte, I0 viodbillty {u nuudued, o clear plustle
ghould be veed on onu, twe, or oll swidos. Flox=
Ibla vinyle arge avallableo along with rlgld
actylic and polycarbonste shoutw, lutyrate, o
clour rolatdvely chueap plastic, fa buing preducud
fa thickor sheoto and fu now avallabla, 1 viu-
ibllity Ly not nouded or wantod on vinu or wure
olden, high dunsicy polycthylunge or polypropylune
wieet can bo used to provide & cheapur solution,
Daaped vhoat metal fu alue a goud posalbility,

Typleally a gravity drop would bu viewed and ac-
conuibla frow tlwe sidu of the bottom, MHany en-
cluburus aroe possible including rigld tubau, roc-
tanygular shupoa witly acceds duors, tluxibloe wrup=-
avound gncluaurun, aippoted cuclusures, osse~through
unclowurea, aml corbinativn can track enclounuros
{Figura 3),

Figura 3, The conventional gravity deop iw
saplaced by a clear acrylic crack-snclosurs,

A [lap syutom consinting of hanging {lape directly
in the can path (Figure 4) hay baen tewted. The
Llaps olow and dasp the tolding cane whila allow=
ing chem tu [luw wmoothly chrough the diuvp st o
sliglhicly abovae the [illor [low cate, I'rosently
cane cuda off Glw hocdaoncal can linew at A con-
tradlad spead wnd then sccelarate te the bottonm of
tha track or impact the preceding can. Tha L[lap
ayacem would elow the cann ta the controlled spasd,

Flgurn 4,
genvity drop, nlow, Jdamp, amd pravant
Impacting of cane,

Rubber Llapa mounted vn the

10

dapp out the ringdng of tho can, and fall in be-
twoen vpaced cany to roduco can=tu=can impact.
The can would lepact the voft flap Instuead of Lthe
naxt can, The [lapu reduce fmpacting and non-
lepuct nolwe levels from 10-08 JbBA. Thiu wolution
night be cowbined with an enclusuru vyotem Lov a
tuch gruator nolua reduction,

SUIRAILY AND FUTURE WOIK

A thrug=year project lu Ln progeewus on the reduce-
tion snd cuntrel of nofua levels in connerieo.

The cansury noloe oources aml their magnitude wora
dutertiluad, Thu vtate of the art of canuety nolee
cunkreld countialna kaucoun noles contrel 1daay, Lut
faw lavae beon lwplomanted, A wide ranga of wates
rialo woru tusted for nwloe roduction, nanftatfon,
durabilicy, Lfustaklatlon came, and cust., The
cannorlun fww kiow what thoy oheuld or should not
une, In the modificatlion of ecalotlng vquiptent in
cannorloa, copty cean hoaadling oqulpment hed ficnt
priority. DLrototypun wure cunstructad (or quiet
gravity dropu, twiatu, and lhorizontal can lincns
and tantud in an ancchoic clhuaber, Tho wust prac-
tical nelae reductlon teclndquos at thlo time aras
ruplacemaut of atucl cable with nylen=-coated calila,
a [lap uyotem and gulde raile in the gravicy dropa,
nuw nolpe reduclng twlat which will reduce the
nolge leval up ta 15 dBA, and plastic rings on all
corner pulleyo,

Future work will dnclude getting up pllok progcamns
1 & camiury to towt how the protocypes will fune-
tion Lfn An actual cannory suvirousant, Other re=
ecarch will Includa alt awl atusa vent nolso,
glany contalnar hambling, aml possible fan and
putsp nodmd.  The Unlversity rascescch will end In
Hay, 1977, lupuefully, pilet progcaas can bo sat
wp durlng the time rossloding and ceuld be ceportod
v later.

JULFLHLHCLE

Ui, Dupartmant of labor, Occupational Saloty
and lleadth Admladnteation. "Oceupablunal Salety
apd Health Standacde", Fedural Megistar 37202
Part 11 (nctubmi 18, 1972), 22157=22458.
Burkhardt, T,H., D.G. Holay and H, O'Brion.
flnvastigating Isclatad Hodse Guurces in Con-
nerioew’, Trausactivns af tha ALAL L18-2 (1975),
161-165,

"Goud Hanulucturing I'ractcice Ragulationn, lart
120 ~ 4anitation™, pp. 73-81, In, The Almanac
of thao Canndang, Froazing, l'rnl-n_rvinuuduukrhn.
Hustminister, Haryland: Udward E. Judge & lions,
Inc., 1976,

Amurican Socloty for Teuting and Haterialm.

"impadniie wirk Abwoiptlon ©f Azzuztien? Mareri-

1,

1,

3,

[~

als Ly tha Tuba Hathod", Bouk of ASTHM Stamlatrds
14 {1974), 115=126,

5, Kugler, B, Ayy Ko Hiewlee, L. Pope, J. Hilby -
Hulnu Centrol Daafgn Guide Lot Pl Procennorn,
torciand, Orogent Hortiweat Feud rocanpsocn
Annvciation, 1975, p. 1o,
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"Hloloe Reduction in Cbhnnorieo”
presentod by
S. M. vaggoner

PIGCUARTON:
, C. lurnl W, Gatloy;
' You tepted a lot of oquipment, ‘oo You mentioned thot you honded nome
thin donnted by the companicn? thin £ilm to some acoustical material and
! its performance wan not good. Mow did you
: i, Waqgqonery do the Wwonding?
. Woll, the equipment you saw in tho
; anochole room, Lits ond plecon of this wore S, Worgonnrg
l donated.  The elevator wo made ournclves, vie purchased thone foams with £ilmo
i alrondy bonded, 7The filmo were continu-
' R. Ciohiong ounly bonded, llowover, wo hove found thot
i wWhat is tho frequoncy spectrum of the LE you Jjunt droop the £ilm on tho surface
’ cany? of the foam tho obuworption doeo pot nuffer
f =--tny it gstays roughly the mame at BS per-
i 8. Wagqqgonor; cent.  Dut 1f you take the name film and
Wa teated all portes of canas: amaoth bond it contlnmounly, the aboorption dropa
nide, bonded side, 70 pound, 95 pound cans, to aliout 45 porcont.

and woe found no nignificant difference in
apactrum between thene, Tho apectrum is
brond band--extending clear ncross the
board--from 100 lz to 15,000 Mz,
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THE HATURE OF NOISE SQURCES TH CONTROL VALVES

Gurhard Rewtliel

0liver It

Mchaniel

AL tzmice

The Holwe Control Labwtacery
The Pennnylvania State Universicy
Univergicy lark A 16002

Indyntriul cohtrol valvow and repulators are major
nolne sourcen in the chemleal, petrochemlcal and
other gan- vr steom-uolng loduntricen, The valve
manylackurers over thu last soveral yearn, re-
npending te nolpo legiolatfon dlrected ot fnduntrial
nelon, have twen succennful 1n developing gquicter
valve configurations, Hoeat valve manufacturers
have also develaped a nuloe predicclon ncheme
uniqualy auited to their own partfculdr con-
filguratlon primarily brsad on emplrical consider-
ations. However, thore inm a lack of fundamental
qualicat fve undaratanding of the valve nolne
genapation, tranomismlon and radintlon mechaniomn,
whiich, fn the pnst, by prosented the development
of a univaerenl form of a valva nolee prediction
techndqua. Thin papar presonts proliminavy
rangarch rapulen of an clfort to oxnRlne the
fundanantal nacura of the nuise genoration
machaninms In control valven, The mource of thn
noine in helieved to be the violent, turbulent
mixing tnking plece dowpatrasm of tho valve
rencriction, which, in curn, geaoraten hoth tur-
bulant and acountlc intarnal prussure [iolde,

Tha incernnl wall prossurwe fluctuatfons In the
pipa gprovide the forcing input to tho pipe wall,
Thia randoem force fleld will exclite the plpe wall
tn accordance with the pips's dynamlc rosponne
charactorintics. The resulting pipe wnll
vihpationn ave uwsually respunaibla for the radlated
nound.,

Tha Nolwe Control Laboratory at Papn Htate hinn
been conducting valve nolne repsdrch umler
apunmarahiip of the Hatlonal Schence toundation and
by moveral valva manufacturers for over two yearn.

Our bamic approach hea been to soarch for fnnight
into ths tundamentnl aspecte of valve nolne
genacation and propagat fon so that valve nelen
pradfictdun tachniquan of A wnkveraal natura can
ba daveloped, Fransat tochulques ace highly
empirical and spaclaliced for dif{fecent clagson
of valvan, We are in addition, prarching (ot
mathode to deafpn quiet valvan,

Tha rasaarch haa hean divided Inte the folluwing
tankm?

13

TASK 1 SPECTRA AND CHOSS CORRELATION O WALL
PRESSURE FLUCTUATIONS DOWHGTHEAN OF A FLOW CONTILOL,
DLVICE

In thle phoae of the resesrch we performed cronn
correlatlon meapurements between (lush mounted
prensnsure transducers at difforent axinl locatlona
dowintream of orifice plates, valven, and othet

llow rentriction devicen, coupled to an anecholcally
terminated 3" plpe.  The baoic objoctive of thin
portiun of the ntudy was to deteinine the forcing
function whilch causen the pipe wall vibratlon and
nubsernuent radiated noloe.

1t won determlned from the cross corrolation that

nt greator than wen plpe diameters downntrean of

nll devicen tented, the wall preesure [leld in
complotely dominated by an acoustic prenoure fiald.
Heat the devicea themselven (wlthin 3 plps dismaters)
tha wall prespute [leld la dominated by an intenna
turbulent pressure field, lowever, thia {iold does
not apponr te couple aflficicntly to the pipe wall,

A typleal narvew band apecerum of tho acomtic
presaute [luctuntion gdowhntyeon of 4 nimpls 0villce
arg shown in Figure 1A, Tho pronoure cotlo wam
2,76 andd thicknean and dlameter eation of the
orifice wera 0.2, Hoderale peaks in the spectrum
corranspand to cutolf frequenclen of variows Wigher
order moden {n the pipes Tha prenlnanca of the
poakn varien with the cypo of device and operatlng
copdition, A typical pipe wall nccelaration
npectrum [or the samy condliclons an In Flaure 1 ie
shown In Figure 2. Moot of Ll vibeaticnal energy
(and subnoguent nound tadiation) ln at or near the
cutolf [requencien of tho intetnal acouatic mednna
of the pipa. An a ropult of this, we ballove that
denlgn of in-line wall tresatment ailencern can Lig
nigndficantly Impraved by optiniglng attepuation In
the vicinlty of higher order mode cutoff frequencien.
Tachnlques are avallable for optimigation of wall
lmpedance for higher erder modes fn pipea (oes, for
annmple, Heferonces 1 oand 2).

Al lputan 1 and 2 are tahen Lrom a recent thesis by
A.Y. Karvnlin, "An Exporimentnl Inveatigation of
the Wall Prenpure Fluctuscions in Piping Centaining
Gimple Cuntrol Davices," Ph.D. Thesis, 1he
Pesnaylvanin fState Univeraity, Avgunt 1973,
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TALK 2 CHOSS COMRELATICN DETWEEN TIHE VELOLITY
FLUCTUATIONS TH TIE VICIRITY OF A CONTHOL DEVICE
AND DOWHETREAM HALL PRESSUNE FLUCTUATHONS

Thin repcarch f{nventigutes the efflect of the gur-~
bulent flow reglon on the pipe wall pressure
fluctuationn at ngveral dowystream locatfons. Fer
thin purpone, the cresa corrolatlon technlgue

han been uwoed hotween the turbulent velocity
[luctuations sepned by hot {1llm ancwomstey apnd the
wnll prosoure [luctustlons ocnped by o flunh
mounted microphune, Simple orflicen were uaed to
afmulate actual valves. Thoese orificfal-typo
intense turbwlence gehoratoras wera uned becaune

of thelt simpler thoory, which we believe wlll

giva n more bnale undaratanding of the phenomena
wadar ntudy. Tho reaults obtainod nhow that thin
techniiquo ean be woed auccesnfully Lp the turbulent
flow ragion whara compressibllity effocta can be
fgnored. In the highly comprosaible reglen aft of
tha orifice In the (lrst 2 plpe dlamoter locatlond,
the lot~film sennee the tomparature, prempure, and
volocity fluctuativna, A much more detailed atudy
ol the nignal obtnined by the hot-f1lm fn required
bhefogo waing this teclmigue in ¢hose locationo,
Typical reanita showm In Figura 3 (ndicate that tha
turbulent [low flald at 3 pipe diacctora dowmntream
of the orifice and ar the centorline, fn mustly
ranpounihle for tho pipe wall prasaure [luctuaticos
furthor Jovnatcesm. This figurn la a plut of the
maglmem value of the corralation coelficlent an o
function of radial and anial position.

A typleal spsctrum of tha velocity [luctuationn

kv sliametara downationm of an orilice plate in
shown dn Pigure 4. Althowvgh the duowmatroeam
presaurs [luctuations, which coupla ntreugly to
highar order fncernal plpe modes, are causesd by
this veloclty npectivm, there f{e no ipdication that
thers podan In mny way Influence the veloctty
fluctuations In the vicinity of the control daovice,

TASK 3 THE HEASURFMENT OF SOUND I'OWER OF VALUES
AND PIPING SYSTEMA

In thin phaan of fhe valva nolne ronenrch we are
evaluating A rethod umed for entimating the mounsd
powar of valven, Hevaral valvas and orillcen hava
basn operated at varlous [low condltions and have
been vented to apbient atmasphertc prassura both
directly snd with variows longtha of pipe attached
downstceam, Tha seund power In calculated uaing
tha raverborent chambar method. Tha haale concern
with thasm seawurements 1o whathar daca obtained
by thia wothod can he ueed to prodict tha polse
poslotmanca ol & yalva in mn actual piping ayatam
and whathar [t can be ured co etudy ralative per-
formance of varioun configurationn tn avaluate
quier valva dasigns, It wum dacided that the
validity of the method would ba questionnbla if
the vanulta varied nignificantly with diffarnat
Jenjtha of dowuatxesn piptag, Hesulew for a 3 ionch
conventional ploba valve ara shown In Flgure 5, It
caty e woan from Pigure 3 that tha fesulce are
roasonahly consistent rogacdienn ¢f the length of
downactrean piping.

An o continuation of this phane of the rescarch,
we plan to ntudy the ef fectw of varlous bendn
such an elhown and ceen, In piplog ayntems, with
repnard to both radipted notne aml the Interaal
preagutre fleld,

WEFERENCLES

1, verumnki, W.E., "Acoustic Theory of Axlayrnetric
Hultlaecttoned buctns," HASA TR =419, 1974,

2. Wyerman, B.K,, “A Theeretical and Exparimental
Study of Acountic Propagscfon in Multluvectioned
Clreular Iucea," Ph.D, Theods 1n Engineecing
Acouaticn, The lennsylvanla State Univornalty,
Harch 1974,
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“The Nature of Noise Sources in Control Valwves”
prospntod by
0. . Mchonicel

DISCULGSTONY

0, Mchoniel:

this work han been going on for a
little over two years, The project atarted
with collaborative funding from scverol
valvo manufacturern, Thin came to about
$6,000. We then submitted a propoaal to
NGE' with wstrong endorscment af the valve
industry through the ISA commlittee on valve
noiso. Thin amounted to two $50,000 grantn
for o totnl of 5100,000, e aluop have
specific contractn with voalve munufacturers
in product developmunt type work,

B, Dande)

You mantioned that you get penks in
pipe wiall vibration at frequoncies that are
ansociated with tho cuk off frequenclon of
tha gns modeo, and which do not seem to bo
identifioble with any pipe woll moden, I
think the rennson for that in that both the
plpo wall modes and the gas modens have cut
off frequencies below which they don't exliat
but which they do exiust for frequencies
above cut off. For tho (2,0} gans mode in
which you have two modol dismoters, the
typieal cut off froquency Lo maybe 2500 |le
for the plpe dismetors conpnldered hore, 1If
you look at the corraenponding mode of a
pipe wall as shown in the drawing haere (tho
fundamental hoop mode, ellipticnl in shapes
Fd,), it obviounly couplos well with thins
gnn moda. If you take n ring of pipo only
an inch long, you will find that the natural
frequancy for thia mode cccurs at aomething
1ike one-tenth of tha cut off fraquoncy of
the gan mxle. fut now iff you den't leok at
tho ring but lock at a long plece of pipo
you will find that Loth of thesy modea pro-
pagata at a apeed that deponds on how for
you are above thoe cut off frequency, They
propagnte with a phase wave length which
dependa on tholr propegation speed, It you
look at the equationa which describes the
propagation of thene two modan, you will
£ipd that there in typleally n frequency
juat ahkove the cut off frequancy of the gnso
moda whera thesa two moden propagate with
thn sams phanse apeod, so that they are not
only matched circumferentially but alno
longitudinally. That interasction whoro
thay match in all three directionm occurs
typieally at n frequency juat abova the cut
off froguency of the gan moda.

0. McDaniel
T thInk wa can resolve this by dolng
caceful meapuremants to Lind precinely whure

that peak occura in frequency.
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J. Snockenborgqer:

Mont valves are fed by a pump of some
sort upstream which producen o pulsating
fiow. 1In your study considering these
puloating effects through the valve?

08, Mehanieds

No, we are not studying thia, We've
taken great poins to nee that our flow is
not pulsating, We've not conoidercd any
intueraction cffocto,

. Munter:s

This iy a comment on 'vte Dande's
commenta:  In clectrie motors, there are
frequoncicn excited in the stotoro of thesc
matora in which you cannot trace to any-
thing, reanonably. Then you find out that
there is o harmonle of the ntator current
which exciten thin fonr-pole modo. You
have o rotating four-pole magnetic foree
which exclteo the four-pole mtator mode,
no you qet somewhot the name mothomatical
equations, even though the phenomena io
quite diffoeront.

J. Tichyy
What Petor (Bonde) hon offered is

very likely explanation, nlthough I would
not believe tho apeed of nound In oir
would mateh the apacd of sound in the pipe
since the latter in much higher. Hove you
tried to £find the modal frequencien of the
pipe?

Q, Mchaniolj
No, but wo have plona for dolng this,

Aluo we plan to toke a look at the corro-
Intion between the alr ond the plpe wall
vibrations. Remember though that the phano
volocity at cut off 1s wvery hilgh--golng
toward infinity--po there could be a match-
up thorae.

W, foedaly
The opecd of honding waves in a pipe

in not the spoed of compression wavea in
the moterinl--it in much, much leta.

By, Papdog

IF I moy bo permitted to moke a com-
ment on n comment gn o comment, the specd
of n gan mode Juat above cut off fLracquency
in much, much faster than the speed of
pound. licre you have a wave front which
would ba parallel to the axis of the pipe
and which propagatea ot tho speed of sound.
Howaver in the axinl direction the trace
wave muat travel much faater. If you plot
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thin trace wave veloclty agninat frogquoncy,
you will find that it ls theoretlenlly in-
finite at cut off, but then nettlen down
with increaning frequency and opproachen
the spoed of sound., Mow if you plot both
the speed of propngotion of the hending
vwave in a plpe woll an o function of fre-
quancy, and the propagation npced for the
correaponding gan mode, you will find a
polnt whero they lnternoct.

L. Paulkner;
We junt concluded o ntudy o few montha

ago looking nt transminaion through walln
of commercinl pipen, It waps o pipe wrapping
ntudy and we did not took ot nources. One

78

interesting thing we found in thot if you

have a ¢gas inside the pipe, an opponed to 3
liquid, you get very different character-
latics, We concluded that [t ln the very .
large difference in impedonce miosmotch

between gon-metal and liguid-metnl that
explaing thio, HNHave you looked at thia?

0, Mchanielg

We hoven't looked ot liguids ot all. |
With regard to valve noine with liquids,
there are uvome draptically different
problema,
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NOISE CONTHROL OF CHAIN SAWG
(A CASE HISTORY)

Wernoer Soedel, Frofoanor
ftay W. llerrdick Loboratoricvs
School of Mechanical Englneoring
Purdue Univeruity
Indiana 47907

Weot Lafayotte,

INTRODUCT ION

The work otarted when a major chaln paw
mapufacturor invited the author to suluit
a proponal in the arcea of nolne control
of chain wawn, Bofore that, three other
ruogearch projocts sponsorod by thlu comn-
pany had been succosafully comploted by
llerrick Laboratory ruenearchers. The
first and tho second wore concorned with
thuy cutting characteristics of chains,
thy power that thoy require, and the
goneral dosign of two agtroke chaln paw
unginos, with tho objoctive of making
thom lightor., “he third way concerned
with tha roduction of chain saw vibruationu
an thay aru fult by tho operator. hus,
a good rolationsbip wlth the company
oxlsted, oipeclially ono of matual trupt
that allowad alterations of tho contract
objuctivan aa tha daveloping work ro-
quiraed At.

Tha original objoctives layed out ipn tho
propusal warai

1, 4o invaestigate the "nolse floor®. Ny
thin won muant the achliavable minimum
noiosa Lavel aftar wlimination of tho
wornt noian sourcau.

4, To invoatigatao the Fowor daw Manufac-
turar's Asaocintion practico of
moasureing chaln naw noilse ocutdoors.

3, To dovelop an ludoor moasuroment
procudurn for reassacch and devolep-
munt purponos.

4, o use apoctral analysds to ddentify
tha major nolea aaurced.

4, fTo attompt to raduca the goperal nolpo
lavel on A paw furnishad by the con-

pany.

u, To provide coptinuous advlcu Lo con-
jny denign enginvarn.

The orlginal time table called for the
work to take 14 monthu, A mantor's do-
gree candidato was t9 do the work under
the guldance of the author, in partlial
fulfillment of his dugree roquiremento,
Tho final repert on Lhu work wap to be
a master's thepis, Tho contract cont
wan get with thin objectliva in mind.

Fortunately, from the final rooult view-
point, a suitable master's degree candi-
date was not to bo found, while a Ph,D.
candidate, B.1L,C. Mutyala, vop avallable,
unfortunately, from a financlal support
viewpoint, a fourtecen month program doon
not allow a studont to satiofy tha much
mora difficult Ph.n, dssurtatlon ro-
quircmontns, even Lf he had finishod most
of the coutie work, as Lt was tho caso
with b, M.C. HMutyala. Thus, it waa cloar
fram the start that the atudent wan to
gaklinfy the contract first in tho alotted
time span and then was to pick a partlcu~
lnr quuution for an indepth study for

hin dispurtation.

Thiu is exactly what hopponed. durinyg the
coutse of the contractual work, tha by

far domlpating noina gource wan found to
be tho onglne oxhaust, Tha npoctral
analyaln led to tho bolief that Nolmholtz
regoantor offocts involving tho englnoe
combustion chambor orvated mont of tho
noinsn, Cheooaing this for thue dianertation
work, a mathematical proof ipn form of &
nolaoa radiation aimulatlon program of the
two ntroke ongine oxhauat noine waa tho
ntato of tho art advancemont that ful=
filled thoe dogroe requirements. br.
tiukyala recelved hioe rh,b, degreo ln
Docombor 1975, All vork, aftor tha
initial contract wanm finally tommlnated

in unrly 1974, wap unsponnored and tho
ptudont's support came from elthur
llurrick Lahoratory followships or from
taaching asalatantshipn.

The pponsor contlound contractual rowsarch
with the llerrlick Laboratorios, but in tha

a1 i b o TR Ao T o s R, A AT A ALY 2 U T TALE T C SN PSS AR




AdQD STEYTIVAY 1358

aren of garden tractor nolue control.
Thure wan obvloudsly, from thelr point of
vievw, no profit in sponusoring a contlnu-
ing theoretical ptudy, whowe chance of
pucceas, and of becoming practlically uoe-
ful, wan omall in the beginning., An it
turned out, the reoulets of thios work bo-
came very uscful for definlng criteria
for muffler denign,

ALl this polnts out a fundamental disad-
vantage in working with private industry
(purhape excuteable in light of all the
advantagen), It ie many times imponsible
to obtain monvy to pursue a queation in=-
depth, once the dmnediate problem that
gaunued tha cempany to wponusor rescarch is
polved. Thivs iv not to say that tho re--
lationabip with ouch "utllity" wspongoras lu
not oxcallent sand bonafitial to a unlver-
olty laboratory, in spite of this diffi-
culty. The polationuhlp with the sponnor
hau continued to ba oxcollent and of mu-
tual advantagu to the prenent day,

The following deascribes results of the
total threa year runearch an it was ro-
contly comploted. It fs divided into
four partn. Tho first part discusags tho
difficultias of tho industry to qot con-
slatunt nolne measurcments and shows that
tho chain naw or the microphone should bo
placed on a hard surfaco in ordur to got
dafinable data. It is proposod that this
procedura showld bo adopted an a standard,

The uacoml part suggests a procudure for
taking indoor measuremonts using an
anachode room.

Tha third part discussen noino idontifica-
tion on the chain aaw and shows that on-
gine exhaust pnoluw was tho dominant fea-
ture on tho spava that woro studied, It
shiown that lolmholts rosonator type dis-
chargen, with tho combuptlion chambur act~
ing as n roponatca volume, ara a Koy
noine mourca,

In thae fourth part, a doeplgn proceduro for
a simpla low pans filter mufflor ia givon
that allows to e#liminate much of tho ex-~
bauat noilsn and brings tho naw nolweu down
to aceaptable lavaoln.

Finally, a brief discusanicon of a computer
simulation model of two ntroke ongine
noloe omispion Lo glyon,

QUTDOOR MEAGUREMENTH

At the tima thin work was donn, ne indup-
try ntandard for moasuring chain agaw

noisa was in exintence (thoroe may atilld
not ba onu, for all that tha author Knows),
In an informal way, agrucment was reachad
amonig companlea Lo moasure noino at 50
feat distance, the aaw balng hold waiot
high and the microphone heiny locnted at

L1

car level. It wou qulckly realized that
measuramente Were nob repeatable, cven
vwhen it waos apeclified that mecasurcinento
should be taken over grace turf, The
author remembers having seen an informal
report that descrlibed a sort of round
robbin experiment where several companion
meavured each others chaln vawy, without
much nucceou. The reosults differed by up
to 5 dba,

I’ather than trace through all tho dotails
of thio oxporiment, which would have ro-
quired a lot of potentially uwsoeloesu work
aince the report did not explain thoe vot-
upd in detall, it was doecided to approach
the quention from the viewpolnt of funda-
mohtal acoustics. The following in a dio~
cusslon of the concluslony that were
reached.,

The poltuntial factorp that influence out-
door noluse measurements and maka them ap-
pear to be non repeatable are spherical

divergenco lopuen, the presence of wallo
or treeu, cffocts of wind and temperatura
gradients and the propence of the ground.

We may oafoly assume that spherical diver-
gence lowgoes are 6 dB for each doubling
of dintance, provided we take far fLield
meanurcmanta, that is we are approximatoly
more than three times the lacgest chaln
saw dimenpion removed from the centor of
the saw when we take our meagurchonts.
Thus, 1f we take »n moapurcement at 50 feot
distanco, we will find that the aoupnd
prosuqre lovel at 100 feot in 6 dI lower.

How let ue suppoac wo have a lonoly wall
at 100 fect distance. Aws a matter of
fact, let uas pupposa tho wornt ponusible
caner  a wall that extendn toward Iinfinity
in all directfonn, If we [orget at the
moment the additional prenence of ground,
which we will dincuso later, wo dea that
tho microphione shown in Figure 1 will
moagira two aoundnor  Tho direct sound

wo Want to measure and the sound rofloctod
from our poutulated "Chinceoo Wall", Tha
total wound prossure ien a summation of tha
two olfocts. Jot un take aps an oxamplo

Ly = 50 foot and I.2 m 100 fect. ‘Then the

magnitude of tho ruflectud nound presasure
Lo approximately one fifth of tho magni-
tuda of the direct scund prossiuce, nogloc-
ting intorlforenco offocts, Thua, a
building 100 feet from tho microphune wkll
add roughly 1,6 di} to ocur measurement,

Tho stornt cawma, where tho mlcrophone in
located directly at the wall, givon un a

6 ab nddition, If we pootulate, that wo
can allow a 1 di arror, the required dio-
tance botwean mlicrophone and bullding in
185 fewet,

Hoto that all reanoning appliom also to
tho case where we {ntarchange tha loaation
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of the saw and the microphone,

If the round robbin exporiment dincusded
Ln tho introduction had a large cnough
fleld in cach cawe 1o not known.

n mora lmportant conslderation, often
nogluectod by the practitloner, iw the
prevonce of ground. Noth saw and micro-
phona are located cleaw to ground, thun
pimilar to tho pravious rdavoning we ex-
puct a sound preospure level increaso due
to the ground boing an infilnite wall, If
cither or both microphone and saw are
directly at ground level, our measurchenta
show a ( dB ingreoase ap compared to froo
ficvld moasurcmonts (the pow lu located in
fruu spaco or an ancchole room). Agaln,
this in of no conscequunco aince industrial
standards can take thls automatically Into
account, What in important, hovoever, io
that in cortain froguency hands we got
interfercnce affocts because wavos ro-
ceived by the microphenae diroectly travel

a shortor distanco than waves that reflect
Erom tho ground.

For an "acoustically hard" nurface like
comunt or asphalt, we can calculate thewno
intoerferencen. Ruforrlng to igure 2, we
obtajin "critical frocquoncies® at which
nound lg extinguished., If

hr << Iol

hn << Ll

then the flrat of this critlcal Lroquon=
clen occurs at

whara ¢ = ppued of aound.

A typicnl sound prossure lovel cerroction
with regard to tha free fleld in plottaed
in IMgure 3. It in alwo ohown that an
facoustically noft” surfaceo will lowor
thia erxitical Zroquency. Thua, if mea-
surements are ppecifiod to bo carriod out
on grawms, tho eritical fraquoncy will du-
pend on grass langth, doneity, molisture
contant, weto.

Tharefore, if the round rebbin expuriment
wan carciod out ovor uncontrollud turk,

A lacgn aource of arror axisted, vdpecial-
ly if the intorfoeranca fLragquoncy wan in
tha meln range of chain saw noleo.
Prodioed by thin work, thoro was talk about
ualng artificinl turf, bhut even that will
¢auna problems hocause of the intarfor-
onca frequency balng too lov.

It waa thorefore racommundamd to carry out
exparimenta on hard surcfacea of cement or

AL D T e R e e D vl

auf halt and to place cither the saw or
the wmicrophone onh a pad on the ground
(Figure 4}. 'The correction curve i
shown in Pigure 5. Thiv ocemn to be the
only feanible way to obtain repoatable
reaults that are meaningful to enginecro.
Honprofespional certification utandardn
by government and municipal authoritles,
if chey ciorpt, phould be corrected to re-
late to thin recommendation.

INDOOR MEASURUMENTS

outdoor meapureinents ay described can be
uned for comparison measurementu, direc-
tional radiatlion moeasuroements, opuctrum
analysin and component participation lden-
tification, Unfortunately, they did not
allow cavy ildentifleatien of the role of
onging exhaust sinco the exhaust nodope had
to bo eliminated from moagurements in or-
der to aspeny posaible noloe level im-
provementa by an "ideal” mutfler. This
ques tion had to be anuwetred by Mmoagure-
ments In an ancchoic room or reverbarant
room. “he ancchoie room wan chosen since
it would benst relatu to outdeor meanurce
mento, when directionality is important.

Moasurementy In an anachoic chamber roe-
quired wome modifieationn of tha chambor,
Bxliaupt yap had to bo removed and the
abaorbing wedqguoe had to bue protected
againot gasoline and oil pollutlion. A
shroud of plastic sheeting wapn uped for
this purpona. ©One end was open to inpert
tho chain saw and the othor ond wan con-
noctod to a tube connectod to an axhauat
fan (Plgure 6).

Tha plastic ahrouwd, oven while thin,
causad wome loss in moawsurcd gsound powar,
For limp plantic nheetdng, the tranomis-
ulon loos for dound wawvows propagating
perpendicular to the spheeting can be
calculatod,

For 2 mil Via-Queoon plaatic, the corroc-
tion curve for tranwnmission loss At ran~
dom incidence la shown in Flgure 7,

Muasuromants woro takuen with an anoechole
floor. If outdeoor and indoor meanure-
menta are to o compared, woe havo to add
to tha {ndoor measuremonts 6 db for ground
corroctlion, wubtract shroud transmisalon
lons and subbract 6 di for oach doubling
of diutance, sinca Lnolde tho anochole
chinmbur tho microphone has to Ix locatod
cloper to the paw by noconslty, fuch
corractiona work usually vory woll and
good agruoament hetweon indoor and outdoor
exparimantal rosults was obtalned.

o oliminate the oxhaust nolan from the
maapurementn, the exhaust gas wan pipad
out of the anvchole chambor during a
goparata oxparimont, A pipo was attachaed
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directly to the exhauvt porting of the en-
glne (Filgure 8}, Coare had to be taken
thot the preseonce of the pipe, which wan
attached to an exhaust fan, did not alter
the engino characteristics appruciably.
Alvo, the pipe had to be nolse insulated,
oo that ocxhauvot pulovatlon excited zound
radiation of the pipe did not interfere
with tho experiment.

Since an oporator controlled the opeod of
the saw manually inwlde tho ancchoic room,
qood ventilation and protective equipment
had to be provided.

Mocauon of thoe difficulty of controlling
the ppead of thoe now for any prolonged
timo, it wau advisable to cmploy cither a
roal time analyzer or a tape recordor.
In the latter case, a relatively short
noine recording was played back continu-
ously by nplicing the tape into a loop.

SOURCE IDENTIFICATION

Cnco the capability of preducing ropoaata=-
blo frequency spuctrums of the saw noiuoe
wan achloved, tha ldentillcation of tho
major noide sourcus of tha saw watu pouai-
bla. Potantial candidates werwe cxhaunt
noina, intake noina, chain noine, cutting
nolea, structural nolsw, fan noisc, and
koaring and plston nlap nolpao.

It haa to ba yumembuerxed that in ordar to
aaust an audible ehange in nodso of any
significnnce, thare in no nenne in
wastlng ones tima with the ollmination

of pacondary nolsa aources and pucka,
Rathur, tha mont fnportant nolsc sourco
han to ba oliminated first. l'or inatance,
12 thore fa a noipe acurce genocating

A0 db at muasuring loration and a noine
pourca of 70 dh, the total sound prenvura
lavael ie B80.5 dB, HKliminating tho scecond-
ary uacurcu af 70 db complataly (which nay
be an enormouns enginoaring achievemont)
will reduce tha total H5PL only by 0.5 dB
to HO di, lHowovar, Lf wo are able to
aliminate aven only 10 di of tho primarcy
Aaouxrca, the total 0L will bo 73 di,

fhe primacy nolse sourcn of tha two models
of chalpn maws under atudy wan dafinitaly
tha axhaunt nodme (Flgura 9). 7This wap of
couran nok surprkAing alpen tho apark
guard doublad aa mufflar, with moro
attantien unually glven to the spark
arruating ability thon to the muffling
ability, Aut aven later, whun a good
muffler had bean dnaigned, tho vxhaupt
noipa ptlll dominatud. Chadn noino wan
Lfound ta ba unslgnificant in comparinon
by running tha aaw with chnin and without.
The worst noise lavel was found by xunning
tha aaw at cutting npundn with no actual
cutiting., The autting proceas loadud the
engdna and roduced the total nolnme cutput
pomawhat. Thia particular reduction

L1¥

mechaniom io not yet completely under=-
tstood,

The noioe due to engine exhaust without

a muffler had o dofinite peak at a fro-
queney that wao ldentified as a renonance
frequency of the Instantancous magn in

the exhaust ports and the elaotie behavior
of the combustion chamber. Thus, the
engine wau found ko act like a charged
Helmholtz remonator. It was fownd to be,
for & single cylinder two-ptroko engine,

fom oo B
n I 1.p\r A
whoro

¢ = ppeed of wound [m/poe]

i = offectivo port arca [m2]

Ib = gffective port length [m)

V_ = combustion chamber volum at
bottom dead cantor [mJ] '

fH = reponance frequoency [Mz)
The e¢ffect produced io pretty simllar to
the nolae produced whon opening a bhottle
chargod with preswurizod gas. Tho gan
eascapes in form of a wudden ntap. This
excltos the resonant nystem.

HOIGE ATTENUATION DY MUPPLER DESIGH

Tha identification of the chargoed Holm=
holtz romonator offoct wan made during
tha first ycar of the project., Uslng a
simplificd approach, it was found that

a almple oxpananion chembar and tallplpo
mufflor could be dosigned, ngain en tho
llelrholtz principle, that would work well
if ilte remonnnce frequoncy, givan by

3]
nlq‘

vwhuero

¢~ gpood of sound [m/woc)

By = effective tollplpn axea [mzl
Iy = affective tallpipe length [m)
VM = muffler volume IinJI

could be made such that

fan < Iy

Iy intoraction with the sponsor, it wan
found that {f EMR wao vary much bolow

E“, the mufflor would work vary wnll an

a mufflar, but an unagcoptablue drop in
avallable brake horscpowor would also
reault. 1 IMR wan clone to ER, brake
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hoernepowoer lowuvo would be acceptable or
vvun absent, but the muffler would not
function vory woll, [tule of thumb rola-
tionshipn were vorked out to glve a good
compromine {The computor pimulation ingdel
that will be discusped next helped in
thio reospuoct),

Juot ip passing, ningle volune mufflero
with tailpipoe had been producced by muf-
Llor manufacturern in thc past and weold
to chailn naw monufacturors, It wau found
that in many casen these mufflers woere
fquite unaccoptable, There were caoch
whora EMH » ﬁn, which mode the mulller

clearly inoffoctive as far aa the mest
objectlionable nolse band wap concerned.
In other canoa, lorsepower lonoeh wWoere
too high.

The muffler dosigned ag part of this pro-
joct is now in production and in nold as

ntandard saw cquipment. Ito porformanco

at a typical npeed is shown in Figure 10.
Tho old mpark guard type mufflor wav only
a few db below thu no muffler case. ‘The

roason for this was thoe complete abusence

of a tailpipe,

MATHEMNAITCAL DLGCRIPTION OF LXMAUST NOISL

As mentioned in the introduction, it wan
folt that the strailght forward nolpe con-
trol projoect, in spite of Lts ohvioun
practical succesn, wan not auitable hy
itsolf for a Dh,D. dissoctation, Thus,
the author gave B.H.C. Mutyala the aanign-
ment toe davelop a mathomatical model of
the pystom that would explaip tho oxhaust
noise emission Lehavior of a two cycle
angino first without and thon with «
mufflor, The author had worked with
combinations of lelmholtz rosonator and
tharmolynamic modols bofore, and had
reapon to bolieve in the succens of such
an approach.

