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THE MISSION OF AGARD

The wission of AGARD is to bring together the leading personalitias of the NATQ nations in the fields of
science and technology relating to aerospace for the following purposes:

— Exchanging of scientific and technical information;

- Continuously stimulsting advances in the asrospace sciences relevant to strengthening the common defence
posture;

— Impyoving the co-cperation among member nations in aerospace research and development;

— Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the
field of serospace resvarch and development;

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations
in connection with rescarch and development pyoblerms in the acrospace ficld;

— Providing assistance to member nations for the purpos2 of increasing their scientific and technical potential;

— Recommending effective ways for the member nations to usa their reseaich and development capabilities
for the common benefit of the NATO community.

The hghest autherity within AGARD is the Natsona! Delegates Bosrd consisting of officially appointed senior
representativey from each member mation. The mission of AGARD is carried out through the Panels which are
composed of experts appointad by the National Delegates, the Consultant gnd Exchange Progrem and the Aerospace
Applications Studies Program, The resulte of AGARD work sre reposted to the memizr nations and the NATO )
Authorities through the AGARD smcs { publications of which this is one, :

Participation in AGARD sctivitles is by invitation only and is nozmally mited to citizens of the NATO natioas.
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Technical Evaluation Report ~¢§
J.E, Ffowcs Williams

University Engineering Laboratory,
Cambridge, England,

Introductiosi.

The Meeting was convened to study the mechanics of sound generation by turbulent
flows. The emphasis was on aeronautical problems arising fiom the field of aircraft
noige control and the decision had been made by the Organising Committee to exclude all
aspects of combustion generated noise and noise associated with moving turbomachinery
parts. The absorption of sound at internal engine gurfaces was also excluded in an
attempt to guide the Msgeting to concentrate on the fundamenta)l mechanics of sound
production, '

This report is made under six separate headings vhich effectively categorise the
subject areas into which fell most of the presenied papers. They are:-

1. Source ldentification.

2., The Influence of HMean Flow Structure on the Generation and Propagation of Sound.
3. Distinctive Large Eddy Structures; Are they Deterministic Events?

4. Excesu Noise,

L The Control of Jet Nolse.

6. Problem Areas Likaly to Become more Important.

The main technical points sarising from the Meeting are outlined and the degree to
which thay appear to be currently understood is assessed. The paper is in no way
intendsd to be a precis of the proceedings of the Conference and ro attempt is made to
cover or coment. upcon contributions of a review nature that were sometimes made to
introduce the rav material,

There were, in fact, several technical areas on which there was no c¢lear concenaus

-aof opinich. Those devaloping areas are refarred to in more detail and some speculatior.
ia mrde on the way they aight develop. Also the Heeting brought to light some apparently
iggo "tant tachnicezl creas rhat are only in an embryoaic state. This paper is concluded
=it ;ome recostandations on actions that AGARD might take to foster their development.

2. Stazce Idencification.

The idaentification and control of the principal noise producing motion in tyxbulence
is tha main cbjdecuive of aerodynamic noise reseaxch, In the past, this scavity nas
taken tha form of & theoretical modelling of the roise generation process followed by
speculative proposals of how the idontified noisa producing events might he nodified by
a variation irn the maan fiow goowatry. The experimshtal checking of those source mcdals
::e. vary pecent dovelopment, soveral sspects of vhich vere reported a: the Specialist

ting.

Thare iz no Goubt that this accivity will have a msjor rola2 to play (n future noise
coatxol prograaaen and it 13 sppropriate now that thé early experimental sisps have baen
astabSilahed to re-~exmatine the basis on which the various source location proceduras are
butiz, .

Conlrary to apgerentiy populax belied there (3 1o uniqueness theorsm to guarangen

that the ‘source’ meesured by ary ona of the geveorsl existing source lacation achases i
actually the origin and cause of the chaerved wawve fleld. In facs, it ie known that
several Giffusrent sourge distribubions ere capabie of Qanerating a. conaon digtant
radisgtion field., This folicws irou a straightforvard auplication of Kizchoff's thaorea
whith states tha equtvalince of the eXteriny fie)d generatad by » source disteinvtion
interior to u clohad surfade and BHAR generated et the surfuee by a suktabls diatyibudian
of masopola andfor dipdle sourcus, Nany papert presented at the Srecialiat Meating deal:
with dtffereat aspects of sourse lotation but none of ther feced up to the difficuie
icgne ol interpredting or spaculating of the degreo of sabiguity tha® sust fnevitably b«
contained in the. axperimantal misules, It sav ba that whes it is knoww for other vessons
thet ths ssGrce sust be conteined in 2 spaciilc axes, foy exampls, within the confines
of the jet aixing reglon, that thet added vonitraint ten impar: scoe vhigueness 20 the
sgures: di: ribution.  The: seess zacher unlikely though because a3 far ax the radiastica
field s concwrnad & PR wultipole ecxpanzfon is ol .dwed, aad the entire distsnt field
caa ts podelled an orkeindting ab sny point in the sSuves ragion, the mtvengths and

risntations of thy verious woitirdle nomnts depanding o the exsct location of the
paxat at wntsh the souroR iv seicmed 1o edist.

Tie dagree to which this sweentisl asbiguily of souice nosition thould be adaiteed
or tonored will no Godt be an fagortant area o€ Turthey study.
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The most straightforward source identification principles are based on exploi¥ing
the idea that the propagating sound waves travel without dispersion in the radiation
field., They are essentially treated as conforming with ray theory, which they will at
high enough frequency. Rays are traced back to the flow to indicate the general area of
their origir. These procedures are incapable of distinguishing the location of the
gource within the characteristic error dimension of one wavelength or so. This error
can be reduced by suitable callibration but it carnot be made indefinitely smull, Thus
these schemes would seem inappropriate for the study of aerodynamic noise sources in the
regimes which are well mcdelled by the acoustic analogy. Those are the cases in which
the characteristic dimension of the source is much smaller than the wavelength as it
inevitably must be at low encugh Mach number,

where the scales of the source and that of the sound it generates are not so
different, 1 knowledge of the source position, even admitting that the position may be
subject to an error of the order of a wavelength, may sometimes be extremely ugseful
information, This is known to be so for supersounic jet nolse where the radiated
wavelengths are small compared to the length of flow capable of generating sound. In
this high frequency regime the optical and acoustical performance of screens and
reflectors are identical, and it 1s a straightforward matter to arrange a system of
baffles to indicate the source activity within a visible aperture. The principle
adopted is “what is seen can be heard", Applications of this technique to the sources
of supersonic jet noise were described at speeds represgentative of supersonic transport
alrcraft at maximum power. There the sources convect supersonically throughout the main
source region and radiate miniature ballistic shock waves in the general direction of
the eddy convection Mach angle. The scale of the radiated waves indicates directly the
scale of the eddies that produced them. Consequently, by observing the direction of the
radiation field the principal eddy convection speed is established and the peak freguency
of the sound indicates the size of the eddies responsible for that sound.

It was reported that tests of this type indicate that the principal eddying motions
responsible for jet noise at supcrsonic trarsport take~off conditions lie some 10 to 15
diameters downstream of the nozzle in eddies whose scale is about twice that of the
local shear layer thickness, They are extremely large eddies and are probably more
effectively thought of 43 deterministic unsteady transient motions, definite enough to
admit some deterministic modelling than as the larga scale features of some turbulence
statistics, The jot scale is big amough to support only 10 of these eddies at any one
1nstanto

A more deliberate investigation using reflector techniques was described by Grosche.
He reported experiments performed with tts tse of 2 concave morror, whose surface vas
part of an ellioveoid of revolution. That p-vt of the sound field with a ray behaviour
and originating from the vicinity of a ficus will be concentrated on the second focal
point st which a microphone is positions.’. Iiis slcrophone~mirror combination constitutes
a directional telescops that produces r-- . Haovure of the source strength in the genaral
vineinity of the second focus.

Grosche described some gxperimental ju* flows which had been surveved with this
ellipsoidal mirror microphone arrangedant. No attesnt had bev» made to corract for the
frequancy distortion of the apparatus but he showed that the straightforward interpretation
of the results gave rige to an extremely plausible sourve distribution. Fur exawnle,
whan the =hgck cell boundaries of an under-expandad supergonic jet flow are placed at the
senditive raglon there is a significant increase in tha wmessured signal sndicating that
cthose boundsries constitute important scuvess of gound. Xt was a2leo reported that this
procedure had indicated the main source seeivity in # jet to ba concentrated at the
pointe of maximun agan vorcieity. ’

Taken at their face value these resulté show that the sound scurces in g subsonic
jet aye locatad within the fivac 10 diametoers of the flow but that the sourca region
extends dowmstrean of 30 dizseters in the supsrsonic case. Particulacly steong sources
are foind near the boundariss of the celle forzad by the steidy compregaive waves present
wheh a supersonic jet emerges from w feproperly contouved nozzle.

At low Mach number Grosche showad 2150 that so3e significant sources sppeared to be
soncentrated at the norxzlie bBoundaxy, Ka was abld to change the spparent atrength of
thage soutcag by =difvipg, with a boundary laver trlp uvotyeam of the nozsle exit, the
tushulence lovel in the norsle Ylow,

A simiiar experiment wis reported by Lawfsr in ahich a microphone is pladed at the
focus of a perabolic mirror and divectsd at various parts of an ideally expandad supex-
soate §at. wfer sasd that he hopod to remave st of tha frequency distorticn browght
about by e finity pirror aperture but even without this preliminary, resuits indicate
z very plausible dlsrsibution of source activity not dissiailar to that described by
Srosche.

Althcugk these Tay theory gcheras ave inhérently fncavable of resciviag sourse
position to within a negligible fracticn of @ wavelength the stesdily mounting
circusdtantial evidance Sosr indicata that thay arve extreaaly useful dizgnowtic tools.

In the compict soucce Limit, thet A the ohe %o which the accoustic anclogy periains,
the goutce locaticn procedurss axe based on an analytical descrivtion of the source terms.
§i4dxn gave the Neeting s rescrshensive acchunt of thix schame which i as folliows,
Suppose that a source distribution O drives a #ismolc wews field accoiding te
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this can be written in the retarded integral form
1 d'y
o(x,8) = lo) (g t=x/e) —= ; r = |x - y|, 2.
4rc r

L

and the mean square field at "arge di:tances can be expressed as an integral over the
source field, the integrand being interpreted as the socurce strength per unit volume,

— 1 {
=l 3

where

S{y) = | Q(z,t-r'/clQly,t-x/c)d’e

r' = |e - x|, 4.

The function §. though it can formally be thought as the source strength per unit volume,
isn't actually any indication of the fileld that would ke generated by unit volume of the

source fiald in isolation. As equation 4 makes clear S is an integral property receiving
contributions from all space.

Siddon described a scheme he called ‘casuality correlation', whereby eguation 2 is
multiplied by the field quantity to produce;

-— 1
i (x) = ——-—_—[ $(x,t) [Q] (g, t-x/c) A%y as ¢ + = 5.
dxcir J
from which it follows that,
— 1
$¥(x) = R(y) d'y 6.
1éxictr?
vhere
R(p) w dzctrs(x.t)fa] (get-xre). 7.

The casuslity method syuates the function R to the function $ both being interpreted as
the eame sourve strength per unit voluma., R is apparently sasily messursd aceording o
the prescription givan in eguation 7, which thcrefera agfferd & sethod of detavmzning the
source distributien directly.

Thisz schesm is attractive and ingenicwi. It haa already provided data that is
extremely plausible.

Some debate took place regarding the uniguenass of thiy intevpret tattion and it &u
worth recording the natuve of that d«eata, siace procedures a.thin wind are likely o
feature extensivaly in future source location ssperimants.

The functlion R of aquation 6 is ¢quivalent s the function 8 of equatien 3 iha the
sense that both intagrate to the sama valud. The two functions can therefore diffex by
any function of zere inteqral scile, and both could be caxlled tac zource stienuth par
ualt veluse, Clearly thieg definittion of the souzca atrength ie far froe unigue and the
prescription by vhich the mest meaningful source stranyth Censity is devermined has yet
to oe laid &awn.  Parhape the question is nod raasily :Aqnificant. L1t arouzed debake
because casuality corvelations tand to be rathar indefinite reQaxding the nuwlrer of
distinct gddies teking mart in ithe poise produntion process. Na doube, du 1w dea (n
fazt to ths indeterminzey of the zourcwm field due to the alrwady menticnsd esgantial
non~uniquensss of the igisue.

it is wortk reflecting a little Surther on cothar aspecis of this problex, The source
streagth per unit volume S is not necaesarily a positive Jdafinite funcifon. Iif the coyrce
f1014 were hoswogenacus then of thurss it would be positive dafinfts, Hut that fs vothar
a0 acadextic lesue since We driven 7ield would then be unbaundad and the scurce locatien
weaningleks, 6 is probably positive whas the sourss Field s sufficientliy ilWli varying,
but very littla seezd %0 be knosn shout this asbact, which S probabl~ s crisical tssus,
for it does not cens a sexsible procedurs to regexd 5 s the fouvrces streagth dsusity in
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regions where it is negative. If the source fileld is sufficiently slowly varying then
equatior 4 could be written gquite formally as

S(y) = Q' (yhv, 8.

where V, is the correlation volume, This correlation volume tends to be interpreted as
the volumetric scale of the sound producing motion. The physical source region when
divided by the volume per unit eddy V. is interpreted as the number N of independent
eddies taking part, Siddon reported that experimental estimates of N varied between 10
and a few thousand,

Views were expressed at the meeting that the main noise producing elements of
turbulence are likely to be extremely larg: scale so that a deba.e rasulted as to the
reasonableness of the deduction that thousands of independent eddies can be hcoused in
the source region, But actually V. is not a rhysical volume but an interral correlation
scale, This scale could be small for two reasons. Firstly there is the obvious
possibility that the source structure is so fine grained that 1t really does correspond
to minute eddies. But the other possibility is tha* since the definition of the
correlation veolume is through an integral, the integral, and hence Ve , could be small
even when the eddy size is very large. Moat of the activity in the eddy would not then
be germain to the source process, For exsmple, equation 1 could be rewritten trivially
as

g3 = Q- pPQ. 9,

Now the field outside the source volume is expressed as the difference between § and Q,
though since @ is zero there, the field is identically ¢. But the source ~f that field
appears to be the right hand side of equation 9, the difference between Q and $1?Q which
could very well have a much greater magnitude than Q i2self. But the D'Alamoertian
integrates at retarded time to zero, and this evample demonstrates quite clearly the
a@ssential non-uniqueness of the source fileld when viewed from the exterior.