‘fho resulting model consioted of kinematic
aquationn, thermodynamic atate equaticnu,
mans flow aguationa, and acoustic equa-
tiona, Thue work was published and dotailas
can ba taken from refercnces [1,2]. A
ukatch of a typlical two atroke chaln oaw
engina In shown in I'igure 11,

Tha following results are for an engino
upoad of 6000 rov/min at part loada and at
full load, Computed typical muan pres-
nuraes in the arankcase, tha combuntion
chambier and the mufflsr axpansion chamber
ara pahown in Figura 12 for a part tima
load of 10 horsepowar.

Flyura 12 shows typioal mnasaured and com-
putad axpansion chamber proemaures, at iero
load condition of an englne=chaln saw
myitem and at an engine spead of G000
rav/min, Zoro chaln naw land correaponds

]

to a port load on the englne between 047
and 140 hp, While the quantitative agree-
mant is adequate Lf one conpidern the
necenpary idealization of the odd geomo-
tricn of the real 1life two-cycle cnglno
conneeting pavsnger and the typical un-
even f[iring behavior of o umall two-cycle
engling, the agreement in owcillatory
characteristlcs han to be termed excul-
lent, especially the froequencico of
anclllation.

The experimental as well oo the theoreti-
c¢al rewsulto show that shortly after the
exhaunt port has opencd, thoe presuure in
the muffler reaches a peak.  llowever, at
thip time the effectlve maun plug in the
exhaust port iw in itw extended pousitien
and 1y bolng forced back by tho clasticity
of the combustion chamber volume, ‘Thin
high frequency oscillation continuce, but
decays becauwse of energy loss. Dy the
timo the exhoaunt port clopen, the high
fyequency oucillations han disappooted,
What io left i the low frequency odeil-
lation controlled by the expanulon cham-
boer and tuilyipu. Thio low frequenc
osclllation lua also vinible during the
time the exhaust port in open.

The expansion chamber prunsure oscllla-
tionw wore computed for the total range
of load conditions up to full load. It
nhows that the name burst like oscilla-
tory diacharge choractoristic controln
the rosult,

Cunputed peak proppures in the expanslon
chaimber wore calculatad an function of
lond conditionn, Ao expectaed, thene
peak values rise with horsepower since
an increase in indlcatod work per cycla
producos en incroase in combustod gaa
pressires,  This meens that the “cham~
pagne bottlo” lu charged with higher
proeosurss beforo 1t dischargen (bofore
the exhauat ports open). A vory afinple
madel that aspumon a sudden oxhaunt
opuening to full flow aran valuus predicts
a linear lnarxesasa with horscpowoar and
muech largor oacillation amplituden. The
more roallistic model unod horc ohows
amallor amplitudes becausa tho input to
the Helmhioltz oysatom is of the nature of
a camp. Thins ramp ie strongly depondent
on moan flow conditlons and exhnunt alot
uhiapo, or, in other worda, on how fant
the combusted gan ia axhauntod,

Fiqura 14 shown a plot of aound premnure
lavel vorsus froquoncy, moasured and com-
putad aix fact from the opon englne ax-~
haust {(muffler removed) of a hand-hold
chalh paw. The poeak valuon ooour ab

nbout 1000 Mz, 'The experimontal polatn
ropronant ono=third octava dacn, with a
apark guard attached to thoe exhaust, Thin
guard did not influonce the sound radia-
tion apprecliably. Agreocment im excollent,
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copacially when one conniders the poor ro-
sulta that the conventienal appreoach fur-
nishes, whore tho llelmholtz cffect of the
vombustion chambor-oxhaunt port combina~
tion is neglected. Aloo no attenpt wao
mada to remove nound radiated from tho
engine and chain naw aurfacen,

When the low pams fllter muffler ia at-
tached, tho sound prossures level ealou-
latod and moasured at the same distance
of nix foot from the tailplpe end iu
givan in Flguro 15. Agreement is again
quite natlofying, conuidering that onc
vould now oxpect a more viwiblo contribu-
tion from surfaco radlation offucto. Thin
in apparent at frequoncles of 2000 Mz and
higher.

Thesa rosults nhow that it ld now pooaible
to agtually predict the noine emission due
to the oxhaumt of a two atrokae opgine with
and without axpanaion muffler. It io

now pooanible to denlgn a chain aaw muffler
during the drawing board atage of doalgn
with oxcollont chancen of succean.

SUBMARY

Thin papor attompte to summarize both tho
reaulta aa well aas the financial and man
powar hiatory of a three yoar noiso con-
trol project. fThe work started an a Lour~
tean month contraaotual reacarch projuct
that waa aponnored by a leading chain saw
manufacturer. Good practical reaults
wara cbtained duriny thia time, but the
roal atato of the art advancement camo
during the latar porlod of the project,
when the work waa unsponnorod.

Tnchnlcal resulte woro a ropeatableo out-
door measuremunt procadurs, a repeatable
indoor masaurament procediure, nholae aourca
identification, mufflar design and angine
exhaust nolsa emianlon aimulation.
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*Hoine Control of Chain Sowa®
preooented hy

V.

DIACUNATON:

J. D, dihnong
In your lapt figure, what was tho

fundumuntn) exhoust frequency?

H; faedaly
The fundamental was around 1000 Iix.

dp B, Gibnong
Doea that correnspond te the first or
vacond peak shown thero?

W, fioedal;
He find only one pouk, we don't know

whero the sccond comea from. If you look
nt Iguro 14, the experimontal data nhown
two peoks bhut these two ore centercd on the
theoorotical penk at 1000 Mz, wWe have not
refined the model enough to show where thin

nplit comes from.

Iy D, dipaong
My second question im1  What wero the
primary sourcen of noine other than exhount?

Y. foedely

It ncemed to bo radiation from the
muffler wnlles due to pressure pulaea,
chain wan not important at all.

The

J,_D. Gihaony
X wan asomewhat surpriscd by the large
baad width (in Figure 14).

H. tHnedsl

it 1= not aurprising hacaunse it ia not
Junt onn frequancy. The porctn open abd
clone oa the gon dinchhnrgen. fo the port
han zero croapectlon whan closed but vhen
gan ia dlacharged, you have n variable
croasection and varlahle volume., If you
caleulnte the Helmholtr resonntor fre-
quencloa, you raally got a whole banpd.

b8

Soedel

L. 'milkner:

We've done pome work on wsmoll A-cycle
engines looking at performance effectn by
scavenging., We found that there {8 a ptob-
sure ovcillation offect on performance.

If you toke , oay, the plston at the mia-
point and conlculate the Helmhollty reouoonntor
aflect, you can almont prodict the preoourc
pulae in the exhauat ports,., Did you flnd
thot effect?

W, fondel g

We also looked at d-cycle engines and
hove oboerved thut offect nlthough we have
not pursucd it because no one has given ua
the money to do no.

H; Nozick
Did I understand you to soy thot the

noine level datn you indicnted was with
the lond on the bledos?

W, fSoodnl g

All testn woro done with an unlonded
now, houcnuse wo have found that with cut-
ting, the nolse lovel actually gooes down a

little bit.

W, Gatloy:
flow biqg woa that muffler you finally
propoeed to tho manufacturer?

HW. facdel:s

I don't have the exnct dimenanionas,
but it wam about thio big (mhowing with
honda; Ed.) llowever, it turned out to hno
larger than what thoy were uaing but much
smallar thon what thoy thought the would
need,

. - —————— -
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SOUNDY TPOWER MEASUREMENT
AND HOISE SOURCE LOCATION OF LARGE MACIINES W SITU

e Thoman Il Hodgaon

Center fur Acoustical Studien
North Carollnn State Unlveralty
Raleigh, North Carolina

ABSTRACT

The entablloluncnt of a neloe labelling code for larpe machioes pitunted in the gounl reverberant and con-
fined wotkapacea asing the aouid power level can be difllcult with conventionsl meanurcment methods, Thin
1o due, in part, to thue complicated vibratlonal motfion of the large purface arean encountered In large md-
chilnes an well an the differing acownt Leal conditiena surcounding varioun cowpenenta of the machine.

A sound power meapurement method ia degeribed which fe based on the abnotute reoult for the seend pover W
radiated by u vihratlng narface of arca 8, napely that W = f 105 where 1y fa the murface acvustic Inten-
ity and {s normal te the surface. Aloo, the methad may be wned for noloe source identiflcatfon, where
the inteogral In then tahen over each Individual component meparately, The method avelda all of the prob-
lems of the contaminabllon of the preosure fleld areund the machine cauncd by snrface reflectlonn, preximity
of machine componenta, and reverberant effects which normally make the calculation of mound power and nofise
wource ddentilfication from sound pronsure level measurementa o JdUfficult procedure,

A gxample of the method am applled tu a large centtifugnl chiller lo describel oolng a omall aceelerom-
ster-microphone tranmlucer comblbatlon Lor the surface acountlc Intennity measuremcnta. ‘"A’-wodphted power
levaln wora obtalned for companeits of the machlna and the overall ‘A'wweiphited power level wae obtalned by
aimple pupmatlon.  Although preaently no aboolute mesourements for thilp type of machloe exiat, tha feani-
hility of tho method wan checked by measurement of the acountle radlatlen effletency,  In additfon, the two
domlnant nolen sourcea wore doternined and the varlation of power lavel with frequency wan obtatned,

Tha previcus and continuinf reoearch effurt on thin pound puwer measugement method LIs documeated, which In-
cludens the davelopment of a rugged tranoducer nrcangement and an evaluation of the minisum number of men=
asrement polite requited,

INTRODUCTION devated to In oitu rearurement teplea,  The appli-
catlon of the ahsolute pound power measgboment
Presontly there in a poed to davelop reallntic tent techuiqua doncribed horo wna {irost preacitted at the
praocosturea for the maaburement of the acoustical socotil of the mectiogn, sec Holgaon.
charnctatintica of large machinea an Inatalled in
typlcal reverbarant fnduscrial wachloery rooms, The particular @achine chonen for this atudy in n
Whatean the reund prapsure leval around the machine lnrge centrifugal chiller previcunly dercribol by
can vary grontly depending on the surkepace, tha tbhing? and In abown in flgure 1. Currently 16 in
nound puwer lavel ip llkely to bave a much pmaller ul intercat to khow either the overall sound power
varintlon and botter deacribaa the large machine as output of chin vype of large machine In altu oF,
n nofnn source,  Untidl copparatively receotly, it for nolps control purposon, the soumd power cone~
wan thought that noise measurepenta which would tedtueton of individual componoants, Then a knowl-
characearize the machine add ho uneful for pradlct- cilge of the svund power vutput oL the neinlost com-
ing tha noine in other inocallatlons could only be ponents would alne glve an eatimate of tho total
mada in acountic teat chambora, llowgver, bobh cco- pound power output by pummation and fs the approach
nomic renmoan and adre prevent the anpembly of a eaken hers. At the presest tlme 1t ie knwwn that
1arfe machina In much faci{litiaen no that acousticnl ne methed based on sound pressurs level mansurc-
evaluation of tha machine must be accorpl inhad In menkes nlone can estimato the spund power cubput of
nitit.  Fortupately, current thinking bhan aogpested thin type of machine ap installed bacaune of the
that cloasa-up maaturements in nlcu night be uned to vary cusplen pature of tha machine vibratlonal mo-
obtatn Aeaningful dJdata to characcerlsa tha pachine clon and tha ronulting aceustic fleld. Because the
sl avan to datacmina tetal nuipe power.  Two acn-~ machina surfacen arg no large, the total pound ea-
alone at meatings of the Acountical Svclaety of dlnted 1o, In geperal, o complicated funcelon of
Amarlca dn April, 1972 and Novembier, 1974 were the surfnee motion. Thun [t doen not Immediatoly
iy
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follow that the mnchilue component with the targent
near~Cield prensure or the targpenst motion in the
primary nelne source.  The gredominantly reverber-
ant acountic, [leld mdds a Turther corplication. In
fact, Rainey” han demonnstrated that the reverberant
suourcd flefd con dominate the direee presnure letd
even at the nurfaco of the maczhine If the machine
ig very large. Other modificatioun to the near-
field lnclude proxluity cflectn of wdjolniny compo=
nents and sound reflectione from the large machine
aurlaces which certalnly occur In the cane af the
centrifugnl ebilier. Madgeonbeh hap referred to
thena effectn, which would not be preaent [or an
indlvidunl component In o free-fleld envirvonment,
as “coutaminatlon' of the acountic near-fleld
around Lhe machtoe.

HEAR=FIELD PREYSURE METIHOD

For the case of the centrifugal chiller shown In
Cigute | the otructural vibration ia primartily due
to refrigerant flow [luctuntionn through the coms
presnor.  The sound prossure spectrum talen ot a
point 1.5 m abyve tho concrete workapnce [loor and
1 m away from the compremootr facing the machine 1a
shown fn (lgure 2. The nolne fa wideband and the
npectrun level and stinpe Is representative of mea—
ayremetitn taken wt any reflerence parallelepiped po-
aition ae descelbed by the AHI 575 standard [or
mensutlng machinery nolen in aquipnent roems.

An approximate ranking of the nolpe sources by
noutd power level won made using near-fleld 'A'-~
wolghted pressure lavelsa tnhen 2.5 cm dintance (rom
the machine supfocen as performed by Ebbings and
1later by Hodgnon. In telerence 1 1t wan phawn
that the mechod may only be tegarded an a very
faugh ontimate in that unrenllatically high radla-
tiuon elflcioncian wore chtalned for the nolnieot
componants {nea Tabile 1).nnmnly the refrigerant
dischatge plpe and the cylindrical condenssr, con-
ponantn pumberad 10 and 11, rveapectively, In flpure
k. Howaver, the resulte clearly wshowal that tha
nanr~finld proneure on the comproonar side of tha
faachine hed contritutions Lrom both the condenser
unit and diecharge plpo. Tha condenser and din-
chatge plpe appont to bn naacly aqual In sound pow-
or level. Tha unranllntic vadintlon efflcioncien
which have been caleulated, pacticulacly the valua
of 51.3 for tha compramnnr aide of the condensnr,
imply  that tho direct finld cumpencnt of the
pransura 1a at leant 17 4B below the total value
maaputed {amauning the radlatlion afficiency wan ac-

tunlly of order unity In mag

nituda), Thin monnn

Table

that n nore oophlaticated pear-field mepnurement
techodgue fn required In order to more accurately
entimate the condenner and discharge pipe leveln
and hence the overall pewer level.  Some care muat
be taken In the chefce of the meapurement metlod in
arder to cope with the detection of o stgnal ac
least 17 dB Lelow the overall level,

SURFACE THTENSITY HETHOD

Two hnowit pophisticated source locatlon technlquen
une the croaa-cortelation and colherence functions.
For reverberant opaces, limitatlons of the irnt
method are_discutoed Lo reference 1 while Nalveroon
and Bendnt? have described dota procesning difff-
cultles of the necomd method due to the long data
nanpling timen reguired.

Another techinfque which has been mentlofed in the
acountlcs 1iterature but which han not been con-
sldercd 10 detall for svund pover measurement and
notoe pource location {a to wake uoe of the eract
result for the radiated dound power W, namely

H= f?n“;“ d% (1)

where p ip the Fluctuatlog preosure at the machine
our{ace having aren S aud surfuace veloclty u .

The bime average pu, is, of vourwme, the murfllee
acoustle intenniey i’n mul 1o normoal to the ourface.

IHSTRUNENTAT 10N

Henoyrementa of the nurface acountic lutennity 1,
wers made wich a MAIAA 2 gm acealerometer eponied
to the machine surfnce and a BX4130 0,66 cm dia,
microphone placed {n clone proximity to the accnl-
erometer Al 1 mm from the machine purfnco, wee
figute 3, Tho frequeuncy range of thin tranmducer
combination wans ovalunted by Hodgeon! and extendn
to at leant H kile, In order to obtaln 1, = puy, Ao
annlog multiplier and averager may bo uscd or the
two teanmducora' algnala may be recorded for con-
venienco and digitally proveancd an Wan the caoe
hera, A 20-point aurvey and a 9-point survey wore
taken over the condenaer and diescharga plpe sur-
facen, renpectivaly, with 2 or J-point surveys [or
the remiining lena noiny machine componenta. A
typleal tabulation of a nuevey, in this cano for
the dischargn plpe, in given with a caleulatfon af
tha 'At-weighted power level in Toable II,

1

Eotimaced Hovund Power and Radiation Bfficlency for
Cylinder and PMpe Dased on Near-Flald Preamice Data

]

Hachine Avg. lincl. turf .
Componant Proan. Level Aroa
(LAY (m?)

, Candanenr, 102 19,17
| raaraldo

Condenmar, 108 10.17

cotp, alda

e oy, 5 19

0

Entimated
Somud Fatimated
Powar Leyal Radiat Lon
(dn) Etfficiency o
112 1.0
116.5 51.3
113.2 2,40
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SOUND POWER LEVELS

The moanured "A'-welghted avund power leveln [or
cach component woing the surface Intennity seetliod
are shown below In Table TIL topethor with the cal-
culoted radiation efffciencices ¢ for the condenber
amd diocharge plpo.  The meaoured value of radlo-
tion efficicucy 1o clone to unity for the condenoer
and 1o typlcal of thick wteel plates rodinting with
flenural wave motion cloae to of above the colnei-
dence condition, see reference 6. Becaudo of the
greater surface area of the condennor, approtimate=
1y [lve timen the dacharge pipe ares, It wao d10-
ffcult to detcrnloy whilch component wne the domi-
nant nelog source vsdng the near=Lleld preoaure
mothml.  lfowevar, the reoults of Table III clearly
ahow that the *At-weighted pownr level of the din-
charge plpa 1o, In [act, 4 db higher tlmn the com=
precnor side of the condenney and 3,1 d8 higher
than tha pound power radinted by the totsl conden-
tor ared. The averall *A'-wolghted power level [or
the machine la shown to be 109.4 4B for tho partic-

RESEANCH CFFORT AND FUTURLE WONK

At the moment there 1o no other aboolute fcuml pow-
er lovel data avallable for comparison with the re-
aulty presented In Table ITL. Nowever, the reallo-
tle acountle radintion ef{icfenctes which were ob=
tulned for the condender amd diacharge pipe aug-
geots that, at waorst, the method s in error by on-
Iy 3-4 4, The reoearch effort to doate han con=
nlated of one gradunte neudent wp to the complecion
of the Ph,D, dlancrtation, indwstcial suppore For
the author for one sumner, together with & roascarch
cqulpment grant from the Hew York State Scicnce and
Technolagy Foundation,

Furthier effort v necded to perform a aerien of ac-
curata enperdments on large compenents of various
ohapen and plate thicknensen radinting inte differ-
ent ncoustical envirouments in order to establinh
the aboolute accutacy of the mothod and gloe to de-
termine tho minim nunber of gurvey polntn Lot a
given accuracy. Jt Lla osuppected that [or the fm-

[
& ularchiller conditiona and is dueminpted by the din=- portant frequency range of interest the surface mo-
" charge plpe and condenner radiatfon. Tho 'A'- tlon in fncoherent ac relativaly large neparationn.
| wolghted power level an a [unction of {requency in Flgure 5 shows the cohuerence betwoen twu accelerom-
E shawn in figure # for thede twu compencute, It can etern nounted on the comdenoer nurface an 4 func~
P ba secn that tha discharge pipe s of order 15 (D tion of frequency [or two sgparation Jdlatances,
3 higher in power lavel in the -3 kMz Frequency Hhien tho accelerometers are closely opaced (25 mm)
{ range.
. Talle 11
! Meaoured ¥alues of Sutface Acountic Intenufity
" far Diocharga Plpe ("A'-Heighted)
¥ Survey Polnt Itmy prennure mp velocit Iy = jiug
N/md nfuec x 10- watta/m? x 1073

| a 3.9 6.0 12,4
i b 3.3 5.8 10.6

¢ 3.4 1.4 12.4

u 1.1 3.4 9.5
b a 3.5 6.9 1.1

t 3.3 6.3 11.9
- B 3.5 6.1 10,92

h figh 0.1 Lh.h

i 3.9 5.5 .

Tocal 109

lound puwer =~ 0,109 wnttnlm2 x (4.79!9)m2
0,050 wagea (107,86 df puwer lcvel)

Talila IXI
Hranurod 'A'-Helghted Sound lower
Lovola and Radiation Kfficlencies for Chiller

Machine found Powar Radiat lun
Compunent Level B Kfficlency o
Condonnor, rearnide luz'ﬂllﬂﬁ 5 0o
Condenaer, comp, afde 9.6 * 1,03

. Machasgn P'ipe 107.6 0.42
Comproanut 84
Comp, Bearing o5
Tuchina tid. 4
Tukh, Beoaping i

Overall l'owar Leval 109.4 4B
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the coherence fo nearly unity so that the nurface
motion Is coberent.  Put the coberence decreanen to
almopt rero at large scparatlon distance betweon
the scceleromvters (D50 cmd}.  Thin fmplics that
arenn of the condenact miy be treated na lncoherent
goutid mourcen nu thut nimple summation of o relo-
tively omall number of surface acoustic Intenoity
nmeaputements feo correct [or overnl] pawer doetermis-
nation. Alse, there 1o o oeed for o rugged, ecanily
attached, microphone and accelerometer transducer
combination with a portable readout deviee which
would remd antfnee acoustle intennity ddrectly.

The current rescarch program could be accelerated
by sdequate renearch funding, The present effort
ip limlted to one master's thenls studenc.  Slnce
it hao been oatablinlicd thot the technique Lo CToan-
1bla, further analysla of che nnture of the inco-
hetency of the aurface motlon In bolng porformed,
llowgver, abpolute comparipon tests ate sorely
needed,

Fig, 1 SGchomatie of Large
Contrifugal Chiller Slhuwlng Components

T

~ —
i | I Ry a— | Ba e

w

S - 4
"

& TN ]
“] .
»I r( - -
]

al - .
1

Y v ) 1 L 1 1 L

3 Y05 i I 30 s
» {HEQUEACT, Wit

Fig., 2 'A'~Waolghted Prownure land-
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Fig, 3 Traneducar Actrangoment
for turface Intennity Heanuremantn
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"Sound IPower Measurement
and Holoe Source Locatlon of Lorge Mochlnes in S5itu®
presented by
T, . Hodguan

DINCUSRSION

T, Hoddnong

There wan some grant support for thia
projact from the How York Stote Technology
and Gcionce Poundation.

J, Tieh

I think the method in excellent: it
goes to tho basicn of tho phywsics of the
rodintion of #ound, ond I hopue it can bu
devoloped into o unonble mothod,

R. Lyong

L otudent of mino is aloo leoking at
this mothed. Ior calibration purpvoocs, he
hos looked at rediation from o piston, and
nlpo from o nimply supported plate bath
below and through the critical frequoency.
It turna out that Lf you pay attention to
phane, you can get very good accuracy,
indeed. The number of points required, an
you mentioned, dopends on the varintionn of
intensity over tho aucfaco and particularly
balow the c¢ritical frequency you can caslly
have aveas which abnorbs an woll oo radintes
nound, #o that you have to subtract anm well
ag add on you go over the surfnce. Thins
tandea tg be more of a problem on flat, thin
ntructures auch an machine houningn or
covors., I would like to Ank you a quostion
on the intennity, Why do you cmphasize that
thore can be no tangentlnl componont of in-
tonsity at the houndary of the plate? Qe-
caunn of tha atick condition which you in-
troduce through vortlelty, the tangential
valocity of the alr at the plate surface
munt bo zero. I aee no inconalatency in
your natatement,

I, Hodqmon

Parhapn I've belabored the point a
1ittle becaunsea aome of the maln eriticiom
I'va raceived on thia mathod hna bheon the
quention: Ilow can the plate in flexure
radiate tangantially when tho motion in
perpandicnlar to the plate?

R, Coheng

I'd liko to make n comment: In general
many of thase papara indicate n ptrong need
for indentification of noine vourcen, Hao
don't have at this time, very good tech-
niquen, Harvay Nezick, lf you and othern
nre really interented at gatting at the mont
of a problem that would b heonaflelnl acroan
tha board, it would he to develop a Aourco
identiflention technlqua that would he cany
to apply and he economical,

9
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0. Mchnaniels

Therce in a technigue called portial
coherence function that purports to bo tho
annwor to all the problemp. Apparontly it
tokes into account additionnl mourcen that
would contributo to the ordinnry cohorencea
function ond aubtracta them out,

2, Nodgnon
A couple of yearn ngo, Chuck Ebbing

and 1 tried to moke thiam look simple to the
practicing noluse control cnginecer as to
what thewe uignal procensing methoda could
do, I think the academic view of source
fdentification ip probably 5 to 10 yearn
aheod of what industry 1o looking at at thoe
momant. llowever, I would ismve o warnlogg
even though thore are qrent benefits to
theve methodn, thore are ¢grent problems of
interpretotion, There has just got to bo
more cffort put into them and to come up
with cane history studios to show that thoy
are unoful. You know you Jjuat can't make o
blanket ptatemont that sayns thot partinl
coherence nolvea all iduntificotion probomn,
Junt anm you could never nay that correlation
solved all jot noine aource identificatlion
problems, 1 feel that there id a great. op~
portunity for academia to qut in and demon-
atrate by long tarm caan histoty atudics,

I think there will hae n different technique
for each type of mochiine,

0, _Mchantely

Well, Hdendat and Mersol conducted o
neminnr recently out on the West Coant on
this technicduo. Apparently all it requiren
in pome preprocoasing before you go into
the P, and they clalm all aorts of won-
derful thinga for it.

Ty Hodqnong
I would Just make one finol romerck

that, am in all computing work, the intel-
logenco ia In the mind of the umer not in
tha methodal
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PROJECTS ON IMPHOVING TIE REVERBERATION TECHNIQUES
alt TUE MEASUREHENT OF HOISE EMITTED BY HACHINKS

Hrd Tichy, Prolessor

The Penonylvania Stote Unlverolty
Unlverslty Park, PA 16802

INTUOBUCTION

With the {ncreaning emphasln which Ia delag placed
on the gqualicy of our environment, and with the
growth 1n the une ol mochineas amt mechanical equip~-
went o infumcry, officen, homes aml communlitfen
there becomes a deffulte need to characterize the
noloe emmitted by theoe variouns nolse gsourcea In
such a way thae the data obtained from mcasurementn
at diflerent laberatorlea, plajptn or measurement
siten will e comparable,

Danically there ote two mechods waed in describing
the nofae eemicted by machines. 1., The aound
eeapure lgveln are determined elther at one or more
charncteristde pointa at a specificd distance from
the machine., 2. The total nound power emmitted
by tha machine in determiced,

The method pentioned undoc 1 s normally rolatlvaly
nimple and quick, the major advantage being that
the aound pressure levnl can e determined at tho
jrenitien of the oparator and thus provide the data
needed for hiin hieacing protection. Alno, thio
method can bo usaful Lo compare the sama products
on the produaccdon line, provided that the cadlatiun
chacactecintica of the product as a function of
angla of radfation remaina conatant, fowever, for
tha demign pucpomen of the eaviconment i which thae
paching In oparating, tha Information on the sound
presaure leval ac ong peint at a glven dintance An
mnanlnglens,

Ta cvaluate snd chacactacice conplately the nolne
of a machina, the faformaclon on the total radiated
aound puwer has to be avatlable {n terma of the
ona~thitrd or, At leant, one octave bond apecora.
Enowledge of tha radiated nound power {a needed for
at leaat twu pucponcar 1. To pravide the deaiguor
of the maching environment with the data neceanacy
to reduce che noine lovels in the far Clold of the
pachina, This Lo pacticulacly esmentinl, It the
machine in locacad dn a reoom, shop of nimflar kind
of encioware, 1. For complata and meaningful com=
partaon of Ideatical or pimllar producta {elthar
manufactured hy vacious companica or aimllar pro-
ducta bat with different preformance pacamctarns
panufactured hy ena company).

Far tha above-pentieoned ressopn, {n the rocent
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decade a great deal of attentien has beon devoted
to Improving the preciaten of the methodn for nound
power measurcments, no that Industry ¢an be provid-
ol with aufticlept gutdelines to oake the measure-
mentn with pufficient reliability and at repsonnble
cont.,

The soumnd power radiated by o aource ¢on he meafur=
cd by two methoda. 1. According to the firat
meched, the intenwnity of pvund, I, in mecasured on
4 aphere or other sultable hypothetical murfacen
aronnd the machine and the total pewer in determin-
cd by

Hoe ﬂ;f 1+dn. (1)

hen making practical monpurementd, the intcgratlon
in replaced by the mmmaklon over a sufficlent pum-
ber of peints In which the sound prensure in mean-
ured.  Alne, 1t i anmumed that the intensity con
be caleulaged frog the relation @ = p/pe, and that
the directfon of [ iy {dentical with the normal to
the nurface AL. Hothods with a poggested number of
pofnte and their recommended locationa have bhoeen
devoloped and the probable errors wers aatimaged,
Thin method in generally applicabla to large aice
apuccen which cannot be placed in a revorbercation
reom. In arder to reduce the arror due to the
enviranmant, the seansurement sliould he performed
egithor in an anechole chimber {which may have n
lard floor &F clidn 10 a typical source inatallatim)
at in a semlanecheic envirenment.,

2, Thia papar deala with tha necond method Lor
nowd power measurementn, which employn the re-
verhncatdon roum an the measurement environment,
Evidently, by icm vature, thia maethmt In Iimited
to amall or medium nlza pourcen hut offarm advan-
tagan conalneing of falcly good precisien An the
totnits mn well ma reapennble comt of the Facili-
tioa and quick measurement procedurae, particelacly
if modern elrctronic mquiprent for aignnl procesn-
Ing Ia beling uned,  For thin reapon both Industry
and reaeagch or centfng laboratories are esploylng
thia mpethod dan theo major method for aound power
detarmination,

Thin paper pragents the rooults of the cesearch In
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the reverberatlon method for aound power weanure-
rentn performed at the Depoarement of Architectural
Englneering of The Pennsylvania State Unlvernity.
The reacarch hao been sponpored by the grants or
contracto with the follewing agencles or companien:
American Soclaty of Heatdng, Hefrigeration and Alr-
Conditioning Englneera, Inc,, B & K luntrumenta,
Hationnl Science Foundation (2 granta) and Hatlonal
Hurcau of Standardn.

PRINCIPLES AHD I'RGbLEMS oF SOUND POWEN HEASUREMENTS
IN REVENDERATION NOOHS

The detarnlnation of seund frower {n reverberation
rooma fp bapned on the assunption that the reverher-
ont sound fLold has a uniform energy dennity and
thnt the energy denalty ip proportilopal to the
power tadiated by the acurce., It {n often also
anaumud thar the sound pressute aquared 1o propor-
tional to the encrgy denaity, but thie in truc coly
if the presaurc aquiarcd {a averaged over the entiro
valume of the reverberatlon room.

The practical procedures to determine the sound
power fn the revarberation room nre descrlbed in
the ANS 51.21 “Methods for the Doterminatlon of
iound Povwer Levels of Small Hourcen fn Raverber-
ation Hoomn", Thin stoandard definen the Limitn of
the precinion of tho socund power determination,
which can be cxpocted Lf all provisiona of the
standard are satinfied and, particularvly, 1f the
chambior 18 qualitied according to deacribed quali-
fication procedurn [or a particular cypa of dource.
Ganatally, tho precisnion of the menaurcments de-
pends on tha acuter apeptrom,  If the sownl sovures
radiates & hromiband apectrum, itn power can ha
meAnured mora accugately than the power of a dource
that radiates a paccow hand apectrum or aingle
frequencien [1], The reaeacch aponnored by the
pravioualy mentivned agencies concentraten mainly
on tha problems of meagurementa at aingle froquen-
clos becauna of the genaral difficulelan involved,

There ara two major sourcos of error in dotermina-
tion of the pound powar: 1. The varlationn of

the actually radiatoed somnd power with the location
of tha aource 4n the room and 2,  the error intro-~
duced by meanucing che sound field at o Umiged
numbar of pointa, Additional error can be cauned
by the iack of procinien of the equipment for sig-
nal procaanlng, microphone calibeation and the
like, but thess orrore can o unually kept well
under control by the roon deslgner or operator.

The warkatlions of hoth the sound power radiation
with the pourca ponition and Lroquency, and the
nound pronaura spatially in the goom ace beat de-
sceibad by the variance of the atatiastical lawa
for theea varintions,

The yariations of sound power with sourcse posdtion
pz have ann predicted theoreticnlly [2]; houwcver,
tlle axparimencally dotermined valuasn are much
lowar, pacticularly at low froqueacies [J], Add-
Itionally, tha wound powsr avaraged, fer Inatancoe,
avar & band of frequenclen that {a tadinted Into
tha revarbaration room, fa lower than tha sound
pawar which tha sawe sourcce would radiate inte free
npace [4], particulatly at fow (requencies, The
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reverberatfion reom method han heen frequently crit-
fcized for thie nyatepmatfc error, lowever, It
munt be connldered that very few dources radinte
nound Inte a free npace, and therefore, the reaultn
of medanurements In a reverbheratlon room can charac=
terize the soarce more realiatically.,

Aother nource of error In the determination of the
vound power 1o nn Lnnufficlent sampling of the
Interference pattern of the reverberant portfon of
the nound fleld {5), partilcularly 1f the source
rudfates pure topea, wo that the maxima and oinimo
of tho aound presnute bave connlderable level
dfference,  The effectivences of the sound pressure
aquared averaging dependn an both the spatial var-
iatbdlity and the number of uncorreloted namples
taken., At high frequencien, when the nound [{eld
i wullficiently diffune, the varinnce of the
nvarage p obtained from H samplen to the Eruc mean
p2 Ln the diffune field in given according to
Schroeder [6] and Lubnan [7] Ly

2 1
np W (2)

At frequencien lower than approslmately f =
2000 A/V, where T is the roon reverberntfun time
aml V {te volumo, the variance is given by

2
a
0: - 1

where 0% > 1. Although no theoretical prodiction
for of haa heen obtalned, esperimental Jdnta nrn
available [4].

Hhen maklng ncLuni eamml power measurementa, tha
total varlapnca, af, of the sound power determinaid
In tha rcvnrberntiuu room ia glven by the oum of
the two varlances:
2 2 2

o muo, Ya (4}
To dotarmine tho aultability of the raverbecacion
toom for tho mound powat measuremenin, the roow
hng to e queillled according to the proceducen dn-
acribed fn the ANY S1,21. This precedure doss pot
datorming ol directly, but fnvolves the uwncertninty
of tha sounh puwer determlnatiens based on hoth
cffectn dencribml previously.

The banic fdea of tha qualification procedura in to
tent the chamber under the same conditiona of ita
nctoal wee, The sound sourca for the qualiffcacion
test in a seall lewdapoakor (reptesentlog o point
pource} that in placed in the positien of actunl
agurcan teated.  The avund preseure 1a mampled and
proceansd with the equipment dealyned for that
particular chambor, Tha chambar s toated for each
ont-thixd octavae band of tho required frsgquency
rangn of the chambar. The particular one~third
ectave hand 1o nulmlfivlided togularly into 22~23
Irvequoncy Intarvals and the lowdnponker raasponsa in
the froe Ilold la determined at theaw frequenciea.
Tha loudapanker 1s chen placed In tha chambar aod
tha spatlnlly avarnged valun of tha nound prennure
level la detarninad farp each of tha 2% Itequencieo.
Afcer cortecting theen vatwen for tha loudepeakar
callbrarlon, the otandapd deviacion of cthe sound
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preanure level value Lo ealculated, I the mapnl=
tude of this standard deviation exeeedn the value
defined by the seandard, the chapber doen not
qualily for meanarements,

e {a apparent that the qualification procedure in-
volves the combined effeetns of the frequepcy de-
pendance of the sound radintlion and the p¢ averaging.
Tn order to [ind out to what entent the exlating
reverheratlon roomn quallfy for meanurementn b pore
tonun, many chanbers were tosted on an Interoat lonnl
banio [9]. It wan Tound that none of the c¢lannical
chambern with hard walle qualiffed ar low frequen=
clen,

What are the means to achieve qualification and In-
creane the preciolon ol the meanurementn?  The aaund
pressurs averaglog wap Improved by the use of a
rotating Jiffuner, which fntreducen amplitude and
frequency modulation of the sound ficld and reducen
the varlance UE under the value of /N, With a
suitable difruler depign a connlderable gnin cin bo
achicved,

Tha variation of the radlated acund power with both
froqueticy and poaltfon can be decreased hy increan-
ing tho modal dampiug and thus {mproving the podal

averlap. Low frequency abnorbers placed on rever-

beration room walla veprepent a practical aslutlon

te the problem.

The remparch oponsored by the abave=mentloned
agenciapn contributed pome data for the deaign of
revarberation roeme which allows measurement of

the aovund power with better proctaton, The renults
of thin research are summacleed In che next section.

HEGULTS OF HESRARCH

Tha remanrch conducted Jdurfng the 3 year perlod at
The Pennaylvanin ftata Unfvorsity won orlented In
two directiors, 1. To explare the baole kumwledgo
of the atatintical properties of the aovum! [feldn,
modulated by the moving dif{umers, nnd the offect of
inereaped modal damping on the propartien of che
aound field in the reverberation room with or with=
out tha moving ditfuner, Also, aAn extenaive stody
on tha effect of nource poniiien en the sound power
radintion has been conducted. 2.  Anothar anpect
¢f the work wan related co the applicntfon of the
galned theoretical and experimental knowledge on
tha guldelines for denfign or reconstroction of

power could he done with botter precisfon,  Although
many prohlema hava been anlved, thore aro atill many
1 prnquentionn apd fucther ronearch will be accensary
: to find the snewera, 1t hing to bn rocognized, that
. poartdcularly the rewearch on the affects of rotating
! diffwaare I [rom the thooretical pofnt of view a
, camplacaly new areas Tha effocta of the time vary-
i ing baundary condicfons on the acund [feld in net
1 caovatad by any publicationn and therafore the fung-
I amental principles of the approach had to ba found,

u exlacing taomn, ao that the measurement ol sound

Alea, the experimental resenrch pregramn ralated to

gathering practical data for direct applicationa waa
banad on meanmurements of a otatincical nature, which
roquife advancod slectronic equipment am! tho coll-

action ol & groag smount of data,

v — -
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Thin paper dous aot present any detalied natectol
on the rescarch reoults but only brelefly summarizens
the achfevementn with referencen to l{torature con-
talning the detafils,

I, Resenrch felated to the Effect of Rorating
Blftuncta

The firpt taoshk was to deternine the basle changes o
the sound ffeld, generated at o sloglo frequency
when o rotablog diffuser wan appllwd,  From mesaure-
mentn dn an anvchole chamber (£ hag been foumd, an
vxpected, that the moving diffuser (When reflecting
the nound waves becaune of the foppler effect ln-
volved) In aceaally a frequency sodulater, 16 the
Incfdent wave has o siople [requency, the spectrum
of the reflected woave consistn of neveral lloea,
with frequency lntorvale dependant on the apeed of
the diffuner, centered around the inctdent wave
frequency.  Walng the frequency modulsatfon theery
lor electrical nignala, tho medulncion Inden of
nipple shaped dUfTuser could be determined, It

waa Tpumd that the larget the diffuner and the
higher the modulated frequency, the bromfer could

he the spectrum of the reflected wave, Whon oper-
ating the rotatlng diffurer In a reverberatlon room,
the spectroum becones even hronder by reflectlons of
aound From the walln, Thias ls Jdee to each spectrom
line whdeh when roflected from the dlffunor gener-
ates a new line spoctrum,  Additlennlly the diffuser
modulaten the applitude of the nownd proasute in

the room. It could be concluded that the final

el foct of tho rotatiog diffuner in the vound field
fo sfnmllar to the geocration of the asouwad [feld by

# multitonal nource and; therefore, the opatial
varlance of p* In auch o poond fleld in moch amaller
than when the pource cadiates o alngle Freaguency,
For firactical purpoaes, the reductlon of the varian-
co can be dencribed In teems of a Figure of Merlt,
This meann that the nunbor of mlcrophones used for
the seanning of the vound (lold can bn oitliet re-
duced or, with the mame mumber of mlerophonen, the
precisjon of the reoultn Lo tmproved [L, 8], Al-
though several kindn of d4ffuoera ware teated, more
work hns to be Jdone befora any conclusion en an
optinum design and placement of the diflusay tn the
revarberatfon toem can be made,

Another atwdy of the diffuner wan dirtectly related
to tho qualification procedure of thao rvom as de=
fined in ANS §1.21. This ntudy won parformed In
comb{nntlon with the dampiog of the moden, and the
ronulin warg oxpressed in termn of the wall abnogp-
tlon coefffclent [#]. It wao Lound that with highly
aboothing walls and without tho tLffunce opecating,
tha vom doen not qualify, Thin was Lo agresment
with the teata performed on an International bastn,
Alan tha ponndhility of quallfyleg the chomber de-
penda on the apurce ponition. When vporating the
diffunar the qualificatlon erfcerjon wan approached,
but at low frequenclen in particular it han heen
found enventfal to lncreanc the woll abavcption of
tho room to achieve tha qunlificatien. FPor a oo
Car vnknown reason, the lnereaned chamber wall ah-
porption (a ~ 0,16) At middle and high frequenclen
inefeadco the varfanca of tha pound preasure and
the rows Lo lean Likely (o qualify than with low
wall abworption (o v 0.03). Thercfara, we have
conclided that from a praceleal point of view only
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the Increnoe of the low froquency absorption can be
recomuended and I the qualification hap to he
nchieved, ft {n enuential to Lncrease the modal
damplag tn the low Crequency region,

Qualfflcution for multiplo source ponitlonn wan aluo
oxperimentally fnventigated amd the resylte have
been Lound to correnpond with the recommendatfonn

in the ANG 51,21, Becaupe tho multiple nource pos-
itdon wethod {0 net too practical, thin problem wao
nut doeply eaplored,

Anvther problem related to the Jiffuper operation
which wao puraued wan the eatent of the Jdiffuser
effect on the noumd power radiation from the seurce.
Thetao wern indicationa [10] thint the Instantancoua
powar padiated by a wmonopole gvarce Lo a functlon of
the fnstautoncous diffuncr poaltion ansdy therefore,
it waa hoped that tho diffuser will also reduce the
nputial varincfons of the radiated pound power an
tha vourca in moved throughout the chambor, llowever
by caroful measurementa [3] it has been found, that
the diffuser han negligiblo effeet on the variationns
of the radiated oound power with vource positiono.

The radlatfon of sounsd from the source during oic
diffuonr revolution will have to be atudied further.
A apecial souree allowing the {nstantancoun measure-
ment of radiated svund power will havo to he con-
strueted, which an n prelimioary atudy Indicaten,

ia quite a complex tank.

2, Thoorctical Atwdy of the Time Varyiog Noumdary
Conditlona

In oxder to bame the experimontal results on tha
thaoky, o theoreticel madel of the fovecharation
roon ae haen dovaloped [11]. To aimulate tho time-
varying boundsry cenditionn a rectangular foom has
been consideored with one wall coeclilaving nt a large
seplicude {up to one wavelength of tha aound nource
frequency) epnd at a low frequoncy cortenpomnding to
the ralakivaly nlew spasd of the rotating dif{fumor,
Thn machermaglcal troatment wae axtremaly conplex,
howevar the model allowna the ealculation of the
acund presaure in the room at any phint and for any
any monopole sourco panition wich the froquency and
amplitudg of Lthe caclllating wall am a pacamatcr.
Anothar paramctos ia the impodance of room wallo,

Although the mathematical noiution wan hasically
ohtalned in a closed form, the actusl determination
of poma coofficienta iw braed on approximato wol-
utlonn af an infinite nmbar of equationa, Aloo,

in ocder te evaluate tha ltn&lntlcal paramatnra auch
sa tha apatial varlance of p®, and the actually ta~
dinted powar by the pouken requirea tha wan of com-
putar prefcama which engall vovaral hours of conpu=
tation on a fant cowputar (IPM 370) and very large
mesory (ab lomsar 3O0K).

Uning tha devalopad theory and computer progrems n
rerien ol calculations has been paclecmed. Hoacauoo
of time and ffnanclal Iimitacionn, only A limiced
vaglaty of parsnntars have besn mtuwdied, and it in
haoped that further fdnancial muppurt will ba found
tn continua In this work. Tha correspendance with
tha moanured data on rotacing diffusern hna boen
found very satinfactory. Tho remultn are summarised

In the Hatlonal Dureaw of Standards Neport [12],

Fignt, the effect of wall smplitude was studied,

It han been [oumd, that the npatial vardsnce of p
decreapes with fnereaocing amplitwde of the wall
asclllatieng, while tho frequency of the wall
oncillationn had n very small effect on the varlance
of pz. Thin repult Lo quite logical, Becaune the
Increaned amplituda Lo cauning degper modulntion

of the sound fleld. The amplitude of the wall
oncillatlona Lo anplagous to the piree of the ro-
tating Jiflfuser,

Another proup of calculationn were devoted to the
atudy of the effect of wall aboorption on the npa-
tinl varianco of pz. Calculatlonn wore performed
lfar 22 frequencien of the 125112 one-thitd vctava
band with the boundary [ixed and with the wall
ooclllating at o conatant amplitude. The valuco
of the apatlal varlance were different for each of
the 22 [requenciea, llowever the averages ovar the
one~third octave band fmdfcate that wich increasing
wall abporption {from a = 0.04 to 0.12) the aver-
agen of varlance ave decreaning from 1,58 to 0,75
for the wall oncillating. Tho caleulatlons worn
performed for two aource positions: ono chonen
randonly Inolde of chu roem and one vory close to
tha wall to salmulate the twe probable source poo-
itlenn. In both canco the ¢ffcct of abmorption wan
pimilar and almo, the Flgure of Herlts were not too
Jepepdant on the soucce pooitions, It can be con-
cluded, that at low frequencioa the fncranncd mudal
damping given the mivantage of decronned varfance
of p?, I this Lo aloo Lrue, higher Frequencies
will have to he Foumt,

Another nerien of calculationa were davoted to the
atuwly of tha effect of the wall abaorption aml tho
wall oncillations on tha actual power radiated by a
munopole Asurce into the roverberatlon room, In
thin casr, 10 svurce poaltlons wera chonen: 5 fn-
nide of tho chamber and 5 very cless to the boundary

The calculatlona averaged over 22 frequencies of the
1251z, ono-thicd oceave band Anddcaa that tho
povar radiated inte the chamher with tha [ixod
boundary in nyatematfcally lemn than the power
which the oource would ba radlating into freo apaca,
The differcnce for a particular avurce ponitfon in
an much am 10 db,  Tha power averaged over 3 noutce
posicionn resulta In the differonce of 3 to 4«0
iepending on the almorption. Incroannd absarption
decrnansza thin nystemmatic arror slightly (by
approximately 1 dB). The effect of wall oaclilla-
tionm on the radiated sound pewor {n very asmall.
Thin confirmn the oxperimental findingos with the
rotating diftumer [3],

Finally, the ealenlations of tho qualifleation pro-
ceduro have been performed. Aa aspoectsl from ax-
perimental reaulte en rotating dLffuscra, Incroasod
mininl damping snd the wall caciliatlonn are ewnen=-
tial to achlevo thae quallfication,

An mantioned befora, tho description of tho repulta
roprosonts anly the major 1ine of tha rescarch.
Hora detailed work han heon dono.
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JUGGESTIONG FOR FUTUHE WORK

Although mdny experimental data ap well an daty from
tlie computer model laye been found, there in a great
noed for furthor continuattion of the research,

To better underatand the offect of a rotating Jif(-~
unor ott tha sound field, the modulntion effectn of
thiy diffuber will have te be studled iy moro detadl,
Another atudy nhould be ordented to [lnd the moat
afficient shape and position of the Jdiffuner in the
revarberation room.

Mother Imporcant area of rencoarch In the radiation
of aound power into tho chomber, %o far only pmnll
monopole pources have been conpldered. Actual
pound aourcen are much moro complex and thoe future
wark ahould involve dipole and higher order sources,
Alno the wflfoct of o rocating Jdiffuser on the fn-
atantancoun power tadiated from a source should be
further explored,

Tho analytical medel should be applied to othar
frequency canges beolden the 12516, one=third octave
band, parcicularly in view of the very good rosults
obtained no far with this model.

Anothor area to be_explored i the atatintical
diatcihutionn of p* vith the rotating diffuser.
Both theoretical and experimmntal ntwilas nhould beo
conducted.  Although a theory for the statintica of
powar padiation Into the room han boon auggested
[2), tha diffarcnca batwaen tho actuslly meanured
valuea suggent the need for further theoretical
work in thia area., Also, neither a theoretical ner
an exparimental satody has yet been conducted of tho
atatintical functionw of the power radlated into
the revacheration room as a funcclon of frequency,

Thean ace only hasic sujgestionn and Lt can bo ex-
pected chat future work will open new prublema for
the rewearch.

Nacaune all this work is celated to the procfaion
of the meaaurenent of the sound power cmitted by
varioua palwa mourcas and tha knowledge of tha
nound povwar 3a seaential to hoth chelc comparleen
and rating, At in helisved that mulficient [inancial
support will ha foound to continue in this rnacarch.
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"projects on Improving the Reverberation Techniques
of the Measurcment af Hoise Himitted by Machinen®
presented by

ABHIAE Standnrd 36-72 which you had
tinted np the other otondoard on nound powor
moanyremontn in reverherntion room han junt
beon withdrown, The reoson in that now AMISI
g1.21 in woll vntoblishod and we feel thore
ia no more need to hove o scparate sntondard,
Tho othor point that I would likeo to make
in that amonget the various measurctent
mathods, the reverboration room mothod may
apponr to ba unduly complicoted becauns the
atandard which covern it io “fatter” amnd
there are more "doen” nnd “don'ts" than on
the other methadn. lowover, I would caution
thnt thim ian not o proper conclusion. The
problem is that the othar methodsa have nat
beeh brought up to date for the lant 15
yonrn, They ore atill only covered by a
totally obsolete Mmerican Standard 01.2.
Tha reviaion of the other methodn in long
paat overdua, and tho fact that thoy haveo
not hean hrought up to date conatitutos, in
my entimatien, a very sariouwn gap in our
natlonal measurement aystom that I hape tha
Natlionnl Burcau of HStandardn will recogniza.

e b 8 e

J. Tichy
PIOSCNAGTON
P. Danpdeg ft, Cohoeng

It sppenrs &0 me that in p brood-brush
polnt of view, that reverberstion chambers
uncd for sound povor mecasupcments ore hot
found in universitico except for peaple
who are doing testing, or who sre doing
research into finding better woys to moko
meagurements in that type of chamber. On
the other hand, you find many of thene In
induntry hocouse of the almplivity of the
moanurement. It is my opinion that tho
peoplo who hove these chamborn, uhlens they
are lucky chough to have a good ncousticnl
engincer, don't kKhow how to use them. Can
ve tell induptry that if they mokeo the
menpuromonty in thepe rooms that they con
axpect resultn within a certaln accuracy?

o jeh

Yoo, I think we can tell them that.
The error hetween frou-fiald and chamber
would be about 3 to 5 4B, on the average.
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A NOISLE CONTROL PROJECT IN A SHACK-1OOD PROCESSING PLANT

D, Muster, Brown and Root Profownor
Departmant of Mochanical Lngincering
Univorvity of lounton
flounton, Texan 77004

MNBSTRACT

In food-procosaing planta thera are unifuo
nolno control problams. On the one hand,
fodoral gulde lines roquire that tho planty
be quiot., On tho other, regulationn govern-~
ing cloanliness require frequont washdovwns
of walla and equipment. Thus, plant engl-
noora #aok noft (for nolas) - hard (for
cleanlinenn) solutions to tholr probloms,

an almoat melf-contradictory reot of roequire-
mantns,

In the paper, the general nature of the
functional requiremants for the equipmoent

in a nnnck-food proceasing plant is din-
cunned, The resulta of an Initlal aurvay
which dafinen the poina control preoblem ara
given, The nources of noiss Include con-
vayora, nir jetm, combuators, extruding and
poackaging machines, alr-moving egquipment
and largn panoln of atalnlesn steel In vatn,
tanks and ovans, Tho approach salocted to
nolve tho prabloma combined an educational
program with the developmant af practical
aolutions to the worst problems, Concur-
rently, in concert with the corpornte angi-
neoaring atnff and managors, a long-range
plan for noine~contral wan dovaloped., The
plan provided for the imnulng of enqginsering
inntructlons to plant managere and angineora,
davaloping an improved cquipmont maintenance
achadule, the incluaion of low-nolne reoquira-
manta in pnew-oquipment procuremaent specifi-
catiana and n continuing progyram of aduca-
tien and training in noime=-control technole-
oqy for plant pernonnal.

INTRODUCTION

Thare in a uniquo charncter to the nometimen-
contradictory raquicementa placed an tha
dAaniqgnara and oparatorn of sanack-food pro-
cenning plants, 1his suggenta that 1t would
he denlrabls to eat the context of thaeir
noipa control problem haform proceading.
finack foodn, an wa know them, are a rala-
tivaely recant innavation, axcept for popcorn
which haa bheen an Amarican foodatuff at

leant ninca the time of the anclent deponitn

MBACLITIT A 2 Y s e e

in Wat Cnve, which wore in place 4000 yoars
ago', In their modorn formm, wo have pop-
corn, potato, corn and wheaten chipn,
wheatan pretraela and crackers, and bltn of
cornmenl extrudoed at high temperature and
prossure no that thay puff into a varloety
of formn for subsequent drylng and, per-
hapa, conting with oll or other inqredients.

Tho surfacas of the oquipmont uned in
nnack-food proconaing plants are prafarably
ntainlonn nteel: no copper, bronzo, brasa,
Monal motal or other copper alloy is per-
mitted to come In contact with the fatn
with which the bhita and pieces of food are
fried or conted, If cleanliness wero the
only connidoration, any of tha copper
alloyn above oxr ntailnlenn atael would puf-
ficn, llowavar, the oll layer of tha fried
npack in the nource of a saricun problem,
The limit to the alinlf 1ife of snhack-Lfoodn
i dotermined primarily by the rancid
taste which davelopans from the alow oxida-
tion of double carbon bonda in the oiln,
Tho roaction im catalyred by light and
trace amountr of metal lonm, partlicularly
thono of copper. Hance the requirements
cthat enly ntalnleas nteal he uncd wheraver
fatu or fat-coverad food comes in contnct
with thao aquipment and that light-~impor-
vicus packagan ba uned,

The aguipment ineluden apeclfic machinan
for parforming the following functionn
{ununlly porformed in the ordar glven):

s racalving the raw foodatuff (potatoaen,
corn andd whanat) In up~to frolght~car
quantitian;
cleaning nnd preparing the raw food-
atult {(nay, removing the ayen of tha
potatoon, aocaking and shapling the
cornmanl mix, atc)t

« nliaing or axtruding:

» frving:
THatz, §, A,, nnack Food fachnoloay, Avi
Publishing Company, Weatpurt, Connectleatt,
1976,
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+ dryinqg or baking: porhapn

+ conting the preduct with ofl, salt,
spicon and/or cheono;

poackaqing: and alwayn

« convoying the product to, from and
through the ecuipmont.

The procesning is completely autamatic,
mochanized from roceiving tho raw food-stuff
to packnglng. Mate doscribes the englneer-
ing and deuign of typical machinen: equip-
mont ia described clearly with many refor-
encon to the spocific cquipment available!

Az an exnmple, lat us consider the sequon-—
tial gparations and oquipmopt necessary to
manke a corn-puff product at a typicnl ratao
of 300 poundn of chuene curla per hour.

Tha cornnical mix lo noaked in large (10 ft.
x 2 ft. x 2 ft.), whoenlod, stainlesn ptecl
vata, AHfter tho bulk of the [luid s
romoved, the damp cornmeal mix is formed
into 16~inch long, G-inch dinmster eylln-—
darn, ‘'fheme are fod Into prossurired ex-
truding mnchinos with a water-cooled dis
haad which producea the puffa, A conveyor
pannan tho pulffs through a drying oven with
a large flow-through capacity for hot alr.
Another convayor carrien tho dried curls to
a tumbler whera (while still hot) they are
contad with oll and a spray=driod omulsion
of cheddar in powdar form. l'rom tha tumb-
lar tha finishod puffs are tranmnportad by
a long (vibrntlnq? convonyor to tho pack-
aging machines. The conveyor in long in
order to let tha curla cool. At each
machine the off-loading from the conveyor
in accomplished by high=praanure nir jotnm
which awaep tho curls off the convayor and
into the maw of the packagling machine,

The latter temporarily atores, motara (by
welght) and packnges the curln, usually in
baga which are made by thae machlne from
rolla of imprinted plastle film, Hore,

man onters the acena to pack the packagen
in ahipping cartonn. Auxillary equipment
for praparing the mlx and other not-on-lina
functiona includen blendera, mixera, puwman
and hlowera. Usually, the plant ia equipped
with a largo-capacity alr-moving syaten to
ramova the hot, melat, graase~ladon vapora
to tha outnide,

hacauan of thalr ahort sholf 1life, snack-
feoda are uwmually sold within relativoly
short Aistancea (pay, 100 milaa) of the
proceaning plant, One of the larga compan-
lan operates aver 50 plantas. Unually onch
onn producen the aama baafe product lina,
Thua, each plant ls about the aame uire and
contalna thn name aquipmant.

DIGCURBION

Tha layout of tha plant at which tha pro-
4act here wan conducted is mhown in Flgure
1. Itm configuration, squipmant arranyn-
mant and afze are typlcal of many aimular
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plante. In any shift the work force nor-
mally in the proceossing arcas in approxi-
mately 45 mon and women. Administrative
personnel do not normally enter the pro-
couning aread,

For easy cleaning, tho walls, floorn and
cellings of the procaesming roomn are tille
or other hard ourfacon (much az finlohod
cement). The fryern and drying ovens aro
located in largo rooms with hard-ourfaced
walls nnd floors, but the cellings are
rolatively high [aboulb 30 C[t.} in ordor to
provide spoca whoro the hot, molat air
riailng from the equipment may collect and
then he removed through the rocof by large
(9=ft, diamotor) fans.

There nre work ntations in the proceaning
rooms at tho positions smhown in Figure 1.
Tha individual tasks of the mnjorlty of

the work force roquirch that they remain
at tholr work otntions or in ono room only.
llowevar, thono who maintain and nervice
the cquipmant move throughout all parta of
the procenning rooma.

The enlightened manngement of the company
wan aware of the 05UA guldolinen for accept=
able loveln of noise exposurc in industrial
anvironmonts, They wanted to know the com-
pany's position vis~-n~vis thone levals of
expoaure, In particular, they wanted to
know if thorxe ware arwam 0f potentinl nelinae
hagard in thedr plants. If they exinstaed,
whnt might be done to reduca tha noiae
lovaln to the accoptable limita. Filaoally,
what plan could be propoaaed to make the
control of noine in thelr plants n minimal
problem in the futurs. At that time there
wore no anginoara in thu company (on the
corporate endineering ataff or in the
planta) who had taken training In acounticn
or noine control tochnology.

I thin situation, the company decided to
hira an outside conmultant { n univaraity
profaspor) (1) to make an initinl nolnn
survey of tho proceaning arean, (2) to
analyze the rodulte of tho purvey and do-
fine the company'n problem, nnd (3) to pre-
aont rocommondations and n plan of actlon,

The aurvey renults are summarized in Tahle
1, Tho nolniest nmiten woere (1) in the
packaging room undernenth an elavated
vibrating conveyor (95-98 dBA)* and at tha
nide of the packaging machlnaa (20-92 ADAN):
{2) at work statlona near the combusntorn
which hentod the oil in the fryar vatn
{94~96 ABA}: {3} near the containera into
which the raw potatosn wera firslt recolvad

0ccanionally, the laveols under the convay-
or oxcacded 100 4BA, It wan found that in
thosa caman the exconnive nodlaa wan dua to
had bearings in the cut-of-balance motorn
uand to genarate tha impact forcan necone
nary for the oporation of the convaeyor.
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(N0=92 ADA) ¢ noar tho cornmeal mix extruders
(09-90 dBA)) and noar the air joets used to
awcep tho product off a cohveyor onto
anothor cenveyor or into a packaging ma~

tho students an coape studien In the cournoe,
Ihe approachen to these probloms ara dis-
cunned bolow,

chine (intermittent noine, to 92 dBA}. The Packaqing_ftoom
ovorall levels at even relatively guiet
loentlonn varled from 02-07 di8A. ‘Thun, no Thare ware two nolse-hazard arcaa in the

area in tho procesnlng room wan no far bo-
low the acceptablo 90 dBA level an to not
be of concorn. Thete wore amovaral arcas
whore the hagard wao real (an dofined by
tha O51A guidelinen).

The nurvey results weore diocunned with the
englnaor whe had beon ansiqgnod the tank of
organiecing the company's offort to reduco
noine ln its planto. With hie collaboration,
the conaultant preparad the following one-
yonr plan. It wap prusented to Lhe corpor-
ate managament and approved. It wan agread
that

(1) tho conpultant would

(n) proparo and prenent a geriecn of
lecturons on ncoustlen and noine control to
nelacted onginoora of the corporate engi-
nooring atalfl,

(b) nuosiot In the establishmont of
a corporate-~lovel acouaticn laboratory.
{This would bo done by providing a schedule
of noige-maansuring and analysis equipmont
which would bo purchased over a two-yeor
poriod., A firat~yoar budgot of $10,000
would be provided.)

{c) preparo (in conoultnation wlth
the enginaoring ataff) a long~range plan
concerning the control of noisa in tho
company'n planta.,

{4) provide an enginearing connulting
Aarvice to rocommand mathodn, desiqgn changen
and procaduraa for reducing noine at the
locationa where the noime lovels were in
axcaun of CQH5HA guidelinen.

{a) provida tha company enginearing
library with a liat of multable taxts, jour-
nala and other taechnical litaratura.

{2) tho company would

() furniah funda in A one-year bud-
got to support tho itema listed above,

(b? analgn an adequate group of
onglneara and technleinna toe the noino-
control project lahoratory (Nobtnr G engl-
neara attended the clasas, 1 of whom wora
asaignad permanontly to a newly oatablinhad
noina-control adction of the englneering
agaflc,)

(c) provide adequata faclilitles for
tha lahoratory and lecturen clted abova,
Tha axpactation waa that at the snd of the
year the company engineera would ho nda-
quataly tralned and eguippad to oparate
with only occanional conmultntion From out-
sida tha company.

In Tabla 1 the principal nolna problema and
aourcea ara talulated, The generanl charac~
tarlatica of tho nolme mourcen are noted,
An attempt wna madae to nmolva tha worst
problemn immediately. Tho meanurementsa,
analyria and nolationa wora conductad with

packaging room, Ono wan at the rear of
the packaging machines underncath an ele-
vated vibrating conveyor, A neocond waa
imnediatoly adjacent to the packaging ma=
chinea at theilr siden, Alr jets uned to
control the flow of the product off tho
canveyor cantribute to the overall nolne
in tho room.

+ Convoyor noine. Tho convoyor in a smooth-
ourfaced, ahnllow, nstalnlons steel pan.

It 4in pot on a nlight angle along ite
longth {40 ft,) no that the delivery pointn
for the product are lowor than the entrance
polnt, The entira conveyor in huhg from
the ceiling mo that it in about 0 feet from
the floor. An out-of-balance olectric
motor 1ia mounted diroctly to tha bottom of
the pan no that it deliverm a perlodically
rocurring forco to tho pan, The force
caunca tho pan Lo vibrato and the product
flowa to the lower dellvery points at the
packaging machinos,

Immodiately below tho convoyor there 1u a
confined apaco {0 ft. x Ip ft. in vertical
croan noctlon x 40 ft. long) with a hard-
surfaced wall and fFleor on two sidea, the
conveyor bottom and backs of the packaging
machinos on the other two. Maintananca
perdonnel and othera reqularly move through
the npace,

The acund spectrum hero is dominated by
the impact nolse of tho conveyor powar
nource apd the neine radiated from the
bottom of the convayor., The packaging
machina contributan a lowar~lavel collac~
tion of compononts due to the interactiaon,
impact apd vibration of Ltn parta. The
product (as it movea) contributen a lowegr-
lavel, broad-band backqground nolse, a
ahunshing aound causad by the ruttlng of
the salt-roughened aurfacen of the myriad
of chips on the convayor. The combined
laval from all ngurces im from 95-98 dBA.
In two inntancen the noims from the cop-
vayor excreded 100 dBA (102-104 4BA intar~
mittantly). It was a clattering mound
catined b{ bad bearings in the electrile
motor drlving the conveyor,

Two approachean were attemptod to reduce

the conveyor nolsa: (1) a damplng matacial
wan applied in patches In mavaral pattarna
to the bottom of a mample naction of teat
convayor. The roduction achleved wan alg~
nificant (approximataly 9 AdBA} under the
tant conditlona: howaver, the application
of a aimilar treatment to an nctual convey-
or would be Aifficult and oxpenalva, al~
though 1t would bhe relatively easy Lo apply
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at tho time the conveyor wan fabricated.
My a conooeruoenco, tho Final rocomnendation
wan directod at the long=-range problem,
A1l Ffuture acquinitions of pimilar convay-
oran {which are functionally excellont}
would include n low-nolso requircment an a
part of thoir purchaso spocification.
further, when the axisting conveyornm aro
shut dJdown for a long poricd, an attempt
will Le made to treat them wich damping
matorial,

Thu product noloe ramalns unchanged and
untreateds howovor, 1t in expected that
damping the conveyor pan will probably
roduce the nolwee from thim sourco an waell,
The aurfacens of the product (roughenod hy
palt, ote,) munt ba nccepted an lo and pre-
clude any nerious attempt at reducing tho
noine caused by their rubbing., In addition,
the rubbing noine in loss cehjectlonable
than the nolmos from othor mourcon.

The bonring noise probrlem wan enaily nolvad:
tho bearingm wore alnply replaced. For the
long~term, an lmproved maintenance and re=-
placoment nchedule was inatituted and, in
future acquinitionn of tho conveyors, im-
proved bearingn will bo requesatad,

In aummary, Lt was rocommended that tho
convayor nolae can ba reduced by applying

a damping treatmant to the bottom surface
of the conveyor pan, the baaring nolae can
he aliminated by replacing the bearinga,
and (for the preaant) nothing can ke donea
about the product nolse, 1In the futura,
tha conveyor manufacturar will be required
to raduce the noina of his product. Acoun-
tic treatmont of the space behind tha pack-
aqing machines doow not appaar to bo a
faanibla molutlon,

« Packaqing machina noisa, The sourcen of
noime in tha packaging machine ware mechani-
cal plus the acountie noismn {rom the ex-
houst air of pneumatic lavar actuntora
{90~92 ABA). Tha noisa nourcon in tho
machino ara many. Unfortunataly, detallnd
examination of the machine im not feanihle;
thua, no signifleant reduction in overall
nolne ia posaible, On this banim, it wans
agraad that (1) the exhaust postn would be
radanigned no an to reduce the nolese from
this sgurce and {2}, in future inatallationa,
an acouatic barrier would bn inntalled ba-
twoan tha machinea and thelr operatorn.

an immediate reduction in overall noine at
the work atations waa brought about by a
almpla change in the acouatical charactar
of the room, Rarge packnges of foldad
corrugatad-paper shipplng contalnera weroe
brought near the work ntationa, By atoring
them #o as to cover a larde portion of the
rear wall, the ovarall nolme in the room
waa raducaed about 2 dbA, ehotgh to makae the
work~=atation nolan-lavels only marxginally
harardoua,
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In summary, the overall nolse of the pack-
aging machine i duo to many mources only
ona of which [tho oxhaunt nolso from the
pheumatie lover ncetuatorn) in amonable to
imncdiate modification, An improvement in
Future installationn will Lo poseible by
inntalling an acoustic barrler boetween tho
machine and ites operator. Uy ntoring tho
packagon of nhipplng cartony aolidly
againnt the rear wall of the room, the
acountic characterlstics of the room aro
improved without interforing with the
cleanllnonns roquirementa,

¢ Alr_dot noino., Alr jots ara installed
at about 11%° to the flow-line of tho pro-
duect along the conveyor, Tho jetn awcep
tho product off the side of the conveyor
anto another conveyor or Ipto the ostorago
bin of tho packagling machine. 7Tho jotn
aro oimply valved pipea which use 100-poil
uhop alr, Thelr noine 1o a major compo-
nont of tho 95=-90 AlA meanured beneath the
convayor pan., Near tho jJots it io alightly
higher. Uinco qulot-flow jot davicos are
available, tho rocommendation wanm made to
apeclfy thalr uno.

In nummary, alr jets perform woll in
changing the direction of flow of tho pro-
duct without damaging it, Thun, it wam a
better choleo to melact an improved {quict-~
or} jet than to replaco them with machani~
cal davicen which would have qreater poten-
tinl for damaging the product,

« Pryer combuntion noine, Four combustors
nre upad in each fryar, each one innarted
into the combuation chamber through an
overairo circulnr opening in the wall of
the fryer, At a noarby work ntation, tha
nolon laval wam 94-96 dBA, For optimal
combustion, the combustors rofquire graat
voluman of air and turbulant mixing, a
combination which alno caunes the high-
level, roaring mound annoeclated with it,
hftor consultation with the manufactursr
of the combuatora it wam racommended that
{1) the air inleta be modirfied, a circular
tubo be usad to oncompana the combuntor
along approximataly two-thlrds of 1tn
langth, {(2) the fual/air mixture be anf-
justed no an to minimira the noimwe., The
bread-hand, low-frequency nolte of the
combuation procens precluded achioving a
nignificant reduction by changing the air
inlata from holen to tubon (thera was only
1-2 apA lmprovamant}). Tho greater roduce
tioen can bo achfeved by reducing the rate
of combuntion (mo an to reduce the roquire-
mant for alr) and adjusting tho fuael/aic
mixtura. It appaara that a 4-% ABA reduc-
tion will ba ponaible by this means,

In summary, tha only lmmadinte reductlion

in fryar combuatlon noisa could be achlaved
by raduclng the heat domand, or by adjunt-
ing thae fuel/air mixture and reducing the
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total voluma of air required. In the long-
torm, an improved alrlet to the combuption
chambor may provide an luwprovemnent.

o Othar podne prohlomn. Potatoos entering
the productlon linu In the raceiving room
hit tho sloping sldes of large tanka of
roctangular croun-noction., Thin caunas
the stainlons steel panels of the tank to
vibrata., Tho remulting low-frequency rum-
ble wan not always eoxcocduive. It could be
reducod to bulow accoptable leveln by self-
fondng the tank nide pnnols and by provid-
ing a ruhbor, pad-like anvil for the potn-
toen to atrike whon they onterod,

SUMMARY AND CONCLUS IONS

A aurvey made ip a snack«food procesoing
plant ashovad that there were neveral work

locntionn where noise wan a potential or
real harard {an definod by the OSUA guido-
linon}. A plan vwan developed to traln
company angipeern in acoustics and nolac-
cantrol technology, uaing the seluticonn

for the wornt probloms ae cane studies, A
long-term plan wapn devoloped with tho col-
laboration of conpany cngincers and manng-
ors which included the catablishment of a
noine-measurcment lahoratory. Engineering
inatructionns wore issued to corroct exint-
ing nolao problems, New or replacemant
equipment will bo purchased with low=-nolae
aa o contract ppecification, whero posalble.
The devlqgn of now plants will include fon=-
tures which will insure that nolse levela
will bo bolow OS5HA guidelinos, An enlight=-
onad managemont and enthusiastic and racep-
tivo englnoors are a delight to work with
an a conaultant,

Tabla 1

Noime Leveln in Procesoing Arona
(Iavalas in 4AhA)

qunction {Aroa) [ltacedving [Preparation|Slicing

Dxtruding|Frying{Drying|Conveying (Packaging

Corn chips,
Corn puffn, e 0 et 8BS ABA
Whaat chipa

Jource Ae 1 Ac 1 he 2 Mo 1 Ao 1 Ao 1
Product M1* Ml M [5k) M2,3 |M2,3,5IM2,3,4,5 M2,3
09-90

09-92 for |94-96 (0G=00 |95-90n« 30=92
putfs

Potato chipa ap=-92

24-96 (B6~00 [195-90r%# 20-92

*Nolae nourcant

Reountde {Ae) 1. Aldr jet (plercing soundr broad~band, high-lavel with high-~frequency

componante)

2. combuation {rearing mound: broad=-hand, high-=leval, low-fraquancles)
Aarodynamic (An) 1. Alr flow (ganeral background nolse: broad-band, intermedinte

laval}

Machanienl (M) 1. Panal vibration, impact (intermittent, low=frequency rumbla}
2. Pranal vibration, foread {(multiple-frequency noiso)
3, Mnachine parte (interaction, vibration and impact nodne)
4, Machine part, baaring {narrow=band with strong ningle-fragquency

component:)

5, Product rubbing (relatively loud ahushing acund dua to rubhing

aurfacoen)

## No prohlem
are Sen Footnote 2,
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"h Nolee Control Ireject In a Snack-Food Proccssing Plant®
progsented by
D. Munter

DINCUASION:

M. Norick:

Thare sre pome coueo whoere industry
will do Just ecaoough to moet a requirement.
That*s fine. 1n the courne of your inventi.
gotionn have they ond you tried to get below
tho requirementn?

D. Muntnrg

thip 1o the third time that I have dane
thia, Of the three, thio io the one thot's
been most successful., I think what you are
anking im 0o menaure of the enlightenment of
tha management, Even where there Is on en-
lightened management, the prossurces don't
permit them to ¢o much below, oOn thin
banin, if I were part of their manoqenent,
I would not go helow elther.

I, foricks

I underatand exactly what you're nsay-
ing, but have they done any coat-benefit
atudieon, for example, to determine if they
should qgo helow for thelr own peraonal
henafita?

D, Muntarg
1 would may yen, to tho extent that

one of the Ffirst thingm I anked them to do
wan to look at their maintenance program.
I'va found that if you have a good main-
tenance program, you'll hot have noisc
problema to the degreo that you will £ you
have a poor program, Other than thina, thoy
did not conaider othor cost bencfitna,

iI. Nozick

The levela that thoy reduced to, B7-90
dBA raughly, ean atlll he harmful to the
employeen, I mean it'a not: "OK, we are
cleax nowl"

D, Muater)

I think that's an unfalr burden to
ptaca on them. If you want them to qo
lowar, you are going to have to juatify.
1f you do, they'll prohlably do it,

*, Iart

e 1 think thera'sm a grent deal of varia-
hillty amongat induatries in torms of
policiea the corpogate atructure normally
sate, Thore arxe compoanien in Horth Carolina
that have aat n goal of 05 ABA. Thoy have
ot agresalve policiem to meot that goal.

I might say that vith respect to the aemlnar
programa that we present over the years-at
North Carolinh Btate, we alwoya racemmend
that that be the ultimate goal until such

107

T et WA AT T b AR T

time that a lowor level is set. We have
found thot they will aceopt that as o finnl
qgoal with an interim goal of 90 dJdbA.

5. HWagaonor:

Will the knowledge and results of thin
study be phared with other companlen? Con
I get o copy of the report?

D, Muntor,
No, pvir. I wuan lucky to tell you
what I did. It's not that the engingern
involved do not wont to share thin {nfor-
mation, it'a the legal people who will not
qlve the clenrance. At one time or another
virtually every company in the country fao
in violation, but they don't like to admit
t.

€. Jturnky

Sometimes lt's not the managementn'
fault that they can't comply, 1've ascen
two arms of the government getting into
the act and preventing » nolwe control pro-
cedure from belng nllowad. lor exnmpla,
I've been working with the poultry pro-
cesalng induatry and they wanted to uno o
mylor covercd fonm moterinl that could be
placed In o hung ceiling, Thin one plant
wanted to reploce exinting fLlberglnaa lay-
in ponols with this foam, but the USDA
would not allew Lt unlemns the joints woro
taped, The prenant jointa wore not taped.
Thua UUDA was upping the roqultementa,
effectively preventing tha ume of thin
new materdial.

Jy R Bndle

You took n awlpe ot remcarchere who
Ao rodearch that io not applled, and yet
aa a connultant you oAy you canhat publinh.
I think the point that should he made hoere
in that univorsities sre uniquely popi-
tionod to o resecarch in the public domain,
capacinlly if eupport in provided lor by,
lat'o any, a public agency., Thia i the
only way, I noe, in which progroan can he
made in the public demain vhere rasulia axe
published, diatributed and implenented
without the atrings that often go along
with othor formm of support for rescarch,

lls(‘,ﬂ‘l:'l_

Well, appsroatly I waan't making my-
aalf claar., I am not about to decry the
need tor reasarch, or the fact that people
flo tt. Whot I tricd to any won that all
the ressarch in the world, if it ls pot in
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the hohde of engineorn in the omaller
campaniee--people who de not hove the
spocialircd copabllity, doos not do any
good, ‘Thepne people may have an intellectual
Intorest in rescaorch, but until the resultso
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of the resecoarch io it their honds in o form
they con ude, the roosearch dors not qul to
where the money io; to where the productu
nre going out the back door. Thin in what
concernyg me.
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SLIDE-TAPE DEMONSTRATIONS OF THE EFFECTS AND CONTROL OF NOISE:
AN EFFECTIVE EDUCATIONAL RESCURCE

William S, Gatley, Profesuvor

Univerpity of Minpouri -~ Rolla
‘Dopartmont of Mechanical and Aerospace Lhgineoring
folln, Minmourl 65401

INTRODUCTION

Nolso ia probably tha least well undorstood
pollutant, both an to causecn and control,
Howaovar, racent reductlona in air, water,
and aolid waste pollution survo to enpha-
aize tho effecta of noloe hoth an a health
hazard and ap lrritant in the daily liveo
of milliona.