The problem is jusc as evident when correlation techaiques are appliad to locate
the noilse sources on the surface of a rigid aerofoil. This is an area on which coifusion
had existed in the past. Ths stresses on the rigid surface are clearly ideatified as *he
equivalent sources in the acoustic analegy of the field. But it has been argued that
since those stresses do no work they are incapable of communicating energy to the fluid
and might well be spurious.

But there is no real doubt that the fleld can be uxpresged in tarme of surface
stragges. A systematic study of the correlation betwnen these surface and fleld terms
was given in s iniat papar by Sunyach, Arbey, Robert, Batatlle, and Comte-Bellot, They
reported corralation beiveen the distxnt radiation fi#ld and pressure measured at various
positions arvuad an asrofoil in & low speed flow. They also correlated flow disturbances
in the wake shed by the aerofoll at several positions near the tratling edge and
tdentified the trailing edye region as the centra ~f ~et active dicturbance.

From the tratling edge a pressures fleld propagat upstream at iabout the speed of
sound, and this presaure {s highly corvelated with the sound radiated to large distances.
The corvelation between tha surfoce pressure and the radiatton f£i2id, when progerty
treated zccording to Curle's eguaticn, approaches unity for those prosiures messured on
the serofoll surface visible Irom the zdzervation puiny, 7he coryelation with presaure
fluctuation on the shadow side of the aernfolil rarely excseds 10!, Those correlatioms
indicate clearly that the disturbonte convects downstrear with a apeed of 2he order of
the mean flow velocity. Hence the plctuze smsarges thae though tha disturbances originate
2t the erailing edje, the izportant sound producing features are those assoclated with
the pressurd puled cravelling upstraesx, cver the sarofotl, at about tha speed of sound,
gererating as Lt travels a strong surface dipole cadioulon field, Presurably, the reason
far this {5 that the lifeing propeveles of the werofcil are determined by crailiing -dge
conditicus uvhlch, when 2djusted, cause the flow akout the foll ko rearrange Ltself.

That rexrrangenent oCours JUEL at RCon as tie fiow Ynows of the tralling edge charge.
The faws propacates fyos the evailing edge st the speed of gaund and the regulting
adjustagnt in -arfece pressure drives the sain radiation fleid,

in sourca lecatian exparisnnts with fraa turbulent flowr some approxinaties to the
sousee G2rUngtk Sensity s usuzlly made, The favourite these soums to D the: alace
donmity fluctuzticns Era the sssence of soaund, a divect measure of density in the source
region sighi well e the sost Sigact method of deterzining the svurce atrength. Two such
Rethads vare Jescribed, One by Kasater, Parchascrathy sad Cuffel and the other by
Tamiavala, Srofche end Guemt, BSoth thesa progrommds usad optical probing cevices fres
which the vgristios cf Sensity waw dctarmined., 3otk studies lesd on to eszirmates of tha
source distribotion aryu, sgain, LOth the ostimates appuzred axtzemely plausible, though
dgain no wnigueness ovuld be clatned.

Seversl intaresting pointe came o light in zhe ensuing discussion. The densiey
fivotuation clserves by asine of an optical buam hew coxtributions from two identifiakie
tarme. Firstly, inertial effucts produce promsurae thangas that drivwe tthe Seansity field.
™ig =ight well be associsted with souad, Saconsly, the mixing of tvo atveass of
ciffgrent density projucas paint-wvise denzity veriations which are likely o b2 passive
kinetic terss that should be excluded from the cowputation of scurce strength,
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The possibility that non-equilibrium effects might limit the utility of turbulence
measuring schemes based on absorption t chnlques was br.aght up by Holbeche. Ke remerked
that it was now known that non-equilibrium effaqcis were ' apor_.ant in sonic boom
propagation and he would expect that they might well he important in all transient field
changes. Since the Meeting had heard that transients were a *siinct Ieature of jet
noise at high speed, it wmight well be that absorpclon techniques have an essgential
limitation; they may not be able to respond r. pidly enough becauy-e of non~equilibrium
effects,

Another fundamental point emerged, How In principie could data regarding density
perturbations be used to identify the source of sound? As a function of density, the
source strength is the D'Alambertian of the dunsity fie'd, chat is, the difference
between the second time derivative of density and c? timas the Laplacian of the density
pe cturbation, If this D'Alambertian could be measured divectly than the source cculd
be regarded as relatively unambiguous. But in fact only avproximations appear possible,
sad, so far, these appiorimations do not scem to have besn subjected 2o an errcr analvsais,
It was difficult at the meeting o avold the impression that {t was li%ely to pro==
extremely difficult to predict the radiated field given only point-wise infoemstion
regarding the density perturbation in the source region,

From an experirmntal view point there apgears to be advantages ir regarding 5 ==
measure cof the pressure fluctuation as the scirce of sound, Aerodynamic sound is «riven
by a quadrupole source d!stribution so that the distant radiastion fleld correlates with
the second time derivative of the presgure in the vincinity of the source providad the
appropriate acoustic time delay is inserted between the twn signals, Experirental
papers to exploit this .dea wers given by Siddon and Meecham and Hurdle. Both reported
studies in which pressure had been measured within turbulent flow, subiected to double
temporal differentiation, delayed in time and correlated with the far field azcoustic
pressure, When this correlation is high the near field probe is near a strong source,
when it i3 lyw it is near a weak source {ur, wha’ seems equally possible, far from a
strong sourcci) In this way the scurce p.operties of a jet flow were mappad, and in
both the reportad studies, ex*remely plausible predictions of the scurce distributiong
were made. The main source of subsonic iet noise is around 5 diameters downstrean of tche
nozzle exit.

Reiatively small vaiues of the correlation co-efficient are found between the
synthesized and reasured signal and, as has already been poini>d cut, this can be
intsrpreted as an indication that the number of distinct eduies taking part in the sound
produciton process ls very high, 7there was no uniformity in this aspect of the presen.ed
papers. No doubt some of that §s due to the noi-uniqueness of the source so that a
uniform description cculd not be expaected, But also, as Siddoa expiained, the data is
confused by nolse genarated by the ,ressure seasuring »rcbhe, Siddon gave indications
that this noise had a very distinct contaminating effect, but, in debate, S:ddon did not
consider that the orobe significantly c..ntaminated the pressure mwasured n fts vicinity.,
Doubt was expreusad that the pressure sgasur=zd with & probe wntch digturbed the turbulent
shear fiow could adequately represent the pressure at that point i{n the absence of the
frobia, but exparimental view-points were given that this vas net a real proples asd that
the probe distortion effect could be removed by calibrazioen, This was aot 8n unsnimous
view,

Snurca lncation was slst the thesme of Belleval and Ferulili's presantaticon, They
dascribed the study of the infra-red radiacion from a bot jet flow. Unseeady infra-ge’
radsation g chserved at accusiic fregque-ii-- »ad it is observed that the indra-res
variation is correlatsd with the far fleld sound., Opinfns regarding the sisn:Tioence
of this result vary betuwgen the tue eutresan, ond¢ helieving the ~mvre’ -  Ln wo b entirely
fortuitoua and the other that the zource of zound ard infraerad are one and the same
thing., This issue %33 not advanced furthor., At ehe Meoting Ferullt conrentrated on ihe
statistios.  Infra-ped recepior Loams ave simed at the “low and the unstaady pare of
the aignal correlsted. In 2Rl way stacietical oFf ‘racteristics of the uAs? eady tafraered
SOUYces are obtatzad. On the as;aaptian that the i acale, spate geqles and sorrelatiean
apeeds &0 resgurad 2o alss choze o€ the lurdslience sireay tansoy, the elatistical daea
can be used fa an estima lon of the squrde styeayth dirtribyeion according o Lihthill's
theory. Thiz scheme wvas describped by Peruill, The idva proavidex poteatially vwalushls
tnformatinn byt thera 1 sefll a vary long way te go Sefore an ynaabiguoss incerpratation
0f the data is achieved,

Running zhrougd &)l thewe papers de3ling with the experisental asssissant of the
soorce disrributicn 4in res) sound proéu,."q flowd i3 she oomeemn thread that the .
predictions made from the expirimenct oot reasshable. Other ftstribucions might aise )
lock ressonable, All the schanes ripﬁ:&l& 45 not produced the wamd vevuiz, ne dactet Aue N
1a pert &0 experimentzl esrorz nnd alec ©: hasic aryove fn rha appryewimition scdames,
Qu{ < bigiest rags for loobt ie the eltential axbiguity in the sourze *Lﬂttivﬂ Ro

nipsatess 1c postible and this z: erge whather the scurce is Sasoribed throw

\uoarﬂ&iga' or expavimertal techaigues, Givern thiz etats o€ affatrs, ﬁtvsz*pae*ts riang
these iinas are llke¢\ e ba as&d on acguiring famSilerity with the &ypd of resuits thax
can be produces by the epelicstion of variouvs plausidie diegnnstic schases.

There ie nc Soubl vhat the gxpar mantal appilicaticnh zf the sethed rapresents an
easioous advanca on the previcur spproxindte thecret!ical trestments, and having made
that advence 4t e worth whtle pausing £ littie ¥o coneider how much g2in 2ight ke
expacted from increasingly scophifinticeisd diagonetic aldo. Having paused 42 sowss 2has
only experience will tell and that the real aesning cf thase adaittediy 20t nen-uaigue
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daacriptions can only be established through continued use., The situation is very
=imilar to that existing when light is reproduced through a hologram image. An observer
in the reconstituted field is quite unable to tell whether the field is generated by the
original events or by a laser hologram combination. However, experience has taught him
that in most cases 1t is the real event, and one has learnt to rely on that simple
interpretation of the source field! But it is not unigue! In a similar way the
indeterminacy in these acoustic sources might be equally trivial and we will eventually
be able to rely on their indicated location of the important sound producing areas. But
only experience will tell.

2, The Influence of Mean Flow Structure on the Generation and Propagation of Sound.

The Meeting was reminded of Iigiuthill's paper at an AGARD meeting 10 yvears i
previously where then existing experimental evidenc: was compared with the predicticns .
of theory. 1Im Lighthillits model the sound increases in proportion to the Bth power of
velocity, subiject to a modificacion Jue to eddy convection through the ambient £1luid,

That convection increases the efficiency of guadrupole radiation, ‘The only direction
imune from convective change is 30 degrees to the jet axis waere the 8th power
depandence is expected., That experimental data seemed to indicate that though the total
power increused in preportion to the Ath power of velocity a fAth power law was more

! appropriate at 90 degrees, presumably Lighthill thought due to turbulence being relatively
less intense at the higher Mach numbers., Lighthill had therafore concluded that the
convective effect was there in full, and brought the total power output back up to the
measnred 8th power proportionality, it being a coincidence that the convective etfect
exactly coupensated for the lethargy of turbulence at high Mach number.

But since then Lush has published in the Journal of Fluid Mechanics an argument
that the experiment guoted by Lighthill is not representative cf mixing noise, because
-in experiments he has conducted on a iet emerging smocothly frov: 1ts nozzle the socund at

90 degrees scales on the 8th pover of velocity, exactly as the unmodified Lighthill
theory predicts, In the quoted engine experiment nozzle exit conditions were unlikely
te be smooth and this is now known to cause a deviation from the 8th power law, That
subject will be returned to in Section 4.

Lush went on further to point out that convective effects are not found in
-7 exporiments made close to the axis of a subsonic jet. Csanady had shown previously that i
i ‘the convective augmentation of the radiatieon efficlency would be annihilated if the source
. — ware gurrounded by a flow relative to which it did not move. The acoustic cutput is
' determined locally if the source is cushioned by a wavelength or so of moving f£fluid from :
its static environment and cannet then be subject to cenvective amplification. Lush's ;
‘sxperimental data confirmed this view, but it remsins unknown how much of the difference
between the idealized Lighthill model in which sound is assumed to propagate without
suabsequent interacition with the mean flow or its gradient, and the experimental result
is Jue to the inhibition of convective amplification and how much is due to refraction.
Experiments show that the difference hetween the Lighthill modelling and experiment begin }
to bacome obvious at the beginning of the high frequency range where ray theory and simple ,
. “idesr of refractioa app;z.
. +he Megting war veminded again that acoustic interaction effects with mean flow ¢
“.containing concentrated vorticity are important items of the experimental data. dolleche :
-. . described axperiments conducted in a 24 foot open jet wind tuanel. Thexre he had
- investigated sound transmimsion through a trailing vortex system, the vortices being
gineaated by 2 delta wing at incidence, and the sound by an electrically driven hoxn.
. The resulis ghow a major influence of vortex verraction, the sound rays passing through
“the vortex centre being changed by as much as 10 decibels at reasonable £low speeds.
Rays vre votated in the direction of vortex motion the largest change being meaasured for
those raye pags‘ng close to the vortex core. Holbeche compared the experimental results
o with the predictlons of ray theory; the comparison is extremely good. i

7 - - In vepiy to.questionsa Holboche sald that the ringular scattering effects pradicted
- in theoretical znalvo2s that treat the vortex aa a compact scatterer have rot beran found
. ‘in the-exparimants -hough they : sre deliberately sought., Hu thought it pertinent however,
that -any vortex gehersted with & delta wing has quite a diffoyent core structure from
" that trezted in those theories.

‘Anothsr aopeot of the propagation problem was describad at the meeting in two
separate” experimental rosults where the sound of a noliay jet had been shielded by a neaxdy
‘sma’l quiet jet through which dits roize had to pass to +he obgervaticn point. Hoth and
Hawkins deperibed this effect as measured on models of thw Concorde allencexr. %hat
consists of buckats which sguesze tha jet into a fishtail flow in whoge plane the-jat s
relatlvely guiot. Lhey described studies of the sound genevated vwhen two jaeis wers in
close proximity, one silenced by the fishtail procaus and the other not. It jeewms that
that sound iz completely incapable of propagating through tha silenced jat. In fact, they
:ame to the ccnclusion that 'omne heard the nearest thing one saw®, and in that axparisant
it was the silanced jet. A Rolle-Royce sxperirant wae descrided wheve ths noles of a :
supersonic jet wes shielded by ur to 10 decibels by sn auxiliary emall jet at the sanae
pressure rvatic pxzesing only 10 per cant of the mass flow of the primary.
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Tha experimantal evidence points to major influencea of mean flow gridisnts on any
sound propagating through sn inhomogeasous flow. When this is the csae it 18 lapvohebie
that an adaguate degcription of the jet noize problem caa be baed on Lighthili's seuustie
analogy. Though that analogy ie exact i% 1s rost unlikely chat the stress tonsor tavme
reprasenting the propagation through the vavious chear layers can ever ba knum in
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gufficient detuil for cha analogy to proua useful,

Another aspact of the came problem concerng the mechanics by which ‘et apise is
controlled in the, go called, fishtailed jet. It may be that the noiss producing eddies
aye de-energised in the fischtailed flow. In fact, they almost cartalaly are, and this
aspect we shall return to in Saction 5, but there are two influerces a®tcsibutable to
propagation effects.

The flow structure in these jets appears to be a central fast jei shielded by a
relatively elowly moving fan that forms the fishtail. This fan may have two effects;
firstly it may effectively irolate the noise nroducing turbulence on the edge of the
central jet, from the environment and so inhibit the convective amplification. iIn this
respect the effect is similar to that noted by Lush for high frequency noise cloze to
the axis of a circular jet; but also the fan provides a flow with ¢iffurent sioise
propagation characterigtics adjacent *o ‘.e jet and the sound generated in the jet
interior may be refracted away from the plane of the fishtall to produce thare a zone of
relative sileace. It does not seem to be known which of thave two possibilities is
the dominant one; no doubt that will be the subject of future study.

Two theoretical papers bore acmewhat on this subject, The first, by Mani, considered
the radiatien frem a point source embedded ir a uniform slug flow. The second by Lilley,
dealt with developments based on Phillins' agquation that accounts impiicitly for a
spacewise variation ¢f the propagation ccnstants.

Mani's problem is an idealized one, where a point source is located on the axis of
a jet contained within a vortex sheet. He has studies the sound radiated into the static
environment by the erbedded moving scurce. There was considerzble debate &s to how well
this model problem represents a real jet flow: and no doubt there are always important
differences when the frequerrv igs high encugh that the acoustic wavelengih is comparable
with the shear laver thickne . ‘rhe lcwer freguency elements shounid however ke modeiled
adequately provided the she: la, r turbulence level is smill enough that the sound can
be regerded as a small pertuvan.ion of an otherwisze laminar fiow. But this is unlikely
to be the case in practice. 7This point will be returned to below.

what Nani'e »2dsl problem does, and does in a completeiy unambiguous way, is to show
that mean flow effecte cap bn very considexable indeed and can give xime to consequences
that are gimply not predictable from the acoustic analogy in which the effects are
ignored. Mani guantified the differonces as far as the radiated power is concerned. He
showed how the effect of conveciive ampliification was negated by 'jet shielding' provided
only that the jet is thiek enough oh a wavelength scale and the mean flow Mach number not
negligible. There cunclusions ere broadly in agreemant with Lush's data, but as Lush
pointead out at the Meeting, hig experimental observation concerned thz intensity of
sound at separate points, and not the overall power, which was the only parameter
cousidered by Mani.

Mani went on to Geoscribe the influsnce of jet density in the radiation fleld. He
considered the case whare the product pe! s cunéerved across the vortex sheet and
therafore as the density i3 varied s¢ is the speed of sound, and the jet thickness as
‘weasuraed on tha wavelangth scale. A changa in jet density has, therefora, two effects
in his mod.). Fivstly, thers is & density discontinuity at the shear laysr which must
have a dynamic effgct. Secondly, there {a the variation in the wave propurtion properties
within the jet ac the spead of sound i9 varisd, in inverge proportion to tho sguare reot
of denaity, and in fact Lt seeped from the presantation that thils latter effect was the
more signi€icant. In thig model ho estsbliched the influence of mean flow denzsity on the
acsustic powar radidted from a peint source. On tha assumpiion that this gensitiviey of
the radiation efffciency 1o jet dénsity carrlas ower to turbulence praduced sound, the
strength of tha tugbulence gource of itwelf being proporxtiornal to jet density, Mxni found
that his modol pradictad the experimental data cbtalned at the NMB cad SNECHA extremaly
vell. He wmakes ithe impovtant point that thy varisbllity of noise with changas ian jet
. density nesd not be explained entirély in tarmé of the besic 8ource strength vhich sesms
£0 be the gpproach vakan by wost inveseigators to date. Kani®s gestlur show that theve
) :zs'dfe =0 ajuslly ixportant effest <o do with the radistisn inmcedanve ard ity dependence
. on dangity, . . . i

'Liiz;\;"dms;eﬂbsﬁ davelopEants 1o @ theory deliberately aised at avcounting for mean

fiow nharogensizies. . "hat iw baxed on the idea that Bousd can be described theoretically

as a wall parturbation «bout e basiesily leminar flow, and the egussian that doea that
C iy of churge the one uswd o iuvestigele she stebility of shat JYaminic flew. There one

coneideny chather an faitisl portdecbacion will grow or die, - (uastions of atability ave
boupd 0 festive in this gppicech th the acoustic propagation wroblam, .

) the hedie formulation Ge-Jdue to Philiige whare he traated the second order tarms as
xfiovn inhokoguntiting snd wtudied the swy they drive Jinssy perturbations sbout the atesdy
sany Elov, & mobion that is divectly ceupled ty the rsdiating ssund fieid.  If the natuval
wotich of the insar field is sXpouantially groving beceuss Of the instability, thea :
learly it iv polntless $o xiswme that the field can respin finesy. In the discussion

- f51ioing hie papar Proféssor Lilley wadd thot be intended & tike aceount of 2h -none
Iinmar affects fd an. sppfokisate manney. Rowever, it vEs his view that the scoustic
“adistion probiem dould $84il be regardad 4s an avsentiaily jitess one evan though not-

© lineat affects would be dosinkat 3 colbxUlling €He asplitpdd of the driven response.

Some faund ¢his notion father confusling. - Bob agsin iy i Jomcnueratad thae by apovosching
‘the picblem in this slfghtly diffetent Wiy obd uwicowes cleex fundameatsl affects ‘
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associated with mean flow inhomogeneitier which simply cculdn’t ba anticipated by a

formal application of the acoustic analogy. Having said that it seema that there is

still some way to go before this approach can lesd to results that have not been

praviously derived by some other form of analysis, that is, either from the acoustic

analoyy cr from tha other limit, ray theory. In between the problem is complicated, and

:;11 pro?ably have to be approached numerically. No numerical results ware presented to
e meating.

the philosophy behind this type of modelling was debated at some lenath.
Bxperimontal observations of the jet stzacture indicate that the £flow is wvery different
from a weakly perturbed laminar shear layer, The view that it was most unrsasopable to
expect sound to propagate thiough sucn a very rough jet boundary in a way that even
approximated to the transmission of sound through & amooth flow with the profile of the
mean jet was expressed forcibly. On the other hand it was reported that stobility
analyscc that mudelled the large eddies as evolving weak instability waves driven fzox
a laminer fiow with the mean velocity profile have much in common with the moasurxed
shazr layer turbulence. The convection spesd, characteristic scaie and even the growth
rate of the eddies as they prvwpagate downstroam are pradicted o high accuracy, This
may or may not be a coincidence. Professor Michalke described how in a computation of -
this kind he had worked out strsmak lines which bore a remarkakle simllarity to variouws
visuaiizations ot experimental jet fiows. <Crighton, Krishnamurthy and Michalke
described how they had independently calculated the orowth of instability waves on a
diverging shear layer and Crighton said that he had continued the analysis to a point
witere the interacticn with the nozzle boundary and the subsequent radiation of sound
could e dsscribed analytically. They collectively seomed to have no doub® dhat it war
relevant tn describe the large nolse producing eddies ae being the instability productse
of the primary flow, the stability of which was determired by the mean velocity profile.

Anothar view was cypressed also and seemed to find equal support. That was, that
the eddying motions are so intense chat they quickly deforim the velueity fleld on which.
they grow their amplituda baing dstermined by an esiasntially non-linsar process, In fact,
an individual eddy grows on & jet wiose structure duzing the eddy evolution time is e
complesely differsnt from that of any nominally steady flow. In fact some felt that the
opposite view to stability might be taken. It is not the mean flow that supports
instabilities that sre obgerved as the large gcale @ddiese, but it is tha large scale
eddies, which are the characteristic debris of the initially thin shsar layer that
dete.nine the mesn flow structura. That mean flow is established as the average taken
over «n ensemble of many individual eddies growing according to the wvelocity fieid at
thei: tima of existence.

In one viaw, the mean profile determines the eddies, in the othex the eddies
determine the mean velooity profile. That debate is likely to continue for a long time
and shows every promise of providing fertile yround for progress towarda 2 raal
understanding of the gound producing elomentsz of turbulenca.

3. Distinctive Large Eddy Structuras; Are They Dstarministic Evente?

The Meating withessed new davelopments in the gurrent trand away from the statistical
deseription of turbulence and scund towards a more definite modalling of distinct
elamentary motions thought to create esouid offectively. This £z waxy much the devaloplant
that Powel forezavw in the meeting oxganised ten years praviously. The attractiveness of the
view is eapily appraciated, bacause many of the motiona can be visualiwed effectively and:
saveral expariments descsribed at tha meeting dealt with particularly graceful eddying
forms. Tha technical relevance of egpecially powerful isolatad sources is obvious sinecy
tha highest irtenaity paaks in any noise signal ocour infraquantly and nust be generated
hy an extrewaly effective transient force wotion. The papar by Naumann and Eermann i
desaribing the sound produced by tha interavtion of a nhock wave with a concentxated
vortex was a superb example of how beautiful the experimental visualisstion ¢f the process
can be, and how much deaper it is poseible to dulwe into the detailed phyajon of the .
problem onca the source process iz identifiable in a distincé enough manner thit it can
be regasded as detarministic. All elemasate of turbulent £lde can ba vegarded- a
detgrministic when cae cobcantrates oa a sufficiently localised waspie of Shat flow: but -
the innovation seens to be that thera are pariicularly raluvant sampies €o be- ﬁﬂl@wt*a
that giva risg to axtremely powerful scund eourcls. We wan look forvard te esndilfondl

aupling exparimanta in which the post affective dource wokicns sre axtractsd foom the
bulk of c¢ha turbujant motionn and studied in vexy wuch grenter depth and datall t&:n has
baen poasible to date. Tha evidenve for this view ie st follows.

Neasuvsrent of the distsnt nwoise field fron the. Qlympus 5983 xuxbo tat that povaxe
Concorde wera desovibed. At the higheet jet velocitisa the sigial’is uuojxctivci‘
catagorieed e & orackling sound hut thera appeurs to ke no distirguinhable &ifference in
the spectral contsst of the soize of & erachiing esa roh-arsdkliing ek, The prepahility
gimtributson 6Ff a oracklisng jst &s htghly sKevnd ared towsnde Infreguently ossurding
lsrge comprogeive prempuxe trangients, The. ekuvwsaa factar i8 (e dlstant nolss £la1d of
the Olympus increases fron D03 to 0.6 ad Ow osrgles condit.on Av incresaed frok $8ie to
maximue throwt. The offact of sksimose is clesfly seen in the grovsuse tiose bixtory of.
tkau aistinguich
the srackling poiee From other turbuleit signals.  Theen seens no doubt that these spikea
origirets tn tha mixing fet flow and not 1n youl iﬁie&y»cra:y of that paréiculds anqinn.v
the Neating was told of similsy Awésgtigations condiustod By Laufer and Kaplan where
$Gonties) spike formwtionm had basn obesvved’ axpnriaan»;liy 1. a8 estothly napiﬁded.hnt
mokel jet f£icw. !uxhharnare whas the 5ut way’ v&ns-é th:auqh ibﬁn:sod RoOUBEID
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tyluscops tae tendency for spike formation was at a maximum if the telescope was
focusséd at: a rejicn approximately ten diameters downstream of the nozzle exit. The jet
cutilicions were extiesw y sicilar to those of the Olynmpus at high speed. In the model
situation there was no possibility of a celiulay standing wave system becauze the jet
vas ideally expanded. It was reported that Rolls-Royce experiments with a three inch
model jet at the same velwclty but not ideslly expanded also displayed the apiky
craciling characterisotics at high speeds. Because of the clear subjective significance
or the spikes their poasible ozigin was debated at some length at the meeting. It seems
unlikely that théy can result fiom non-~linear propagation of a signal that initially
réart: its journsy with an unskewed prcbability distribution because it is extremely
difficult to identify any process by which non-linear effects bring about thie skewness.

On the other hand Obermeier described to the Meeting a modelling of the behaviour
of monic boons near a caustic. This medelling led Obermeler to study the behaviour of
the Tvicomi eguation through which he was able to show that on passing through a caustic
an 'N' wave acquired morentsyily a diatinct spikiness ir the positive pressura part of
the signal with a rounded expansive trough. It was said that spikes were present in the
rear ic’aity »f chs det and that the probabilicy distzribution of the signal with
crackle 4id not seem to evolve during propsgation over a distince from 5 diameters away
from the jet to 150 diameters. That indicated the spikes result from a distinctive
source activity rather than from soma characteristic large amplitude. But the possibility
that the signal continually forms new caustics cannot yet be ruled out. It was reported
however, that if the jet ware exhausted through a notched nozzle that produced a
characteristic fishtail, then in the plar> of the fishtail the spikes were absent and
also the sound there was at a very wch réduced level.