Raduction and regulontion of noisa are in
progrenas on a hroad front. [fer the mont
part, howaver, atudents of all agen, pro-
fonaional groupm, and the gepexral public
axe only vaguely aware of the offacts and
control of noipo. Wlthout increasod know-
ledge and aupport, programe to raduce noiae
lavaln will neceamarily be limitad,

A ralated problem is the current lack of
aducational mateclala that are intaresting,
informative, and partinent. Univeraitien
with lhatructional programs and reasarch
onpability in acoustice and noian control
ara idaally aulted for devaloping auch
materials, In many cames, thona nams in-
atitutions can also diatribute auch matax-
ialna to varlous user groups, One particu=
larly attractive format ia a pronentation
that utilizen 35 mm alides, coordinated
with a tape racording. Some foatures and
advantagen of thia format aro:

4. Tho premsentations are solf~contalnod
and can eamaily ba malled for upo any=~
whata, HNo prlex knowledge of the
aubject matter by tha user ia nocos-
sazy.

ii. Tha combination in afficlent, boa-
¢austa the material han been carefully
palagtod and uses both aight and
heardng for instruction. (Tho latter
in particulaxly valuahle for demon-
atrationn of typan of asounda, nolna
lavaln, fLreqguency analysis, and
hoaring lona.)

144. The compagtnean and palf-caontained
natuxe of aach presantation 48 adap-
table for ipncorporation into alroady-
arewdad curriculums.

lv. Davalopmont of tha pramantations doca
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not require an excessive amount of
time or & great deal of okill, The
lahoratory equipment requlred is
avallable at mont univernitica with
schoolu of engineoring, Material
conts are nomipal.

v. Tho only aguipment nheoded by the
uaer fa a Jimm slide projector and a
nmedivm-priced reel type tapo re-
corder.

vi. The preaentation can be Ainterrupted
at any time for quontions, comments,
or diacuasion,

vii. Bach lintener can be provided with a
acript {including reproductionn ot
nliden), if more in-depth atudy
{including anafgned quaationa and
problems) iep dapired.

SLIDLT AND TAPE DPREPARATION

Although the prosentations muat he tachni-
cally correct and appropriastao, thay nead
not ba of profeanional quality to accom-
plinh their inptended purponon.

S1lidos can be photeographed from a wido va-
riety of copy, Onn mathod for preparation
of drawingn utilizas tranopacencien for
averhead projectora. The marking pena oro
avallable in paveral colora, and miataken
cnn be easlly corrected with a cotton awah
dampaned with alcchel. 1In addition,
skatches can he placed undar the tranapar-
oncy to aid in proparation of tha finished
drawing. Placing a different coloer of
poator papar under sach tranaparency be-
fore it ia photographed provides a varioty
of coloxed backgrounda for slides, Other
capy ineludas actual noime apurcen, acoua-
ti¢ inntrumentation, hoaring protactors,

materialn apd atoucturea for noiese control,

atce. Slidea for one of tha pronantationn
Saourcen of Community Noisa) deplct noias
nourcan and graphic lavel racordinga of
AbA varaun time, Theonra wors prepared by
photographing each nolaes source and graph-
ic levael recording meparately. Tha two
portionn ware then compomed into a aingle
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15mm glass slide and copied.

For mont presentatlonn, the dynamic range
and frequoncy resnponte of a typical ntoerco
tape racordor are adefquate, uoing a tapoe
spoud of 3 3/ ipnches per second. PFactoro
that contribute to overall quality of the
tapu recording arat
i. Relative volumns of voice and other
inputs (such an nolae oourcou, pure
tonon, ctc} must be compatible in
order to provido & comfortable lia-
tuning environmunt., FPortions to bo
cuphanlzed can be clevatod about §
dl above average volce levolsy lov-
ale greater than 10 db bolow averago
voice lavels nhould in goneral be
avolded bocaune of pouasiblo manking
by amblent nolwso levels in tho lio-
tening aroa. Input leveln to the
tape rocorder can be monitored by a
aound levol moter inserted in tho
input circult. (The motor muat be
able to accept inputs from sourcan
othar than a microphono.)

il, For volce recording, n sound lovel
mataer can bo uped if thao microphone
is protected by n windacrean. <Closa-
talking the microphone paormits accep-
tablo recordings to ba mada in rola-
tivaly noiwy surroundings.

iii. Tronaient mawitching noimen that occur
on the tapa from use of the "record®
moda can be eliminated by cutting
out the unwanted tapa segnent and
aaraful splicing. In somo canes it
may be dealrahle to uma a nacond tapo
recordaer for input, or a apectrum
whapar to aimulate hearing or trann-
mianion loss, The ropulting manter
tapa gan then ha copled to obtain
additional tapes for dintribution.

SLIDE~TAPE PRESENTATIONG

Doscribed holow ara three allide-tape pre-
saptatiops that have hean developed over
the paat fiva yoars, in responne to the
sducational nacda of apecific groupn., HMany
other prasentationn {even a acriea) could
ht davaloped for other groups; the numbar
and type depond only on the imagination,
ingenudty, and experience of tho author.

"LEARNXNG ARQUT SOUNDM

Covera fundamentals of mound genaratien
and propagation; terminology; banle in-
atrunentation and maasuremonta) the human
ear and itn responea to acund) legialatlon)
hearing loas and annoyance. fHuitable for
ith or 6th grades during coverago of unit
on pound; eacopdary school, unlveraity, and
genoral public (as a non-technleal, goner-
al-intereat premontation)., 23 minuten; 26
nlideay ascript with alide changes indica-
ted,

Reprasentativa excerpta from the script,

and examples of ansocinted wsliden follow:
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Thins demonvtration 1w called "Learn-
ing About Sound". It is presenpted
by the Departmont of Mechanlcal and
herovpace Englneering, University of
Misgouri-Rolla, through a grant from
tha Halliburton Company. I hopo
that what you nee and hear will il-
lustrate some important things about
sound, and wsupplemont what you may
alroady know from your sclenco and
physics clampos, llere are the to-
pleg we will be dincunuing durcing
this demonntration:

What ins wsoupd?

fthy learn about oound?

tlow do we dencribo nound?

How i nound measured?

Hlow do we control unwontad sound?

llow doen gound affoct un?

What {o Sound?

Sound is a diaturbancoe in the preo-
ture of thoe alr which is produced by
nomt moving object {or aource of
nolae) that i in coentact with air.
Motion of tho noinec nource f{n traps=-
mitted from onn particle af tha alr
to anothar, creating a nound wava,

Thero are hundreda of sources of
gound that we tould noma - a few are
the human voice; a brasa band; a
lawnmower) a powar #saw) A vacuum
cloanary and a loudspoaker such ao
the ono you are linstening to now.

I will now play n short negment of
gound from eacl of thade sourcesm....
In each of each canon, acma moving
objact transmits ite motion to
naarby partleles of air; these par~
ticlas in turn collida with nolgh-
boring particlens, and cauag tha
dinturbance to propagata as a sound
wave, in much the anme way aa rip-
plon ara mada by dropping a satona
inte a pool of watar,...

llow Do We Daacribe Gound?

Thore are thras main thingn that wo
munt: know about any given sound 1n
order to determine itm offectn and,
if necopsary, to reduce it. Theno
ara the amplitwde, or prosaurae, of
tha aoundy ita frequancy content)
and the specd with which thoe sound
wava propagatan,...

Undar monat conditiona, a 3 decibal
changa in eound prasaurs level in
about the smalleat that la notico-
able, Thie corramponds to the
changa that occurn, for axample,
when ona power lawnmowar im epara-
ting and a nsacond one in Atarted
UPes.s ©On the othor hand, a 10
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deeibal incrcane in pound pressurce
luaval 1o very silgnificant, and in

judqged by most prople to be about

twice an loud....

Anothor important proporty of sound
wavon in the spoed with which they
traval through alr,...

llow ia SJound Datocted?

Tho prosoncae of nound ip moost often
dotormined by the car or by a micro-
phonu. Wo shall dincunn vach of
theae now...,

A microphone is a vory sopnitive doe-
vice which respondo to sound wavon
that come in contact with it. Tho
microphone often has a thin dia-
phragm (like an sar drum), whose mo-
tion createa a amall olectrical
aignal. Thia slgnal can be in-
creaned in size by an amplificr, and
then displayod on a meter which in
calibratnd to raad in decibelo. The
inatrument which does thin {a called
a aouhd leval meter....

Controlling unwanted aound, or nolaw,
no that our aurroundings are guiotor
and mora pleasant, is important to
all of us. HNoise control alwayn in-
volvaa a source of nolae, n path for
transmitting the nolsa, and a recoiv-
er who hears tho noine. Therafora,
noice c¢an be reducod by making the
mourca quietor, by blocking tha path,
or by protecting the raoceivor., Thense
methods uanally involve tho usa of
matoriala for abtorbing or inolating
noiau. The cholce of materials do-
poenda upon how tha sound enorgy in
diatributed - noiers acurcoa that are
moatly low-frequency, auch as lawn-
mowera and motorcycleas, require ono
type of treatmont, whilae nolmes that
have high frequencian, puch as jut
aireraft and power aaws, ragquire a
different treatment. fHinco moat
nolnea are produced by machinen, the
machatijcal engineors who danfign them
alno have responalbility for making
them gulatar,

How Noan Sound Affoct Una?

gound and noisa have two maln of-
factn on humanp, Thosae arc annoy-
anca, and loma of hearing....

If a pnraon ia oxposed to loud
aounda for a long cnough tima, he
may devalop a hearing losa, This
meana that he may not hoar aoundn
like chizping birds or crickatam, or
that ordlnnr{ apaach in not loud
enough for him to underatand, Unu-
ally, lerm of hearing from expcaura
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to loud nolnen occurs gradually over
a poriod of several yoarn....

In 1970 the fodoral governmont pats-
ned a law to protect employvon'
hearing while they are at work., Tha
law says that noloe levels must be
reduced no that most workers will
not have a hearing lons, vvon after
many ycars of expouure,

325  While the nolso levels arc being
lowered, workors must wear hearing
protoectors which lowar the noundo
that recach thoe ear drum. These pro-
tectorns can be elthor ear plugn or
car muffn,

Lona of hearing umually takues place
gradunlly and without pain. 1In
fact, tha persopn may not even be
aware that he or mhe is partially
doaf until it is too latea. In this
rospect, hearing lons 1o differont
from other typen of injuries, such
ng oye damage, n cut, or a broken
bona,

I will now read part of tho Deoclara-
tion of Indapandence, Thia is tho
way LIt would asound to a pornon with
normal hearing... How linten to the
pama paasade through the cars of a
parson with asome hearing losn. Aa
you listen, think of how much that
person in minsing, and how he or
nha muat atrain to hoar nveryday
spaech, Think of how fortunata you
are to have good hearing., Don't
take your hearing for granted,...

526 liare aro a few pinmplo rules that
will help you to protect your hear-
inq, and that of othersi....

"AN INTRODUCTIGN TO INDUSTRIAL NOISE AND
ITS CONTHOL®

Covura sound gunaration and propagation;
teoriminologyr inatrumentation and measuro-
mentn; combipation of mounda; wsound
fielda; avaluation of data; acountical
matarialn; critoria and leglislation; O3NA
noinme requlationn; hearing conservation)
principlen of noisa control; case atudy.
Sultable ftor Univeraity atudents (partic-
ularly those in sclence and anqgineering);
profusaional soclatieny technleal and
managarial poraonnel in indumtrey. 235 min-
utaeny 12 pliden; script with alide changae
lndicated,

Ruproaontacive excorptn from the smcript,
and examplas of annpociated alidan follow:

Gl Thin prepontation was preparad at
tha Univaeraity of Mismouri-Rolla,
through a grant from tha Missourl
Industrial Comminasion.
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The putpowcs of thin prasentation
are to dencriba lndustrinl noiose and
ity offegtu; to dincusa basle nolpoe
moaaurcments, criteria, apd legisla-
tiont and teo prosent guldelineo for,
and examples of, the reductlion of
induntrial nolso.

=
[y
2

Pirot of all , what v noise? Noloe
in dofined ao unwontoed oound, and
can cause annhoyahco, Iintorforence
with speech communication, inabllity
to hear warnlng pignals, and even
losn of hearing....

Nolwe is characterized by ity level,
duration, and frequency content.
The lavel or intensity of noine is
moasured with a decibol acale that
typically ranges from zero (the
throshold of haaring for young
adultas} to 120 (lowd rock band, or
naar A pnoumatic drill). The deci-
bol pcale in logardithmie, which ap-
proximatea tho response of the human
02: to noiaan of difforent intenni-
tien.,..

The accond roapon for identifying

the predoeminont frequencies in a

noina mource im that all acouwstical
materiala uaed for nolne coptrol

parform battar at mome frequoncios

than othera. fTherofore, [requency 318
analyaia ins important for optimum

nalection of materlale for a partic-

ular application.

found leavel measurement and frequen-

cy nhalyslno are obtained frem sound

leval matars and frequoancy annlyz=- 520
QL. 40

Tha moat common type of frequency
analyzaer separataen the audible fra-
quancy ranga (20-20,000 1z} into 10
adjoining, or contiguous, fraquancy
bands, The lawest band im centered
at 1.5 fiz, and the other handn are
cantered at 63, 125, 250, 500, 1000,
2000, 4000, ACGOO, and 16,000 liz,
finca mach canter frequancy ia twice
the praceding conteor frequency, the
ropulting aat of 10 doolibel lavaln
in called an octave band freoquepcy 517
analyala, HNota that tharo is one
docibel laval obtained from each
froquency band, This level ipdi-~
catan how much of the total acoustic
anocgy e concentrated in a glven
frequency band, The reawnlting en-
ergy diatribution or frequancy spec- 518
txwn ia opsantinl for evaluating and
raduaing nolan levals, ad wia mon-
tioned aarliar,

Toe demopatrate an octava hand [ra-

quenay analysin, the familiar sound
of a barking dog will ba uamed,,..

112

Damage risk to hearing is aasrcosed
by A-welighted pound levels measured
at thoe ear....

llowever, 1€ lovels to which an om-
ployee la oxpeonod wvary throughout
the working day, then the oxpopure
can be calculated az shown by the
example on tho slide., 0Often a dosi-
metor or noige exposurce monitor of-
fern the beot method for measuring
daily exposure levels, Tho donl-
motor i a compact gound leovel moter
carried by tho omplayoe; a micro-
phona in typically clipped to the
collar clone to the car receiving
the greater exposurce. Acoustic
anergy arriving at tho microphene iu
{irst A-welqghtod, and thoen otored in
a cpll for lateor roadout. Some
dopimetors have a solf-containod
readout, while others require a
spparate devico for this purposo,
Thore in aleo a oignal that indi-
caten when the level corranponding
to 15 miputon or leosg oipoauras (115
dbA) han been reached or excceded, ..

The plide ohows OSIIA nolse limita
and daily exposuren...,

Hearing loss is detormined from tho
nvarage threshold of hearing at 500,
1000, and 2000 Hz, am measured by an
nudiometor. Hegular hearing tantas
of employean expoacd to nolae laveln
abave 85 dPBA ara required in order
to idontify those in the unprotected
15 to 20%....

If an employeo is oxpoaed primarily
to direct sound {nuch as from a
naarby machine), then the addition
of acoustical abmorption to the sur-
roundinga will do 1little if any
qood. Hemembor that acountical ab-
norption in usaful only if the ro-
calvar in exposed primarily to ro-
flected nound, and if the matarial
adequatoely abmorba the dominant
frequencien,...

Programa for roduction of induatrial
noipa are baased upon knowledge of
tha ganeration and propagation of
noine, acountical meamurefantns,
availabllity of suitabloc materialn,
and above all common wmenno. Iat un
examine the prineiples that underlie
any rational nolas control program,

The firat step in a noina control
program in to identify the nodsno
nourcas prepent. Thia mapnan not
only what they are, but thelr im=-
portance rolative to one another,
It maken o nenoe to invest time
and money in reoducing nolse from a
nourca that ia not aignlficant, or
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in raducing the noisc to a lovel for
bulow that of the remaining sourcon..

The noext otop in to list and ovalu-
ate varioun pouwible noluo control
proceduren, In every problaem, thoere
in o source or sources of noloe, ona
or mgra patho by which theo neclee in
tranamitted, ond one or more rocolv-
cro vhooo nolpo exposure is to be
reduced. Any of thene clements can
ba alterod to correct the nolbo
problom. ..,

Anothor important rolme control prin-
clple recognizus the difforence bo-
twoun abporption and attonuation of
noloo....

Identification of flanking poatho {o
another principle that i» crucial
for offective noilno control. A
flanking path ip any route by which
acouptic energy travols from one
aido of a barriur to the othor, ex-
cluding the barrier material btoolf,
Typical flanking paths ipcluda gapn
around doorn, windowa and viewing
panols, and ductvwork uswed for venti-
lation, heating, or cooling. Remom-
boer thot any air lanks in a astruc-
ture aroc alemo sound looks, The but-
ter tha structure, tho more impor-
tant these flanking paths Lecomes.

A copa study will now buo presonted
to illunstrato tho noise control
pringiplas just depcribed....

A nojea aurvey with a sound level
metar indicated that the two prin-
ciple nolan sourcen wore tho wire
cutaff oparation in the coiler, and
air dlacharge from pneumatic control
valvea in tho asaombler, At @ typi-
cal operator's location, coiler
noine wan 92-5 Aba, ponk aanemblor
noina wos 100~101 APA, and reflectud
aound levels from othar collera and
assomblary warn 92-4 ABA,

Paoanible noise control proceduran in-
aludad modification of collar opora-
tion; enalopure of sach coller; ad-
ditlon of abpmorption to walle and
celling; and inatallation of air die-
charge nllencers on tho assembler....

A freguency analyaia of coller nolne
ahowad that the acouatic enargy wan
uniformly distrlbuted over a wide
fragquency band, ranging from 200 to
5000 #iz, Nooauwa of the low-froe
quency attenuation charactoriatic of
thae sar, reduction of noire abovo
500 11z wan of grontogt importapnce
for reducing the dBA lavel., A re=
duction of 10 dHBA for wach onclonurn
var eatablished, Tho total affact,
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with a 10 dDA decroase ip air dis-
charge noloe, would be a reduction
of 10 dbA in nolue levels in the
coller arca, to about 05 dBA....

532 of courne, not all noine control
problemn have oimple or evident po=-
lutionos. lowever, the approach dos-
cribed and illustratced in thin pre-
sentation offers the mont vffectivo
and oconomical mothod for dealing
with any noiuse problem, from ninple
to complex.

If thip presantation hao glven you
o bettor understanding of the na-
ture and control of industrial
nolse, then its purposo has heen
acconmplished....

"SQUICLS 01 COMMUNITY NOISEY

Illunstraten actual and rolativa sound lov-
vln of typical noide sources under ropro=-
gontative conditions. Decibel and ABA
quantities are described. Each vlide
uliown a noluso aource and o graphle lavel
recording of 4ABA vernus time.  Suitable
for all groups from high snchool through
adult. 15 minutes; 18 olidon; ocript
with olide changen indicated.

Reprosentative axcerpta from the script
and oxamplen of aspociated slides follows

Thin tape contalna a sequance of 17
ropresantative aources of community
nolne. The fellowing instructionn
will anniunt you in smetting up the
tape rocordor, loudspeakars, and
slide projoctor no that the demon=
ntration will be an offactive an
poapible for your audianca....

Tho remainder of the tape ahould be
heard by tho audienco....

Tha aounda you will hear ara neither
the quietant nor the loudant that
meat peopleo ancounter in daily liv—
ing ~ rather, thay are rapremcnta-
tiva of typical nolpa lovaels in ur-
ban or suburbAn aronn.. ..

The aound you hear will also ho din-
played graphically on a allde that
illuatraten tha nound source. Thiam
dinplay la on the upper portion of
the alida, an you noo hara, and iso o
plot of pound lavel, measured in A-
wolghted dacibels, veraua tima in
nocondn.  Tho A-weighted docibel
ncala, or dBA, approximated the way
your wars parcoive nound, Jow fro-
quencies ara welghed lann heavily
than high frequencies, to which the
human enar ia more sansitiva,
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CONCLUSION

current, {nformative progentationn about
noipe, 1to cffects and centrol wphould be a
part of all curriculums from clementary
uchool through univeruity levol. In addi-
tion, suitable materinla should be avall-
able to lndustrial, managerisl, and civic
groups, Universitices with progroms in
noine control have not conly the capability
but alpo an obligation to provide sultable
cducatlional matorials as 4 part of their
educational and public perviece missiona.
Frequently, diotribution c¢an be handled by
an axtennlon diviwsion or an experiment
ptatlon. Extension agents throughout the
state can aloo publicize the availabllity
of propentationn to groupn within thelr
oWl aroas,

Figure 1. 8lide 517 {from "Loarning About
gound®,

Flgure 2, Slide B19 from "Learning About
gound !

sy ———

Mgure 3. S5lide 59 from “An Introduction
to Industrial loloe and Its Control®,

.
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Pigure 4. GSlide 520 from "An Introduction
to Induatrial Nolme and Its Control®”.

Flguro 5. Typlcal slide from "Sourcen of
Cominunity Holpe™,




AT e e i e e —— .

R S, R T R B S S T Y ey

“Slide Tapc Demonotrationn of tho BEffects and Control of Holae:
An Eifective Educntlonsl Resourco®

prenen

ted by

¥, 8. Ratley

DISCUARTON,

Be handay
You have mentioned the importance of

cducnting the public, at an ooarly age,

about noiso, I would like to 2dd that wo
should attemnpt to give engincers an aware-
nens of nofuo control during thelr formal
aducation, not to mako them specinlinta,
Lut aoimply to show them how to avold dotting
into trouble with nolase when deslgning
machinery. Thls in not currently being
dona; perhaps this ion why wo hove so many
noiny machinos around.

. Nozjickg
wWhot kind of diatribution is your

program roceiving?

W, Gniloys
‘fo dote, the program has becn made

avnilable to the sponsorn, and I peraoonnl
have used the progrom.  Presumobly, the
program could receive wider ugsge through
the federal or locnl governments and
through university extenslon services.

. Munbnr
Wo hnve within tho Institue of Nolase
control Enginecering a committee net up te

providoe accredlitation For nolne control
engineering curriculn, You con contnct n
or DPoter Bonde iF you arxe interanted in

whin,

13
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VENICLL NOISE SOURCE LEVLL
MEASURING SYSTEM

Elmer L. Hixgon, Profoswvor

Llectroacoustien Rosoarch Labotatory
Daopartment of Electelcal Lngtnooring
Tho University of Texan at Austin

INTRODUCTION

A now mothod for measurlng acoustic noloe from
moving vohlcles that ahowns conulidotable promise
has boon conevlved and toatud {1).* Slnce the
moasured nolne can be Independent of distanco and
raferoncod to any convenlont distence the log of tho
munaured nosos haa boon named the Nolue Source
Lavel. A surplua polico rador, atandord lab equlp-
met, noveral cagar studanta and no funds woers
:qu ta lmplement the method and run prellminary
nats,

Inttinl tonsuitn wero encouraglng and the U, 8.
Dopnrtment of Tranaportatlon Funded an improved
Implomantation and avaluation of the aceuracy of
the aystem. Compartaons wero to ba made to the
pagally measuremont at 50 font and the Socloty of
Automotive Englnoars® nolne eminalan teaty,

The aponnoted otudy revantsd that almple modifica-
tiona to cheap commearcially avallable dopplor or
FM radars could not provide adequate ranga Lnfor -
matlon aquitad for the syatom. In addition, aound
propagation atudive rovansled norlowa nolse moos-
urement probiama common to all mothods Lor moas-
urlng vehicle nolno,

NOISE SOURCE LEVEL

Rofinition

Thia now mathod for meaaucing vehlclo noloo 1
kaned on the Jong uned mothod for epecifylng tha
source strongth ol an elactrencouatic tranaducor,
For example, tha acoustlc prasnure por ampore may
bo moamired at a convontent distance ln the lar
flald, That preanure la then corectod for diatapco
to givn an aquivalant pragsurn pur ampero af one
matar, fuch a mansuramoent 1a baaad on spherical

? Rafarancaa appoar In pumorical order at the end of
thn paport,
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upraading ol tho sound wavo apd o Xnowledgoe ol tho
measuremont dlatanca. 1L I 1o the equivalant prod-
suro at ono metor then the pressuro at any distancoe

1s glvon by

p=Py /T w
where r is the dlatanco from the gourco in moetors,

In applylng this concapt to the meaguroment of
nolae Irom a moving vahiclo, Ity equlvalent gourco
utrangth 13 given by

Py pr (o

whon p and r are meanured dynamleally ag tho vo-
hicle poaven by, This con be dona with a sound
lovel metor and diatancs meaturlng radar. The
apherleal aproading asaumptlon will be dincunged at
length later. Bocouso of tho dllterence 1n speeda
for sound and rodlo waves a measarod distanco error
roaulta, Jf tho radar distonco lat', the corrected
valuo of Pp tu

Pompt' /L= v/c) (1)

whure v ia the vahlelo specd toward the rader and ©
In acountic wava npund,

iilnce daclibol notatlon In appropriate lor acountic
moamitementa 20 log, i han been definod an tha
Nolao fource Lavel, NiL. Thia glvea

HEL w 20 logye p+ 20logyat’ = 20logyall - v/c) {4}

Tha firat term La olmply Sound Pronsuca Lovel, SPL
an glven by acund laval motora. An approximation
for tha laat term glvoa

NUL = HDPL + 20 togy e + 0,434 v/c {5}
For a vohiclo apeod of 60 mph the approximatlon

rosults In an orror of 0,36 B, With a acund lavel
mater with alactrical autput proportional to agund
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prosgure and o radar with a range voltagoe output,
the expresslon above can be implemented with sim-
ple nnalog techolques as shown in Plgute |,

Advantugen

Juch o moaturomont syastem provides some uniquoe
Information and moasurotnants for moving vehlelos,
Au long an the voelilcle nolso 16 abova the atnblent,
the moanurement becomes o quaal-static one Inkiteard
of a high spoced tronsiont, When NiL 1o plotted vor-
sun vohlcle track angle 6o 1t Ly trockad by the radar,
a source diroctlvity plot la produced, With two
ponubys and the mlctophono clove 10 tho track,
nosrly 360" of the directivity plot can bo produced,
Any dowlrod flltering of the acoustic slgnal con bo
uted. The rosulting NGL 1o o unique proporty of the
vohiclo made under the particular gpeed condition oo
if it woro statlionaty, NiL 18 tho equlvolent voursd
pronoure levol at a unit distanco thot can ba oxtra-
polatod into noinw offocted archn, Tho quantity pro-
vidoy o mora accurate source modol than that uood In
any highway or olrport nolae prediction techniquoe,

Unag

Tihrae basic usos ato suggoustud for Notoo Jourca
Lovel monpuramunta, Hlnco It Lo o basle proporty of
thae sourco, sn obvloun upoein forvobicle polae emio-
alon standarda, It in applicabla to ale, wator or
land vahicles, This Includon ajreralt of all kinds,
bonts, highwoy and racreatlonal vohiclos, Moaso-
uroments en now vahicles and porledlc tosts on old
onan can bo qulckly mado,

Nolsogrdinance enforcemont in o nocond lmportant
appllcation. fitncu any toferonce dlatance can ba
unad in N3L, the ono writtan In the local law can Lo
uned, Thon microphono placomont 1o non critical
and violatlon lovels indicated vvan though the vo-
hlcle 1o not near the microphionn, Dicectivity offocw
are algo Included In violation lavels.

Yahiclo notaus reduction roguarch 1o a third augguaitnd
una, With froquoncy discriminntlon, accurnto
soucca laveln and diroctlvity vohicle nolav sourcas
apd their charactarlsticn can bo {sclated and
mudled, Then carroctlon maaayres may ba nug-
goated and tho offoct of thosa moasures accuratoly
daetarmined,

The nuggoations ahova have boeoan of n ganoral
natura,  Thaan ara, no doubtl, spoctilc moosuremant

problomna ta which NGL mathodn can bo frultfully
appliud.

IMPISMENTATION

Yiret Modal, Rappler Radar

The Initlal nystem vued an early model polico dop-
pler radar modified slightly to glve a de potontial
out proportlonal lo vehlcie npeed, An ANSI type Il
uoupd level meter with an ac potential cut propor-
tional to Instantancous sound proaasurg gavo tho
pressure signal, Loaboratory typo leg converters
warn uaced ond Integration and summation won donu
with atandard operationnl amplifiers,

The radar antenna system wos mountod on a triped
so that the vehlcle could bu tencked Ln angle. Thio
wan donu by hand but on sutotnatic angle tracking
method hng been tnvoatigated {2), Tho anlonna wan
coupled to o plne=conine potontlometer to convert
NS L to rectangular coordinaton for polar plotting on
an X-Y plottor, The omnldirsctionsl miernphene wan
placed near the rader, Fressure tubos for highway
vehlcle counting wore unod (o start snd stap tho
ronge integrator. Tho olgn of the velocitly potontlal
wa ravorped at the clonwst polnt of appreoach with a
cam on the antonana rotating shaft, Slnco high spood
pans by measuromontn wuoro not anticlpated the third
tarm in Eq. (S}, tho currectlon for vehicle and pound
upeed, waoo left off,

Thio syatom had somo obvioua dlundvantagon but one
tmportant advantage, It worked, and falrly woll,
Dioodvantagun for convanlant flold rise iucluded o
bulky syatem, oc arxd battery power roquired and
pronsuro tubo Lnotallatlon at the monasromont slta.

Rosulty that will bo shown lator indicated that a
diractional microphoeno tracking with the radar would

hava been helpful. 1t wanp also diocovored at thia
polnt that an automobile was a poor radar target In
the pasy by situntion. A hooad on situatlon, typlcol
of pollce sptod control uso, gave good roturn uignal
but cloao broadside anpect gave serlous algnal diop
outn.

Improvad Model, M Radar

The Improved modal of the Noloe Sourco lavel Maotar
supported by DOT was dopigand to oliminnts somo of
tho dinadvantagon of tha aarliar modol {(3}. A dio-
tanco measurlng radar wan putchased, intograted cle
cult tochnlguan and all battory opuaration won plannnd.
Tho radar uned a Guaon dlede £f signal sourca which
wat froquuncy modulated with a trlangular wave.

The differonce froquoncy botwaon tho transmitted
uignal and the rellocted raturn wan then proportlonal
to ronge,. Targot motion caunod o dopplor shift
which waa romovod by avoraging. Tho syastom Implo-
maentod with Integrated clrcult components amd
powerad by o alagle 12 volt battery in abown Ln 'ig-
uro L.

Thao #ystem wan compact, almple to power Irom a
car battary, aimple to sat up and roqulrod no prans
sura tubon, lHowovor, radnr probloma again lhmited
the nyatom’'s upefulponn, In tho doppler rodar, slg-
nal drop ouln gave mero volocity voltage and canaued
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gome rangu ermor out of tho Intogrator., With the FM
radar, It tondod to "goe® tho largoat target, moving
or not. Thuwa, ntgne! drop outs from tha vohicle
allowod tht radar to see bulldings several huadroda
of meturs away, Thon extromely lorgo range orrors
rosltod.

REBULTS

Tao toot the NGL measurlng system a known sound
uourco wan mounted on a plck up truck and measurg=
menty wera made [noo maddentlal nolghbarhoad {4).
A horn loud sprakor with a diffuser conu polnted vor-
ticolly pueved as on omnldirectional wource. Plnk
nolae fHtered to ono octave contered ot @ KEHz was
uged, Tho samo loud speaker without tha diffuser
polnted hotlzantally served ao o directional nource.,

Flgure 2 ghown tho rodults of two passby runs lnop-
poalte dicoctlony at about 25 mph with tho otnidi-
toctlonol gource, The "X's" on the plot aro date
cetraucted to ene metnr moasurad {0 an open flold
with tho vollcle otatlonary, The corrospondenco bo-
twoon the iwo moasutamants In connkderod to bo very
good. IPlgura 3 nhowu the roaults of ldenticol toaty
with tho directional sound wourco., NSL accuracy In
noon to be good to about 30" on oithor nide of the
mnln lobu, It lp apparant that rofloctions {rom nvear-
by hougos wore arriving at + 50" with raspect to the
maln lobw, Huyvoral passing cars woro meosurad on
sevaral occaslona, Flgura 4 Ls the complate data on
a caf ad thy roault of o cooparative pagaar by, Hoe
mado pasnby runs in both dirdetlonn under constant
npawd and directlon conditlons. Noto that tho left
mufller waa more dofective than the right cne. This
fact wan vorlfted by the ownor. Agaln, reflectlony
could ba posathle at + 50°,

Thu meoasuroment alte wag far from ldoat yot tho
raaulta woro nuita good, Rewvults indicata that a
diractionnl microphona would hava lmproved tho di-
roctivity moemcomoentna at that alto,

NOISE MEASUREMENT PRONLEMB

Sound propagntion measurements wera modo In on
opon [lold to provide controllod conditions and a
gimulation of tha vahicle noles moaauromant problem
(5), Al KHz pura tona and 1/3 ond 1 octave nolue
nlgnaln canterod ot 1 Kilz were unod, Hinglo aml
double omaldlrectional aoucces In phana, out of
mhase apd uncorelated wero placod at a holght of
0.65 moatern. A measuaring microphionoe at holghts of
eoro and 1.5 matora ovor distancan from 1.5 to 33
matars was usod to mako meanuroments fn ona 90°
quadeant, Jymmotty roquied only one quadrant,
Yehlclaa hava many nolta sourcan but two wire con-
atdored a fieat ordar approximation that providad a
amall ancugh number of vorlablan that couldbe roa-

119

gonably controlled,

A groat deal of data wore taken that would toko
another lengthy poper to display and discuvs, There-
foro, only o brlef verbal discustlon of the rosults
wlll bo prosanted hero. The {irat problom romlts
from thae well-known phenomens that reaults from o
uound dource abovoe a reflocting plane belng muas-
ured by o mlerophone aluo above the plane, Tho
microphone recelvos o direct and reflocted wave that
Lntorforos to caune deep nulls whon the path differ-
ence g an odd multiplo of o half wavolungth. For a
pecfectly reflectlng plan cohotructive [ntericrenco
producus lovels 6 dB too high and dostructive Intoer-
feronce produces zerog. Tot very long ranges tho
two woven aro Ln phasa, the lovel {a GdB too high
but sphorleal spreoding controls tho varlation with
distonco,

For noise geurcen, an tha bandwidth Incresseu, tho
nulla becomy lons pronouncod boecause the dlrect and
raflectod wave bocomo leas corretated., Whon tho
microphono lu on tho refloctlng plone It 1 at tho
polint of totlectlon, pregauro doubling occurs, no
nulls uxtst ond spherleal apreading rovultn, A con-
ttant orror of O d exlots,

Thu measuremoenta ovar linperfoctly rollocting ground
redulted In several maxtma and minlma over tho dlo-
tance of 1.5 to 33 metern, The | Klix octave band
nolgo showoed alinoat no max=min pottorn but apher-
lcal apreadipg did not occur, Whan the microphona
on tho ground, no max-min pattern occuriod aven for
tha pure tona but the docay with distance tnall
codol wan

p= I'D/r"“

inntead of that of equatlion {1}, Tha secoml tarm n
ecquation (3) thop becomoes +30 logert. Stmllar
tosults have breon reported In the ltorature (6).

Diffacent terraln produco different rotiectlon eonffl-
clontn which wo [ar have dofied annlyticel modeling.
Using a ground level microphone sielven one problom
hut difforant expononta are axpactiod at dilferent
lecationa . Without a good propagation modol thege
uxpononts aro nol prodictable but they are moasur-
ablo,

Multiple sourcon prixiuce predictablo directive
effocta but range dopendenca 1o ldentical to that of
single sources, Thus, multlplo sourcon prosant no
maoguremant probJom anlasn thay aro widely spaced
ao thot tho dource-mlcrophona dlatancas afo appro-
clable,

CONCLUSIONS AND RECOMMENDATIONS

[t in concludod that Notug Sourco laval Monsure-
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ments can by very uteful In vehicle notue problemn
but somu problums rumoln. The unexpoctod poor
rodor parformanco {0 a major problem but solvable.
About a two man year offort 13 rocommondad to allow
meny ponsiblo improvement schomoy to be tried and
avalusted ,

Tho ptoblum of nenvpherical apreading and maxg-min
pattorna L8 common to all nolso meassuromenty ond
particularly lmportont to the NOL oystem, llowaver,
a simpls goin adjuatimont of the range log converter
of Pigure 1 enoh ehange the orponunt on that term,
Difforont sitos with difforent roflocting sutfacon aro
axpucted to giva different oxponenta on r, Tho ayu-~
tom could ba unod with o groutd lovel microphono
and a caliltation to adjust the rango torm, Thio
could be accamplished with o singlo pausws with an
ompldiroctional sourxl dourco,

Bocaune of thae great potuntial of the NiL ayslem 1t e
rocommondad that devolopmont of tho aystom buo con-
tinuod after the dar problams aro solved. Agaln,

ot Juant o two man yanr atfort is recommendoed .,
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"Vehlele Holde Source Level Meowsuring Syntom®
preoented by
L. L. lNixoon

DRIACURSTON,

B, xnnn:

Thia project hod funding of about forty

thouonnd dellors with o total offort of 2.5
man yoarn.

J. fAullivana
What wna the reflecting wurface used
to make tha egound decay tentn? Hoo It

qrano?

E. Hixnong
The decay dnto wos obtained over a
aurfnace compoacd of a road, a potch of
graan, concrote and mora granss, much 1ike

the aren in front of o licuse,

J. Aibeony
For Flgure 2, what was the meanuroment

distance?

I, Bnndgs

llan the ground-plane roflection
problam hoen considered in promulgating
nolne loginlotlon?

W, Roper (EPR);
This probylem wan approached hy exam-

Ining o large dato baoc to determine the
potentinl variability of a wide range of
ground cover materials, The SAR JI6G

test, on thoe other hond, is o controlled
aur face teot.
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EVALUATION OF NEW METHODS FOR MEASURING
HOLSL O UEAVY TRUCKS AND DUSES

Jotneph W, Sullivan, Aswsiatant Professor

flay W, ftorrick Laboratorics
School of Mochanical Enginaering
Purdue Univeroity

Heot Lafayeotto,

INTHODUCTION

With tha rocont insuance by tho Fedoral
Govurpmont of nolsa rulea for now truckas,
the manufacturer has boon placed in the role
of the major enforcoer., In this role, the
manufacturor would do tho bulk of tho tecuat-
ing to deternine complianco with tho new
ragulations and would then label his vohiclen
in testimony of complianca. fThe role of the
Fedoral Environmental Protection Agency in
thin, would bo one of sulective cnforcemant
auditing.

go far, tho ragulationa aa publinhod in the
Fedoral Regyilator April 13, 1976 apply only
to modium and hoavy trucka (over 10,000
pounda groan vohicla ratihg) - truckm which
in many inatancen arae cuntom asgembled to
the buyor's upecifiaation. Since the
talloring often involvus major noiwa pro-
dauceing deive train compohonta, thero dona
not axiat a "atandard” production truck
from the viewpoint of noina emisnlona,
What thin moann ig that the menufacturor
w#ill hava to tesat fLrequently for compliance
~ parhapa 100%. Thia, in addition to hoavy
devolopmantal lecadna to meat compliance in
t! o~ future, impliea that the truck manufac-
turar muat have a motheod for noime tepting
that can Le uped on domand. Unfortunatoly,
no such method exiatn,

Tha preaesnt method for tasting is baned on
BAK JA6th, Exterlor fSound Level of lloavy
Trucks and NDusea. Thin mathod harm gained A
aalid reputation with Ainduatry and rogula-
tion aganciea as & moeans for moapuring tha
maximum noine in dBA emitted Ly A vohlcla,

to aither mida, at a low anough apeed whoro
tira nolee ia negliqgible {1). The JIG6h
tant requirea that the vehicle bha accelerated
in auch a manner that maximwn rated spooad bo
attained within a proncrihed diatance with-
out. axcaceding 33 mph (36.3 kam/hr}, Seo
Figura 1 for thes outdoor tant pad dimonulona.

Even though J166h rasults acn well accoepted,
the mathod doea have aerioua environmental
Iimitatione. Testa can only he conducted

Indiana 47907

under favorable weather condlitionn. The
two weather conditionn which mont advervely
affect tosts are precipitation and wind.
The J366h standard recommands apecifically
that the toat pad bo dry during tho tasts
and that the wind specd be loss than 12 mph
(19.3 km/hr). A wot pad surface inoreanen
tire noine and rain incroases background
leval noine 1n addition to having unpredict-~
able affects on dipsipation and scattering
of wsound wava propagatien. Alwo, the
prosence of both raln and wind roquire
#pacinl microphony protection which
intreduce apecial problems in callbration
and maintenance.

The offuecta of wind on nound propagation
botweon source and roeceiver aro complex

and unpredictable in practice. fThe alfocts
vannot ke gaged solely ilo torms of an
average wind vologlty hut muat take into
account tha detalled naturo of the valoolty
distribution cloas to the ground, that in,
in the boundary layer (2}, The goneral
uffact in one of diffracting, or hending of
the sound waveus in proportion to the local
valocity gradient, which in tucn altoras
both the phage relationship and amplitindu of
tho sound waven at the microphona,

Furthermare, variationn in temparaturn,
humidity, and barometric prossure c¢an pro-
duce unprodictable offocts on sound propaga-~
tion from tha vohicle to the microphone, and
changaa in the microphone ltsalf which can-
not alwayn ha corrected, The variablo and
unprodictablo naturn of the weathar in thn
Midwent (whore mont heavy trucka are
produced) limits both tha acheduling and the
number of taata which can be conducted. On
the avarage only 75% of the worklng daya
can be usad for tansting., And much of thin
must ba done wuing microphona wind acruona.
It hecomon mandatory, therofora, to have a
mathod for tast independont of weathor
canditionn,

In rocognition of thin nued for an all-
vaather tnat mnthod, the Motor Vehicle Manu-
facturers Aanociation (MVMA) ham initinted
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ropoarch at tho lurrick Laboratorics, Purduc
Univerpity, to dotermine what methods arc
foanible for all-woather toating.* Thia
paper doocribes two such mothodo.

TEST METUOD REQUIRLEMENTS

hoido from the need for weather protection,
a tast method should havo the following
majer roquirementrns

1. The noipe data munt be compatible with
tho end uwse.

2. The muamurement facility should be
locatod close to the manufacturlng area.

3. Tho time for tuest should be short and
the manpover roequired should be minlmal.

In esaonce, an all-woeather facility moane a
fully enclosed area capable of some tempora-
ture and humidity control. Clearly, it i
not practical to enclowe a J3I66 slto aven if
the vehilcle wore located ntatlonary and the
microphonan moved past the vehicle, an in
the International linrvaotor SHAP facility
{3). Tho HNAD (Sourca Nolne Analyuls Pad}
facility maken usc of tho concept of main-
talning the name rolativa displocement
batwean microphone and vehIcle am & function
of angine apeed as in tho YA J366L taat,
but with tha vehicle atationary. Thio saves
conpidarable space aince the running and
nhutdown diatances for the vehicle are
aliminated. Evon so the ﬂpnin raquirgd

im on the order of 11,000 f£e* (1020 m<),

Tha cont to fully enclesa, acountically
traat, and maintain such a facility would bo
peoehibitive. Then too, a large facllity
could not, in geperal, bho fitted in noxt to
axiating manufacturing arean.

It ia pean thurefore that an all-weathor tost
mathod to ba considered practical must
encompans A calatively small aApace. This
means that the vehlicle muat be lecated
atationary and the microphone(s) munt ho
placed much cloger to the vohlcle. Thias
leadn uns directly to tho quostion of what
kind of meamucement data such a achemo
would praduce. In the SHAD mathod, it han
been mhown that the max ABA value corrolataa
wall with JI66h data. Thia could be
anticipated ainca hoth meaauremupts are made
at tha sama polnt in space relative to the
vahicla, at a given engine apead, avan
though the accalexatlon=time history of the
vohiola im pnot the pama, llowover, bocaune
of tha reflectiva ground plana, ope would
not expagt corrnlation when microphono
orlentation ia changed bacauan of tho depend-
apce of tha acoustiec flald on the holoe
source diatribution and spectral character-
Iatlon of the vehicla, This deponduonce

* The opinionn, tindingn, and conolunaionn
exprasaed Lln thia papar are thosa of the
author and not necenaacily thope of the

Motor Vehicle Manufacturers Anagclation, Inc.

reveals the weaknooo of the J3I66b method:
sound prespure ls obtalned at only one point
in npaca, and, although undoubtably woefuyl
for determining maximum roadaide noino,
thuro i as for an in known no technical
baplyu for using this informatlon to axtra-
polato to farther dlstancou,

Thuws, the fundamental questlon involving
measurements in a omall apaco is should the
toept mothod be deslgned to nilmulato a
drive=-by tast, that is SAL JI6Gh, and theto=-
by correlata with an optablinhed, existing
data bausv; or should tho method boe deslgned
Lo provlidae another, poussibly moro useful
meanurg of noise such as pound powoer?  The
two mothodn choson for atudy addreon both
vicewpointo,

DESCRIPTION Q' NEW MLTIIODS

Figures 2 and J illustrate the bamicw of the
two mothods undoar evaluation, lloth methode
utilize a pemi-anocholc room and multiple
microphonen in pampling the acoustic field
of the vohicle an tho vehicle simulates an
opuratiochal moda.

In tho "Reduced Drive-dy Simulation” method,
Flgura 2, the nmicrophone arrays {ona on
cach side for a 2-side toat) are traversod
paont the vehiclo as the vehicle simulatcos

a wido opon throttle accelerxation, fThin im
a diract adaptation of the SNAL methed
axcept that multiple microphones ara upuod
for apace avevaging of dound prasaure in
the vartical direction and the microphonaa
are at a distance of 15 feaebt (4.6 m} Lrom
the vehicle centerline verpun 50 foot (15,2
m) in the ENAP mathed, [y kesping the samo
angular orlentation of the microphono arcay
with rospect to the vaehicle as in tha fNAD
methed {(or the JI66L mathod) during accol-
aration, the acoustic directionality iw moro
or lans prencrved deponding on whather tho
vohicle has extended sourcen, auch as a front
engine chanals with rear oxhaunt,

The effect of microphone apacing for thia
concept wan axamined in a proliminary atudy
by a aimplified multi-pule computer modal
of a typlcal CQE truck tractor with vertical
axhaunt (4). DPiguron 4 and 5 nhow a coms
pacison of the mlerophone {recaiver)
pampling of thua [inld diractly out from tha
pide of the vohicle when the Aource
characterinticu are broad band (Figure 3)
and pargow band (Figure 4). A study of
thoso two canon raveal that (a) the wopaca
averagu far flald heginn at about 15 foat
from tha "vahicle® centexline, {(h) adeguata
apace avoraging can he done with only a f[ow
recelvors and {c) tho degroo of correlation
botwean ningle recolvora weing inversa
squara law depends on the bapdwidth of the
pourca: the wider tha bandwldth the better
tha correlation,

T Sty g
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In the "Jemi-Anachoic Sound Power” mothod,
Figura %, the gound powor of tho vehicloe is
obtained, at a fixed speed/load condition,
baned on the thcory of meaouring sound power
in a semi~anochoic spaco (5). In this
adaptation, microphunan are arranged along

a clrcular boom that, when rotated, would
cut an imaginary hemdephore into oqual

araan {G). For a hemisphierical nurcface
located in tha far fiold of the volilele, the
pound power im calculated from the equation:
0-12

L, = Ep + 20 log r - 2.5d0, rol watt:

~ -5 2
whera Lp la the level (ro 2 =x 10 H/n") of

tho spaca avarago sound prenpsure over all
microphones, and r is tho radiug of the
heminphore in fesot.

The meaosurement proceodure would connlat of a
continucus acanning and averaging of tho
microphone array, in each 1/3-octava band,
as tha boom rotated at a copatant apeed. At
tho ond of one rovolution, tha f£inal averago
laveol, §_, 4in each band would be uped Lo

calculata the cocrasponding L., from the

above equation. Altecnately, the value of
I by itself, after A-welghting could be

umsed an tho meaaure of the vehicle nolsa
pince it would reproment that Lp which

would hava heen mweasurad at radiua r had the
noisa from the velilole baun radiated
uniformity in all directiona,

As a [inal nota, tho directivity pattern of
the vehicle could ho extracted from tha
monaurad data if a atorage capability were
avallabla an part of the measurement nystem.

CURRENT PROGRAM STATUS

Naither mathod ham peen avaluated ams of this
wedting., The major affort to data has boon
in the conatructlon and checkout of the
miarophopa traverse machaniema; and in
measuring and dafining the acouatic fioeld
around a typloal COE truck, Flgura 7

showa tha truak and the vertically suapended
microphona boom to ha used in tha simulated
drive-py moasuromenta, The boom is
ayncronized to the truck in avch a mannor
that the displacemeonkt of the hoom im control-
led by engine spoed, Engine load in
controlled Dg adjuatment of water flow to a
water brakea dypamometer mounted An tha
trxuck hohind the transmimeion.

Since both methoda require pultiple micro-
phona sampling, the inatrumantation haa hoen
designed to accommodate both. A achomatic
of tha pyatom An mahown in Figuca 6. Tha
progeammabla anlculator (minlceomputer) will
perve to control microphone sequenolng,
stora and manipulate data, and provide hoth
numeric and plot coutput,

The current level of effort invelvos two
Manters degrec students, and the program
timetable callo for this lavel of offort
through 1977.
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"Bvaluation of New Methodn for Meanuring
Holoe of lenvy Trucks ond Duocn”
presonted by
Sullivaon

J. W

DISCHARTON

Jdy fintlivang
The project I have deocribed io funded

ot 0 rato of alxty thousand dollarn with o
level of affort ef onc and one-half man
yoarn,

T,yon
7?dh teat (AL J366)} of measuring
pranaurap around the nide of o nource in
oo of the worat ldenn over generated. Jor
a gource in a multi-path environment, one
really wanta te khow the sound power of the
source,

What 1o wrong with driving o truck
through a reverberant room with opon enda?

131

J. fullivan:

It's o practical problem of climato
contral and expenne. Aloo, low frequenclos
are 8 problem in roverberant rooma.

J. Tiehyr

ltoverborant roomn aro not ag expansive
an acml-nnaecholc roomo, and 4f the room
is large cnough, low frequency menouremonts
nre not a problem,

Jy_Pnllivoang

An additlonal boneofit in uning a oeml-
anechoic environment la that directivity
information can he obtalned.
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R
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PUEBICTION AND HMEASUREMENT OF HIGHWAY HOISE

Mnaldo Greene, Aopnintant Profespor

Sehool of Enpluecering
The Unlveralty of Alabama in Birmingham
pirmingham, Alaboma 35294

IKTNOLUETION

In recent yeara thore han been an fncreancd public
awnrenens of nofsu. Traffic nolne in particular han
atondily grown with the general growth of the popu-
Intlon, and with ft, concern over 1lts intredalon.

Tho increaning mumbar of vehicleoa and thelr greater
concentratfon on majar highwaya are major contribu-
ting Inctern townrd thia problem.

In Fabruary 1973 the Faderal Hlghway Administcacion
of tha Department of Transportacion, In recognltlon
of tha problen, preaented new governing regulaciony
in Lta Policy and PFrocedurs Memorandum PI'H 90-2
ankitled Nolma Htandarda and Procedures, This mem-
orandim required each atnte deairing federal ald to
achieva nolen levols ¢n all ite highway projecto
balow cartain atandard valuen. For oxample, oxte-
rior to rontdences, achooln, churchos, honpltala,
packs and a number of othar locations tho deslgn
noire lavel wan pot for an I.m valua of 70 dbA,

Thin means that in thane locatlons cho walue of 70
dBA could pot ba oxcoeded more than ten por cent of
tha tima, avenn durlng ruah hour,

Tha dtnta of Alabama ifighway Department recopnlsed
that 1t muat davelop the capacity to accurately pre-
dict traffie noine adfacent to planned highwnyn,
Thin would favelve not only the fmplementation of
propar analytical techniques, btut also tha develop-
ment of exporimantal proceducan and apparatun suf-~
fictene to measure in tho fleld che noeded otatio~
tical demeription of traflfic noloo.

Tha overall purpunen of the contract hetween the
Univernity of Alabama in Nirmingham and the fitate of
Alabama Highway Iwparteent wera the davelopment of
analytical and axperimental toola to permit the
accutatn prediction and Ronputremant of higtvay traf-
ria nolme, The actual goala which were achisved
whral

~ tha idencificatlon and Implementation of an
automatic traffle nolaa data acquinteion and
analyals ayatem, Tha ayatem [n of ANS[ Type
1 accucacy and capabla of datarminlng the nca-
timtical nolaa pacamntera currently required
by Iedaral gegulatlena,

= tho davalopment of a datniled uaer's paanal
for the mutomatle traffic nolne data acquiat-~

tion amb analynis nystem.

the verlifiention of tha adequacy of the equip-

ment aystem and the experimental procedures

by carrylng out [leld worh at o munher of
sites in conjunction with pernennel from the

Alabamna Highway Department.

tho devalopment of a Tully verificd and docu~

mented computer program for the prediction of

traffic noiad dencriptors based on the math-
odolagy of tha Natlonal Coaperative llighway

Rencarch Progeam (HCHRI') Report 117 and

including the coprectionn presented fn NOIRD

Keport 144,

thn preparatfon aof a detafled user'a maoual

for the traffic nolon predictivo program,

including guldelines for the selection of
varloun, oomewhnt subjoctlve, fnput paramcters.
the lmplementation of the predlctiveo program
of tho Tranapartatien Jyatem Center and an
avaluntion of the adequacy of lta documchibn=
tion from tho viewpolnt of a new uaer.

- tho comparloan of measuced and predicted teaf~
fiec nolne parametera and a sentintlcal annly-
nin of thn obsarved Jdlfforencan,

« tha fdentificatlion, collection, and eatalog-
Ing of thona publiahed matoriale which reflact
tha present atata of tho art fur traffic
noina prediction and moapurement Lot tha Ala-
bama lllghway Department,

Tha final thies volomn raport HPR Report Humher 78-A
to avatlable from the Naglonal Technieal Informatian
tiervice 1In lpringfiald, ¥irginia,

PREDICTIVE I'ROCRAMY

There ara two nofan pradiction mathedn that are
approved by the Fedoral llighway Admlnisteacion,

Tha mathod contalned in National Cooporacive High=
way Rasonrch P'rogeam Hepore 117 In tho one on which
tha emphianin wan placed duclng thin atudy, The
nthar approvad method is contained tn tha Department
aof Tranaportation, Transportacton lystemn Center
Rapart BOT-TUC-FHWA-72-1, A1l other noina predie-
tiva mathodn or variatlonn of the two abova requlre
apacial appruoval.

Firnt, conaldar tha Trannportation dyntoma Canter
(THC) mechod.  Tha computer program In avallable fn
tha form of a deck of punchod carda with documentn-
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tlon from TS5C in Coambrldge, Mawsachunettn, At tha
Univaraity this progran vaus adapted fer uny by tho
Iighway Department's computer aml several tent cance
wure run. The documentation wan found to be ade-
quate for o new umor and the results were copparable
to thompe [rom the NCHRP 117 methad,

The greatent part ol the effort at the Univernlty
centererd o che HCHILP L7 method.  The alporlthm

for thin predictive achemo wan doveloped by Nole
Deranck and Newman fn 1971 as HCHRP Report 117 entbie
tlnd BIglvay Nodne, A Donipgn Guide for Illphway Eogi-
nenrn, It wan followed up in 1973 by HCUME Heport
144 by the same conpultantn. Thin later report pre-
nonted modifiled proceduren of evaluating tho noloe
roduction qualttfes of rondsilde barriers, elovated
and deprennad highway nectlons, roadnlde ntructuren,

arsl such factorns.

The Alatrama lligliway Deparctment hod {n its povnennion
a computariked veralon af thoe NCUP Report 117 meth-
od and bind applied Lt on a number of otcaplonn to
predict eraffic noinme, The resultn wore compared to
actunl meanurementas which wero made ualng a simple
manunl check-sheet procedute, The valuca were found
to be often an much as 8 A apart. The highway
englnoers conmeruantly had 1ictleo confldenca in the
techniqua, The varlability, of courne, might have
originated from aeveral caunen. Parct may hava been
dua to the ImperCactions in the Heport 117 mathod
as the progeam in une Jdid not have the Heport 144
corrections.  Ho docimontation was avallable [or

tha cemputer program ao that it wan ponsaibla that
part of the aerror atemod from eithor errora In the
program of from the mloune of thu program itnelf.
Fipally thara wan reanon to belleve that part of the
variahility wan duo to the mansurement method,

NOURP Report 117 Computer Program

It wan an enpreons purpena of tha program at tha
Unlvarpity to fully document the Highwny Depart-
mant'n vernion of the NCURP Roport 117 computer pro-
peam to anauce that it wan [reo of errer. O equal
importance wan tha goal of waking the program oamy
t0o van aven by Inexpericnced pornopual,

Tha cedlng of anch atop in tho program wan carefully
chachad. The approximate ropronantation ol the
grapha in Heport 117 unnd in the computer program
ware varifiod and, in meot camsen, oxtendod in the
interent of groater accuracy. AlL nysbola uaod {n
tha antire progeam and thelr wnitm 1f they warao
Atmannional wern fully ldentified by the eatenaive
e of CIRENT cardm.  Bach aymbol, aven L6 used an
a dumay vatiable, waa ssml to repremont only n sin-
fla variabla throughout tho entire program.

The tpput and gutput formata were {wproved for pur-
posas of clarity and to reduca tha chance of coding
accote. A pre-printod lnput data form wan propared,
All varinhlan usad an doput vaciablen wara dincusaed
In detatl, Spoclal attention was given to thona
input parameters which seemad aomewhat nubjective In
nature. Am an exampla 1t wawm pocensary to dafine
puch tarma an "Hommal", "Imoorh”, and "Rough"” road-
way purfacas po that tho propar correcefon factor
could ba appliad. In tha abosnce of apacific fufour-
mation on auch mattara diffafent onglncexrs wore

——aminan

likely to une different definitionn,

In order to {1luntrate typleal program input and
output, ten highway configuratfons were concelved
and analyzed using the computer program, Vurthor-
mora, all ten canen woara completoly chackod and
varifiod by hand ealeulationn,. A copy of the com-
pletod {nput form, a description, a skoetch, and a
computer printout wan given for anch of the ten
coutin,

Dotatled fontructlonn [or the progrom's une, Includ-
ing the ton toot axnmplen, and a listing of tha
final program itnulf 1a avallable In Yolume ITI,
Unac'n Manual for Traffic Noima Prediction GComputor
Program M Repore Humbor 74C,

It should bo eapheniead that no changen ware made to
the program which would result fn i{ts not conform-
ing to the authorized predictive mathodelogy.

The program was uned to prodict thu graffic noloo
paramototn at 66 oltes whera ficld measurcwments
waro takon. Tho 117 progrom wao found tao ba an
oxcollent predictivo program for Alabama Highways
in general and wan rocommended us the routine ano-~
1ytleal tovl of thu Highway Department,

HIGHHAY HOIBE MIASUREMENT

linving an arror=fran, wall=docwmented, and autho-
rirod computar progrsm waa fmporcant to the lighway
Dopartment. llowever having a sultable techniqua for
meanuring nolea was esmontinl aa wall. The Dapart-
mrnt wag vary cautious, and with reasen, in bellav-
ing tho gutput from predictive computer programe.
Without having tha ability te maka relinble mea=
purcmentes which agreesdt with predictlons [or axiating
highwnys tuwe could thay teally hava confldence In
thnir projections for nolse levols oo highwayn to
be buflt twenty yonrs hence?

FOUIEMENT SELECTION ANTY TESTING

Clearly the acloctlon of geod inutrusentatlon wan a
top priority. It was an early decisfon chat the
aruipment ba of high proclofon and capablae of
achiaving ANST Typa 1 spacilications, Thia alimi-
nated a numbar of potentinl nyntema (rom connidora-
tion. In evaluatlng varioun tralfic nolbe moanuro~
ment and analysin ayotems the Tollowing guldaelines
wern adoptedt

~ the equipment muat bo capable of reaauring

thoso nolmo paramoaters incorporatesd into cure-

rent fedetal regulacfons. It should alec ha

ablo to detearmine thena nolna paramntarns which

might be fncorporated Into future federal and

state rogulaticne,

tho aquipment should e capable of automatl-

cally producing data or rocorda which can ba

cataloged and permanontly atored,

~ tho equipmont ahrould ba In actual produccion
and liava been subjectod to wideoprond and
portinont fleld maintenance.

=~ thae equipment ationld have a good maintenance
racopd and the manufacturar shonld have a gond
reputation for sarvice.

= the equlpment ahould be availabla for demon-

t
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stration purposes nmdd the munulacturer should
nupply a ot of cuntemers whe can be con-
tacted.,

Thu oquipment pearch resulted {n the {dent{fication
of twu aystema manutactured by different Eirms which
would ontisfy the principle roquirementn, Tha DA
000 Digital Acoustlcs nyntem wan nolected,

An dmportant objoctive of tho utuly win tha Jdocu-
mentation of tha nofse data acquisition nyntem no
that even an fneaperlenced peruon could quickly

leatn to operata it. The detalls of thls Jocumen-
tation are glven in Yoluna IT.  Usae's Haoual for
DA_600 Holne Batn Acquinicion Syntem, Thia velume
includens a lengthy diseuwnsion of all componeintas of
the syatem and cook-hook proceduren for Its uso.

In recognicion of the fact that proper planning
groatly simplifics measurenents in the ficld atten-
tion wan givon to thin anpect of tha Jdeata acqulol-
tion procadure. Speclal rugged carrylng cagen wete
mada to accosmodate nach of the two scto of data
acquinltion equipment. As anothor oasmplo of [{old
orjented activity, a asubntantinl amount of practical
Information concatrning the protectien of condennar
alcroptionea In high lwmidlcy cnvlronmontd wam pre-
aented.  Tho Intent of thena offorts wan to halp
minimika the difficult problema that arc ajwnyn
prencnt when field wmanaurcments ara being made.

In order to chock the varlous equipment componenta
and to devalep good operating procedurca 66 fleld
teota worn conducted with, and somsciman by, par-
aannal from tha Alabsma Highway Depactment, All
componenta and squipment configutations wora dater-
mined to bo fully operational and to accorplish the
intemled purpomen.

ACCURACT OF MEASURKED RESULTH

Although no mompurcment ia toenlly ecror frpe, tha
equipment nystem and utilizatien procedurow daval-
aped for tha Alabama Highwny Dupartment la as arror-
frae nn in practical with currant tochnology.

The precision mierophone and tha electronic clr-

cultty compliea with ANSI Twpa 1 specificationn.

Hencn the tndividual readings are gencrally accu=
rata o within + 1 dBA,

Tha daca readings ata acquirted at the rapld rata of
ona pat pecond eo thag many roadlnga can bo ac-
quired during even a nhort run aml kg €O be Accu-
rataly meanured,

Tha ABA readings ara oncodad I hinary form thun
preventing tha degradacion thab might renuls [rom
recarding tha data in analeg Laahfon,

Thara in no lenn of accuracy In cunniof the analynin
for "10 on the asaociaced Wang ealculator nfnen tho

proframs do little wore than count, stors, amd
print.

QUERATIMMAL FINLD PROCEMURES

As pown arror will always occur in unling the DA 60D

pyntem and in making related trafflc meavurementa,
grod [leld technique must be otricely adhered ro.

The nound laevel meter mupt be calibrated beforn a
run,. Tt nmust be protected agnlnat hootlle environ-
wenty such as raln, nxceanlve hualdity, and extremon
of temperature. OF courne 1t should never be
drapped or troated roughly.

During o run, all excrancoun nofocs auch as conver-
natlon, harklng dogn, trafnn, aml airplance munt ho
rigorounly excluded frem the readlng. The doasired
meanurcacnt o the Lm valun of the traffic nnlne.

Should such extrancous nolsen occur, the recordlug
can be ntopped or the unwanted nolnon can bu
removed during the analynls using the software
dantgned for chat purpose, The ouljcctive channel
of tho BA 600 1s wmoful for locating theaso nolsen.

The wno of tadat te measura speeds and thoe wae of
trafile countern to determine trafflc flows of ear
and trucks is recommonded.

Carclul mensurcnontes of highway altgument and
important dintanceo ia important,

CONFIDENCE LIMITS 1FOR LIU HEASUREMEN TS

I'll) is n otatfatical deuseriptor. It could be enti-

mated a numbar of difforont timen [or the dama
hanic traffic flow and a oumber of diffarent valucn
would temult, Whnt one in inteteatod in ie sobi-
mating 1ts "true" value for Lthe given traffle Flow
dimtributlon, 1his is much the same as trylng to
antlmate the true mean of ooma distribution hy cal-~
culating averages basad vpon a limicod nmber of
neanurementn,  In general the mure valuen which go
Into tha calculation of the average the mora likely
the avacngo will he clown to the mean. In a aiallar
fanhion l.m in satimaged by annlyslng numerous moa-

nuremaiita of tha nolse lavel. The more maasugomentn
that are mada the mota likaly the cntimated l‘lD

valua will be clone to tha trua valua.
Petalled caleulationn were made which showed that

at a data acquinltion rato of oo meanursment per
necond tha DA 600 system produces entimataos of LIO

which ara acowrate within -+ 1 dPBA wich 95X confi-
dence L the run is 15 minutes long or longer. The
theory and enleulationa and rosults for hoth Lo

and 1'50 acr 35%, 90%, and 80X cenfldence laevols are
prasentod in Appendix A of ¥olune T of tho {lnal
teport.

COMPANLEON OF MEASURED AND PREDICTED VALURY

It han boen stated eaclier that noiac moasuremonts
waro wada At 66 lucationn, For ongh of thesn tha
l.10 valun waa prodicted by the HCULE Repart 117

progrom in ite [fioal form and comparinonn vero made,
In 28 of the 46 canea onn or mora input variablas

wara outnlde tha canga of tha chactn in HCHRDP
Raport 117. Vor example, tha traffic flow or tha
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porcentage truck mix at timen woro lesn than the
analleat valuca appedaring on the charta, The com=
puter propram wan coded to aseume the amallent
chart value whonever auch ovcurred,

Sinco it wan reasonable to expact a priori that the
statistical characteristicn of the data might depend
on whether or not all ioput partanetara were within
ranfe three nets of statintical analyols were per-
formedt  on Junt the I8 caaes within the rango, on
Junt the 28 canes cutalde the range, and on all 66
capen lumped togetbhoer.

Tha findingn wore ecanentially tho same for all
thron groupingo.

The averago difforonco letwean the meanurcd L

value using the data acqulaitlon aystem and the pre-
dicted value uning bhe corrected NENRDP Mepore 117
profgeam for the cano of 66 meaunremencn wan 1,91
diiA, the predicted value boing the higher,

Thren tents for nofmallty ware applied to the sot of
66 valuen of A, the predicted value minun the mea-
sured valua. Thuy wora the chi-aqunted gecduenn-of-
[ic tent, a nkownads tant, and a kurtonin test. At
the 93X conlidence leval, the data dld noc contra-
dict tho hypothasle of noemality tor any of the
three tenta.

Although the moan of the 66 valuoa of diffarence

(A = predicted - meanurcd) is 1.91 dBA 1t waa found
that the probvabllicy 1a 93X that the actual mean
Iallm momawhere in thie intarval from «1.02 dDA Lo
+3, 44 ABA,  Thua, the dara_collacted with rhe 84
tuna do not cnru‘_r_éﬂcl: the poanlhiilty that on the
averaga the pradictiona give the name valuea an the
peasuremanta,

Modificationn to the Heport 117 predictiva mathad-
ology cannot ba juacifiad by tho 06 testn tiscusaed
sbova., A largnr neshar of tentm with a wider range
of craffic and highway characteriaticn wuuld be
requited for tha davelepment of any corrocting
changen, And indead, the ranult of A mora oxtenalve
conk program might well ba chat ne changen arn jun-
th{ted,

From the 66 ceats, the haat point oatimato ia thar
tha predictive prograw overpredictn hy ahout 1.9
dfA,  llowever, thara fm A submtantisl probabdlicy
chat tha diffarence im lann chan thin, perbaps cven
kotTo,

Resed on tha 68 teags conductad In conjunctfon with
thia gepore, It appearn that the NCHKP Kepart 117
mathodology predicte trnffic notna with an accuracy
conuinrent with that of maent englnenting danipn
theorian involvipy corplen problems,
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"Prediction nnd Meaosuremont aof lHighway Holpe®
prenonted by

B, R

DIOcURATON:

P, Mnnahach;

#iince you aample onco per soecond,
argn‘'t theso samplon corrolated? Doenn't
this invalldnte your calculatlon of confi-
donce limita?

B, R. Qroaneag
Yen, tho datn polnts are somewhat

corralated, hut I don't think this is n
problem,

R, _ILinmborty
I'm wondering 1if tho varioun highway

departmonta around the country talk with
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Greono

one another and how much money haws heen
cexpended by them modifying the 117 pro-
cedutoe,
I don't think tho nccuracy that the
camputer progromn glve fin renlly needed,
How in the highwoy department uoing
thios data?

h, It nrnnnnL

To preporc for ahticipoated lowauitas,
and to find the pource of errors in nolise
meassurementn,

ST
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ELEVATED MEASUREMENT OF URDAN TRAFPIC ROISE

8. L. Froncth

and R. F. Lambert

Dupactment of Electrical Engincering
Unlvernlty of Minnvsota

Minnvapolis,

IHTRODUCTION

Sevoral cepsoarchers (1,2) have nuggonted
that high=altitude nolige meapurciments might
be an offoctive means of cotabllishing bane-
line dnta for a spatially averaged nolne
expooure in urban areas. 'Tho effectivononn
of noloo abatement regulaticons in a apocif-~
ic aren could then be assossed by ropoating
aorial maasurements over a poried of time.
Muasurcments made at an olovated point
abova a noldo~impacted area are fnot nubject
to thoe Aifficultlen that aro unmially anno-
elated with ground~level maasurvment tech-
hique for ohtaining apatinl averagas,

Among tha usual ground-lovel technical
problems ara:r 1) a large pumber of meaaure=
mants muat bo mada, 2} measurcments should
ba made aimultanecusly, and 3) the ropoat-
ability of maaaurcments at a particular
site can bo strongly influenced by changen
in the local noine opvironmunt,

The main objective of the rawsearch hero
reported was to extond our undarstanding of
and axperience wilth aarial nolss measurce-
meont mathodsa. It was decided to focus the
ntudy on tho sound (iold above a special
type of urban area ~= n largno matropolitan
downtown commorcial area, having “"canyon~
1iko" ntreatna with hard asphnlt, concrato,
and glapa aurfacen. Thin type of urban
aroa will horeafter bo called a "revercbor-
ent city®. Since motor vehiclen contribute
moat of tha amblent noiaw in such a situa-
tlon, thia atudy focuaad on relationnhipa
batwean the dansity of vohicular traffic

in tha downtown aron and tho sound pressura
atatimtion at an alavated meaguremuant point,
parsmatern of primary Antorest worae the
hoights of tha buildinga and other geomnt-
rical dimenalons of the clty, tha height

of tha moanuremont point, the effoctiva
aren of covaragu af the meamuremant, and
tha influanca of atmompharic ahsorption.
Tha inveatigation involved the formulation
af a now thooretical acoustic model of a
ruverbarent aityy the modala wore verified
on a Limited banip with approprinta oxporci-
montal meapurementn.
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Thin papur 1o divided into tour partn:

(1) & asumnary of the theoretical models,
{2) a comparivon of cxporimental repultn
and theorctical predictlono, (3) a sumnary
of tho findings of the ptudy and (4) an
entimation of coffort,

THEORETICAL MODELS

wo theorvtical modeln for representing tho
gound Fiold above a city wore devaloped.
Several assumptions wore made about the
sourcan of nolao and the eity inh which thoy
oparate; thooe are ptated In the dencrip-
tion of each model,

The Flat City Model

Tho first model, ecalled the "Flat City
Hodel®, i pimilar to a derivation for
atoady-atato nolpve at ground lavel by fGhaw
angl Olvon (3). Connplder tho clty to bo a
planu, clyocular region of finlte radius Re
with ¥ sourcen {motor vehiclon) operating
par unit aren, anch having acountic pawor
output W in a glven band of frequenciea,
Tho parameter N is cohatant ovor thae reglon
and the sourcon act an utatistically lnde-
pendent monopolos located on an infinite,
porfoctly roflecting plana surface. Thae
dircetivity factor of weach sourvo is indoe-
pandunt of the angles of azimuth apd elava~
tion; that is, the nource powur ia radiated
uniformly into a hemisphore abovo the plana
of tha city.

Plguru 1 ahows tho eylindrical coordinate
nyatem that iLs used. Uasing this modol,
the total mean-mquare proosure at the
meanuremunt point 0 wan found to ba {4)

¥ ) . - 1, 2,1/2
p* = peWN{-Ey [-apz D46 [-a (R T4z ) 11,

(1)

where pe ie the apoeclflc acoustic impedance
ol air, #hich in taken to bie approximately
pec = 415 rayla for the purposas of thie
study. 1In {1), Zy ia thoe holight of the
maeasurement point and By is the radiue of
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0 Heasurenent point

flguro 1. Coordinata syotem for Flat Clty
model,

tho circular city. Tho quantity Ej(x) in
the axponential integral. 7Tha paramoter N
may be ostimated by counting traffic on
clty strouts, or by othor moans, The para-
mauter ap L0 dependent on temporature, toloa-
tive humidity, and the frequoncy range of
interant, and may be obtained from one of
navoral rofarunces, Values for the noipo
pawsr W, which depend on frecquency and the
typa of vehicle, arec also available in the
literatura,

Tho Hevarborent Cilky Modol

Thae formulation of the sucond nolbo modol
ia in pome rappacts similar to that of a
madal for "Noinc Propagathon in Collular
Urban and Indudtrlal fipacen by Davies and
Ligon (5). Tho model dAlffers, howevar, from
tha one in Nef. {(5) 4in that it npacifically
domcriben a hard-walled, canyon-like down-
tovnh area, and invludan pavaral simplifying
apaumptions. Hoxe tho downtown aren in
modaled an an array ol memi-rovarborent
cella corronponding to the atrant and nido-
walk apncas hotwoon building, Thore arao
three typna of cellar  "A-calla® (stract
intersactionns), "Brecella® (onat-wost
struata) and "C-cnlla” {(northe-south
atxeata)., Tha clty ia anaumnd to bt #quare,
havipg uniformly aguare buildings and uni-
form atreet widtha. A J by 3 block city in
phown in Flqure 2,

The halght of each bullding is the theorot-
kcal city im anpumod to ba h, some maan
valun, Tha purfacon Of the atrevata and
building walln ara annumed to be purfoctly
raflecting, that in, thair abeorption co-
afficiontn are moro at all froguenclen,
Thia ia tha po called "ildenl ravorborent
city®”, The nacure and loaation of the
motor vehicla nolan sources in thin model
ara identical to thuse in the Flat Civy
modal, axaept that the aourcaes within the
clity arun unifoxmly dintributed over Lha
atroats only,

Itird-wsiicd

Al L Lubldingy
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Fiqure 2, Urban coell model (top vicw).

The total moan-usguare prossure at the
acrial measurcmont point may bo oxpronsed
an tho sum of a "dirvct component®™ and a
"ravorburcnt component™. The direct com=
ponent ip the vound fleld at tho measurce
mant point that results from linc-of=-night
propagation from nvource to roecelver;

the roverborent component io the sound
field that io produced at tho measuremont
point by multiple raflectionas from tho
ptreots and bullding walls, that luw, the
portion of tho revorbarent field that
pasgon through the topn of tho colln, The
proeadure uped te computo the contributionn
of thene componontn s divided into threo
partar {1, calculation of tho raverhboront
soupd field at ntreet lavel uwoing powor-
halance relationn; (2) computation of the
contribution of the raverboarant field to
the total mean«-adunre pressuro at thue
aarial measurcment yoint, uaing a nimple
radiation model, and (3) upling a simllar
radiation model, computation of the contri-
bution of linu-of-night propagation to the
total sound fiold at the measuremant point.
The rosults obtalned 4in (2) and (3) are the
reverburant and dircect componepts, reppuc-
tivaly. Thay are summed to obtaln the
total muah=-pquarae prasspure of tho dound
finld, The calculatlions woro dono in a
stralghtforwnrd mannor uning a digital com-
puter program termed CITROIS.