If tho spikes sre genrrated by a particularly efficient transient source they are
probably more eas.ly nodelled whea they are regarded as deterministic events. Legendre
emphesiged tha*: Lt was a matter of comms experience that violent events are extremely
noizy. In fact the eéssence of an e{ficlont sound source is that the characteristic time
acale of the mntion is sr-il _nough cumpared tu its scale that the ratlio of the twe,
whiech foums & chs+acteristic velocity of the r_cion, is surersonic. Then the eddy is
nohecoiapact and falis in tha opposite ertreme ¢ that 4.eated by the zcoustic analogy.
Far from the sound beint a smal.l perturbatisn ce.scd by flow, the wave field is then of
tho s order of magnitude as the basic sovrce motion. An impulsively arrested
bourdary motion caugsed all the local ereigy to Hs radiatud as sound. G. I. Taylor has
worked out how all thke virival energy around a sloly moving sphere is shed off as sound
if the sphexe is impuiseively arrested. Taat iy the most effactive acrodynamic sound
sovree yet modalled, ard it is also the sound source mos. completely modelled, for thexe the
wotioh i describad& in analyticzi detail. There reema no Goubt therefora, that
idantifiable large eddying mations that either ¢row rapidly enough, or acuvelerate
-gu¥ficiently abruptly. can forn aitzeamaly ussful .odels of jat noisa sources, and the
Neoating was presentad with ssvaral facinating descriptice 3 of su h moticns.

Poidexvasyt showed the Maeting the lates: of his facinating £iims produced in
conjunction with Wijnands and Reomthorst. Poldervcart deseribed bia study as an
acrdynamiye ysine. ‘The experimait conmiuti ~f an external sourd source that gsnerates a
soqudtes of pulses incident upon a suptesonic jet  hs the pulse interacts-with the jet nozzle
adge a distinoc vortex is forael oa the sbecy .ayer vhich travels downatvewn growiag
repddly und gangrating 8 cleaxly viaible intenss saconder+ wave. 7The sotion is
vigualised &y & strobuscuplc action and by wontrol of the relati = phage betwecn Jet
excitatisn snd visualisatiop, the sotiod 2an ba slowed de.. indefinitely. This acheme

“offors the potential for gtudping the mltvca detatle of this axtremely powarful noise
producing eddy. The experisencal ivoholgus holda éncumcus orential for the really
© detailed study of atrong acvodyimmic nise sourcom, - . .

Fuchs depdriped corralation walxuitiants that ind; mate ekerxemely lavge scale eddying
Botiniis in the eoxly part of a'mixirg jst and he showed that the axially syzetric motions
wére the moet effactive sousd prédicoys in.ads sxperimang. It seems thal tha vortex
lei\\ﬁfég‘? sories & it are lighly: cofdeiidtad in thoss acoustically e#fi_lent turbulent
R e ) ' B Co

. Huchewsnn-deseribed to the Hesting theoxttival s*udise he hry boen condueting with
colleagues on the rolling up of the thin initisl vurtex shent tnto vapidly jrowing spircl
wirtices. o him the moet powerful tirbulant elssents of che jet wikiv  layay appasy s
Gtroag individial vorcices generatisg nolne as thay grow. -Dinear ‘nutability thecry is
hErdiv xeloweny to thiy pivcess, Yok vhe shesr layer shich is desuned noainslly j.ane in
thewe caleolsticnn fe guickly-consoluted & 1t fu wrapped Inwo the growing voxtex spiral.
Kuchesann Doniidad the Neeting of ¥randtl’s caxly ctudies of this process and how
- davalvpdeaty Along thae 13nr feerw «Fieiny pauwite of an effective medelling of the
‘ebvomgast. whesr levdy moticne.. Lrifer end Xavlin's mtudios conventyreted alse on the
dixcingt vortax motions but wuphisised the interavilon Petwesn an sxeay of vorticas
pathir thab the $ingle geoulng elgasat, Laufey dascrided expsrisents in vhich a sheay
ayer-wug okeveved to degsmavada dnto R strert of vohtentieted vortlcas, which propigate
- gakaktresi An an Saitiully zéguler atral. Aa tha vortex syetasi travels emall deviations
T Anctheix prophgatios chavecterisyion sauue gome vorticas: to appressh vng arothee. Laufer
Jexcribad an sxtpaasly latoesating procose v which vortices amalyisitad in & process of
sairing that took -plioe abruptly;  RION Yortex rairing would no doubt cande extramely -
L g =7 ohiufey wadd dhet the esporimeits thay had® dopdoctsd with a
.- tuo dimdagtonil glxing lsyuy iddloste that the vorvel phiving process 1a the sesontiad
wlemant of turbulent: wiwar .aayir.fgkiczgﬁag; C Men vhe motden i viswed corpactly it oan

b sase o omgies & Telaeively dfatinot Arcay of eddies which conkingally pair as they
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travel downstream into a system of larger and less numerous eddying motions. This view
of the turbulent mixing process holds the promize of a much more rational understanding
of the sound producing motion than is ever likely to be possible in the conventional.
statistical daescription of shear layer turbulence.

An experiment in a similar vein was described by Emmerling. He had studied with
Meier and Dinkelacker the pressure perturbation on a plane surface supporting a turbulent
boundary layer. They had developed an extremely novel method of measuring the surface
pressures in which a test section of the surface was constructed with an arrxay of compliant
optically reflecting segments whose deviations under the unateady preasure could be
measured by optical meazns., Emmerling described in immense detail the bekaviour of certain
vielent transient motions in the boundary layer as they grew and travelled dowrnstream,

He reported a vevry high correlation between the large scale structure acruss the
turbulen: houndary layer asnd the occurrence of distinct pressure eddies at the wall.
With this experimental scheme in which distinct motions are measured rather than the
statistics of the motion a powsrful verification of a dynamic model has been obtained.
The experiments are consistent with the view that the large scale motions of the
boundary layer induce a changing boundary layer profile which srupts in a iocally
unstable region to generate extremely active bursts of turbulent energy.

From these presentations, all concentrating on identifiable features embedded in a
nominally chaotic flow, one can see that the subject is in z very exciting tyansitory
state in which the statistics of the flow is gradually being de-emphasiced. By
conecentrating on identifiable ovents in the turbulence there séems to be a promise that
important items of the motion will be understood in far greater depth. With that there
is every possibility thst the understanding will lead to eventual control of the large
eddies and the dominant radiated noise. . :

4. Excess Noise

The Lighthill theory of sound generation by turbulence is an asymptotic theory wvalid
for sufficiently low Mach number. The most outstanding prediction is that the sound
intensity will scale on the 8th power of jet velocity. Yet experiment ssems to indicate
that there is an inevitabls departurs from the 8th power law as the jet velocity is
reduced. In most practical situvations the dsparture occurs at a relatively high speed,
at jet exit velocities of 1000 faet per second. But from the clean nozele £low axhausting
from a swmooth veaervoir of high pressurs air the 8th power law can be maintained down to
jet speads of the order of 300 feet per second. The reascn that the 8th power law is not
maintained to very low spaeds is thought to be that there is in addition to the
Lighthillian mixing noise other sources of sound which bacoma the dominant sources once the
jet speed is reduced sufficiently that the jet mixing noise is smaller than the sound of
these other additional sources. The texm @xcess ncige has been colned to deal with these
other sounds, and since the definition is intended o cover all other sources there can
be no unigue explanation as to the origin of the oxcess noiss.

Ona source of sound aduitional to the mixing noiee is that gensrated when turbulent
eddies scatter the wave enargy of shock waves thar form in improperly eupanded muparsonic
jets. Often thae energy so shed is sufficiently powerful that on intavacting with tha jet
nozgle it provokes an addy in the jet shaar layer to travel downstraam to scatier the :
shock energy once more a characteristic time later. That regenorateo & sound Wave and
thia procoss laads to a discreet frequency sound known ag screach. The scressh cycle is
e@aslly controlled and is probably not of great techwological significance. S

Until recently it was only the frequensy of the sciesch cycle that haed bedn
properly predictable from any theoretical modeiling. Buf the meeiing heard Harpar-Bourne
and Fishex describe a quantative modelling of the sound geneysted by turbulence intéracting -
with an array of shockd in a superxezonic jet. Thay desoribed & model in which a tuxbulent
eddy travels downktream at about the mean shear layer valocity paintaining coherende and
surviving the interaction with ssversl succesmive shocke. In this way ths sound genatsted
when the eddy interacts with shocks forme a phawed arksy of acoustic aritters, and this
leads to a distinet and pradicteble divectionality of the radieted sound, & divedtionslity
winlly attributable to the geometry and phsaing of the arzay. Yhe Harpsr-Bourie ¥iashey
wodel takes no acount of any. posaible directionslity o the gound radiated hy. any sue
shock dugihy Vogtex sxcitatisn. Plubey and Harpor-Sowme ind exparimantaliy that thye
strangeh of the yadiated wave 18 in direoct proportich o the pressure diffeseius across .
che mesn whock waves of the Jet. Thay have produced s mode) in which the strengid of tha
shovk associated wdico is pradioted from the Mach wikber of thi jot-and the diredicdnslity
18 Jataxeined by tha veloclty aad wpuving of tho mean shuck wavés. - They showd .
exparirents) svidence thit the wodel so produced ds in extivnely close ags nk with the
shonk asatolated noles measured on obld model Jate and ot full gedle supkradide asrdenvines,
This vaork thepefore gfepfensats & ﬂmﬂmg"jﬁ_ RoveEnt ovaE thi praviots positich vhare
only the qualitutive nacore of the shouk. induced noive-had Deen nodelled sucoessfully.

A zecond mource of nolwe additionsl to thar Ubually déectibed in the Lightiill wodal -

" eoncarna the hoa-isentyopic tarsd. $n the tusbblgnce wiress tenosr.  Thswe wexé described -
by Liilsy and by Lush and Plehes.  On first sfobt. i¢ seats that theso berws descviba . "
goures of sound 10 the unstesdy siking bétve.. vy stxwams of diffopant denelity thad. - .
incresses in proporticn ko the fourth powsr of jot ¥eleoity. . Lush énd Pighexy shoved how .

& two DXt model of st nolme, ood suCh. sOwroe Increénding wich ‘the fourth fowms of jet .
veloeity ard the olhdF the Bighthililan type Lncreasinp viUthe eighth poser of o0 .
waloplity, coudd be mwadh to ©it the avpecilentsl dats awer A'wids ratgs of jet woweds,:
Feithaimore the dilferent syasitivity of thess tho Bources to the e jetdensity = -




| sttanskts than the eonveationsi wixing eoutole which xie giitvieted by relative yeloetty

tﬁe axosss noike’ Chtegdey, bat miny Of the CRarsctectitlne of & practiosily isportant

accounted for the observed tendency for jet noise to increase with the reducing density
st low jet velocities but to increase with increasing density at high jet speeds.

Lush and Fisher went on to show that this interpretation though consistent with the
experimental model was actually nc more than an enpirical fit because a wore caraful
analysis of the non-isentropic term actually showed that this source generates sound
which scales in proportion to the sixth power of velocity and not four.

Sowe debate arcse on this po!nt Professor Lilley not agreeing that the fourth power
texrm vanished on careful analywis, though there seemed little doubt in Lush's mind. The
mesting was not presented therefore with a convincing account of the reasons why the
temparaturd effects on jst noise were those experimentally measurad though the paper by
Lush and Fisher provided an excellent empirical fit to that data. It was not clear that
the scurce of the fourth power of velocity term was properly attributed to the
non=-isentropic mixing, and bearing in mind that the meeting had already heaxd Mani's
paper in which the temperature dependence had been accounted for, not as a source term
but as an effect arising from the varisble propagation of sound within the jet, it seems
that this subject 's far €rom ciosed.

Moat of the studies conductad unde: the genexal heading of excess noise have
concentrated on sound gensratod elther within the enygine or jet pipe system or by the
interaction of turbulence with the norsle plane. This subject was described by Crighton.
It was interasting that though this is an area on which much of the recent jet noise
ressarch had bédn concentrated, and which is clearly the one most relevant to the noise
cf mocdern sngines with theair jow specific tarust, Crightoun's was the only paper on this
topic. ' N

Crighton emphasised chat a)l practical f£flows would have a certain level of turbulence
at the nosxle exit plane. %Thic tuxbulence would induce an unsteady thrust and to & lesser
extent an unuteady mass flow, acoustically equivalent to a dipolé snd a weak monopole
respactively. She sound inducad by norxle basad turbulence would therefore scale on the
sixth power of weiocity at low snough speed and must as the Mach number is reduced
overwieln jot mixing noise. Crighton went on to show that evesn 1if the nozzle flow was
genarated from .an absolutoly samcoth upatream res¢rvoir, the turbulence in the downstream
Jet wixing layer would inevitably induce unsieady pressure perturbations at the nozzle
cauaing unztaady noxzle exit £low., The noxxle based sound iv tuerefore an inevitable
part of jst noigs howmvar smcoth the upstresm corditions. This nozzle based source has a
characteristic directionality, ¢he wezk monopole exactly canvelled the sound of the dipole'in
the downstream direction and augeants it in the upstream divduecion. WNozz2le based sources
have therefors a characteristic tendency to radiate to high angles and into the forwaxd
arc. Crighton went on to show how thewse wources, being sitsohed to the aircraft, ave .
subjoct to Doppler effects asscolated with the aiveraft mo¥isa. These Doppler effects e
increase the frequency in the forwsrd direction and inovsstie the intenaity of the nozale o
based sound by the inverss fourth power of the Doppler factor, Crighton reported that
these affects ware consistent with vecent. experimental duts, ‘and that the directionality
of the nogpzle based sourcas is quite the opporite from that dua to internally ganarated
sound which tends to radiate praforentially iuto the vesrward arc.

Crighton alio desoribed a mathod of paramétric siplification of internal nolse,
The mechanism hare iz that sound incident from upetreas (or poesibly from the outmide of
a jat pipe) can teigger st the nosele exit vlene & jet slinay layer vave which grows -
exponantially duging ite initlal travel dowdetoiam, Thig growing wive acts back and i3
scattored by the sharp 1ip of thd viorgle to gensvate svusd wvery effectively indeed. In
fact Crichion said that it was possible to. uhod that thiwn dwchaniem wes capable of
ascourting for the 34dD amplificatiocn sffect measuved exgerimentally by Crow, who had
shown tiiat the stund of wn upstveem gource conld be inerdissd by that factor by jet flow.