The two theorewtical models yiolded nimilar
rosulta for altuationn approximating thu
antiecipated oxporimental measurcmohtn,
Howevaer, aach model in itwelf provided in-
slghts into various charactarinticas of tha
norial muasurement techniquo,

EXPERIMENTAL

To tast the practicality of the aocrlal
noine monitoring mathod and to verify the
theoretical models on a limited hanis,

two exporimantn wore conducted. Tape
rocordings of noilmps above tho cantral
husinaan distriet of Minneapolin, Minnmnota
vWorae ipade on tWo soparata occanions from
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the topo of two of the city's tallest
buildingo., The filrst wet of tape re-
cordingns was made on October 22-23, 1975
From a window on thoe 20th floor of the
Foshay Tower, about 90 m nbove strect level,
Thin paper reports some of the reoults ob-
tained from thio pot of tape recordings,

A precinion pvound level meter with o wind-
scraen protecting the microphone was uped
to provide an audlo slgnal to the input of
a high-quality portable tape recorder,
Neginning at 12100 neon, recordingn threc
minuteo in length woro mada at 15 minuwto
intorvoln until 3:30 a.m. on the followlng
day. M callbratlon tone and volco identi-
fication wero placed on tho tape at hourly
intarvaln. Nolde nlgnals on the tape were
A-wolghted and analyzed with a statlotleal
digtribution annlyzor, cnabling the compu-
tation of the cnergy-equivalent sound pros=-
sure lovel L,y for vach throe minute nolse
sampla {6). fThese meanured L,,q valuop weroe
compared with valuon predicted by the
CITHOIS model.

Noinme lavol predictlonn with the CITHOIS
model roquired aultable qeometrical para-
motars daoscribing tho dimenslona of the
meanuremont altuation. Valuan for tho
acounatic powor output of difforent typoes of
motor vehiclos ware obtained from the
literature, and tho vohicle density for
anch type wan derived from traffic flow
data provided by the Minneapolls Public
Works Departmont. Tho prediction also {n-
cluded tho affects of atmosphoric abnarp-
tion, deopendent primarily on air tempora-
tura and reolative humidity. It was pocoo-
pary to first porform the pradictions in
octava bunds, and thoen comblne tho reaulta
to abtain tho A-wnighted loevel prediction.

W \(\
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Hewr peginning af
fiqure 3. Meapure and predicted A-woiyhted
anargy-aquivalont sound prensure
lavaln, roshay Tower location.

The predicted and moanured A-wolghted LNI
valuan for the Fosmhay Towor asperiment

are plotted In Pigure 3, Although the
absolute lavaely agree quite clowely, it
would be unwiso to sttach too much slgnif-
leance to thip agreement in view of the
idealizationn that were used in the predic-
tlon method. More important is the simi-~
larity Iln shapes of the curves, indicating
that tho moasured noive levelo do reapond
to changing traffic denpity in a manner
predicted by the theory. During tho carly
mornipng hours, however, the measured levels
do not drop ap low an the theory predicta.
A similar result has been roportod by
others uning groumd-level measurementn (3,
Ti. It Ly posolble that thio obnorvation
1y due to a "bockground noisa" from local
sourcet other than vehlcular traffle, such
ag air conditioning egquipment, wind intor-
actlon with statlonary objectas, and perhapn
distant sources of low-frequency sound.
Although thooo types of sourcen were not
upeckfically idontiflable from the moabure-
ment location, asubjectiva liotenlpng made

it seem plauvsible that mosnt of tho wvarly
morning noioe was not produced by vehicles
within the central buisiness dintrict.

To illustrate the effect ol auch 4 back-
ground nolsa, a lovel of 56.6 dBA wan
hypothenized and pubtracted from the
actual measured data in 1'lgure 3. This
value gives an approximate "beat fle®
between the rasultlng curve and the theo-
rotical prediction, The shapen of thene
two curves are ovoh more gimilar, lending
suppert to the concept of a residual
"hackground nolge®. Asopuming that one
doniron to meanure only traffic noloe from
an acrial measurement point, an important
eriterion in the cholee of a moamirement
locatlion ie a rosidual "background noiac®
lavel that is as low as pouaible, Probably
the simpleat way to evaluate a prospective
monitering posltion in to subjectivaly
lintan to tho renidual nolpe during the
varly mernlng houra, attempting to detor-
mino whether the nolno chonates [rom motor
vehiclen or from pome undenired sourcas.

SUMMARY

The princlpal roosults of thias atudy werc:
{1) a nlmple and uncful model for the
noise fleld ovor an aron without ahielding
and rafloecting bulldings has buoen dovel-
opud, (2) a more complex hut roalistice
computer model that include# nome of the
nhielding effects of bhuildingn ylelds ea-
montially the smama reaulta ap the aimple
modal and demonatraten saveral nalient
characterlaticna of the raverborent sound
field in a clty, and (3} oxperimental
moanurenentn of Lo and predictiona of the
computar model compiare favorably Lf n
residual nolpe level in taken into account.

Additional resonrch rolated to the aerinl
noino monitoring technique could b dope
op both theoratical and axparimontal bapen,
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Inproved theoretical models for the rover-
herent fleld that include the [requehcy-
depondent offects of sound abnorption
during propagation and roflection could be
devalopod. Other rofinemonts might include
accounting for the random movement of vohi-
cloea and the random holghts of buildingo.
Mora experimontal work remaing to be deone
in varloun arons of urlan nolbe moaouro-
ment bofore olevated survays can bo uti-
lized, Tho repoatability of tho method
nhould bo toated. Further verification of
tha theoretical models would be facilitated
by large humbora of measurements from dif-
feront hodghts and wnder varying traffic
conditiopn. Corrolation of noinc levols
and traffic dunaities could be done for
diffaront days of tho wook and for differ-
ant #casonn. A sufficiont amount of data
would make poasiblo an accurata "calibra-
tion" of a theoraetical model and aluo pro-
vido a data basa with which futura measure-
monts and trenda could be compared. Tha
mathol could posnibly bo axtended to indun-
trinl arean involving othor kinda of nolne
agurcen.

Another intoresting application of thio
meanurament mothod im the devolopment of
rolationas botwoan aeccial nolse measurcmenty
and actual noiase lavels on the ground.
Exporimantal approachea could employ mimul-
taneous ground and nky moanurcments or
meaaurements using acale modala,

EFFORT

(A) = Tho above traffic nolno study wan
undextaken aver a 12 month poried with
coughly the following breakdown in offort
and equipmaent coatag

Tank lavel of effort/

0 ) s man monthn
} Theoretical
Modaling E] + m-k-f- Eﬂ +4+4

(2} Fleld Mennure- e

monta [0} Y]
{3) computer woxk  [T0] [T) ot

(4) Equlpmont 4) FExpendable 31000.00
14} Pearmanent 5§5000,00

+ prinaipal investigator, ++ ropearch an-
aiatant, +++ resnarch assoclate

(R} -~ It imn watimated that addltional umo-
ful grasonrch in thip apeclfic arsa of noina
monitoring could be conducted over an 18
maonth perind with tha followlng breakdown
in afiforty

{1} Theoretical
Modoeling

(2) Field Moaauro-
monta (onea or
mora automated
atations)

DJ+ Eﬂ++ Eﬂ+1r

[@3* E]M [0] TPes

(3) Ground/Sky Studien
{theoretical work,
fleld measurementn

and ocale modeling) [3]7F [ﬂﬂ' [+

{1) Bquipmont f) Expendablo $2000.00
11} Parmancnt $4000.00
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DINCUBNTON;

L, Faulkner,

llow doen one incorporato horn blowing
into modals of city noloo?

B: Lomharts

lorn blowing doenh't ncem to bo qulito
tho problem in the Midwont as it in on the
Fant coast, and we didn'lt take it into
account.

W, fomielt
hre you saying that thio noise level

increanon with height?

N _Iambart
Homo of the componentn of noine will
increapn, hut not tho total nolwna.

Lambort

8. Wnggoners
why do people in tho upper storles

complain about noine mere thon othera?

R, _Lomborts
Its moinly o poychologiceal effect,

You have a different clientele in the
upper ntorion,

K. McConnuell
Woere there mnjor highways neorby?

I, L.amhnrt,
Yun,
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THE DESICH OF ENCTLOSURES FORt LOW FPREQUENCY HOISE CONTROL

G, I, Roopmann, Associate Profensor

Univarsity of louston
Dopartment of Mochanical Englnesring

Houston,

INTRODUCTION

In the area of low frequoncy nolse control
involving intaractions botwoon vibrating
surfacon nand the acountic prensurc [leldn
vhich thay enclonm, it in not uncommon to
find canom where the structural and acous-
tical moden exhihit a mutually resonant
condition. An a copnaquonce of thin con~
dition, high intonalty dipcrote tonos can
ba ganaratad both intearnally and external-
ly to the encloalng gurface, thus cauning
A ascrloun annoyance or ponnilble hazard to
noarby pernonnel in the nolno environment,
In the deaign of cabins for tranmport ve-
hiclon for exampla, this coupling condi-
tion often reaultnm in the generntilon of
low tradquancy interior noime characterired
hy a narien of discrets tonan commonly
rafarrad to an 'body hoomn', Tha almost
pradictable reoccurrance of 'body hoomn'
with ench naw doslgqn ia ample avidence
that, although it is recognized an n ntruc-
tural/acountical problem, thore in atill
no practical mothod avallable to identify
which part of the ntructura couplea affi-
ciontly with the interlor acountic finld,
An a ranult, current corrective measuren
which attempt to raduce thins phenomonon
are uaually barad on a falrly unproductive
‘try it and meq' bnafn. Similar problema
aocur in tha denlgn of tight fitting acoun-
vical epclomuran, Mutual renonances ha-
twnen the flexible encloming wallas of the
cover nand the lntarior annulun of nir can
greatly reduce and rometiman complately
dantroy tha affeoctivenosn of an encloaurae,
Thin in enpecinlly true if the structural/
acouatical rasonnnca freguancy colnclden
with that of the noimre mource for which
tha enclonure waa originally intanded.

OBJECTIV: OF WORK

Tha extent of rasnarch work reported in
thia paper caveran tha ganeral catagory of
atructural/acoustical coupling problema
doncribad abova, Thaae nro limlted mainly
to the low frequency cnses whers hoth the
atructural and acoustical modal denaitien

Toxan 77004

ares falrly low, and thuz a modal approach
In feaniblo. Tho objective of thia work
wna to davelop a method of quantifying the
oxtant of coupling hotwean an acountic
cavity and its onclosing flexiblo walln at
a gilven frerfuency in terms of a ningle num~
bor. Such a method would provide the do=
aign englineor with n practicnl means of
identifying which surfacen on o complox
anclopure ara mott likely to couple atrong-
ly with the Interior acountliec cavity, With
thin information avallable, it would then
bo posaible to dosign anclosures with a
minimum of modal coupling, and hence a max-
imum of low froquoncy noise reduction.

COUPLING MECHANISMS

To axamlne the nature of the coupling mach-
anjiama involved in enclouure dynamicn, it
is convenient to divide the dincunnion into
two parts; firast, that coupling hetwaan
ntructural /acountical modea which accurn ln
the frequency demain invelving tho effeocta
of mutual rmaonanca: and tacond, that cou-
pling betwenn structurnl/aconatical mode
nhapen in the apatianl domain involving the
matching of modal qoomotries. Connslder
coupling in the fraquancy domain first.

Tho following four canen are ponsible:

CASE A renonant structural/
renonant ncouatical

CASE D raponnnt atructural/non-
rononnnt acousticnl

CAgLE ¢© nopn=regonant ntructural/
roponant acountical

CAHE D non~rasonant atructural/

non-reaonant nacountical

Cana A in tho moat tronhlenoma from the
noinae control point of viaw amince it repro-
agntn the ntrongeat coupling conditlon lhe-
twean the acoustical and atructural medal
frequancien, fThe addition of damplng to
aelthar thia atructure or the acountical
cavity would act to raduce the coupling to
nome ortant, but at low Lraguonclan thine
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Lroatment in only marginally effective,
Altornatively, coane A could be transposed
to the lesser couplad canen b or C or to
the leant couplod casa D by solectively
adjunting the modal frequencien of either
the structuro or the acoustic cavity.

Thin could be achleved by altoring the mass
or tho stiffnesa of the structure and/or
thy geometry of the acousntic cavity, when
viewoed from a practical polnt of view, how-
over, the mothod of reducing coupling by
effocting modal mismntches in the Frocuency
domain lo difficult to implement. Problems
of prodicting uncoupled modal frequoncico
of both the atructure and the interior
acountical ecavity bofore assembly are for-
midable. PFurther, cven {f a modal frequen-
cy mismntch in implemented after auncmbly,
thero is alwaya the poanibility that any
cqaing achieved cquld be obvinted by nubno-
cquant shifts in modal resonances duc to
changqan in ambient tempornture or structur-
al boundary conditiona ovor a period of
time. This condition would be especially
Iikoly in the casu of ouatdoor onclooures
covering machinaon which qonerate hoat an
vvall ap sound.

The cantrol of structural/acoustical cou=-
pling in the aspatinl domaln bypnnasas many
of the above problema to o larga extoent,

In thin domain, tho extent of coupling ip
controlled by adjusting the medal qoeome-
trien of tho atructuro and itn englosod
cavity to ensure that a mismatched condi-
tion axintn in the frequency banda whare
coupling in mont likely. Since medal goo-
motrisn aro loan senaitive to anvironmantal
changea than modal froguencies, thera is
grantar cartalnty that a decoupled condi-
tion producaed in thu apnatial domalh would
remain no aver a poried of time, It should
be notad that conatraintas which alter modal
qgueamotries alter modal fraquencies anm waell,
and thua an advantage of treatmont in the
npatial domain in that alterationa to tho
st:ructura or cavity which produce modal
qeomatry mipmatchon will produce modal
froquency miamatchen in addition.

TR JOINT ACCEPTANCE IPUNCTION

Guantifying coupling in the apatial domnin
requiren a knowledge of the modal goomntrion
of hoth the encloaing atructure and ita
interlor cavity plua a method of coupling
tham togathar, Thoe dAnncription of the cou-
pling quantity cnlled tho jeint acceptance
function forma the hanmin for thin paper.
The appranch will he mainly {rom an acoun-
tic point of vliew wharaln the structure
will he raprapanted in tarmn of equivalent
valoclty aourcen dintributed acound tha
boundary of the acoustic cavity., To ex-
pladn the detalla of the mathod, it in une-
ful to conmsidor tha nimplae axample ahown on

flgure 1, 1In this case, a evimply supported
flexible plate formy the bottom af o 'hard
walled' rectangular box. The question
undor canolderation is, what lo the oxtont
of qgeomatric coupling botwean o et of
plate modes {m, n} and the acoustic mode
1,1,0) for the condition of mutual reno-
nance abt a frequency, f. An answer can be
formulated by first writing a Green'ns func-
tion fer the Helmholtz erquation of the lLorm

oz )« (3] o)

where P, {F) iu the acountle pressure at a
flold point r in thoe box due to a unit vol-
ume veloeity source Q, (r?) at a nource
point r} on the plate, p is the denatty of
the acountic modium, and § in tho

a by
phane angle botween P, and @,. If the
Groon's funhction ia known for tho surface
dencribod by the plate, the field pressure
at any point in tho box duo to an arbitrary
volocity dintribution of the plate v(r!)
can ho wrltten oo

Farle (n

o

ia,, o
a P,.0, V(E:J}'d‘" (2

v - ilendy

Gonerally, equation (2) offers a moann of
coupling tho motlon of an encloning atruc-
tura with tho lnterior cavity in tho spa-—
tial domain., The valocity dintribution
v(r}) would be given by tho mode mhapo of
tho oncloasing structure within the range of
froguencies wharo coupling In the fraquancy
domain might occur, A more unoful coupling
quantity haned on Lquatlen (2) can ba davel-
opad an follown, If the arbitrcary veloclity
dintribution f{o choasn such that

~i9
VEL) = |Q(F ] & Porfe (3

tha corrasponding preasure at a given finld
point would asoume a maximum value

Prpy (F) 5 lQ—:’—%‘ aAn (4]

ninca_|@, (Ff)| haa the valum of unity.
PMAx(r would he the total praseure at a

given fi0ld point obtalned by summing over
all the unit volume velocitlon distributed
over the nurface 4,. The ratlo of the
field prosnuro P{r}) dua Lo an arbitrary
valocity distribution v{r]) with thoe above

Pnnx(r) convaniontly given the degres of
coupling in termn of a ningle number,
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ranging in values from rero (perfact mio-

matehing of modal geometrien to unity (per~

fect matching of modal goomotrion}, The

ratio P{r) =, can be roferrod to as
/PNAx(r)

the joint acceptance function, J whoro

R EC R A

8 o [ oo,

The expronsion “Jolnt occoptance" wan
originally introducad in tho analysin of
tha responno of atructurea to random acous-
tic loading and qivens a maonours of the
ontent to which a particular atructural
moden ‘accaple’ a glven acoustle trace wavo-
langth, In thin work, it con bo inteor=-
pretod in a similar mannor, i{.e., ln terms
of modal analyein. Thuw, for any arbitrary
vibrating surfnce ancloning an acountic
cavity, the jolnt accoptance functlon do-
finos tho extent to which the acountic
moden of the eavity geometrically 'accopt’
tho atructural modon of an anclosing sur-
faco at a qglvon frogquency,

UIE OF "PHE JT.A.1', ~ A SIMPLE EXAMPLE

To {lluntrate how tha Joint hconptance
Function enan be used at the deniyn ntage,
connider tha following probrlom., Huppone
that two atiffenova wero to ha added to the
plate In tha previoun axnmple of the rec-
tangular box/plate aynatam, Froquohcy
measuramants of ths Aacurce to heo oncloased
in the box ipdicate that the (1,1,0) acoun-
tic eavity mode will be atrongly excited.
Further, proliminary caleculations of the
plate ranponma indicate that the (1,2),
(2,1} and (2,2) plate modes occur at fre-
quancian at or nround the resopant fre-
quencx of the (1,1,0) acouatic mode, The
quantion is, whera nhould the stiffonorp

bo placed on thoe plate to minimire coupling.
Tha J.A.F, shown in figure 1 can he applind
to thism problem in the followlng way:

1) The gaometric coupling hetwaeen tho
{1,1,0}) acountic mods and the {1,2)
and (2,1) plate modes in woak and thun
thana mades nead not be connidered in
the quantion of whare to placo the
atiffonaro.
Tha gaomatrice coupling hatweon tha
(1,1,0} acountle mode and the (2,2)
plate mode ia vary ntrong. Thus, the
ntiffenuxs should nat ba placed along
thn two centerlines of the plate phr-
allel to the x and y nxin, Thona lo-
cntions would only act to anhinnce the
marte and hance thn coupling,

1) Exanination of thae goaometric coupling
in fiquee 1 as a tfunction of plate
modea (m, n) indlcaten that the two
platn modna (1,3) and (3,1) couplo
wankly with the (1,1,0) acountic mode.

2
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The stiffeners nhould thus be placed
parnllel to onn anothor and either
axin at o distance of L/) and 2L/3
nlong the length L, of the plate,

Thia placoment would psupprons tha
ntrongly coupled {2,2) plate mode
while enhanclng a weakly coupled ono
and haneco, minimlize the aoverall ntruc-
turnl/acountical coupling in the fra-
quency rango of the encloned gource.

THE J,AF, ~ A CASE STUDY

Thiu scction pranonts a few of tho reasulto
of an inveotigation on the low frequoncy
interior noiwse af a lightweight transit
van and 1lluatraten how the joint accopt-
anco functlon can be uned ap & quide to
reducing tho interior nolna levael,

buring the moasurement of the nound proa-
puro lovel in the interior of the van, lt
wan obpoarved that noveral, strongly reno-
nant freguencled occurred in the froguency
npoctru na the angine npaad was slowly
increnned from idle to normal operating
conditionn [approx. 1000-5000 r,p.m.).

The poak fraquancies along with their am-
plitudos as meadured at tho ear of a front
nonat passongor are agiven in fiquro 2,
(Nofu that the prassures aro given in dn
1in).

To identify the ncountic modan which cor-
rasponded to tha frequancios of the pren~
nurs peakn obnorvad in the full ncnle ax-
perimenta, a study on a 1112 ocale modal

of tha van wan conducted, Laporiments on
model varified the existoncoe of tho ob-
narvod acountic modas and produced o mea-
nure of theoir corresponding shaope functlonn
oxprannad in terma of prasnura dintribu-
tionn. With acouatic modal intformatiaon
avnilable, 1t wan then ponaibla to_gaenerate
the required Green's functioh 'P'(r’/Q,(E.N

ovar thano encloning nurfacen for which
coupling was sunpacted (sce next poction
for datailn). AMn example of a Graon's
functioh corransponding teo the aingle ncoun-
tic mode at 113 Uz ia nhown in figura 2
under the aspatial domnin heading.

The naxt atep wan to diacover which anclo-
ning surfacown of the tranalt van wera cou-
pling atrongly with the acountlc mpnce at
tha troublasome fraguencian. 'Two ohvious
camdidatens for thin study wara the floor
and roof panels alnca both of thano were
componsad af savoral large, nearly flat,
unstiffoned surfncen, A typleal accelora-
tion ropponne of the floor panel over tha
frequency rangn of internst ia shown in
flg. 2. ltotae that tho remonant poaks of
the atructural reaponan corraspondr clona=
1y with thomo of the acountic rosponno of
the encloncd apace, A aimllar curve wan
obtained for the structural reaponse of
the roof pancl. To identify which of thae

I L A P R L o Tl W o A T B AR VR P
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vibrating surfaces coupled mont atrongly
with the acoustic modens of the npaco, the
valocity distributions v(r,) of the floor
and roof panoles woere moapurod at oach
ransonant frequency. A typical veloeity
distribution of the floor at 113 He ip
shown in figure 2, The noxt step was to
couple the moasurod panel vibrationo with
the acountie Green's fupotinn at the oh-
narved resonant froguoncles via ecquation
[5), and compute the corrosponding jolint
accueptance function, In the oxample nhown
in figura 2, the computed J.A.F. had a
value of 0.03, thua i{ndicating a very
atrong coupling botweon tho [loor mode and
the acoustic cavity mode at n fretuoncy of
113 iz, By performing oimllar operatlions
ot tho romaining acouwntic and structural
renponne functionn, tho moaot ntrongly cou-
pled nurfacens were i{dentified for vibratlon
control treatmont,

With identification of the atrongly coupled
aurfacan, thea next atep wna to modify althor
thone nurfacen or the acouatic apace to
produce a dacoupled condition, 1In tranp-
port vehicles auch am a tranmit van, modl-
ficatlon of tho acouatic apace in not a
practical conaideration and thum the ra-
aponee af the anvlosing surface munt be
altered, As o ganeral rule, decoupling in
bant achloved by producing n goometrical
mismatch betwean the moden of surface and
those of the encloaed apace. Iractically,
thia can bn implemsntad by attaching atif-
fonarn to the encloning aurfaces to produce
a midal rasponos whara the antlnedal regiona
of the nurface coinecide with the nodal
regiona of the acountie apace and vice
varan.

GENERATING GRFEN'S FUNCTIONS

In thn pravioun scections it wanm shown that
in order to write the joint acceptanco
function for a particular synaten, the dy-
namic reaponan characteristicn of hoth tha
atructura and encloand ncountic apnce must
ba known., Of the two, the dynamic rasponro
af the atructure io ocasier to obtain aslnce
moasuramentn on the full scale prototype
glva axactly the informatlon required in
oquation (5}, i.n. the coupled froguenclan
and correaponding moedal geometriows, rFull
acale mannuremanta of the acountlc Greaen'n
function, howover, arce complicatad heyond
practicality hy the coupled motion of the
encloalng atructure and thus it bocomen
nocoasarcy to conntruct, elther phynically
or mathamatically, an efquivalent model of
tha uncoupled acouatle sapaco. Two model-
ling techniquas which can he unod to gener-
ata acountic Qreen's functlons for irregu-
larly shaped oncloaurast are dencribed an
followa.

(me mathod of acquiring the acoustlc ra-
sponaa of an irregqularly shaped apace in
to conatruct a physical model of tha apnca
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to a_nuitable scale. The Green's function
[P,(r}/Q (F )] can be obtained by exciting
-]

the npaco with a small moveable acountic
nource located In the plane of the onclo-
ping nurfaces ond measuring the correspond-
ing acoustic presoure at a finxed flald
point, preferably near o corner,

With a snitable model and aupporting appn-
ratus nvailable, the modal frequencies of
the space can be dotermiped by driving
the acountic mpource throuqgh the frequency
rangs of intereat and poting the frequen-
cien at which the pronsure at the fixed
fiold point undergoesa a maximum responno.
{During this atep care must be tokon to
avold placing the source or recelvaer near
the nodal point of an acountic moda),
Following fdentificatlon of tho acountic
ranonant froquencien, the naxt stop in to
qenarato an acountle Growen's funection
IF,tr)/Q {T )] for n given aurface at ecach
a

of the renonant frequenclea, Thin in
achioved by raecording the amplitude and
phago of the prossura ot a fixed field
polnt while moving the wource ovar thono
nurfaces for which correosponding full
nenle structural renponse data are
nvallable.

A socond means of ncquiring an acouatic
Groon's function for an lrregularly ahapod
enclosure is tho acoustic finite alement
method which necoasitates the use of a
falrly alalorate computor program, In
thia mathamatical method, the volume of an
irreqularly shaped apace inm nubatituted
with n mot of nmaller, more almply ahaped
volumen whieh, in combinntleon, approximate
to thae original shape, [y choonihg nppro-
priate mhapo functions which aatlafy the
pronnure conditionn on tho houndariecn of
thean amnller volumen, the modal geometry
of the original volume can be obtainnd at
anch ranonant frequency of tho cavity, 1In
turn, tho Oreen‘'s functlon can bo geporated
in terma of a aorlen nummntion in which
vach of tha terms represent the [requency,
gaomotry, and damping charactariaticn of
each acoustic mode conaldared. An example
of thin modolling tachniqueo im illustrated
in figure 3, whare the acountic npaceo of na
trannit van ia idealizod in torma of nix-
tean filnite alemants, Tha corresponding
frequencien and shape functiona of thn
firat faw acountic modes are also nhown
{ncale 1112}, Mote that the alanting of
the ralflocting surfaces remultn in madal
grnomatriea that nre charactorized by curved
rather than flat nodal surfacen.

CURRENT LEVEL Ol ACTIVITY
Tho mothad doscribad in thin paper ia pro-
sently belng wand to atudy saeveral indun-

trially sponpored projacta with a viaw
toward making recommendations for nolon
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raduction foatures at the design stage,

Theoreticul studien on the refinemunt of S

the method, particulatly with regard to r——-wﬂ—:zh——-
lnlprovinq the technique of generating

Gracen'ns funetions, are being conductoed —)
an a joilnt project by the author and the

following puople:
br. M. Petyt and J. Loa, I.S.V.Q. Pigure 3(a} Idoaliration of half van model

Uniweraity of Southampton, UL,
Prof, N. Pollard, School of Phynics,
Univaralty of New South Wales,

Hydney, Australia.
591 Uz, 'l‘huor‘f} 11_.0 Iz, (1)
606G Hz, (Expt.) 1174 Ng, (B)
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“The Deoslgn of Encloourcn for
prenon

lLow Prequoncy Holoe Control®
tod by

G. KHoopmhnno

DIRCIEATON

a,; Xoopmann

hin project hnd o funding of about
thirty thousond doliacs (from induntry)
covaring five to aix man yoora of work,

K. _Cohan

Thin 1o a good exomple of how wo can
une advanced tochnigues to nolve noine
prohlemo.

You montioned that the low frequuncy
internnl noine was about tho same whethor
tho van wam ntationary or rolling. Would
not the excitation by the roadwny increane
tha low fredquency nolpe?

a, KXoopmanni

In this particular cowe we found that
the excitotion by the engine was the major
nource of noine.

R, Lambart;

Thie ia 0 good donign technigue and
in much preforable to tho type of add-on
noine control that is currently heing uaed,
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D, pandoy
How did you got the input dats for tho

analyala?
4, Knopmnnng

We uned both calculated dota snd ecx-
perimental data for the input.

W, fiordels

The biggont problem in implementing
on advanced technique like this in indus-
try is qgatting tho industrial people to
pee itn vonlue. They often have the atti-
tude that thin is "bluo sky" renenrch and
hon little practical value, The problem
fn ono of educatlion.
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DCSIGHING DIESEL ENGINCS FOR RENUCED NOLSE

Richard H. Lyon
Richard G. Oedonge

Massachusetts Institute of Technology
Department of Mechanical Engineeri{ng
Cambridge, Massachusetts 02139

APPROACIES TO MACHINERY HOISE REDUCTION

There 15 an established and widely practiced tech-
nology concerned with solvipng noise problems called
"noisc control”. Although there i5 no imherent
1imitation in scope or approach Implied by the pame,
the textbooks and couraes dculin? with noise control
have tended to restrict the meaning to "add-on"
procedures for abating noise, such as the use of
mufflers, anclosures, fsolators, wroppings, and the
14ke. The general implication 1n nolse control 13
that the noise 15 dealt with, but the basic design
or operation of the device making or tranimitting
the nofse 15 affected as little as possible.

Nolse control so defined tends to be applicable In
31tuations in which the number of Installations
does not Justify the effort {nvolved in redesign,
or the technology for such redesion 1s upcertain,
Halse control tends to be expensive per treated
unit, ond the unit cest does not decrease very much
as the numbar of wnits increases, The naise con-
trol treatment my also interfere with the mainte-
nance, operation, or acceptability of the device,

Tha alternativa to noise control 15 redesign (for
raduced nofse). Redestign invelvea changing the
baale construction, layout, or fabrication of tho
davica to reduce the amgunt of high frequency
anergy that 1t emits, Such redesign has a high
initial coat -~ In the englncering sarvices re-
Quired to determine the desirable design changes
and the retooling necessary to {mplement them, hut
the production cost may be Insignificantly di fferant
from before and one can alsp Institute changes that
anlve non-nolse problems at the same time, Such an
approach 1s uswally only available to manufacturers
who are ahle to Juati{fy these costs by their sales
volura and potential marketing henefits,

The strategy for redesign will be very dependent on
the davica. One can try te reduce the genaraticn
of anergy at audible frequencies by medifying im-
pact, combustion processes, or whatever. One can
also try to block ar atherwise reduce this encrgy
as {t propagates from where 1t s gencratad to
radiating surfacas. Or ont can Lry to keep the
enargy from being radiated as awdible sound, VYery
wften, a mixed strategy will be necessary to ob-
tain the desired degree of abatemant.

In our work, we have tended to concentrate on the
prapagation of energy within the machine, for a
nuber of redsons,  First, the modification of the
generator of audible energy often affects the other
performance parameters in a major way. For caample,
the high frequency components of combustion chamber
pressure are very closely assoclated with the con-
tustion process itself, and changes in this process
have direct Interactlon with performances, fuel
econany , and the production of chemlcal pollutants,
Interference with the process of radiation usually
means conventional nofse control -~ englosures,
wrappings, heods and the ke, although there are
pracedures such as pevforating the eaterfor sur-
faces which may be applicable in certaln circum-
stances and can be considered a3 a part of redesign,

The "path® of vibrational energy within the machine
may conafst af connecting rods and 11nkages, ro-
tating shafts and bearings, stiffening frames of
varfous kinds, and the structural franework, Many
of these f1tens are installed a3 manufactured pleces
in the machine, so that installing a modified sub-
stitute 15 quite feasitle without major changes to
the rest of the machine, Thes, path modifications
are quite reasonable to contemplate as leng as the
basic functicn of the part {3 also malntained.

PATH ANALYSIS OF A DIESEL ENGINC

We have carrled out experimental and theoretical
analyses of the transmission of high frequency
{audible) energy from the combustion chamber sur-
faces to the radiating surfaces of the engine cas-
ing. The two major paths -- through tha head
atructure and through the pistensconnectiny-rod«
crankshaft asscably -- were evaluated separately.
The experimental studies provide us with quantita-
tiva {nformation on tranafer and input mohd ity
functiaons, while tha theoretical studles allow us
to correlate these functional relatlong with the '
mechanical configuration of the elementa, This
latter corrglation 15 of particular importance in
evalyating the effect of a deyign change on nolse
radiation,

A dlagram of the four cylinder diesed engine used
in this study 15 shown 1n Flgure 1. The wpper sur-
foce of the plston was excited with random nolse
{with the head in place) and the vibration at &

*now Tocated at Ceambridga Collaborative, Cambridon, Mass,

153

Rt L R e a TS g e b b et 4 1 g b SRR g Ty BB oA S A S R S




RAUJ SIEY VAV 1838

point on the casing determnined by carrying out the
rectprocal axperiment of mweasuring the vibration
of the plston surface when the casing was oxcited
ot tho measuring location, Then the piston was
temoved and the head fnstalled and the surface of
the head was excited fron below, and the casing
response aneasured.  The ratfo of the velocity of
response to drive force 15 the transfer mobility
and 15 shown for a piston at top dead center,

{_F” - o {Hw“lulx.‘n o
e L I/
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Figure 1: Diagram of Four Cylinder lauzu Diesel
Engine Used In Study Showing Elements
of Transmisslon Paths

The results of the experiment are shown in
Figure 2, For equal- force amplitudes an the
pisten and the cylfnder head, the piston-connect-
ing rod path to the engine casing will dominate
batow 2 kHz, vhile hoth paths are of naarly cqual
fmportance above 2 kHe. For the purposes of this
study, we have concentrated our efforts toward
undarstanding the piston-connecting rod paths.
We asauma that the ?1:tons. connecting rods, and
crankshaft are nearly vertically aligned when the
combustion pulse s {nitfated. Consequently, the
dynamical model for the clements 1s for vertical
motions and forces, and moments and flexura
(except for tho crankshaft) are fgnored.
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Figura 2; Comparisaon of Vihratlon Tranimissfon
Through Head-Casing Path and Piston-
Connecting-Rod-Crankshaft«Casing Path.

Hote domipance of latter path helow
R kHz.

In order to understand this transmisslon path, we
have measured and derived the transfer and {nput
mob{1{ties for the mojor elements of the path
{plston-connecting rod, crankshaft, bearing mount-
casing), Experimental consistency between the
mobi1ities of the elements and the calculated
mobility of combinations of clements can be very
valuable {n confiming assumptiens about the
nature of structural connections., Good theoret!-
cal models of the elements, agoin based on the
experimentally determined mobilities of elements,
can be qulte helpful tn segpesting structural
madificatfens that might reduce the radiated noise,

The measured transfer mobility from the top of the
plston to the Lig end 15 shawn §n Filygure 3, and
from the crank pin to adjacent bearing journal of
the crankshaft 13 shown in Figure 4, Hith the
appropriate 1pput mobititles of the elements {n-
cluded, we can combine thase measured transfer
functions mathematically to predict the transfar
function from the pisten top to tha crankshaft
bearing journal. A comparison of the calculated
value of this function based on measurcments taken
on the fndlvidual 1tems with a measurcment of the
vyerall transfer functien is shewn in Figure 5,
Generally, the egreement 15 guod to atout 2 kHz,
but it breaks down at higher frequencles, This {2
probably because the moments at Joining points,
neglected in the calculation du, in fact, becoma
{mportant at hinhu frequenclus.
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Flgure 3: Ratio af Connecting fod P1g-Cnd Velogl-
ty to Drive Force at Top of Piaton
Khich 13 Transfer Mobi1ity Magn{tuda for
tha Piston-Connecting Rod El:munt
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Flgura 4:. Magnitude of Transfer Mobilty From
Crankpin {where hig end connects) to
Crankshaft Journal
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Ftgure 6: Comparison of Magnitude of Transfer
Mubility from Piston Surface to
to Crankshaft Journal as Calculated
from Element Mobilities and by Direct
Measurement,

calculated =--v- experimental

Ay an nxemple of tha construction of the model for
an alemnt, consider the measured fnput aohility
for the piston-cannecting rod element shewn in
Flgure 6. By examining the tow frequency behavieor
of the functian, the resenance and antiresenance
frequencles, and the magnitude of the mobility at
thosa frequencies, lumped mass-spring representa-
tion of the olement can be derived, az shown in
flgure 7,
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Figure 6: Magnitude and Phase of Drive Point
Mohi111ty of Piston-Connecting Redt
Etement at Piston Surface
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Flgure 7:  Lumped Mass Model of Piston-Connecting
ftod Element Derjved frem the Data in
Figure 6,

He have also developed analytical modets based on
mass+spring-dashpot elements, These models allow
us to prediet the offect that changes in the
desi?n af the englne on nojse radiation. A
detalled study of the transfer and input admit-
tance functions revenls that complianca elements
located {n the bearing crankshaft supports should
he quite effective at redvcing the transmitted
energy at audible frequencies.

To see how the analytieal medal can halp tdentify
useful changes fn the atructure, consider the
diagram of two connecting elements Shown in
Flqure 8. The transfer mobilfty of the joined
system {s

(ath) _ 4o b .0 b
4 Y1z Yag/ (Mo * 39

We can attempt tu reduce Y;EE”') by efther de.
r

crensing the element transfde mobilities Y{, and
tRy ar by 1ncreasing enc or bath of the tapit
mobilities at the Junctien, Y2 and Y93, The
former eption generally requires increasing the
mass and stiffness of the aystem. The latter
frplies the use of a resilient layer of resonant
steacture $n the junctton.
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Figura U: Schematic of Twe Mechanical Elements
far which the Input and Qutput Can Be
Characterized by a Single Force=
Yatocity Palr of Variables and Thelir
Assoctated Mobility Functions

A sketeh of a crankshaft bearing ring that {n-
corporates a layer of raxtlient stlicone rubber
13 shown 1n Flgure 9. Bascd on our analytical
madal, the expected reduction {n casing radlation
that result from tha incorporaticn of Such
besrings intn the engine 13 shown In Flgure 10,
This analyticai exprctation has been confirmed
by measurements on the engine structure.

FLANS FOR CONTINUIKG WORK

Further work on the transmizsion of high frequency
energy within diesel structure will follow two
Tines-~the testing and evaluatton of design
changes tn the epvirepment of an nqcrnung diesel
angine, and the study of additional design chenges
for further {mprovements in the acowstical and
non-acoustical aspects of tho problem. Clearly,
thare are many interactions batween the dedlgn

of nofse-reduction medifications angd the dy-
namical and ather considerations {n machine
dasign, Our approach ta the problems of design
of machipes that produce less nolse 15 a total
approach, in which we consider tha structural

and eperational fmplications of design changes.
In many cases, the destgn chan?q desired for
reduced nofse can have banaficlal effects on
other machine characteristics (greater

structural rigidity, for examla},
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Expected and Observed Changes in
Transfer Hehility from Piston Surface
to Casing Duwe to Addition of
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0f course, there will be cases Inwhich the de-
sirad chango (a bearing mounted in rubber, for
gxample) may not be acceptable because of sonin
oparational problem such as Shaft instability ar
porfarmmance 1ife.  Until basic considerations of
vibrational performance are included In_the
machling dusiyn strategy, however, we will be
forced to 11ve with the unsatisfactory limita-
tions of band-ald nofse control.
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‘Dosigning Piepel Englnon for Reduced Hoiue®
presented by

R.

DIRCURIION

R, Twvoni
il work wos unfunded and was boot-
legged onto othoer projecta. “The totol

lovel of effort wap aboubt two man yeors.

Cohont
Bld you uso sinunoidal {nputs to get
tho componunt characteristicae?

Ry Lyong

No, wa uscd randem gxcitotion,

R; Cohnng

Wore the components removed from the
angino whon they were testod?

R Lyong
Yen.

. Cohens

Did you attempt to account for clenr-
ancea botwaeen parta?

Re_Jonp

Yas, when there was an oll f£ilm bo-
tvoan the parts.

R, goheny,

Shouldn't there be a natural frequency
annpcinted with bonding of the connecting
rad?

R on
Parhnps, but this deesn't show up in

Lyon

theso reosults, It is deotailed In the
thoain,

I, Bandes

Can you identify the springs and mans
clemeonts i your model on particular parctu
of the engine?

i, Iyong
Wo were moro intorested in oimulating

the input power to the aystem. Wo didn't
want to get involved in o dotniled identi-
ficntion of the madel paramctorn.

C. llurate
04d you took nt fotigue 1ife or
ntronn?

R._Lyon;
Na,.

Jds Hullivang
'o you oxpoct non-linearities to in-

valldate your repults?

R, Lyong
Pochapn,
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STUDIES O COMDUSTION AND

MECHANICALLY INDUCLD

HOIGE IN DILGEL ENGINES

Andrew P, Seybort
Departmont of Mechanical Engincering
University of Kenbtucky
loxington, Kontucky 40500

INTIODUCTION

fitudios have shown that surface trannporta-
tion {trucks, Luses, carn) ia thoe major
causa of noisw complaints in most indus-
trialized countrios [1]1. In the Unlted
Htatas at Jloant twilce as many people arc
disturbed by traffic nolue an air-rafc
noiva (2), It ia entimated [2] that sur-
faco trnnaportation oxposos bhatwoen 15 and
33 million peopla to an cutdoor Day/Night
fSound Loval, oxcooding 65 db, a lavael

that han hoen found to produce widosproad
conplaints aa woll as thrants of legal nc-
tion [3].

Of tha mora than 125 million vehleles in
theo United Gtatan only about 3.75 millioh
ara clasalfiad an medium or hoavy duty
trucka (Gross Vohiclo HWeight Rating ex-
Gueding 10000 1b,). Yhome trucks only
compriaa ahout 108 of the traffic on major
routes [1] but are responaible for about
749% of tha total aound power radiatod by
all vehiolaa [2].

Tha most annoying aspect of traffic poinn
in the fluctuating noime leval resulting
from tha fact that vehicular tratflc e
intexmittent, For typical traffic flows
of automobilus only, thega fluctuaking
nulra lavala aro not noticaable Af opo

An farthaer than ahout 200 foot from the
roadway. Howaver, since trucks are about
10 dap noialer chan cars, and are moro
widaly dinpucaed, tha fluctuating noigoe
lavala ara axtendnd an order of magnituda
farthexy from the roadway [1].

Undaxr the mandatom of tha Nolse Control
Act of 1272, the U.H. Environmontal Pro-
tactlon Agency ham identifind trucks an a
major nolpa mourca in the United ftatcs (4]
and haa lamued noise limit regulationws for
trucka alraady engaged in intorstata come-
marca, In addition, KPA haa pot nolaec
limite for pew trucka, Effactive January
1, 1278 the maximum pearmiamible polma
lavol will ba 83 ABA at 60 ft, and will he

1%9
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reduced to B0 dBA, offective January 1,
1982,

DIESEL EHGINL HOISK

Tha dieusol englno is uaually onu of tha
three mout important nolnoe sources of
mopt heavy duty trucko [5). Tho other
major nofoe sources arce usually (but nat
limitod to} tho cooling fan and tho ans
gino exhaunt, Molaye control hardware
{bottar mufflorn, moro efficlent fana)

in generally avallable to reduce the
couling fan and ongine exhauat noine,
once this hap bwen dont the diesel englne
is normally the major source of noino.
Thius, couplad with tho fact that 9G6% of
now hoavy duty trucks are dioael-powaered
{2], zoquiros that the mochaniom of dicsol
angino nolso production be undoratood Af
nlgnificent gainn are to bo achieved in
truck noide control.

Traditionally, diesel engine noiec han
baan suldivided into combuntion induced
and mechanically inducad nolso {note:
intaka and axhauat noinmg are not conmid-
erad ap "diomeal onglne” noise, but are
cateqorirod meparately). Combustion
noisa is neisa induced by tha fluctuating
gan forced within the combuntion chambern
of tha englne. Thn dominant transmisnaion
patha for combuntion nolaa arog

1. Tha cylindar head

2, the cylinder liner and water jacket
ragion

3. tho piston/cennecting rod/crankphaft
mechaniam.

The tranenisaion of enorgy along thenae
pathe in dependant on tha dynamic propor-
tion of the engine structuxe, particularly
the atiffrane and damping. Attompte to
vhov tha Importanca of thn structural re-
npounsa of tha angine block, and ita effact
on nolne, hava rosulted in oxotlc enginoe
atructures such as tho “"skelaton” wngine
{vngion-block walls wore replaced by a

o Cwen
A I T )

L L T T L




AdD) MNBYIVAY 1538

"Cylinder Presgura (P51}

highly damped material [6]), the "bearing
beam” cvnglne { a thick beam wag usced to
conneet the main bearing capo toyoether

{7]) and the "magnesiaom® cngine [B),

EBrcept for the magnesium cengine, which
repulted in a noise reduction of about

10 din (it had a wall thickneses of 1 inch),
increauing the structural stiffncss by
redeslygn appuars to yield only about a

3 din reduction of nolse [7].,

Conplderable insight into the mechanism
of combustion noloe iu gained by studying
the combustion pressure time history.
Pigure 1 ohows three typieal eylindor
pressure time hioterles for three engine
conditlions (2400 rpm, 7, 060 and 120 te-1b
torque) for a v=type naturally-asoplrated,
direet-injection diesel ungine, ratud at
15% bhp at 3300 rpm, Figure 2.

1200 ‘ “mﬁl ] ~h~lm—~| yﬂa . |

120 fr-1h

e —

i
60 ft-1b

P

7 ft-1b \

o0 - 5 '\;

o

Figure 2 Doesol ongine in anochoic chamber,

The most lmportant aspect of theoe curvews,
ag far au nolve Lo concerned, fu the
rapid prougure risce at the beginning of
combugtion. When fuel iy injected Into
the combuntion chamber, thepe io a short
time delay while the fuol vaporizes,
spreads throughout the chamber and in
heated to the combustion tempurature.

Once the appropriate temperature and
pProusurs are reachoed, ignition tahken
place,. However, this initial phawse of
combustion is accompanicd by a rapid rise
in prepsure due to the burning of the
exceun [uel accumulated in the chamboer
during the ignition delay period. After
thin ipltial phase of combustion, thoe
fuel burnp more slewly amnd the presnure
reachen a maximum plightly after top-dead-
center {(TDC), then decreaves during the
oxpangion stroke. The high rate of preuo-
aure rine Jjust after ignition iu gencrally
propertional to the ignition delay and
causcn the characteristlc diewel engline
"knock".

Superimponed on each of the presouru tlig
hintorien is a high frequency ooscillation
due to prosgure wave rceponance in the
combuntion chamber. Thipo combustion cham=-
ber mode lo of negligible importanco to
nolace asince 1t iw of very high Lreguency.

Phe gmall £luctuyating curve at the bottom
of IPiqgure 1 in what remaing when the

2400 rpm, 7 ft-lb prespurc time history

i filtered to remove the pressuro coly=
pronents below 000 Mz, ‘Phis in qulto
vtriking when one conmiders that most
divnel engine noive ko above 000 Nz, Ao
will bn discusned later, the ongine strue-
tura doos not radiate sound efficlently

at either very low or vaery high Eruquuncicq
and it lo the mid=-{regquoncy componentn
(000~3000 M) of thue combustion premwurc
that excite the nolpo producing modes of
the engine block.

More detalled aspectn of the combustion
nofue phenomenon are revealed by cxom-
ining the frequency spectra of tho com-
bustion pressure time hintorlen. Plgure

3 mhows the pressuro spuctra (bandwidth =
20 Nz} for the three histories in 'igure

1 whore the portion of the spectrum below
800 Mtz haws been romoved before the spectra
vure computed. (Below 000 11z the apoctra
increaso monotonically.) In the 1 to 3
kliz reglan the loncrease in ppoctrum lovel
with torqua io due to the more rapld proege
nure rive for higher torques. The rate of
prospsuro rloe for the throe curves Ln
Pigure 1 dw: 7 ft-1lb - 1200 pui/mooc,

60 fr-1b -~ 1500 poi/msec, 120 Fr-1bh -

2000 pni/mocc.
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| . Combuntion precsive spoctra at
2400 rpm,

ftighor rataes of presaure rioo rasult in

Anoreased oxcltation of the engino lbilack
ntructure in tha critical mid-{taquancy

range, remsilting in increasod combustian
noino,

Tha broad pesk above 3506 Hz In cach of
tha apectra is the combustion chamber
raponance poon in Figure 1. The frequepcy
of renonande tncreased for hlghar torquen
minca tha gan temperature (and the apoend
of mound) 1lm higher.

Figure 4 is a spootrum of tho 7 ft-1b
torquae prasaure history with a bandwidth
of 10 Nz, The individual harmonicn of

the combuntion prassura are clearly re-
ynaled by unipg the emaller bandwlidth,

For tha angina spoed of 2400 rpm the
fundamantal fring froquancy ds 20 Hz and
tho highar harmonica are integer multiplan
of 20 Hz, ¥Fiqura 4 alduo roveals nomo
internating aspactas of the combustion
chamber reponance, nomaly, it is a brond-
hand random phonomenon,  Thin is probably
flue to tha fact that the gas temperaturcns
and tha cembustion chamber voluma axa
changing during combuption, causing tho
fruguency of rasonanco to chonge {(a anra-
ful atudy of tho oscillations superimponed
op tho curves in Figure 1 shows that the
trequoncy nf rasonance dacroassn durkng
the expansion aticka).
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In numnary, one concludes that in the

low and mid-froquency range tho combuntion
preugure ias dominated by eborgy concons
trated at multiplen of the firing fraquen-~
cy, and nt high freguopcy the combuntion
prosture i wvasontlally a broad=-band
random procoss. Figura S nbown the vari-
ation of ovorall engine noise lovel with
apecd and torgue whore the microphons wan
locented npproximatoly Im from the ajda

af tho angine. Tho increcancd noino with
npeed i dun to tho additional excitation
caused by a nhift of the combuntion
spectra tu highar fregqueoncy aa o rosult
of increassd speod.

12T ] (Y]
i

[ 2]

figurs 5 Yariation of A-walghtod nouwnd lavel
vwith angine spead nnd toxquae,
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The most significant reductionn in com-
buostion noine of four-cyclo diract-injec-
tion diesowl eonginew have been obtalined by
ratarding tha ignition timing and turbo-
charging [9]). Whon a turbocharger lu
usod, the pressure (and temperaturc} of
tho air in the combustion chamboer i
highor and when tho fuel in injected it
ruachus cotibustion tempoerature sconcr,
ruaulting in a shorter ignition dolay.
This in turn producun a smaller rate of
praspure rige during tho initial phane

of combustion. Thua, for a given torque,
tho combustion prousoure gpectrum will bo
lena in tha mid-frequoncy range than for

n naturally-nsplirated cngine with the soame
torqua, ovon thourh the peak propourc will
ba much higher. Conegequantly, the combup-
tion nolne is roduced by turbocharging,

Ratarding the ignition timing reduces the
ignition dalay in a simllar mahner since
the fuvl in injocted at a lator time when
tha pressurae and tempernturs of thoe air
in the coembuntion chambor are higher.
Turhocharging and retarding the timlng
hava tho additional bunafits of roducing
smoka and cartain gaacous omisaions, how-
avar, afficlency may decronuo in aono
casng,
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PREQUEHCY (KlI7)

Pigure 6 Fradiehcy rosponsg
magnituda Il,

Figura 6 phows a typical fraguoncy ro=-
sponea (handwidth = 140 iz} for tha V-
type pngina undar atudy [10]. Raeglonn
wharn the frequency responan ie lilgh
corranpond to high dynamic responso and/or
high radlation officiency of tho engina
block, Conaequently, whera the froqueoncy
reoponoa im high thea eangina nhoipe willl al-
pa ha high. holaw 500 Hz and abova 2500
Hs tha frequency rasponne ia quite low,
resulting in negligible nolse aven though
the combumtion prxeamaure apectrwn in high
in theaa fLrequency xangans.
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7 Cypiteal Cylinder pretsuica

Using mentsured values of frequoncy ro-
aponge for the engine structura, as shown
in Figure 6, ona can prodict the offect
of combustion modificatiens on nolso,
providing tho combuation proasure tima

hiatorien aro known.

Figura 7 ahown throe

combuation pronauro time hintorion of
oqual tordqua but with difforent ignition

timing.

Uning thasa curvas, and knowing

tha froquency raesponsa of tha epngine
ptructurae, the combustion nolse wan pra-
dicted for each of the three ignition
timlnge [10), and is shown in Flgura A,

100.0

LIS o

o400 #IH

LEE
2,8+ >
e

A-h0L 61001

¢-HD. &5 101.9 DU
wa M-n0. 4 1090 DY
7 o, 1A, o, re, fog, o, 20,

FRLOULHLY 1z

Flaura 00 Computed Sound Ireasure Laveln

B

m——



SV 3i8Y LNV L5350

- e

—

—— o T RMEETT Tal WT U T L e e e £ e e L

MECHANICALLY INDUCED NOISE

Mochanlcally induced nolse in diescl
englnes is cauned by mechanical impactn
{due to clearancon), friction, and rota-
ting imbalance. The mechanical noine is
usually detarmined by motoring thue englne
and noting the noipe lovel., The combun-
tion nolvo is tho differopce between tho

motored noiso and the total hoiae. Thin
proceduro asaumos that the mechanical
nolse 4o indopoendont of the combuntion
presguran.  Thio asspumpticon may bhu ado-
quate for nome mochanical nolme sourcoen
guch ao valve train nolno, but 1o in
aorror for othor mechoanlcal noiove pources
nuch as bearing and pluton inpact noioo,
whoro tho mechanical impacts aro highly
dopendont on the magnitude of tho com-
buntion prossuran. To measuto notro
nccurately tho nolbe contribution of a
machanical nolse source, one can cffective-
ly "eliminate™ tho sourco by an appro-
priate medification, and note the diffor-
ence in noise lavel, lor example, tho
nolpo contribution of pinton impactn in
aften quantifiad by substituting pletons
of low clearance for standard pistons.

PISTON SLAD NOISE

Turbocharged enginne are uaually dominated
by mechanical nolnae acurcas, and the major
machanical noiso source im usually due to
pinton impacta [9). A plston impact
occura when tha piaton tranmfars from the
non~thruat to thn thrust side of the
cylindar linar junt aftar TDC duripg the
combuation phase of the engine eycla,
Figure 9, Pinton Ilmpacts occur at peveral
othur timom during the ongine cyclo but
only the impact at TPC during combumstion
in significant, slince the combuation
preasuras acting on the plston at thina
polint causa the lmpact to be gquite severa,

\\\ll/,
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Flouve 9 Ploton fmpact acquance

Flgure 10 Renponan of cylinder liner to

platon impact, »

163

Piaton impacty can be reducoed byt unsing
oversized pintony te reduca the running
clearance, displacing tha piston/connoct-
ing-red pin to one gide of the longltudin-
al axls of tho platon (thin coupas two
smalleor impacts when tha piaton hits the
liner inatend of a ningle large ona),or by
uning a ahim (made of toflon-impregnated
pintered bronze {9), for example) which

ie attached to tho side of tho pinton and
holdo the piston on ono side of tho
cylipnder linor throughout the engine
cycle. Nll of these modiffcatione havae
drawhacks and usually roduce the noioe
only 1 or 2 dih.

Work currently undar progress is dirceted
at predicting the responne of the cylin-
der liner to piston impact as a function
of liner and pinton geomotry, running
clearanco, and combuntion prenauro
charactoristica (propnuro time history,
timing, otc.}. It is reasonable to
assuma that platon impact nolso in propor-
tional to the vibration of tho cylinder
liner (there la nomo aexperimoental evidonce
to confirm this [11])) and a mathematical
modol predicting liner vibration cap hu
used to eatimate the rolative effect on
noisa of changing any of the paramotern

in the model,

Tho model first caleulaten tha pliaton
aide~forca for n glven geomotry and
combustion prossure time hiatoxy. The
liner 4o modaled an a aimplo oscillator
and tho reaponoo to tho pinton side-~
forco ia calculatad. Tha pleton momen~
tum at impnct im alro calculated and
uned in the calculation of the liner ra-
nponne.  FPlgure 10 in a typieal linor ra=-
spanre predicted by the mathematical
model, Hxperimantal data will ba uscd
an n varification of the pliaton impact
model, Once the modal im rafined, do~
sign chartn will be conatructed to ahow
tha ralative effect on noiwno whan kKey
daniqn paramoters are varied,
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SUMMATY

Tho mechanismp of combustion and mochan-
ically inducod dicool onglne noioo arc
being lnvontigated in an offort to ro-
duce the noine from hoavy duty trucks,.

It wno shown that by examining tho com-
bustion prossure opectrum and the engine
atructural frequency renponune that many
of the choructeriaticn of combustion
noine could bo explained, In particular,
it wan shown that naturally-aspd rated
diesol englineo (direct-injection) are
unsually dominatod by combustion noige

in tho 500-35Q0 Uz reyion sinco both

the frequency rosponas and tho combuntion
pregiuro apectrum are high in thin reglon,
as compared to turbocharged engines of
cquivalent apeed and torque, whero thie
combwation pressuro spoctrum is lower.

Iiaton impact nolae, a major mourco of
noine on turbocharged engines, ia being
simulated mathematically with the aim
of developing dealgn guldelinea to aid
angincera in making practical deaign
modifications to reduce thins source of
noiga.

REFERENCES

1. Thicasen, G.J., "Community Noine
due to Ground Tranaportation”
Noisnn Control Enginaering, Vol. 2
oo 2, X978, pp. GA=GT7.

2. IDackground Documont for Proposed
Matiin and lloavy Truck Holpe Hagu=~
latlionn, EPA-550/9-~74-018, U.5,
Environmantal D'rotectlon Aqancy,
HWanhington, DC, Octohor, 1974,

3. FEldred, K.M., "Ampoanpmont of
Commupity Nolpe®, Noiaa Control
Engineering, Vol. 37 Ho. 2, 1074,

Ppp. A0-85,

4. Identification of Productn as Major
flourcna of Noloo, Fodecal Reglater,
Washington, PC, June 21, 1974,
ppe 11197-11199,

5. Standt, R.hL., "Truck Nelae Control®
Progandings, Reduction of Machinary
Nolaa, Iurdue Unlvernlty, Tafayetto,
Indiana, Dacembar 10-12, 1975.
pps 158-190.

6. Jenkina, H.0., Kuahnor, H.K., "Dlanol
Engina Noiae Raductlon lardwara for
Vehicle Nolso Control", OAR paper
Nn. 730681, 1973,

7. Jenkins, S5.M., Lalor, 8., Grover, L.
C,, "hanign Aspacta of Low-NGliue
Dlanal fnginea® JAR papor No. 710246,
1973,

10.

11,

bPriede, T. "Noiwe and Engincoring
Design® Phil. Trann, loy. Soc. of
Londan, A, vol, 763, 1900,

Lann, R.S., "Sourcun and Reduction
of Dlescl Engline Nolse" I'rocundingn,
Reduction of Machinery Nolme, Purduo
Univeruity, Decenbor 10-17,71975,
pp. 191-202.

Seybert, ALF., Crocker, M,J., "Tho

Uso of Cohorance Technigues to Pre-
dict the Effect of Engipo Operating
Paramotors on bDienal Engine Noige®,
ASME wransactlona V. 97, Sarioe U,

t4, Novamber, 1975.

PFielding, B.J., "Identification of
Mechanical Sourcos of Hoise in a
Dienol BEaqine®", Ph.D. Thosis,
Univarsity of Mancheater, England,
1960,

P

ey e = 7 =



]
b
.
’
t
v
b
'
|
|
'
|
'

"Studien of Combuntion and Mechanically
Induced Moine in Dicsel Enginea®
presented by
M. I's Seybort

PTRCURATON,

fa feybort
This work wan initially funded by the

Nationnl Bcience Foundation and Lls now boing
funded by {ndustry. The total funding over
the pant Eive yoars has beon about fifty
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han boen approximatoly three to four man

| yenrs,

165




k2

APPENDIX 1
SUMMARY DISCUSSION

. 167
.
w
1 gRa—— h b et le i e L BRI A LA il B AL s <UL
b .




AGUJ 4 19T YAV 1838

——— e

oPEN DIOCUBDION OF BOCTIETAL NEEDS IN NOIDE CONTROL®

Co-Chatrmen: N. Cohen (Purdue) and lNarvey Nozick {EDA)

I; Horich:

Dpeaking for EPA, I want to person-
ally thank each of you for participating
in thin seminar. I thought it wao ex-
tremoly worthwhile and 1 hope that you
share that opinion. T think the benofite
of it will Yo boen once the documentation
gcts roloaned and gete widenprend clrcu-
lation,

Am a regulatory agency wa munt con-
slder the nvailable mtato-of-the-~art
technelogy, in addition to other things,
when we promulgate rogulationn for the
proteoction of the public health. In
enten wheore thore {¢ on f{nndequate datn
Yame Lo liodlp us form theose regulatory
nctionn, ¥o may go out and fund programns
to demonstrate tho ntate-of-the-nrt for
the tochnology, either unilnterally or
in con)unction with ancthor agency. We
have a couple of therme demonatration
programns ongolng at the pronent time.

To giye you a frama of reference of
the kindn of actionn that ¥¢ nre consid-
ering, nont of you probably know that
¥e'vo alrandy promulgnted rogulatlionn
on heavy truckn and compronnerna. We ate
in the rinal singoms of proparing noticen
on alx other proflucte: nRetoroyoles,
tunen, loaderso and dosers, truck mouwnted
compactors and refrigerator unitas.

Thane ara pratty far along 1n our regu-
latory pronass at the moment. What I
wanted to emphanize more now are thae
othar produots that we arc connidering
for future actionn, and any holp that
thin gronp oan glve in providing somo
ndditional terhnology lfor the datn hane
in theac areas vould bo woll recelved,
Lat mn Just highlight them: nautomobilen,
1ight trucka, tirem, onowmobflen, rapid
rail tranmit nyatema, pavement broskers
and rockdrills, enrthmoving oguipmont,
lawnmowers, alr condltionera, chain nawn,
nnd n varloty of home and consumar pro-
ducte,. flome of thean nro in the very
early atagen of connideration., If you
have mome muwggantiona or idemn, wo will
be happy to liaten 10 tham. Anything

you amn provide to we will lend to n

better regulation in the long run. I
would now 1like to nit Laeh and linten to

what you have to offer.

B, Cohen:

Both governmont and induntpy are in-
terented in noime control. The univarsl-
ty in an ldeal environment in which to
nxplore nolae control mathodology and
practieal neloe control peolutions., In
rarticular, universities have tho qunli-
rfied pooplo and necennary facilities that
amall and medium oired induntriea lack.
Internction botween government, wniver-
nity and induntry helpa educate atudenta
who #will {n turn enter induntry upon
graduntion., Mont induntrien find that
thoy can support neisme contrel ropoarch
on the university level much chenper
than they can internnlly. Theno are all
important ronnona why ipduntry choonon
to support holse control raeadcarch at
univerniticen. An ndditional benafit to
induntry am o roeult of universlty apen-
sorod resenrch 1a the contnot that thelr
engincors have with experts in the field,
Thins i n typo of continuing cducnation
for practicing engineepn,

Meny of you hnve pubmittea {temn for
dincunnion at today's meeting. Weo will
opond roughly half of the remajining
time in Qiscunslon of thepe lapuecn. The
remaining time will be apont dimcuaning
other ident that anyone might have.

Bevornl of you commantod that you
would 1like Lo nee more fundamential ro-
search aupported at the univeraity, aa
apponed to rascarch on n npeecific pro-
Auet, Noep anyone winh to commoent?

Mamnrs. Tichy, Hixaon and Hodgnon commant-
od thnt thore accmps to ho no government
agoncy intarmpted in funding Wanic remoarch
in noine control., fKoime control romearch
"rallp in thec crnoks” of & number of govern-
mont agencicn, and in not "geonoral” enough
for conalderntion by the Hationnl Belence

#FRALtor'a notar The commonta have baen abridgod and edlted for concinopomn and clarity
hy tha Kditora, We hava endenvored to convep the original intentlon of the apenkers, and
we acceapt the reapponnihility of any miminterpretation an our part. In one partioular
canh (Palley, K,C, Otate) a prepared stntement waps rend., Thls atntemrent ham baen ropro-

auded with only minor odlting.
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Foundntion. fThe lational Sciance Founda-
tion, 1n particular, Just doenn't neem in-
tercuted in basie research in airbvorns

ucouaticn. Tiehy nlno montioned the need
for atandardlzation of nolac mennurements.

It; Norieh;

An John {Ochettino) mnid yonterday,
whon LPA wan created and the loioe Con-
trol Act was pannod,there wan no inten-
tion of glving EPA another charter to do
resoarch where that copability exinted
in ather arean. The MDO and HOF do Linve
tlhe charter to do that. We have Junt
recently roactivated federal interagency
rosenrch panclan, The function of Lhe
paneln is to annnon the ongolng resoarch
and deyolopment that in bLeing funded by
the fedaeral government. Hopefully, we
can 1dentify necdn or volds in the fund-
ing arenn and through this medfum initi-
nte fadernl action, not neceasnrily done
by EPA but done by the agency that han
the proper capnbility,

Nandn {fupdue);

e

I gannot repint thin opportunity to

fluk u? the hey words apoken by Japi
Tighy)~«ntandardixation ana meanurament
mothodology. I think that there 48 no
quastlion that noina control in the Uni-
tud Otaten hinn rocelved a tremandous
haoont through the Holme Control Act
panncd by Congrens and tho responaibili-
ty alvaon to FI'A to pnan rogulationn for
nolae eminaion atandardns nnd, ultinately,
produat nolae laboeling, Aa one doon thin,
the problems of monsurgreont technique

and acouracy become important, In the
internntional arenn thore are & nusbor

of atandards that havo coms out Junt
Tocantly, pone of thom ntill in draft,
but alrandy vary advanced, and noed only
te be pratifled by tho mamder hodies, In
the United Btntea, we do not haye tho
countarparts for theso menaurcmentn atan-
Aapda, It fa futile, in the long run,
to regulate noina enirpion unlens thore
in & nownd pemaurcment haals in n ccher-
ant rtructure that covern nll typos of
noilen aourcas. Tha beanic atandards for
the phynlcal measuranant of aound have
net baon corpletaly updated in the lant
fifteen or twenty yenarn,

flayeral permone mentioned the problem of
inadaquata tlmo to respond to EFA published
RFP'a. The problem nmoma Lo e aohe of ot
ting the RFP through univermsity channele in
itime far an intaranted faculty membor to
ranpond adaguately,

R.

Lyon {MIT]):

Coneerning the problem of repponding
to WFP'n, T Lelleve many of the problems
encountered here are related to the poor
timing from an academlc year point of
view and the limited time of vork, It
{5 not nlwayn posnible to complote a
master's degroe program in n specificd
length of time, pay 9 or 17 monthn,

I am aloo conecerned that some univer-
aity regoarch fo of n very nundane nnture
with 1little educatiunnl value, Thin
work nhould Le done by commercinl ovgani-
tntlonn.

L. Cohen:

D111 Gatley wanto to comment on the
noed for aducation in nolso coentrol.

H, Qatlecy (ﬂjnnnuni-hnlln!:

I thish thero 12 & antionnl need for
aducation 1n nolpe contrel, and thia
afucation should begin in the publie
aschool aystem, Even at tho univeroity
lavel, only a punll percentage of tho
atudontn rocelve formal ¢ducation in
noine control,

Mont ongineoring curriculn arc nl-
randy ovorcrowdod and it fa salmont im-
poenible to add a nandantory coursec in
nelne contrul. The aame fa truo of
clonopntary and secondnry education
curricula, The alternative in to intro-
duce nolse control in other related
couracn; for example, 1in A courno on
aachine denign,

I, Reedck:

Conaumer edueation in noise conrtrol
o very important, HWo nra ngRrcanively
moving in a conmtimer education prugran,
He now are uning an exhibit which in
being nent around to high donnity arenn
to inform pooaple on the effectn of nolac,
what can be dono, etec, He are alno den
valoping meveral bulletina and handoutn,

B, Tpee {Purdua);

I nm pormonally aware of one publie
nehool aystam that ineluden o nection
oh nokno in thelr grade mchool actence
clanag however, what im taught in pre-
nonted ingorrectly,

He al#o hava ahunan in noine control
qducrtion. Once overy nomenter, I glve
A guont locture on neine to n claos in
asnother dapartment on campun. A few of
thona atudontns have then claimecd that
they hnve "experiance" in noise control,
Thin type of situntion in appalling ana
needn to0 ho corrected.

b ae—
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Heanern. Muster and Lyon commented that it

. Mupte IInfy, nf Hount :
b r.{inty natop) is natural for companiep to want to proteet
The Acousticnl Noctety (of Amerien the reoultn of university research mpeonnore
A a y ) ed by them, particularly if the project in

hap tho Caordinating Committee for Ln-

vironmental Acounticas, Theoe people very lardware orlonted.

haveo inforhntion available for lactureo ot .
ol the pubject of nolse control and B. Cohen
acounticos. There ape reglonnl cenrdina-
goru':hg hn:o1#int: of peOE:c “v“i}nblc wtthw¥::u::£;t1:;iggm:n€e:;2:§2 ﬁgntrnct
o vin 0 oh mmun sotingn. .
T g ta ¢0 rm e roached on what naterinl can be publinhed
D. Tren: and what cannot. I rind that thio
erre avoldn problemn concorning copfidentinl-
The American foclety for Fnginoering i2§'1 ¥°;°VEZ' i{ ttr “”{h ?““t ve kept
Eduecation nlno han an Acountics Commit- 1 pletely necret, Lhen 1t doosn't Le-
toa. ong at n univerasity.
I, Hartiok:
- — Ifrofaesoer llurst har o comment rognrd-

The aviation industry hnp an improp- ing induatry/governmont rolatioashipa.

o0lve aducntion program. MeDanncll Doug-

lan hap devoloped a pimplistic nlide c. Hurat (V.P.I.):

prosontation on noipe and the effectn of »

noine related to aviation. In nddition, Wherover pousibla EPA (and other rey-

ATAA hap put out nevernl films and ulatory agenclon) ohould neok to avold

slideftape shows on nolne. an adversnry relationnship with induotry.
Perhapo Joint funding ventures hotween

government and ianduotry might help the

. Lambart {Minnanota};
adversary problenm.

I wanted to domceribn one of tho

thinge that wo have dune at Minnenotn, I, Noxtek:

which I thipk han been very effoctive.

Thrao of un, n mechanical onglncoring He ara connldering just that poanlbil-
profenmor in nir pollution, a alvil an- ity. You have to remember, though, that

ginoering profeaaer in nolid wnato, and EPA has o moandate in the Holpe Control

an electrieal cnglpnecering profersor in Act that says EPA will protect tha pube
noino offer n courne available to ntu- lic health and welfare, llomctimen, thal
dents in the college of liberal artn. Juat in an ndvaranry ponitlon to mahking
We aall it "Introduction to Lnviron- n buch,

mentnl Technolagy" and we typlenlly

get from nevaenty~fiva to ona hundrod
pludentn per yoor who tahke thie courwe.
Ho talk to them nlout the problemn
involved, including the potantinl limi-
tatlona of technology In oolving themo

W, floedel (Pupdune):

Induntrial esponaors of nolae wvontrol
projJoctn often do not allovw progrens he-

problemn. The renponsct that we oh- yond a point of flzxed aohlevemont. Mors
tained from counaclorns on liberal aducn- bnnic raoaearch hing to be Lootleggod, on
tion have heen vory faverable to thin & fact of life, Purely fized nolne con-
cowran. trol 1a not rosearch that ia valunble
I. Taads in the long range, and we should not
e rely on 1t compleétoly for mendemlc prob-
Hith regard to aducation in noine lomn, Cotpled with the praotical probe
control, I believa that the Institute lom of noine control ahlould he romasrch
of fNoiso Control Englnecering hae n com- that aimn to uncover fundamentml anpedts
nitment to thin edusation, hut thie that apply to a varioty aof devienm, or
comnltmant ia limited, primarily, to clasnrons of machinery. Monay should be
the practicing engineor. ¥Wo do thise rads available to supplament induntrinl
throngh anpual conferencea and our bl contrnote to allow follow-up atudles of
ronthly publication, Hofae Contpel Pp- fundamental fquestionn,
ELlnsering.
K. lohen: It ia wnfalr to induntry for the gova
ernmant to regulate the nolse from ita
Another problem aroa that hes been products and not to provifde tnolinlcal
aantinned 1a one of providing ncceani- help in the form of aducation,

B111ty mnd Adsaemnipation of nolpa ton-
trol molutionn to induntry whan the ro=-
aeateh 1pa proprictary in naturn.
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P liart (R.C. Btato):

He con help induptry Ly mnking avall
ablea qualified people to help nolve in-
duptry'ns nolse controel porbklemn, We do
thio mainly through reocearch grants that
perve an M.0. and Ph.D. theoen.

“. ulll‘”'-ﬂ!“.

The problem ip very acute among
small indunstrien (3 Lo I million dollarn
per year nalaos), In e company of thin
nize n eingle engincor may lhave a wide
rango of reaponnibiliting, and cannot
o an oxpert in nolne control. We nood
to mahe availablo to these people infor-
mation on nolse control.

With rogard to education, I think
#e should be more careful with nomen-
¢lnture and torminology., During the
teelinlenl emeapionn I noted many termn
anfdl phraoecn that wero minsunod or woro
not even defined.

n, Cohen:

Frank flart would like to commant
oh cooperative programs,

F, Mapt:

[\ B

2o S 4

Univarsity/induatry/government co-
operative programp are inportant, Right
now we need n pnumber of demonntration
programe to show what can be achioved
in the aren of noise control uning
aexinting technolaogy.

Muoter:
aantar

There mupt be a way to got practienl
informration on nolan cantrol to prac-
ticing englncorn who 4o not havo time
to roand the Jjournala. Perhaps EPA can
help themre people in thia rogard.

Hurats

It would be vory 4ifficult to find o
product that in manufactured in thin
guuntry that doea not have & BApufac-
turnar's annocintion asageiated with it.
Thesns organisntions could bo used for
distribution of noise control laforma=-
tion to their member companien.

Harti
LIl

One comAent aboul Lhae trade amnoolia-
tions, We want out to n nuaber of
planta and aid atwdles in aifferent
nituationn, davoloped tha datla, 414
acma pllot ptudies on aliminating Rore
of tho Aifricult probleoms and Lrought
thin data baok in and held reglonal
paminaxra throunghout the U,0. ¥Wa have
had good reaponne to thia type of
appraach and I rocomrmend it highly.

L

ltaper (rEPA 1:

I wanted to comment Just o litile bIit
albout thics aren of otlmulating nome type
of cooperation betwecen the regulated or
potentinlly regulated industry and the
ugency, in thia cnse EPA, that's in
the procope of dovaeloping rcgulntionus,
I'm peroenally placed in that posltion
every day, ond the ntudlcn that we huve
ongoing that arc in direct suppert of
regulntion development put un 1ln o o0lt-
untion whore wo have to look at con=-
fiieting interents when we nward the
contranct, WHe are legnlly limited or
not alloved to let contrncta diroctly
with the fnduptry thot 1o golng to be
potentially regulatod because thora in
a direct conflict of interest that olim-
jnatep that arom of cooperation. I
think there oro some othar thinga thot
can bo done,and one in to koep tha in-
dustry appraised of our progress. Whon
our contractors come in with draft ro-
portn, we review them in-house and gsend
thene out to knowlodgeable people in
induntry to got tholr commentes. We've
aloo hold moctingn with findustry repro=-
nantativenr to Jdioscusn npecific lmnuea
that are critical to n partlicular rule-
aaking. This pant July we held a mect-
ing on Mensuropent Methodology for Auto-
mobllen and Light Trucks in which all
the principle lnduatry and environmontnl
groupns had o chance to participate.
llowever, we are logrlly limited, once
wo hngin the regulatory development
procenn, to what we ¢an and can't do
from n cooperative ntandpoint; weo can-
not contract directly with industry.
0f courao, ¥o can contract with univers
piticn and other unbinmad aources.

hatieoy (N.0. ftatn):

Cne thing which I would 1like to
comment on in what I neao an A natlonal
noed, Thnt 1p, rome focupdng on the
provlem of oecupatlonnl expomura to
noine, It'm Lean my obeervatlon that
those mont affocted by occupntionnl
noise havo the lLoant ability to denl
with the nitunation. I'm apeahing nbout
thome eAtlzenn who are daily dneulted,
abumncd by nolae in their job. For rany
yonrs wo'vo kpown that exceanive oxpo-
aure to noine caunen pormanant nolne
Induced throahold ahift or deafnoam, yot
what are we doing? It'n boen Alatramn-
ing to ohbnervye how 1ittle progreana hanm
haon madn., One only noeds to reviow
teatimony at recent public hearings on
the ipsuanca of n nolne atandard to
underntand the prencnt ntate of afrfalrs,

One problem which I belicve impcdon
progrean 1n a laok of incantivon, Un-
fortunntaly, due to prasant ciroum=-
stancon, Aany of the orgapirations which
are bilg onouph to have capabllitien in

Bt et ] Laamat
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noine control are alno the onen which
tend to have large caplitnl inventmentn
in noiny afquipment, Do they have real
fncentiven to demonstratae nolne control?
Do thoy have any incontives to publiph
and dintribute or, in any way, communl-
cate their repultn? On tho other hand,
pinnller companies don't have o enpabili-
ty for noineo control, regardlesn of she-
ther or not they have any inceptivaen. I
think that's one problem, and hintorie-
ally government hap ntepped in to neot
problenmn like thiw.