In théirv Seecxiption of redent studien iate Convords abdse reducktion Hoch and Hawking
gave a somprehengive-listing of quperimants xalating o -wxewsy coise and the effect of
forWard spaed. Thay chowed that even &b Concorde endine abdes awcess, low velocity o
indes, rolws soUYCAs were dominant at the lower pover wattwiniu. Furthermore thay wwre sven
- oope domivant in Ziighe uheve relatiwe vélcoity meduntions Hiambasised the jet sixing '
nolwe, . Shey shoved alag-how thiv scund vediztes predoatnidaly st High ahiglew to the jet

~aml B 1t-Can be: brought under sows weawure of vontrol by olittay sbsorbing intarnal =
Cgound withia the angline jot plpe ox by tha remidxi of et pigs turhulense with thé use of
jat pipe flow straightuness, The CoRCGEGe progiomse hal sulgorted many studled into the .
- affect of forward Llight of polse wnd Hoch ahi Mavkine ghowed that vheyssd Lighthillian®
C4ue wiking notwe 18 ceduded By forwerd flight, the sound inthe fowisnd divections lw _
actually lncreased.  the evidenve they pave Geil consfwtent with Czighton's midel - R
preitoting thet the goudd geoerated by nosxic based salices. wes subject o an asplificattcn - 35
‘o pcportion to tha fourth possl: of the alvcrult poppler fascor: - : LT
- ¥yon the pradentstions cad gathared the teposivion Bhat vivbually all Jets, wodel and
-engineg; A swaiect o wdlitionsl rolke. aoudces Which ave pooving woxw difficeie o :

. wffegta, W GoUbE HHLC eXcess nolee atek i¢ st the begitning ol a growth phese sines .
- fubube Sat salse reducticas ere dependent o soe control of the noasmixing nolse Touroes.
#: thearttionl woduis ¥ade so cialk: to Dalag a soaprehensive account of 511 soudsed in

<

Cekeds Noim souroe Gid taek €3 SOXTRIPORY En tH mdicted Dy Trightan.: On tha-otisy
hand thet gresans wiy to satucidsatel. wlode the thavivtionl ideds o5 waelolg . -2
, WL AR -the thedry Sufaiisut on the seauition that the Nech kbabay Sw Iows - °
Yia ech wwhes {n-the Sut uolse Gpecineils guoled Was of the. cider: 0 taity. where the -
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-~ detailed theoratical sodelling could hazxdly be velevant. Even if the theoretically
modellsd source i3 tha one most dominant in tha practical situation there is still a long
way to go before the model iz descrilied effactively at the :.'angs of pammetem
characteristic o2 the actual exporiuntal li.t'.uation. :

5. The Control of Jet Noiga

In a joint peper Hoch and Hawkins desoribsd the seapch for jet noise suppression
devices that has be¢n sponsored by the Concorée programme and it was interesting to
observe how small a pax: of thé probles was ocoupled by conventional jet noise of the
type that has beah tackled in the past by multi-tubed and multi-spoked nozzies of one
type or anothey. cCartainly the nrogramme had its ad hoe search for nichtmave noziles,
but in the main Hoci and Hawkins described a rational process by which “afforts are made
to identily the primcipal nofse sourcas which are then tackled one by ons.

The most outstanding feature 15 che directional suppression properties of notched
nozzles of the type used on the latest wersion of the Concorde with ths type 28 nozzle
systam, Static noiss reductions of mores than 104h are yeported with & thrust loss less
than 5 pear cent at maximum take-off powex, =nd the fundamenial cause of this reduation
is still 2 matter ot debate. The notched rozsls flow appears to be a central jet with a
subsiGiary lateral fishtailed flow emerging from the notches. It scems that thia
composite £flow i# not as vnstable as the circular jet to lateral disturbances so that.
the large scale powerful lateral jet motions thought to generxate the principal noise of
the unsuppressed jet ave inhiblted. . And it way be that the effect of the lateral flow
. 18 to shield the nolse produced. in the central jet core from propagating into the
lateral divectlions, And pocsibiy the sound is. simply vefracted away from those divections
or perhaps the eddy cunvection affects, z0 important at these jet speeds, are modified
because ths eddy is moving less guickly relative to the local environment provided by the
auxiliary latersl flow. But vhatever the explanation it seems clear that the principal
noise generated by a very high spesd jet 1s subject to at lsass ‘divectional control and
other praviously less important noise: probl _bacone douimt iaancs.

The mesting heard hew auxiliary :‘s‘iahtailed jett could be placed adjacent to a noisy
high speed jet to shield ite nolee. Ewidently this procedure is not yet optimised but -
the tests done to date indieste that a distant obterver leasts only the ucigse of those
parts of the jot with an uninterrupted asbient flow propsgation path. 10 decibels of
gshialding was rsported from relsiively smill Jats sdiacent to largs noisy cnes. Byt again
it 18 pet clear whether the auxiliary aﬁjw& jat-. mdifiea tha nound at ‘source or marely

" its propegation chavacteristics.

Only ‘one other item bore directly on the ::ontrol of Jet mixing noire and that vas a
- raport from Profesaor Yaugd that aswirl could have a benef.icin; offect on jat mixdng: noige
-though évidance on tbie point was #til} utzauly sparsa. S

Hoet. c;f the v‘emains.ng disaunmn on- jat aeiiq cont:roi ‘dealt with previously
unexpected affecis that may not. caneam “the det mi¥ing holae at al). ‘fhe noise of jet
mixing iy veduged in Flight bacauke the relative motion hatwaen tha. Jer and 1te

" eneirvonasat which ig the cayse of the: acun&, ie thay lage intesnse. . But Boch and Hwhm
- yaportsd extensive vésults indiceting that in most divections. tiva sousd 1% ‘actually

inovesesd by €iight for-w diven Jev veldolity, t;hex.g’x the seak nolse iw veduced.

- thooretical explanations of this sgfabt are seardizg micwly dnd mout of tham hings on
attnmtasg o the scouztio. source tha sobvession ‘Valocity of tha alversft rathar thas
that of the ot mizivg eddiss travelling dowputreim. It sesek poswibie that even ir the
Concorde mituriion the nolse 20itiad vo vowt divsctionsd fe sptually vot dat noige st a1l
but- Sxeeds Roise gansrates sithar within the eagine o by anatesdy - uorxle flov. det pipe
mound abgorvbent linings ave stccessful in sifeviatiag mich of thiw nodse ad Rove banefit
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conducted with Ronneberger in which they had measuved the infiuence of mean £low on the
impedence of a perforated plate. Much of the behaviour could be explained in terms of N
the resistance offered by the porous plate to flow across it, but there was some l
indication that non-linear hehaviour had tc be taken into account, and experiments cn !
that are evidently just beginning. , 1

The possible developmmt of short take-off and landing aircraft calls for lift
augmenting devices that mignt involve the jet being directed at a system of flaps.
The interaction of the jet with those f£laps is known to be a powarful acoustic source
whose control is still in ics infancy. The basic nolse generated by the flow about the
aeroplane as oppcsed to the engine gensrated noise is algo emerging as an important
item on large aircraft in high-drag landing configurations. This is another item that
is only now beginning to attract ths attention of noise control workers.

The shielding afforded by an Airframe structure has yet to be exploited progerly.
The meating heard of projects where the engines are located above the wings to shield

their noise from the ground, It seems to be an open issue as to how effective such shields
can be and there is a real possibility that additiorzl souxces will be created by the
interaction of jet turbulence with the trailing edge of the shielding winyg., It may be
necessary to place engines very close to the upper surface of the wing to optimise such
shielding effectse, in which case problems arigse regarding the posaible dgenexation of

noise in the comprassor operating on highly distorted boundary layer inlet flow. Also
large unsteady structural loads can be expected on the surfaces beneath the jet mixing
reglon.

The meeting was told that the space shuttle being constructed in the American %
space programma had new and important sources of noise associated with its novel fiight '
regine. . e
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The emphasis now being placed on discreet eddying motions and the drift away from
the statistical approach shows pronise for the future. The importance of the noise
genarated by distinet powaerful but isolated events points the need to a conditional
sampling approach to exparimantal jet noise rrgsearch. The meeting saw the results of
geveral oxtremely effective flow visualisation technigues and no doubt these will also

"have an important bearing for the future.

On the theoretical side thers 15 a possibility that non-linear propagation affects
must be admitced and studied and thoir relavance to practical noise problems devermingd.
The current teadency to ignore their effect may be misleading.

Mort of tha debate on aercdynamic noige concerns the fundavsntal mechanisms by which
sound is created; it ravely ventures into what is tachnologically the most important area
the control of jet noise. Thera is good reason for this of course bacaus silensers are
traditionally atudied in commercial companies vesearching to develop a product. Yt may
well be that the long term progress would be enhanced if researxch laboratoriss joined in
the search and studied the changes in the flow and in the sound that resnlts From various
siloncing schemes in very much moye depth than has besn past practice, and ACARD might
have a role tc play in encouraging such wvork.

It became clear at the meeting that thare are twe new problems of outstanding
practical impoctance. The first is the entire issus of =xcoes noige and its control.
the gerond ic the effect of flicht on the various sourcas of sound and the spparent
inability to predict tha level of nolse an aircraft will make given cnly its noise Gnder oo
stetic conditions at grournd level. The veasons for this should ha established ag a b
msttar of urgancy. wnd waye of sisolating fiight effsctively either in a wind tunnel -
poseibly sindllar to that deseribad by De Hets, or in a flying wast bed o with & woving
engine platfora must ba fourd, o far it is far from clear what RinZ of facllity would

. be moat effactive but it 43 deccaing obvious that such a €acility would be expensive and
might well regquira aulti- Rational suppore., AGARD could play an fmportant role in
defining and encoursgiang TRE proviedon of za ¢ffective fliyght noise simulation facility.

_ tha zeating provided & forum for the exchange of infosastion arzong specialist
- yorkers in the fleld, but time rvestriciions hud forced many intervesting ftoms to be
ontetad., Thae fleld 18 Seveloping rapidly sad AGARD might consider thar these spaclalist
wadtings should teke place more Sheguantly than has been past practice, :
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It is currently impossible to predict with confidence the noise that will be
emitted by an aircraft in flight given only its noise at ground leve!l under static
conditions., The noise of all future ajrcraft will have to be guarantead to meet
dafinite certification levels so the task of davizing a reliable flight noise prediction
method i3 of paramgunt importance. AGARD might consider tne seting up of a working
pane) to define and recommand ways of providing the means by which this indeterminacy
can be removed., It may be that tests ha.a to be conducted undar controlled conditions
on a moving jet noise platform or a major acoustic wind turmsl mpy be nacessary or a
versatile noise flying teat bed. Such a facility may reguire amulti=naticnal suppoxt
of a kind that AGARD might well provide.

The aerodynamic noise field is one that is currently evc' ring extremely rapidly
and many changes octur between the specialist meetings that AGPD crganise on the
subject. It would be uvseful therefore to hold the specialist meatings more fregueently,
passibly annuaily.

AGARD might stimulate the exchange of information regardinyg noise suppression
techniques which have in the past been developed within commercial institutions where
they are not subject to the depth of study vequirad for their detailed underztanding.
But. their development L3 costly, AGARD might provide the initiat_ve for an aireraft
noige reduction prograxme which could be conducted in sufficient dapth that the
detailed changes baing made by the various silencing schemes wers properly understood !
and documented. A positive effort is needed to inject deep sriantific enquiry into
prastical traditionaliy ad hoc suppression studiea.

"
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OPENING ADDRESS
by

- % Regendre
The Chairman of the Programme Committes

Although not myself 5 specialist in acoustics, 1 have a strong interest in the subject and
1 was pleased to accept the Fluid Dynamics Panels request to organize this Specialists’
Meeting; [knew I could rely on the assistance of those who are experts in the field,

8ir James Lighthil! is unable fo zttezd our meeting because of other commitments,
but his name will be mentioned many times during this conference. We are very happy
to have Professur Flowcs Williams with us; although not a member of the Fluid Dynamics
Panel he has given us a very great deal of assistance in preparing the meeting, for which I
thank him very much.

I hope this meeting will reach, and perhaps go beyond, the level of the successful
ons at Saint Louis on Aircraft Engine Noiee and Sonic Boom, in 1969. Indeed our
purpose is not to repeat the Saint Louis discussion but 2o extend our understanding
beyond thet achieved there. It wil] be a difficult task; noise is closely linked with
turbulence, and after SO years of study we still caamat claim complete understanding
of that subject.

After Professor Flowcs Willizms® inunducto'ty paper, which will deal with basic

- mechaniams, you will hieer several pspers on jot noise, These will show that there has
been more marked progeess in the field of expetimental methods and resuits than in
developing Lighthill's tkeory. 1 do not say this in a critical way; we need more
knowledgs of the existing situation before we can formulate rational theories. I hope
the discussion will deal with the correlation betweerr Lighthili’s quadrupole theoty

.and the velative displacerent of vortex rows moving at different velocities. There are
only & few papers ot sonic boom, but they coatribute well on the subject. The
relatioaiship between boundaiy lavers and nobe is s difficult sulect; we Lope more

‘ \voskinthnm&iwil}unﬂtfmmlhawusptmmd.