If we are golng to do anything Lut
stick acountic Lopd-nidm on our problemn,
1 think wo mupt recognize the noed for
roenaarch, A flrat step might be to dea-
fine nome npeeifie probleme 4n occupa-
ticnal noine exaponure. In other wordn,
a lipt nimilar to the one whileh you
praasanted, Marvey (Mozick), of the prol«
Lems that LEI'A has 1dantifled. I den't
know of auch a lipt in the aren of oc=-
cupationnl noime, With or without such
n list, though, I think 1t ip apparent
that we aro donling with a problem of
nationnl dpportance and it wlll regulre
n large, continuous offort {f we are go-
ing to got anywhere.

I neo theaa problems as being of two
types. The firat type is exinting prob-
1nma wharo noipa leveln are perhaps mars
ginnlly above accoptalle lovolaj there
ip a trepnendoun nead for trained indlvid-
unln to handle theso problemn. Let mo
giva you an example. The textile indun-
Ltry hnp about T,000 plantn; if we try to
take our N.C, Btatec resoarch team into
onch of theae plantn it would take un
moro than 20 yeara to apond one day in
anah plant (Lf we work T dnyn n woah).

I think thare 1u a role for univoraftien
in addreening thisa particular problem.
One mathod which immediately comen to
mind ia through ahort coursen, Our do-
partment ham hed aaveral hundred iodivid-
ualp for much nhort ocourmom over tho pant
throe or four years, and perhaps that
will help.

The macond type of problem in onc
whiah I thiah can he charactarired an
ona roquiring a major bLreakthrough, For
gxamplo, inherent nolae from certain
kindn of operationn., We parhaps nre be-
ginning to underatand then but we don't
a0 vYory many nmolutionm caming forth at
thin polnt.

I'd like to refnforce noma of tha
thinga that Hay {(Cohon} nald., I think
univearaitics are uniquaely pomsitioned to
lnad the affort herm. Yo arc accuntomed
by training and axpariconce to be open=
minded fn our appronch to problema lika
thin. VYo are well oquippod with instrue
mentation, oemputers, npd pereoennnl, Our
primary funetion ia to tench, and nurely
wa hnve a role in training bhath engineorsn
an well am othar peocple with lenn traine

ATl R e LTINS LR Y ke ) L el 5 e g

ing in the aren of noise contrel, Per-
linps mont importantly, universities tra-
ditienally do repoarch in the publie do-
main, T don't think I need to dimcunn
any further the problemn apsoclated with
propriotary informatlon and the good
that 1t deea. I don't knovw what bupl-
nensn univernitier could ever have in
that aren i1 we conpider education to lie
our main functlon.

Anothor point I would 1ike Lo make lo
that I Lelleve universltion can he very
cost effeetive, Let me give you an ox-
anple., We've bheen supported for a throe
year otudy by the Natiocnal Inetitute for
Dceupntional Oafety and llealth., Wo have
ap offort of about a dozen man yenra,
and ve've opent more than $300,000. We
provided information to reduce pnolne
capopure for npproximantely one half of
the million or no workersm in the textile
industry to 990 JdIA or lepa, UCopt eoffec-
tivencon: lct me glvye you one oxampla
using techniques remarkably similar to
thoose Profensor Lyon talked about todny
for a dienel engine. Wao've attacked a
major prohulem, that of textile apinning,
modelling it plece by plece, putting the
placen togother, using all the technique
that ve hknow how to use, Wo've domon-
otrated on approximately 1000 opindlaa,
in 3 plantos in 2 stateco, that nolen lev-
clp can de reducod to helow %0 ABA at the
copt af 22-7 a spindle. liow thin com-
pares ¥ilth latent induntry ostigates
glven sarllor thie month of 31-%1 m
npindle, Oince thera arc 19 million
apindlna, one can calculnate an cnormAous
potentinl anvings for tho textile ipduns-
try which, of course, in eventually n
nnving toe conmumersa. At the asame tlme,
and parhiapa nore importantly, wo've
eliminated an intolerable hcalth hagapd
for thounande of people, At lennt we
have provided the infermntion.

ow, lat me donceribe rolen that I fee
far the uanlverslty nnd governnent in
nttenpting to addrasn nome of thano probe-
lemn. The rfirnt category, I think ve
hove a duty, oan obligeatlon, a noral rep-
ponaibility to communicate oimple tach-
nigques to thoso Individunle who do not
have technlea) backgrounda but pavertho-
lanp have renponniblilities for avlving
cxloting snoine problemn, The sacond cate-
gory of probleas will roguire good bansic
raengnrch.  (lurely, unlveraitlen and gov-
arnncntn have nome responnibility to par-
ticipnte in thin.

lpocifically, leot Re gat to the proba-
lamn of aupport which havan already bean
mantionnd, HWo've nll exporlienced frun-
trationn in trying to initinte programa
to nolye momAn ol the problaeme which have
boen deaeribed. Ia 1t really in the
national interest for so much confuslion
to oxint, aw to who hap rcpponeibllition
Lo whatl flurely, the techanlcal proLloms
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are difficult enougb for wusn,

The rinual point, which hos alrecody
beon made, I supponme, is thot it 1o ex-
panalve to educate o opecialint in noise
control. Almont every gradunto ntudent
raquiren support, financial support, 1in
pomc way. Andgsurely, thin fo a problen
of nufficieant natlonnl intercnt that the
faderal governmont can provide pome in-
put into thin,

Lneckenbharger {(H. .V, U, }:

I would 1ike to mentlion two problema
that I have encoulterad with rompect to
funding of noime contrel rasaarch. The
firot in o problem with research funding
rfrom industry. After a rosearchoer solveo
the inmedinte necd of a company, thore
in little Lfincentive for tho conpany to
fund additional rescarch to fnveatigate
more fundamental quostionns about the
prohlom.

The other problom concornp the Aifri-
culty that thoese of uo who do not have
lnrgn lnberatorien have in gettling ro-
aaarch funding in noine contrel. HWo
can't ponnlbly 4o nlfter the big contracto
po our only altepnative 48 to nct an a
puboontractor to some other renenrch
organisation., [lerhaps thore is pomathing
that can ba done to hottor utilize the
axpertise of tho amaller university re-
agarch labe around the country.

K. MoConnell {Iown fOtate):

This problem of lack of facilitiocn
in a great ponnlty to amaller universi-
tien around the country. We are told,
fn eflfect, that we can't do the renaarch
becauno we don't have the aquipment, but
wo can't get the cquipment without tha
reaearch. It's a vicious cyele.

I would like to nec EPA inventigate
nolao cxpouure in omnll towns. Almaent
cvery omanll Ltown hna o grain alevator,
with srain drying capabliliticn, and the
noloe levoln can be fQuitc annoylng to
the renidents nearby. HMoat of the cone
panlen that sanuloacture this oquipment
are low technology companices that do
sot have the knowledge {[or the incene
tivo) to apply exinting nolse control
davnlopments tu thelr producta.

I, Cohrp:

Gontlomen, thank you for coning and for
Your frank comacnto and pertinent propenta-
tionn, The teninar in over and the lant
pesnlon clooed,

e e —————— Tt
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EPA-UNTVERGITY NOISE SEMINAN
ROSTER

Dctober 18~30, 1976
FPurdue Univeralty
West Lofnyette, Indiane 47907

BAADE, P.K., Vieit. Prof,, Purduec Univernity, 171 Drookside Lane, Fayectteville, HY 13066

BAILEY, J.l., H.C. Gtnte University, 1,0, Hox 5801, Halelgh, UC 27607

BARRY, K., Nolne Hegulation Reporter, Bureau of lntional Affalra, 1231 25th ntreet, HY,
Washington, D,C. 20037

hitAcit, W.M,, Auooc, Prof, Univerulity of lotre Dame, Acroaspnce & Mechnnical Engr.,
lotre Dame, Indiana WGUSG

clana, Y.M., Enginoer {Acouwusticn), EFA lloluoe Enfarcement Fnecilllty, P.0, lox 2089,
Sandushky, CGhio hhB70

COMEN, H.,Director, Merrich Laboratorlcn, Gechool of MHechnnical Englneering, Purdue
Univeroity, Weot Lafayette, Indiana hToof

ELY, F., Project Offlcer, LIFA, Haohington, D.C. 20hG0
AULKRER, L.L., Asnoc. Prof., Ohlo State Univerasity, 706 W, 18th Ave., Columbuus,
Chio h3210

FOHTATINE, W.E,, llerprick Laboratoriea, School of Mechanical Englnecring, Purdue
Univeralty, YWent Lafayette, Indfanan W7907

GATLEY, W.0l., Prof. of Mechanical Englincering, Acrospace, Univernity of Minnouri,
111t Sycemore Dr,, lolla, Minsouri 65h01

QIpuon, J.bh, Prof. of Mechanlical Engineering, Nose<Hulman Innt, of Teeh., Terre laute,
Indinna W7003

GREERE, E.M., Anat. I'rof. Unilv, of Alabamn ~ bBirmingham, School of Enge.,
Unlv. Otation, Bipningham, Alabama 3529k

HAMILTON, J.F.y Prof. Mech. Engr., Purdue Univernity, Went Lafayaette, Indinna h7907

HART, F.D., Prof., Horth Carolina Otate Univerosity, Contor for Acoustical Studicen,
fiox 5801, Maleigh, NHorth Carolina 27607

HIxnon, k., I'rof., Univernity of Toxans, Auntln, Texan 70712
RebanoN, T.H,, North Carclina Jtate Univeralty, Center for Acountical ftudien,
P.O. Nox 5801, Raleigh, Morth Carolina 27607
HOLAKEN, D.K., Aant. Prof., JTowa 0Otnte Unlveruity, 103 Lol of Hechanleal Dept. of
Engr,. ilcl,, & Moech,, Amen, Iowan 50011
HURST, C.J., Aancc, l'rof. of Mech. Engr,, Virginia lolytechnic Inat. & Utate Univ.,
Dopt. of Hachanical Hnginooring, hlackaburg, VYirginia 24061
KOOPMANN, 0., Asaoc, Fraf., Univernity of llouston, Dept. of Machanleal Enginecring,
Mounton, Texan JTOOh
; LAMBMENT, R.F., I'rof., Unlveraity of Minnenota, Elec, Engr, Dept,, Hinnoapolin,
Minnaaata 55h%5%
LYON, A.l., I'ref., MIT, 17 Mane Ave., Hm, 3-306, Cambridge, Maonachunettn 02139
MAHIBACH, I'.A., Phyaicliat, Hational Murcau of Htandardn, Washington, D.C. 2023k
' ME COMMELL, X.0,, I'rof., Bngr. Ueience A Mechmanlco, Iowa State Univerality,
204 Lalt of Heghanlcea, Iown 50010
MC DANIRL, OJH., Pennnylvanls Otate Univernity, 213 lngr, Unit E, Univeraity Park,
Pennaylvanin 36802
HC KIMNERY, M.M,, Chief, I'hysical Agents Control Seetion, NIOUI, W6T6 Columbin
I'arkway, Cincinnatl, Ohio W5226

MUNTER, h,, Arowpn & Root Prof., Mndvernity of llowaton, Dapt, of Mech, Engr.,
Hlounton, Texaa TTO0H
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NOZICK, H.J,, Acting Chief -~ Sechralogy, EPA, Wrahtiangton, D,&. 20L60

HAd, Do, Grads Instructor, Mechanlenl Enpr. Dept., Tennenpsee Tech. Univ.,
Cockeovllle, Tennconce 30501

' ROERR, W., Branch Chief, Burface Transportation, EPA, Wuaallngton, D.C, 20460

SCMETTING, J,C., Dir, Tech & Fed, Prog, Div,, BEPA, Hashington, 0,C, 20hGO

SEMRAL, W.lt., Project Lngr., Frito-Loy Inc,, P.C., Box 2231, lrving, Texan 750060

SEYBERT, AJF,, Awst. Prof., Unlversity of Kentucky, Lexingten, Kentuchy 40506

BHECKLRUERGLER, JeE., Anvoc, Frof,, Went Virginin Uni{vernity, Mechanical Engincering
ant Mechanien, Morgantown, YWest Virginiu 26509

BOEDEL, W., I'rolf. ol Mechanicnl Engineering, Purdue University, West Lafayctte,
Indiann h7907

SBULLIVAN, J.W., Amat. Prof., Hechanicnl Englaccring, Purdue Univerpity, Weot
Lafayctta, Indiann hy907

GWIM, W.lB., l'rof. {chool of Mechanical Engineering Tennecownec Technologicnl
Univernity, llox $0Lh4 TTU, Cookeville, Tenncuonce 38501

TICIY, J., FProf., Peoun Stato Unilverowity, Applied Reueareh Lob, Univernity Park,
Pennoylvanin 16802

THEE, Dult., Prof., Hay W, llerrick Laboratorice, Iurdue University, Went Lafoyetto,
Indinna AT907

WAUQONER, ., Development Englnecr«Cannery Nolne, Unjvernlty of California, Ag. Eungr,
Pept,, UCD, Davin, California 95616
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COMPENDIUN OF UNIVERSITY RESEARCH IN KOISH CONTROL
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COMPENDIUM OF UNIVERSITY HEGEANCH IN HOISE CONTHOL

The rfellowlng reompllation fu n repsult of n questieonulire vent to over 300

collegens atd univernitien in the Upited ODtateo requenting informntiaon on

atatus of current nand recently completed nelse control projectn. Although

the mailn purpote way to deteralne the extent of funding of nolose control

renenrch by the private sector, projects with other scurcen of funda are

alpo lloted. Each univeraslty in listed in alphabeticnl order nlong with the

malling nddrens and the department {n which the renecarch wnp conducted,

The tabulated information includest a short, descriptive title of the project;
the amount of funding, elther total or annual; the source af rfunding, clither
induntry, uhlveraity, or povernnent agency; the level of effort in man montha,
whepe the three columtps represcnt the level of effort by the princlpal inven~
tigatar{n), gradunte otudent{s) and reseerch wnssoelnte{n) respectively; the
principal inventigator{a); and the actunl or entinated cempletion date, "To

be Included dn the compendium, rescarch projects had to antinfy the criteria
thnt they hnve Funding cxcceding $1000 and/or reproscht a total level of

affort oxccodlng two man montho. Only projectns in progreas or completed in the

raat tliree yaars areo Lipted,
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I'HOJECT AMOUNT OF SOURCE LEVEL OF EFFORT PRINCIPAL COHPLETION
TIPLE FUNDTHG - * {MAlI=MDS, ) INVESTIGATONR(A) NATE
AUBURH URIVENSITY
DEPARTMENT QF IRDUSTRIAL ENGINEERING
AUBURN, ALADAMA
duard Denign
fﬁlﬂl‘fdg:: Clr=" & 2,000 Untv. 2 0 0o Trucks 177
Dlade liofue
UNIVENSITY OF CALIFOBRKRIA=DAVIGO
DEPFARTHENT OF MECUANICAL ENGINEERING
DAVIB, CALIFONNIA DS5616
O1leneling of
Two=Gtroke $ 0,000 Indun, Karnoff 1716
Motorcyclasn
Deopartrant of Agricultural Moglnerring
Cannery lofon . -
Hononreh $ 1,000 Univ, 126 Holey 197h
Reduotion A
Contrel of i - . .
L:vqin 13 Hoine $ b, 500 Indus, 12012 Hoggoher 3/76
Canpnerion
feduetlion and
Control or ; o
Hoina M:e“ 4 37,600 Indun. 10012 Waggonor 577
in Cannhorias
UNIVERDITY OF CINCINNATI
MECHANICAL RHGINKERING DEPANTHENT
MAILL nOC, T2
CINCINRATI, ONIO h582}
Holae Lavoln of . . . 1
Contral Yalven 3 0,700 Indus, 86 1 3 tnglioh & Nrowa 1973
L1 fillencar :
Pn:;n}mnggzﬂ 3 5,000 Indun. 6 b 2 Engliah 19Th
Lt
N::::Hﬂ Truch 4 1,000 Indun, 0,51 o Marse 19°7h
*Tranatont lound , y
Fropagation Hone P60 Morae 1977
"HEST-EAR fona a6 0 Horoe/lirown 1917
CORNELL WITVERIITY
DEPARTHREHT OF MECHARXCAL AND AEROUPACE ENOGINRKERING
105 UPBON HALL
ITHACA, NEW YORK 1h853
Hall t fotopr .
Hoinoopbar HOROT & 40,000/yr  ARO 1 ok o Grorgo
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PHOJECT

AMOUNT OF

LEVEL ol EFFORT

PRINCIPAL

CoMPLITION

TITLE FUNDING HUURCE (MAN-MOG, ) THVESTIGATOH (D) DATE
FLOKIDA ATLANTIC UNIVERSITY
DEPARTHENT OF OCEAN ENGIHELRING
BOCA RATON, FLORIDA
Stnte Heeded
Heooarch in . . . e
Usbnn Holne t 10,000 'L DER 310 0 Bunn 10/t
fantrol
State lleeded
Henonrch In . . : ; .
Urbun lolae $ 30,000 ¥L DER 314 0 Nunn 10/76
Control
tlIHA lleolpe
dodel Lvaluntion $ 20,000 ¥L, DOT & 360 Dunn 3/ 76
Dato Projeoct FUHA
Otate needad
Henenrch in " " . e
Urban folne % 10,000 FL DER 160 nDunn 1/15
Cantrol
llolne Hodel
Evaluation $ 11,000 'L DoT 360 Dunn 1/Th
Projoct
FLOKRIDA TECHNOLOGLICAYL UNIVENSITY
MECHANICAL EHGIBEEIRING AND AENOSIACE SCIENUCES DEPARTMENT
.0, Doa 35000
ORLANDG, FLONIDA 320106
Holna l'rogram
to cope with .
Ceatral Fioridn & 19,500 FI, DEN & h 6o Ventre 12/76
Roglonnl Commune~ LU
1ty Noilae N
I'roblaoma
AXORGIA IHOTITUTE OF TLCHNOLOGY
ACHOOL OF ARROBPACE ENOINEERING
ATLANTA, GEONGIA 30432
Combuntion ahd
Entrapy folae | . a | ¥ g
in Turhopropul= 4 136,000/yr HATA 2hs Htrahla e
nlon {lyatamn
finndom and Une
ntendy Combun- . . ) e
tlon Irocassan $ so,000/yr Huk 2 h g Gtrahle u./rﬁ
in Diendl Engdnu
Aoina
Avowntlle Propares
tien of Turbo~  445,000/3yrn  NASA Lewsn 0,6 G 2.h Zinn 6711
! fan Inletn
' UNIVERAITY OF ILLINOIO
AMIRICULTUAAL EHOINEERING DEPARTHENT
: URBARA, ILLENOIH 61801
I
i Holue and Vi~ 111, Agr.
bration of OfC~ § 30,000 Expt. lUtn, o h 0 Yoepgor bl g
Rond Equipront annunlly & Induntpy
186
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PROJECT
TITLE FUNDTHG

AMOUBT oF . . LEVEL OF
founce (MAN-105, )

EFFORT

PHINCTPAL cCoMPLETION
ITNVESTIGATOR(G]) DATE

IOHA SYTATE UNTIVERGITY
MECHANICAL ENGINEENING DEPARTMENT
ARMES, I0WA 50011

Hultintage
Azlul=Flow
Turbomichine
Hahe Produc-
tion, Trans=
port and Inter-
netion

$168,000 AFOLR, Iou, i G
{to date) Hak

tnpincering Gedlenee and Hechnnics Depnretment

crop Dryer . .
iolna $ 10,000 150 oo
Agticulturnl .
Fan Nolne $# 10,000 Tndus, B
Power Offpct

Senaltivity $ 7,000 USAF,CRE 10

Gtudy

UHIVLIGITY OF KANGAG

DEPANTHMERT OF AEHOSPACE ENGINLLRING
200h LEARNED

LAWRERCE, KANSAD O6CLS

A Roaenprch Pro=-
gram to leduce
Interiar HNoinc
in fonaral
Aviation Alrplanen

§ on,9th HASA =Langley 3 1%

UHIVEHLITY OF KENTUCKY
FOREITRY DEDAWTHENT
LEXIRGTON, KENTUCKY hO%503

Hoipe Control
in Hoodworking
Induatry

usna & KY
$ 90,000
ctnment

THE UNIVERIITY OF MADSACHUGETLO
MECHANICAL ENQIHERNING DEVANTMENT
AMHEROT , HAUGACHROETTH  olpo:

titnte Jove 0.3 0.1 0

"Wide Nolaoce 5
Narrinra Unfunded Hone 2 310
Acountic hneloe-

Auran Unfunded Hone 2 3 0

MALBACHUIETT IRUTITUTE OF TECHHOLOGY

DEPARTMENT OF MECHANICAL ENQINEEWING

A-360

CAUBRIDOK, MAONDACHUOETTH 0R139
Reasponne lHatri-
bution in Hromde P . P
Band flandom § ta,000 HO¥ 5 2h 18
Yitugatioen
Anount ianl
Modeling far $1h7 Hon HOF/HANN G20
fite Fvoluation
Hten, an lalne 51 ) iy ] p
Propagntion $151 401 [(FSy [T

1H7

Okfinn! funded t111

a/3afty
Holger 6/76
Zalger 10/75%
llolger Br16
ltonknm /Tt
Tany 1970
Ivey 6/
ungell st
crandall
Lyen
Lyon W/
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FROJLECT AHOUNT OF COURCE LEVEL OF EFFORT PRINCIPAL COMPLETIOH
PITLE FURT}THG - - (HAH-HOS.) INVEGTIGATOR{S) NATH
UNIVEHSITY OF MIHNESOTA
ELECTHICAL ENGINEERING DEPANTMENT
MINHNEAPOLIS, MINNESOTA
tolse Monitor- Slonn Fdtn, . .
ing $ 11,000 University 1 6 0 Lanbert 6/16
Flow Duct .
[ 1 LT 2
Aconstlew $ Go,c00 Us} 10 2 0 Lamhert 12/18
Gpatinl I'ilter- ap . 7!
ing Techniquen $ o5,000 WY h 12 o Lonbert 9/ th
MISGIOSIPPI OTATH UNIVEHGITY
DEPANTHENT OF ALRROPHYSICS AHD ARHOSPACE ENGINEERING
DHAWEH A OI DIGAVER AT
MIBGINGIPPD CTATE, MISGIGSIPPI 39760
ann lloat dhield
Fluctunting { no,o00 RAJA W 6 0 Shepard 12476
I'roannura Teatay
UNIVYEROITY OF HISOOURI-BOLLA
DETAHTHRENT OF MECHANICAL & ALROGPACE ENGINEENING
MULLA, MIOOOURI GSWOl
Jot Impingament
fMloinae Hoductiaon
through Jurface § 4,000 Univ, 212 0 Cetting 1/16
Acounticn)
Treatment
A Gtudy of tho
fitruatural=
Acovestic Hane ~ HASA Lange Y
puneo & Intarlor 3 29,606 ley llepearch 61z o Koval shrt
Holna Levaln aof Centor
Funclage
Struaturco
Reapourcnn far
Edweation Ln 3 3,000 MG Industri-
Agountian nl Comminmion 3 0 O Gntley 12/16
llalliburton Co,.
THE UNIYERGITY OoF NEBHAUKA
COLLEAE OF ENGINEERING AHD TECHHGLOOY
LINCOLN, NERHAOKA 60500
Agrionltural
Holna Raposura . . e
Heganreh Dro- % 1h,000 FIET, #IODI 1200 tiplinter 211
ATaR '
Departmant nf Enginecoring Mechanien
fuburban lolpo
Cantrol lUalng " a "
Combinationa of 4 20,000 USDA FO 9 0 0 Cook /1T
Troen, ota,
Agricultural Engincerding lDapartment
Yractor Tast Lat
* Bound Maamurn- Part of .
ment on Tractara Teat loo Indua. a0 3 Humgnard
Computer Hlor=-
sags of Holne $ 1,000 Tractor 0 0 2 Layiticun

Laval Hemgurc-
mantn and thelir
Analynin

Ten} Lnb

i34




PHAJECT AMOUNIT OF aoUHCE LEVEL OF EFFORT PIIINCIPAL COMPLETION

TITLY FUNRING {MAHAMOS, ) THVESTInATON(R) DATH
THE UNIVERSITY OF HLDBDRASKA - CONTINULD
Machnnlenl Tngineering Department
Contrel of Punch
resu loine Phru & 20,7700 Indup, 612 0 Baumgarten /15
Variable Heolljient
Hountling
HEW JERUEY INGTITUTE oF TECHNCOLOGY
DEPANTHEKT OF MECHANIGAL ENGINELENING
HEWARRK, HEW JERSEY Q7102
Mloloe Trononmis-
plon through $ co,000 Univ, 6 0 0 Unhovandi, Sun, Hall 97677
Dullding Wall
“Fluld~B8olid i p
Intoraction $ 20,000 Univ. fiin o linhuvandl 1976=17
HORTH CAROLINA GTATE UNIVERGITY
CENTEHR FOWN ACQUSTICAL STUDIED
Box 5801
DALEIGH, HOWTI CAROLINA
Coordinntad
Teatilo Induna $383,869 HIOSH 6 40 36 Bniley & Emernon WO
try Halpa Ites-
duction l'rogram
Punch Prann - & P a1 5
Holsn Moduction + 231035 RIOGN 1215 0 Iniloey 9/75
Holspa Control
for fGunoral y 5 ) |
Avintion Air~ ¢ 50,000 HADA 2024 0 Inrt & Bailey 611
craflt
Matalforming
Machinary Nolse & 0,57 Indus, 1 5 0 bnilay 1/7h
) Analynin
' Lighting Byotem A P
‘ noiae T UTOREM gy Indun, 106 0 hailey Gk
Waed D'laner ' a ! :
) Rolna 4 j0,000 indus, 612 o Hart 6/t
. Noinn Tant Coda 4 f,000 Indun, 36 0 Hart 1/73
; Clraular Onw : [
| folas Analynis & 5,000 Indun, 212 0 Reiter 6/Th
!
' Acouwaticn » r W16 2k
! Training Progenm ° ta,000 HADA i A6 0 liart B/75
| Holne fontrol . a oy Hart 16
7 J, of Wood Planern T100,000 HIesi 12 2h 0 ap 9/
Q,J " Hoodworking F - 0/
- ! Muchinery Hotna 4 20,000 Tndun, 115 0© Nart /13
s ‘ Tire NMoina $250,000 por 2 ho 1o helter 6/
. Combuation . " | i A
. Hotne 3 40,000 poy 6 b o0 tanann 12/716
. . JIndauairy Nolaa _ " . " g
S | control % 90,000 fe-nolL 2 0 0 loyater GITT
-3
p
i
'
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pROJLECT AHOUNT oF SOURCE LEVEL OF EFFORT PRINCTITAL COMPLETTON
TITLE FUNDTRG s - {HAl-HOG, ) IHVESTIGATORIS) DAY
HORTI CAROQLINA STATE UNIVERSITY - CONTINUED
Nolne Froblem
Identificatt . o
‘;nSnSolui[l‘onon 4 60,000 Indus, T a2h o Hart 8773
Jyntheslo
Aerodynamic - . .
piffunion $ 10,000 HAGA 2 0 9 linrt B/13
Transhertuation " . .
lloluwe Oymposiun $ 5,000 pot 2o0a firfter 877k
Acountie ladline . !
tlon from Lo tione llone 12 36 0 Hodguon 11/76
tatlng Dink
Translant Sound
Gonoration st 3 T.,000 Interpnl 12 36 0 Hodguan 12/75
Impact
Holnc Hecasuro=- flew York
matit on large State Sci,
machinan in $# 10,000 & Tech,
pitu Foundation 1272 0 Rodgoon 5116
URIVEROITY OF HNOUTI DAKOTA
DEPARTHERAT OF MECHANICAL ENGINLERING
OLAND FORKO, NOWPII DAKOTA 50202
Hoine Heducetion
in 1¢ Englne 4 2,000 Indun,. 2L 0 Sadler ST
Exhinaunt yotomn
Nodne flupvoy of
n Lignite lPro- .y
conn hayalon Hone 1 1 0 fadler 5471
menl Unit O
TiKE OHio OTATE UNIVEROITY l
DEPARTHERT QF MECUANICAL ERGINLERING i
A06 W. 10th AYE, i
COLUHMBUL, ONEO k3210 i
Lawnmovwar llolno (
j ]
Keduction $ 1h,000 Indun, 2 6 0 Faulkner G/Th
Nanic Owudy of } y
Impact Nni:c 3 10,000 indus, 3 6 0 Faulkner 9/th
Impact Mnchine . . e
Noine Otudy % #,o000 Indun. 2 0 0 Faulkner 6/%
Intaraction ol
gound, Flamo .
HtRhility and % ho,o00 Indun, 416 o Faulkner 9715
Producta of
Comtmntion
Btuay of flound . E
ALLoRuatorA 4 12,000 Indua, 3 6 0 Janeon Gl16
Noinn Hnduction
hy Barriava 3 h,000 Univ. 0 & o Maran ulth
Indoora
gtaaping Mnoha~ P
ine Noins 2,000 Indun, 1 6 o0 Faulknosr 971y
Traneminnlan
Loan of Plipe .
Wrapping Uyaten $ 6,000 Indun, 2 6 o Faulkner 12/7%
190 i
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PROJECT AMOUNT oFr SOUNCE LEVEL OF EFFORT PHINCIPAL CoOMPLETION
TTTLE FUKBING - ' (MAN=HOS. ) IHVESTIGATOR{:) DATE

OKLAIOMA OTATE UNIVERSITY
8CIlooL OF ARCHTTLECTURRE
BPILLYATER, OKLANOMA Thoth

N Vicunl Contrl-

! butlon to Speech 3
Pfurceptien in

! Hoioa

5,000 Univ., L 1 0 loyer 6/16

PTUE PENHSYLVYARIA GLTATE UNIVERSIIY

H APPLIED DEDEANCH LAD

! P.0. NOX 30

! OPATE COLLEOE, PENNSYLVAHIA 16801

f Axial Flow Fan

& 0 iruce 9/

%5

} Stoge Unnteady 3 33,000 Nnvy
Peorformunce
3eattering 4 ulo© e gy
1 from Edgon $ 3b,500 Navy o110 o Huyeh 12716
i Translent llolse
| Hudiantion
1

I licar-1"{eld of
Ghelle

Plntgliike Dynns-
mic Abuorbaro

$ ke, 300 Havy o2 o0 nyeh & Otuart Gl
3 h3,600 Hovy 018 o Hnyek o/t

$ 349,000 Havy 01l o dnowdon G/77

Invaentigntion of

Unatoady Ppresnute

Distributlon on 4 25,000 ffavy , NAGA 1 4 0 Henderwvaon 9/71
Axinl Flow Fan

hladling

The Unstondy

Ranponne of an

Axinl Flow Fan 4 18,000 HAGA 1 6 0 Hendernon ot
to Inlet Diator=

tionn

Propulaor Radi-
atrd loloo

r
=]
-
ro

185,000 lovy Lumley A& Henderson 9/77
Intotraction of
Iniet Turbuwlence
aad Oulde VYano »
fircondnary Flow
with l'ropulnorn

L
P
w
=
[=J

vy i 6 0 Thompoon & 911
Lnkahplnonraynnn

‘Cavitation and
Holme Healling
-t Far~Field dound
S 22:;?:: ;?“:iT: 3 25,000 Hnvy 16 0 Lauchle 2/t
c K ler Mladan

BEHS - Anles fAtullan

: . Aamnelatod Hith

Axlpymmotric 4 50,000 finvy
Lo Turbulunt Houne

T : dary layer Flow

$100,000 Hoavy Holl & Henderuson 9/17

b
o
h]

Lauchle 10/

w
Q
o

= - Aetive Control §
' of llound Floldne

" ’ Haaring Damnge 41

4,700 Hevy 011 4 Lawther 971t

linyy o 08 o Michnel & I'rout 9T

)
»3
-
=]

lelnoltn Inte~ 2

. grwnl fBtudy 9,400 linvy o 5 o0 Thompson & Fenlon 9771
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PROJECT AMOUNT OF GOURCE LEVEL OF EI'IORT PRINCIPAL COMPLETION
TITILE FUNDTHG Y . (MAN-1DS, ) THVEATIGATOR{S) DATI
THE PENNGYLYARIA STATE UNIVERSITY - CONTTWULD
Effects of Guo
inclusionu on PR - . "'
Sound Propagon=- $ 23,500 vy 013 © Richer 9Tt
tion in VYiacon~
elaptic Materialo
Study of Bome
fteflectlon and $ 33,700 tinvy 019 0 Shudreyk ol
Difrraction
Phencuena
Yivbratlion and
Jound of Plate- & 14,000 Navy ¢ 8 0 Shudrzyk 917
1ike Jtructurcos
Engine Yibration
tnolation Pro=- $200,000 Havy 20 12 2h Ricker 9717
grom
Aaranpace Enginecering Department
214 Hammond huitding
Jat Holne &
Cohgrence Otruc- 4 WG,000 HASA 3.6 18 o© Arndt
ture
Cavitation $ 10,000  Hetherlandas 10 13 Arndt
Hoian
Havy
Presnpure Fleld
in a Turbulent 4 12,000/yr linvy 1.2 6 0 Arpdt
Jat
Aaroncounstic
Renunrch in 4 30,000 HAGA 2. 60 Arndt 1973
Hind Tunnelna
Department of Mechanlcal Englnecring
213 Enginsering linit E
WNA Acountica 3 25,1080 USDA For. 21 lleathof TrS
HADA Acoustlen ¥ § 52,0632 HAUSA 3 1p 12 leethol ‘Tall
HBF buct - . " o-
Acounticn $ 57,052 H3F j 12 1 Beethof 9/t
NABA Acounblen g ag,3u6 HADA 224 0 eothot 116
UADA Acauaticn 3 27,333 uasna For, o A llenthe! 0/76
HARA Acouatian . e o ol I
Tralnge $ 05,211 HAGA 0ok 0 Recthor 0/7h
- HARA Duct ng At , a1 a
Aconaticn $ 26,310 HAGA 112 12 lteathof 12/15
IGF Nolne . e
Control & sa,0hn HB 31212 loethol 1271
Yalve MIgea. " . T
coliaharatior * 3,000 Indun, o 6 0 eethol /1T
REF Kolae Py - . . F
Control $ 52,hoo HOF 41212 Itoathof 11/16
PRANCETON UNIVENSITY
ARROBFACE AND HECHANICAL NCIENCED DEFANTHENT
PRINCETON, HEW JERHOEY
Intavier Acouan w44 nopsyr  HASA 1200 Dowell continuing

tica

m— i e
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PHOJECT AMOUNT o) SGURCH LEVEL OF EFFORT PRINCTIPAL COMPLETION
TITLE FURDTHG * ‘ _(MAN-MO5.) THVESTIGATOR{S) DATE

PHINCLETON UNIVELSITY -~ COHTINUED

dpace Shuttla

Otructural $ ho,000/yr HABA 1 1 o0 haowell 11/16
Henpohoe

PURDUE UNIVENGITY
GCIO0L MECHANICAL ENGINEENING
WEST LAMAYETTE, LHDIANA h7907

Pinton Inmpact . e
liofue % 10,000 Indua, 2 6 @ Seybert 8/
Lawn Mower 3 86,500 Indug, /Univ. 13 31 0O Tree & Crocker 12/16

Tractor Holse

flolne Source
Identification &
Huffler Dealgn
for Gurden
Tractorn

$ L3,336 Indus, 8 200 Tree & Scedel 12716

lotary Comprenoor
Holne
HRoime & Vibration

From Tranaportas~ . e . .
Lion VYalilcloon & $300,000 H5¥ ;::zthﬁlffss:' 12/76
Other Mnchinery Py

4 20,000 Indun, W 6 o Tree B8/16

Holae {lource
Indentificntion
. on Trucka & .
i 4169 N 2), ren, O
! Meductlon of Hoiudr09+000 kipa 19 2% 0 Treos Sullvems a7
: by Totnl Rngine
Eaclonure

Comp, Nhedl Dyn. flonn /23 o linnilton Gy

Plate Danapling A
Cantlingn 9 25,000 Indun, 1 4/26 0 Itarilton G/ Th

Buct Acountlcn
by Finita Klerentn

Piaton Cemprassor
loima fitudy 4 30,000 1ndun., 37T o Tree e711

lane 11/26 0 tanilton 8776

g;;cf:fil"r $ 13,000 Indun. i 0 o0 qullivan 12776

Autonative Huffler

Danigh 3 75,000 Indun. Cracker, dullivan 8771

=
(=}

o Truck Molne
W Menanrement . %130,000 Indun, 9 27 0 Gullivan /1t

Hulero Control
of Chaln iawa 3 30,000 1ndun, hoiho0 Soadel 3416

Gon Pulpationn .

in Four Cylindar $ ho,000 Indun. 15 1% 0 Hoedal 5115
Automatlys Camp. -

JGaas Puleatlons 1in

Hefrigarution 3 ho,000 Indun. 1% 1% 0 liogdel B/7%
Compreasanr l'iprn

lHelaholts f[enona~

) tor Typa Gnn Dip-~ . . - .
co 1 charges from $ 5,000 Univ. i1 o Bondol 316
' ! Enginon

133
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PRCJECT ANCUNT OF SOURCE LEVEL OF EFFORT FRINCITAL COUPLETION
TIPLE FULKDING - i (MAN-MO5, } TRVESTTaATON(S) NATE

PUORDUE UNIVERSITY -~ CONTINUED
Jelf Lxcited
oscillations in § 51,000 ASHHAE & ook Leohnrd, Goldsehwmidt 12/%6
Gap Flameo AGA
Dicoel Engine : : ap Y : ik
Holnn Study ¥ uwo,d00 HSHK 2k 0 Crocher 197h
In-Duct Fan $ 1,700 ANL /21 © Crocker 1674
focaaareh ¥ 4 ) ) .
hedael fmelne ¢ 10,000 Univ, 01z o Crocher 12775
Gound Power - . op o
Hofourensnt Hone a & 0 Sullivan 2/
Caomprensor lolpu P o g o
Study lHone o 6L o0 I'roe (AN
Duct Acountica $ 96,500 HALA 5 1L 0 Yaildyn G/16
Wind Darrlern
for Hokwne Meno~ & 9,000 Univ, e 9 0 Tree 12/71h
urement

AN DIEDO DPATH UNIVENSITY
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UNIVERSITY OF TENNESSKE
DEPARTHENT OF MECHANICAL & AEHOSPACE BEHNGIUEEBRTING
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