. We fiad !:upeé for papers at our meeting from four other AGARD pangts, but in
the it we fgve two oaly, the Aerofpzce Medicsl Paned and the Structures and Msteiials
Panel. ﬁew&tﬁx&wwa@&x&wm&wmwwm

§ sk Uw Frem.mme Cormmitize {ua Beir eiforls; now it ufar you who arv
__'mtwuwmmnwam
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INPULSIVE SOURCES OF AERODYNAMIC SOUND,

by

John B, Plowoe Willlams
University Engineering Department,
Canbridge,

The rapid aceeleration of large bodles causes the local motion to shed its kinetie
energy into the radiation field, For example, a body steadily moving in potential flow
sheds all ite 'virtusl' ensrgy into aound if it is brought to rest impuleively, Such
repidly accelerated large scale motions therefore represent an extremely efficicnt
source of aerodynakioc sound, Motions of this type are Qiscussed with a view tc ex-
plaining the origin of occasional particularly violent pressure transients that are
chsemved in ths noise field of high velocity jeta,

Steady flows generate the gound of an organ or flute without the aotion of surface
vibration in a mupfoal but wechanically inefficient manner, The driving flow, with
velocity U, develops instabilities that yisld an unsteady velocity of magnitude al say
with & ocharacterietic frequency U/l sst by the mouthpilece lsngth scale 1 which is
ntghed to a pipe resonsnce frequency. The unsteady preseures in the flow, of order,

aU< drive a rescnant aly aotion in the pipe to a sufficiently high amplitude that the

riying pressure can be balanced by the radiation pressure at the pipe opening which is
anall os the acoustic length scale, The osoillating volume flow intc and out 05 the
Pipe conatitutes s cospact monopole that forces a radiadtlng pressure field gal /r
asgaciatod with which 48 a resonaor reaponse velocity all, The driven moticon within the
orgen pipe is tharofore of the same order as that at the nouthpiece and muat have an
eagential bask reaction op the flow oven though the energy radiated as sound is ex-
trepcly ssall, of order ol timas the wechanical energy in the driving flow, M dYeing
the Kach nuaber Ufe, Therefora, though 1t ie true that the acouatic presgsures can be
related to ths driving flow of whioh thoy form a mere by-product, that flov is itself
dspendsnt n yesonator charactarigtiocs, Then the specification of the ecund field as &
function of the fiow parameters, complete as 1t i, falls to be particulerly helpful
for the eaxential problenm of dsiermining the source veloclity has been ayoided by citing
it g3 a paracster, The organ pipe probler will not be fully 'underatood’ t111 ths
intricaeigy of ungteady flow in a ooupled rscnstor and mouthpiecs are worked out in
detall, and this 18 ntill a very long way off,

In forming the subject ™ aerodynamic gound Lighthill (1951) deliberately avoided
situations in which the unateady flow might be conaidered sensitive to the fleld it
drives, Eeo concentreted oa prodlema whare eound le generated by flow in the edsence
of ragopators, o» sounding boarda, and considered only thoas cases, #hers energy lost
to sound is an ineiznificant rraciim of the anergy flux ip the flow, But the valocity
fleld driven by the ssvodynanio quadmupoles of his accustic snaloyy do not sotuslly
rezein sasll in noe?axﬁam with the drzvm%tzmbulmca. for nesr a guadmipole of
eirength density u¢, the pressure 18 ¢ui(i/x)) and this is essocisted with a driven
veloeity fiald of omder uw, mn the sornmp?ion that the source length and time acales
a1 and fsfu yaspestivealy, & partiguize quedrupole 1 tha anelogy appears thareford
to ba highly affected by $ts Induced nesy Fleld; snd 1t is clear thet the acouetic
soglogy in which the quedsopole yivength is congidered detsrwinsd independantiy {r ita
fiald can offfar 1o Bagis fop investigating the detaiis of sound evelution in the near
Tiald of thal eddy . Agals, 26 in thy omss of the orgsn pipe, though the snalegy
provides & acuplate spacificaticy of the sound Fiald in teysa of source flow parametevs,
it leavas a véry great Gedl unseld, ¥ost of the recent davelopRents In tha theory of
asrodynenio sound heve best ia the Sbproved ucdelling of pertisular source flose and
in the detailed gokputation of the fisld ig the violnity of especizlly atramg scurcs
centrag auch wo turbuliencs dviven vescsnd bubbles (Seiphlion and Plowds Wiillems, 1968}
sharp wdged surfRcas of lafgs gcettaring orge sescticva (Orighton 1972 §, These deveiop-
wents follod LIgRthill'e work fnsamich e& 382 sourde segion 15 elsays seeimad to be in
SONR SONTE CoRpatt OO the sontustic scelas apd. the retio of flow veloeily to the acouatic
spegd e teXen B4 & 9erll espenslon jareEeter. Wha suergy rediated o2 qound is iy thuge
caied A Deplipidls Comctian of Wil 8 the Jlow. THE: cdw cgn de arsused thet tha :
sourca wstlon Iw properly daltarelned lpdeptndently of ths. avund fild amd csy in :

culPiently aispie vodeln be svalintsd explicitly (Uunnalland Plowes Willtaws, 1973),

: %ha loe ¥xch nusder vBalogy hey 20 Us siretshed to its Limit to describe mzat
noixe probless of sercasulical fanteyest sisre the relevant Nach pusberd sre revely
exall, Thay ke mot at 8ll saall in the sset dagorisat cemss, where aupevaciiic Jet
Fitee wnd vachixany partd 1sy doem shack wavis whieh arw %y no nadna hegiipihle by
producis oF sn lodepiiisnily detarmined soupie Tlow; The plrpuas of thiw paper in 20
ghtnat topather sosd thoughts ome how thin Mgk spsed probles wight be xodellisd wmore
effeatively ¥nd to spefulste & 1he oright of yose peculisp chadecteprldtice found in
_the aolen MEld of qupdrdonic jets. In fedl the oppoaite viswpoint 10 el of the
scoustic analegy will be leken, slicrw Ihe mourcs wOlise (s Ueeiderad Pueh largar than
the seotetic Jongth stele, the reletiy Eich nubar 18 high aid the wound fisld, far
{;wg?m‘ Segiifivle Dy=jrodiot of & siow hydrodynapic motisn ftsell conetitutes
Oy - A . : : R ’
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Sound is generated by unsteady flow, so thgt the relevant measure of time scale
is that or which the flow changes W/ (3¢), u ané%; being written f'or the charscteristic
magnitudes of particle velocity end its rate of change. If sound can cross the source
motion in a small fraction of this tims, then all pointe are effectively heard instant-
aneously and the source field is said to be compact, That is the limit treated by the
usual acoustic analogy for aerodynamic sound generation, But if the flow changes in a
time very much emaller than that required for sound to cross it, then different elements }
are heard independently and the source is said to be non-compact, The non-cotmpact cuse

ccrramaponds therefore to extremely rapid rates of change in flow velocity the limiting

case being that of en impuleive acceleration, We will review some aspects of impulsive

motion and then sxamine their possible relevancs to aerodynamic sound,

8 et v

Considor first some low Mach number impulsive motions in which the veleccity u
changes discontinuously in 2 propagating wave across which the pressure rige is fou,
(u=tgl). Any impulsively started boundary motion will cause such a wave field, Por
example G,I, Taylor (1%42) showed that if a spherical body of density equel to that of
the surrounding fluid were sutject to an impulse, then one thiird of the energy im-
parted by that impulse would radiate as sound, Impulesively driven motions evidently
induce sound fields in which the enargy is comparable to that of the main flow, It is
this feature that makes them extrezely interesting within the acrcdynamic noise content,
their relevence being more obvious poseidbly from Longhorn's {1952) analysis, From that
i$ is apperent that the energy shed into sound by an impulsively retarded motion is
exactly the kinetic energy of the (non-radiating) flow previous to the deceleration,
That is a 100% conversion efficiency of the energy of losal fluild motion into a
radiating sound, This sound production process falls within the category of aero-
dynamic noise, This view is by no means original though I am not aware of its pravious
publication, It has certainly baen taken by Professor Lyon and colleagues at M,I,T,
and W.R, sears at Cormell, No energy is supplied by surface stresses, Tha sbruptly hal-
ted boundary causes the previous local flow to be gradually rearranged and evolve into
a sound field, Levine (1972) in a prcblem of diffraction radiation hy steady sources
pasuing rigid ocbotacles was sble to show that all the energy in that part of the steady
field diaturbed by the obstacle was radiated as sound, Again there is a one to one
correspordence between energy radiated in a transient event and that normally siored
locally in the near field of & steadily moving source, It is as of the near fleld
which at low Mach number 1s virtually uninfluenced by coxpressibility ie polsed to
escape as sound if provoked sufficiently abruptly. Though ull these problems involve
linear low NMach number motion, it is my view thet they give a strong clue to the
energatics of all non-compact sources and that the high Mach number serodynanmic sound
problems might well be approached quite difforemtly fron the low Mach nuuber flows for
which the agcustic enalogy is helpful, Instead of assuming the sourcs flow known and
solving for the small acoustio by-product, ons might ragard the sound as the vehicle
by which moat of the energy of uniteady flow is lost provided only that the flow
adjusts suffiociently abruptly, Since thess motions are ihe most efficient aources of
sound one could then concentmate on the modslling of specific transients in tha flow,
This point will be returnsd to later, but first we treat soms specific low Kach numbep
cases which help to point ths way for the far more diffioult high speed et problen,

Ths principles involved in wotions about ebruptly halted boundery suefaces arse
very simple, Prior to tha impulee there is a flow about the body and that flow of
course implies a local distridution of kinstic energy. If nos the houndary is stopped
impulaively, then immediately following ths impulse, the flov remaine unaltared since
infermation regarding ihe boundary motion has not yét propsgated asey froe the gsurface,
That information travels a? the apesd of aocund, and the local motion will sdjuat to
the new boundary congitions just as soon as sound has travellad over the flow to cone-
voy the news, and it is dupring thia time that the flow 18 rearranged intp & prdpageting : -
fimld that transporis all the energy to infinity, Viacous effectd are negligiblas,
Because in the tize gound has travelled at apred ¢ over the {low soale 1 %o effent the
gecamorphosis vigoous d1fPueiop hse only sffected that rflow withiy a disennacgﬁsf?ﬁ of
the boundary which l& only {the usually negligihle fracticn} MIR'Y of the qoaplete flow,
¥ and R being the ¥ach snd Reynolds nusber reepactively, The fmpulse initially affects
only the leyer to wiiich sowid had penstzated, and so 1ong a8 this is very thin in
compurison with the bode curvasure, the sciion induced there is egsentially that of
& one dimensicnal seve in which tha norgal surface velocity Jumps t0 28Te Iroe itz

pe-ippulss walus u say, Thie jusmp 46 acucepliiehed bY an initial praseure discsniinuity
‘et which propagates awsy from tim boundary its suplitude decaying {n & manner dater-
eined by tho ratio of distende travellad to the initisl redius of curvature, Fer
exakple the tranasutatiot of the flow about o écgr slamping shut ai e spead of L fifsee,
ta scedsclished by a pressure pulse of sbout 1077 siecsphery, which 1 of the same
sognitude as the overpresaure in a acnicboos, Thia is the minjsux *ound ficld thet en
abruntly erssefed door moiion orn mikke and is x3diS fousi to the mound cauvssd By any
viiration thai iy snerglued frog the kinetic ensvgy of the foor itusif, The dscelaret.
jon oot be (apuinive for this sewnoning to apply, In practice shis veans thel the

door wuet be srrertad in k t3os interval spallar Phan thet Zzken for ecund to tesvel
through the Gistprbsed flow, sliich exiends arcund 2he Body for waout & &Koot 6@ 30, The
door travelan 1077 £ 4n 3hat 4ime, so wn iepuieive deceieratisnn 13 one sceompiished
within a dfs’ence &7 the opder of 102 inchen, e comdsiton ohiy asrginslly met with
xoet docestic doors, Kore giedusl decelevatisn procesces ere cspadle of plgording et
lesst scke of the enargy of the fiuld motion s thet the avent wiil in peporel be very
zuch quiater - which & ad ovvicusly sppirecisted evarydey ocbearveiion, .

A sscond commonplace extupla of sn impuluive gouvcs is poovided by the cudden ' b ~
tenwicnsing of ap nidially Buckied cloth or papsr, If in stratghtening, 3 lengit & o

.
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Cespacty, soEs of which are dlacuaned delow, OF douree {f the perturdstions dbout the
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ic taken up by the end motion at s separation velocity V smay, then transverse motions
over & distance of order.A must be sccomplished also at velocity V within the time
4/V, These cease abruptly on the sudden tensioning of the material, More probably
though the tensioning wil) generate a2 membrane cepable of supporting transverse
ogoillations with a characteristic pericd T say. The flow will be arrested in a %ims
of the ordep of that period during which sound can travsl cT, Only when this dimen-
gion ie small in comparison to tha typliocal scale 1 of disturbed motion sen this pron-
lem ve connidered impulsive in the senss traeaated here, The limit implies that ths
uspbrans wave gpeed ia very mich higher than the apeed of sound in the surrounding
£iuid, The memdrane can be arrested only wher sembrane waves have travelled its length
to convey the information regarding the sbrupt tensioning., These waves travel at speed
lccsay, the langth of the mesbrane ) in the period of natural motion 14, =T, Only when
thia 1ise small comparsd to the time taken for sound tc oross the disturbed ares, 1.s,

on £&1/g, can the socustic problem be ccneidered truly impulsive, and thie we sse
corresponds directly to the condition that thoe source region contsins a natural velocity
faster than the apesd of sound, The equivalence of sugersonic source phass velocities
and impuleive conditions 1s thereby illustrated, The cracking of a whip is a similar
case, wheres the effectiva sound radiaticn can be regarded as a result of either an
1mpu£aive teneioning of ths whip or a consequence of ths wave velocity in the whip
reaching superscnic speeds, The two viewe are equivalent and it is this equivalence that
sakes the study of impulsive sound genaration relevant to the understanding of noise
sources asscoiated with supersonic sercdynamic flows, Particle velocities need not e
large in these high phas# speed or effectively impulsive cases, In faect they uuet be
emall if the sonic problem is not to become one of unateady strang shock waves, But
even with abruptly dsceleraied low pertysbation velocities, the acoustic field ic very
powerful, An acoustic pressure of orderfcV ic induced by the sudden tensioning of a
nembrane when its enda move spart with spead V ee the kinetic energy of the induced
flow pricr to deceleraticn is couverted into sound, Extremsly high acoustic pressure
transients ars thiues forsed, The particle velocity in the induced wave is initially
of the semwe order ss V, Noraal sound waves involve very low velocity levela, A velocity
of 1 ft/ssc corresponds to @ ecund of gbout 150 A9, sc that it ie casy to appreciate
that extremsly high levele of sound can b8 ganerated serodynamically by the impulaive
deceleration of bodiea moving at modest apeed, Very often the kinetic snergy of the
body is alao dissipated a8 sound, passing initiaslly into & mechanical vidbeation that is
sccusticelly daxpad, That nechanical part is of course additional to energy provided by
igslgluig froa ito initial motion providsd only that the welosity casnge is sufficisnt-

abrunt,

The snslegy batwesn izpuleively started flowxs and supersonic motion paat thin
bodiea 1s of course 8 familiar one in asrodynamica, In fact the esgentisl linearization
invalved there can be descridbed as ons of tramting the perturbation as a weak impulss,
Any pamticular fluld perticle of e« unifovs strea® at epeed ¥ is caused on 'iumpact' with
the Ledy to a acquinrg a transverss velooity u, say, ené to move parallel to the body
surfsce inclined et sn angle G« /U to thas mein stresm diregtion, If the change is
sufficiently adrapt, end it is providad the Plow velocity le much grester than that
of aound which cannod than propagats to warn the approsshing fluid of iwsinent ohange,
that change is effected by sn impulae, The perturdation yelocity usl® ie cornsguently
part of o vavz fiald in which the pressure rises fou or (cUR, & faxilier featura of
linsariged supergcnic flow in whioch ths pressure g dsterwmined by the inclinatien of
the floe surface o the mein otrasn dlvection, Thare 200 1t ig cosaon exparience that
the enargy trangported amey £358 the source by the wave field e of the swaume order ae
that aveiladle in the disurded flow,

Ty alegante of 2 reascugdbly trectadls modalling of g order ona afflclency asro-
dynsalo seun§ productien proceis e tharefore .

1} veask dioturhandes arcund aduresw 1D suparsontc gonveaciive wotica and

2} weak digturhances of wn sLyupdly acteleruting sotion,

‘Beth thawe situstions can by examined by linasrised snedysie end 1t is szeily shown 3hat

they are quite diffesent 10 those of cogpact ssvedyneelc acircez in sevarsl ipportant

zaen £10r sre wtrong, that ig the wielesdy vsloo) tiew rise io newr sonfe, or even
supsrsiic lavels, then the urbulence ig more aptly wodelled as = rendom collestion

of ehack sever, £t ig then pointless to sitespt a study <f how such sound thet urdu-~
lence sen geparate. Rethor onto ahould smjulre &s t2 how the turbulence wss generated

By the co-mlesiancs of atvdng akbck waves, auch s oight seddt in e siren driven by
extresly high pragaure sir which fs split fnto a pertcdic essesdlgge of shocks By
shuztering seilcn of fBa 2iren Afse, Yhet prcblea is obyviouely osé I which the Bulr  °
the enerey ie olored 4o & DrOpegEtiug wave Pleld thet eventually eecebed frax the . 9
™Sish s sound, .

Rome Jois, perticularly Bigh povared fevo rediste ap irpaguler cough noige often
faferre? to se 'teackie’, Thare sess 10 Do ne clsarvebls dietincticon tetwesn the notse
spestind of & CracRilng Jet aad othare, snd the pracise condisisns, meceszary for iha
frorassion ¢F creckle sre 20t at ¢i1 well docukenisd, Whether op 5ot midel lets creckle
13 i1l » Setler o datate 330e:et rekeurel workers bR iz tha entire gucaticn of Mow
the phenosanor can e quintifises aud ite cause isolated, There is tertainly s cosmon
Telief st crecile fe en witridule of supedsoeic Selm, ahd woge Lelieve 4% to be the
delinark oF & relwetsd fat flow, but iNeas Yollefg awes i heve no cenvincing founda-
tiom other fheh in the facl that sepessonie mbeat~2 fvis often 30 crackle, The hanc-
wan f2 Metinedive atdfectively and scze feel (£ o particulerly annoying feature of
Jet noluw, It In hetefors Ierortant and wary likely to festure in future aublective
Sesatres of gAmd, Ky perecasl impreselon is Uiat crechlisg s due o particulerly

}
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viclent praessure transients that ocour irregularly a few times per second, Indeed a
careful study of the pressure variation at points whers orackle is evident has indiceted
extremely large tranfients which may well be the cause of crackle, But 1% is by no

means clear fron whers these tmnpients originste, They have also been observed in

the field of a model jet, though there the impression of crackle ig not rsarly as
distinct,

Tha sxperimental obhsarvations seem to be as follows, The distribution of pressure
in these crackling noises is such that thers is a very puch higher probability of large
conpressive pulses than there is of rarefaction. The narrow spiked compressive peaks
ccour a few times per sssond at full scale snd contain a wide spectral distribution,
They in fact dAisplay the properties of a nca-~linearly steepend wave, Cn the other hand
the regative going pressurs fluctuations are much weaker and of continuous wave foro,
The spikes are narow enough that they seen not to contribute significantly to the ener-
gy of the socund, but that aspsct is atill a 1little confused aince ths transienta are
large enough to cause significant non lineariiies im the respbonse of normmally opurated
agoueatic recording spparatus end may well h~ve Deen imperfectly revroduced in the sud-
sequent analyais, These experimental chaervations are therefors unconfireed in detail
but there can te no doubt that the positive Bpiky transients exist in sume degree, and
it ia interssting to speculate regarding their origin, Por thie the acoustic analogy
i not really helpful, nor indeed are any of the achsmes that lead back to a pinpointing
of the source in pome turbulence notions only the statistics of which one could reason-
ably expect specified, These large transient  must origirate in a parxticularly effective
discrete event, and for the reasons already outlinad, that event ia likely tv be nne
in which the flow displays e distinct supersonic phase speed or adjuats $0 A new con-
aition particularly abmiptly, The latter is the more sppealing since that would not only
aceount for the high amplitude of the Bpikes, it would also fit in with the relatively
short duration of ths observed preasure peaks, But how can such transients occur and
why are thes inavitabtle compressive? Some charccteristic non linearity is evident,

_ Non linear propagation could not distort the digtridution about the mean, since the
convective atespening s equally =ffective for both pesitive and negative pressure per-
turbations, The pesks are certainly big encugh to suffer ilstortien during passage to
traditional sound meseuring stations bdbut that is in this context a side issue, since it
camot begin to explain their ordgin, Weither can their predoainantly compreasive
structure bs explaincd by a weak iranslent scurce 3o0tion, which are all just as likely
to generete oxpansive pulpes as they are ceopressive wavea, Their ori_'n i8 smore likely
to lie in strongly nchn linear sotion where cohvestivs steepening at the source flow
concentratea shocks into intenses propagsating waves while psacgiated unateady expansione
tend to disperse, Thers are several poeaibilities for such violent but infrequent
trensiente,

The 2ixing fiow is a chaotic bundle of vorticity shich is continurlly becoming
pore convoluted e ths turbulence ciascadea to gmaller scale, The velocity flegld strains
this turbulence deforsing tha vortex linee and cocagzionslly the strain will be such as
to elralghtsh an initielly buckled lina, Further strain in the direction of the vopr-
ticity must spin up the vortex, und deasnd work froo the atraining motion on ehich it
therefore akerts & tsneion, Ths sbrupt tensioning of such a vortex line might wsll
provids ¢n impulaive gource of sound,

Hon lineex 1i8:i¢s on &n instability wave 2:ght sl sot aufficiently rapidly that
the chsnge iz izpulaive and theieby an extrapaly efficlent source ¢f radlatica, The
zasn jet Flow 1s gortsinly unatable to sxall dtsturbapces which grow presumably until
tholiy amplitude i big #nough that the wavas dregk into hardonies or are aieply errested
Hoth liaiting processes might sct ence i+ gartiove dieplsatement o & sizedle *roacticn
of elther tha et diszotar or of the instadility savelergth, One 21ght expsot therefore
instability waves o Yo fed greduslly frou the zmean flow and t0 ahed sieryy es thelrs
explituds ie arrested, the efficiency oy thal radistion prodcese dapending antirely on
the tiz#s ccorle over which tha chang? cccurs, The sezhanice of the daceleration might
¥all e in Usal that the gurrcunding potantial flox builds up & compresaive asve
guffiolenily eipsdg 0 atop the growth, That view ig sugoested froa abearvaliong of
e challow wstar Jeyer lot gonersting surface waves (n 8 cloes andogy eith tha aerc.
dyneute gounid provlec (Prowcs ¥illiame apd Hawkings, 1957; Webater, 1970 Pfowsy
¥illlexws, 1S70), Tha saln 183 floe ip sosctises cbeerved to buchle and in doing se
shads poverful surface waves that tmdizfs soay from the flow, @.1., Teylor hae rointed
1o the anmlogy of 10w Raynolids nusber fet flow atability ... <rig wi2h thoge of the
Buler srat 12 buadlizg loots. Tha wmaln body of the turhulernt jat 2ight Te regarded sg
1ot Revnelde numbay 1y the senze that 2urdulent A1ffusien tmenaporia z gantukr isterallry
83 affen2ively k3 would 2 high viectus ainsess, end il sesn flow pight well dtaplay e
seze $tatilisy properties s ihz jow Remaoldsnuzbes lewlinar Jed, Indeed the sheilow
wnler lot bucklise to fanerete shved very effectively, snd .(cv supe i# prodably true of
the tushulent sir 8t - 2hOugd £t will Do scue time yst bBafore axperizentsl lechsigues
cad: ceafire or dlsprove that hypothesis,

Crow and GChexpagne L1970} Caseribe the coslescatce of saves Inlc ay DMiptly foere~
e 'vordax pul?' in anoilar process thot would fnevitsdly lead S0 effective scund
gezeretion, Agein i inis cCcurk 20 & tixe siuie amelline than ihat reguired for sound
te croze the dia2urded flow, tha sound induced is best regarded so a direct prope-
getion 2f ihe 3mpily petarsted prasavre 1ots eound,

AL}l 9f thegs zoticns are orciebly too complex o guantitative snalytlc sofelling
tut thay sesl t0 e o be plausitle enotgh tRat thay FoOre the Maelie for locatinmg the
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oMrce of egpecially violent and significant waves, and should therefore be at least the
subjaect of debate, It seems certmsin that quantitative modelling of unsteady flcows will
remain intractible for some time yet to all but the technologlically trivial emirces, If
rsel jet flowa ar¢ to be discussed at all that discussion will be confined as in the
foregoing to speculative but plausible qualitative argument, But the idea that clues can
be <btained by considering abrupt changes as ¢the easential ingredient for sound pro-
duction in the opposite extreme o that well modelled by the acoustic analogy for com-
pact sources seems helpful,

Formally of course the acoustic analogy can be extended into the non-compact re-
gime but tne task of specifying the source properties can rarely be divorced frcm that
of golving for the entire field, The interaction of the sound with mean flow gradiante
has to be considered and useful steps continue to be made though the modelling there is
often too complex to give clear trends, The woirk of Phillips {1960) developad by Lilley
{1954) and Pao show ths emergence of ray theory in the asymptoticelly non-compact case,
Again there the energy in the wave ia to hHe determined loeclly and calls for a detailed
mcdelling of the flow at the sourcs, a problem that seems inexiricably tied t¢ that of
soapressible turbulenee,(crow, 19665. However the tendency for waves to radiate in the
Mach wave direction, for their scale to be dictated by eddy length scales at high speed
rather than by eddy fregquencles, and for the wave strength to incresmee in »ropertion to
the eddy lifetime are all pradictable (Ffowes Williams, 1963) and seem in general accord
with oxperiment,

The analogy has also been extended to includs surface effects at high epsed (Frowes
Williame end Hawkings, 1969) and to trest shock wave sources in = definite way (Perassat,
1973), But this work fxas yet to bs spplied directly to the important practical problem
of noise generation by supersonic fans for example - though it is undoubtedly relevant
to that problem, The cbvious predictions of that theory indicate an important change in
the physlcal soursce process at high epeed, For example, it is the unsteady blade loads
that generate the whine of low MNach number turbomachinery - but they can be shown to be
utterly irselevant at high Nach number, where surface pregsure radiates away from the
gourse in & panner independent of the Ina-tuntameous integral of that pressure which
detarnines the blade loading, It is only when <cl.is and similar points have been properly
sppreciated that real progreesa can be mads towards the minimization of supersonic rotor
nolse at source, This is an area deserving of detailed and careful analysis,
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APPENDIX TO PAPER 1

Oral Script of the Introductory Review Lecture

INPULSIVE SOURCES OF AEBRODYNAMIC SOUND
by

J.E, Pfowes Williams
University Engineering Laboratory,
Canmbridge, England,

It was just over ten years ago that AGARD organised in this city a Specialist
Heeting on the Mschanism of Noise Generation in turbulent f£low. . It was then ten years
since Lighthill's pioneering papers had given the aubject a sound thecretical footing,
The highlight of that Neeting was Lighthill's presentation of the jet noise lecture he
had given to the American Institute of Aercnautics and Astronautics as the 1963 wright
Brothers Lacture. There he described how his general theoxy had heen extendsd to high
supersonic spaeds and how it had been compared in detail with exparimcntal measurements
of jet noise. That comparison secmed very satisfactory. '

In 1954, Lighthill had assumed, without conclusive experimental evidence, that sound
producing turbulent eddies in a jet flow would be convected dowmatream, and that eddy
cenvection would have a proncuncad effect on the noise characteristics. It would tend
to anplify the sound sadiated downstream and attenuats, though to a lapser extent, tha
upstream gound (Pigure 1). Figure 13 of Lighthill's lecturs cowpared the prudictsd
directionality raszulting from eddy convection with that measured on rodel aiv jata,
There was no doubt that eddy convecrion was a seal effect and papers by Wills, Bradshaw,
Ferrig and Johnson, Kolpin and Mollo-Christensen, &il presanted &t the Speclalist
Neating, prcvldm.. axtromely comprehensive dmm:a\tatim of the wuxae&m o addy
canveetion spesd with jet cocaditions and -:aniuen in the £l

Bddy convection increazes tha acoustic output of turtalence abave the basic 8th
powax law, Lighthill in hts figure 15, (Rigure 2) showed that exparissnts in&icmﬁd
closk agreswant with the Bth Rowar law, o sgreament that he argoed was dve to two
competing effacte, The ssplification cavzed by eddy convection ewmnmed axagtly
for the tendancy for tmﬁulmm to become mlttave}.y leus intapse with inerm..ng Jat
Hseh nusbay. In fact, :wneznu satd; withoud tha copvactive. ml&ﬂc&t&m the basie
uemﬁea - of jat sn¥xe on vami'xey is closer o the i poser than ths. geh, Where

veutive axplifiviiion is absint, st 30 dsgreds to the jet wile; the- muur&é .
v velmeity dapandsiica in ﬁ:e mﬁm&l data t}un W&n e emaa ts:x mu
aight.

Lighehil: conclvied hitn lacture on the rala m&‘* ':‘S'm %:hm ru:;u ad vary &iﬁ&ia

aodifscation O apdsuat for et ei the i:f;nﬂmtt ARy \ms&ura& znnms of 5% uoine, ‘

boles wvas caussd by turbul enva apd nassucarents 45 the ﬁ-@‘:-xm producing sm:z&mt o¥ tha
submonie jeb indlcstad thet the nosiz Lm wen -that' sapiotsd . in hie figure § i?&gurs n,

Eddses that are thip in couparison with i 5&2& of the s&&u iayar, bais sound L

-gansrated &t 2 ocoaatant Tate pex whge km,'ta o m e&riy ik mqu regton, Th che
fally developed et the scuuatic output pag unit .umz or s:t sesmr msf-thn ﬂmm _-
6th power of disthnce from the- m&m AxEE, T N

Lighithill'e lectisw was the 0&1}- e QW A w:nxat;ﬁél *nk m&m w‘%; m& $gm:miut
Nesting beld Bere ten yesrw ago. ¥hare secmed to s 5 wumm hst Sy % throry
mw.dﬁmmtu&dmjabmm mmw : \:

RO
e

i e
RPN .




1A

nessure and understand and change! the turbulence stress tensor identified as tha
source sound, Since very little is, or probébly ever will be, known about turbulence
that was rather a depressing point of viaw, indicating that a general rsduction in
exhaust speads was the only reasonable method of jet noise reduction.

™0 voites put a slightly different view. Professor Mollo-Christensen regarded

the attempts tb make the noise fields different from axisynmetric as a promising avenue '

for furthor work. In view of what you wil: hear of the development of the Concorde
silencer this romark seams scmewhat prophetic, as do some of Alan Powell's gtatements
on that ogeasion., He was advocating then that the basic elemonts of sound generation
might wel) be nodelled effectively by considering extremely simple unsteady flows,

such as those produced by the mutual interaction of concentrated vortices., HKHe also
made zhe point that flow instability wes at the rooc of aerodynamic noise sources. He
snid that the mean flow instability is the cuase of flow breakdown into noise producing
turbulence and also, that unstable fiow is capable of amplifying any sound with which
it interscts,

Ruch of the development in the laet ten years has been along theose lines. And &
grest deal has haproned in that ten years, pot the least of which is the svolution of
the von Kasfsan Institute out of the training centre for experimental aerocdynamics!

On the alrcraft noiss front che"biggeat change has been drought about by the
enginearing feasibility of larde by<pass ratio engines whichexhaust far less kinetic
ehargy per 1b of thruse than their pure jet counterparts. This led to a natural de-
sighasis of '3&: noise and a significant improvement in operating economics!

But ir the laat tehr years alrcraft nolse has become a very much more important
issue and is now one of tho dominant design features for naw alrcraft types,
Cortificntion rulos have been introducsd o control their noise and thers is every
:ln&icat&an that tachnology wni allow & zealistic tightening of those ragulations and
night even 1&&6 mmziually to the elimination of the alrcraft noise nuisance.

“%he study of jet nciss went into & declina about ten years ago as the emphasis
moved catt the new noize sources in the high powered turho-machinery of the large fan-
Jut englng, That mschinecy ia contained within a cowling, so that there is opportunity
£0 Wbaorh the sonnd befors Lt ewcegenu to the surrounding atmoaphere. the development
of r.m:fam ceating waterials, with good sound ahdgorption properties when mounted in an
augine wsviSonksot, has besd oae of -the major vedent advences. This step alone is
mp&blo of reduam e twho-sachingry noise of en airoraft by betwesn 10 and 20
dacibain, sufficient in Tedt to reveai the pravicualy hiddesn jet notes, Even with
thaua Baw fan jot caginu, furthor adlenoinyg Ty &apqmdant on contsol of 3&& neisa,
thia tma fsm jﬁi:a witiz @ uixtively 1&@ jtrz: wlacity.

In the na%h ten t‘ﬂn a..to kh@m hss bian an Snorsous fuvestaont in the lang rang?
‘nxamp#&t flost, The incveising pressure to slieviato the nolse nuleancs has led to
" & weasch ¥oro um oF W&m} the sl of the ﬁxat gansxation lev by-paus ratio
juts, m& ‘thiv- ugm T iﬁé t9 & se=skshasie of det noire, still a major festuxe of
_ -tham wﬁ;w st tm«a:f m the nded bare Jw to davise sose silasoey thet can e
added - ﬂktm@d&*ﬁﬁﬂi& w Ms; ufc:aft. By soatrelling thalr noise, the benefits
O¢ tha guisb. logy- maﬁu ﬂl@kt be mt Dature the oldas umraft ave :
emwm.,.y ;iuzse& m& a‘:&‘ minm '

B - b.tmt wt b, !&. té‘f t‘la :ke aoidR cobtrol fiald has come: wieh the sdvant
"ol the Supexacsic Lrasiport m&i’u ‘ehiat nesds » high axhauet velooity, high spscific
thumt W b ﬁus&t ARESE W ir tha axhsost ﬂ.mf ¢ a typzcss. uupnzwnie
,meeuasmu mhmiﬁszwwxmwwwfu‘
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A great deal has happened too on the fundamental side and the:pilcture as we . now -
understand it ig quite radically different from that depicted by Lighthill ten yaars ago.
In addition to those sousces well modelled by the 1963 status of his thoory there are.
new, then vhexpected, features which we now sse as being crucial, . Rlso it now ssems
that some of the data used by Lighthill az a basis for checkinq the theory was ninlud!.ng,

particularly regarding the sound measured at %0 ‘degreas to the let axigi -Hodexa - - 0 -

experiments are performed with cleaner aeroidynamic flows and better equipment thin they
vere tan years ago and there seems now to be no doubt that the noise av 90° to Lthe aris
of a jet emsrging from a steady xeservoir scales on the Bth power of velocity, In precise
agreement with the basic form of the Lighthill theory (figure 4}, It seams therefore
that those aspects of the turbulenca responeible for the generation of noisa do not
lose their relacive strength with incresazing jet Mach number. 7The reason why the
radiated acoustic energy scales so closely on the ‘B8th power of velocity, dispite the
amplifying effect of convective addy motion, is conclusively shown by Lush to be due to
a basic breakdown of that convective amplification at high frequencies closs to the jet
axis. The simple predictions of the convective quadrupole theory are not found there,
 The frequency of the sddying motion and of the sound it genesrates, should increase in
 proportion to jet velccity. Also, bacause of eddy motion the sound heard ahwad’ !.s
" further increased in frequancy by the Dopplsr effact which is at its greatast in the
direction close to the jet axis., But a close examination of the expsrimental data led
Lush (figure 5) to point out that this was quite contrary to experience, though at 90°
to the axis the spactrum nhoued the predictad Strouhal depencdence on velocity {fiyure 6).
Lush coicluded that the sound radiated at 90° was of pure Lighthillian origim but that
other effacts neglectad in the simple addelling must be dominant at high frequencies’
close to the jet axis. In fact Lush found himself agreeing with Csanady's point of view
that sonrective amplificatien becowes irrelevant for those sources sufficiently embedded
in a flow relative to which thay'do not convect, Whenewer. a moving source is shieldad
by a wave-length or so of moviag fluid, its radlation i d’atismina& in the local
envivonmant relative to which it im static and ie quite different from that ratiated by
& wmoving eddy in a atatic anviroauat:. -

Convective qu&mpole theoyy predicts that the scund raeiatad cloae to the et axis
should tend, with inorveaging jet apead, to &nc:miugly tiigh fmquancy when pgasured
relative to that at 307 vhich ia imauna froa the Doppler wffect, . Lush showed that
this prediotion is ths axact opposite of tha trwnd he mauroa emximll}v (ﬁqm .
Part of the vsasun for this is that there sxe at lewst’ wo identifiadle sourcse of jet
nolse oné of whilch vadistse at highar fregusncy to high. mii&. Eoth: th&se BQUECS. uin
no docbt be subiact to refraction and this process Bas bsan quantified by Ribues.
sut for effective raf:mtian tha sousess Bust ba cinisraa&o& within the bagic jef fiow and
tha scund pust probagate dcxoaw . the shesx 1&;@:. 3t 4w 6itﬁw it &0 nt,tteatwuy
reccticile the conflicting zoqsxifmu o &cume I@aﬁ&m zor both mmﬁ:&w S
anplitication &nd :ﬁﬁ‘aﬁd& o TELUY xiwltamulg For ooe- he source wist be desp -
inside the lover #0 that the sound ptapenqaﬁu St &CTOES i gtmism, aad for thy ot:m. o
- the sourcs nust bo {0 disect cuatact uith e sabiaat nﬁiw = t!wt e fiwle LTS
i aﬁf«:uwiv that qsmntaé by & wuzw tuve&liw through - un;:ﬁou: ﬂf:azw «m .

It was abokt ten years s that & w::w ,;:gsmmt W at gta swiu w fi*ast ,
o ucm‘uﬁ. “practicsl dat plpe ﬂwn axe t&rbn‘mt emd Timt tuxia&m g s.m\-:u A _
- unsteady uaa £l :ﬁmh e Wonels wnd i vastaady thiusts ¥y R muie -
that is sousd with vanlaaeth long n m&puim v&t!s e m:aie Aot e T
_eguivaldnt wanopoles and dpoles a.umxtw& m&h t}.ma aﬂuftk axn f utaﬁmﬁ than
the Jet yiadcupoiar i oo wnzi& ﬁmct \.haa x::e um.imm e n&uf.ics ﬂugﬁ.. ﬁim
the retio of sobros scale to. wm&mqm LEL LGRS %‘x&:&s w«wm 8 i “ehage
wthwsme h&m&n 3ok »,}atmmum mmww
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" experimentally by Gordon. I reproduce here (figure B) his experimentzl curve, published
-in 1964, showirg how the basic jet noise is supplemented by a dipole, and eventually

‘a ‘mondpole, which takes over at sufficiently high-jet pipe tuibuience levels., It ssems -
‘now that ths sixth powar velocity dapendence of the noise at 90°, quoted by Lighthill
in the w:ight Brothers Lecture, was gansrated by such an aadu:ioml noisa source, It

mixing noise was obsex‘ved m the relatiwly qu.i.etet regiona of the jat notse field.

fhis noise, additioral to the Jet mixing noise, ‘tends now to be called the excess
" noise and s the area on which much of the recent jat noise research has been
concentratad., This is becauss it is the principal noise of the modexn low specific
thrust engine and becuage it is also a dominw.¢ feat.ve of the high spacific thrust
‘engine at some important operational conditicns. Jet mixing noise is highly attenuatsd
by a flight reduction in relative jet velocity, Also jet mixing sources do ssem to be
‘amenable to novel suppression methods, and even the static noise field of some high
velocity jets appear to be dominated by sources other than jet mixing.

The 'tergn &xcesy noise of course covers a multitude of gources, in fact anything
aﬂditional to that thought to be associated with jet mixing. Unsteady combustion

- procenea ‘and random turbulence within an engine are potential sources of sound, They
should be. amenable tc aboorption. and jet pips sound attenuating liners are becoming
standard 1tm of noise control. The turbulence intexaetiug with the nozsle to cause

) unateady v&riaum: of mass £low and momentuz is not so easily controlled. Neither are
tha mechanics of sound production aasily underatood. In the practically important
regimes the Mach nuober, the pavameter assumed small in the theoretical modelling.
ia_bﬁxﬁely’hﬁn anough to nake the modelling rvelavant. :

 But even whan the mcdel is relevant the problem is not straightforward, I have
wentioned how turbulénce can cause an unsteady variation of wawe flow. But in fact
the mass £low will cnly vary 4f the £luid inside the jet is sufficiently cowplient to
‘allow the internal volusmetric change necessary to watiafy the unsteady outlet condition.
Waeh this problem is worked .out in datatl, it is seen that the moaocpole iv exsantially
weak and the thsﬁmeiccl ind&cat:lotu are that tt radistea a scgund proportignal to tha

- uixth cowar of veiecziy m nm: the fourth that ie morf.amd with unme.aiaad ’

e uxrodymm:a mmpmw.

imb 2 icwap wiwitg dwdmce ‘than oix iw ccrtaimg a a’faatux'a of ths sxperimasial
datys. chd this haw led o wmmth}. theoretical wearoh for moxe wilivient gound

|- genscating sac!zmim assoctated with the intevastion of Flow with suztaces of the f:}'pe

t-.tmt wight m: & jat’ uhauat stiucsture, -mf. S0 1s an shtively tew daveiopusnt from
» L&e&mn*s Toan ¢edrupslie ﬁo&ai, But ;t: raate Firmly ou Lighthili's thﬁns?\x YThe work.
i aiuﬁd st méaxetﬁa&ag Bows e r&ﬁati@n of ..udm::ﬂia i mfiuama by the pw.wzi.ty

o of bnua&&:y suEfeces.  Ix a.uhem cldar that the dutéraction of turbalence with the

- abaxy t.a:.ve of @ xﬁﬁ screan tocenats for a vary sabstastiel wddbriial gound Bourde. -

: ‘efwam a&&mingmms&m;mt %mmmww the detatied edqe

: ’mw but: pithal 60 2R of & Tecge . SOl e, Lappiagtsi Has adac shown that

© thda souves &mm t&_wcs o oreed. sy thus sodailing  the aah&ze Lot &

' Waw éuci*. But it ii et fw& L dne opening of a parallel ‘eircular pive.

" yhare the' ﬁye mtm.&i Recheaien. mm ‘fw By producticn. of sonn& uhich Boeien oo

Cere miuth power OF jut valoctty, T Fast hat wound fe squivaleat 2o X9 chitesdy mozile
usoa &zpetn,, n.ppiaﬁmu 5y ap an« wer tuinpoa. Wﬁw tha .

mwtn&!x Esiven: ushtesdy mess ] ,‘& ol the wysem, )

a8 paxt 56 thia Wdui m:‘nm pmim & theiry ¢f é.if(taec&m rnaihtion
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‘scattarer the ntudy‘ non-puhatila sourcu gcmaen no rzdieted ield, Levine showed

‘that ‘all the. pomt&al. ‘anarqy stored 1): that- part. of the field subjectsd to the influence
of . the adge was in fact trafisformed: by the scattorinq pmeou into a u&i&ung wave. There

- geama - na»ﬁoubt ‘therdfore. that: turhulence near uharp-dged scattering.: mrfaw rcpxuants
a potantially efncient. swfco of sound produtticn,

nou all- \\.tm pmbhm 1-hava' d.scribad #0 fay ignou any inteiaction of sound with the
wean £1o% and its gradiant. Such mtcracuep has ‘s180 been subject to substantial recent
theorstical activity. That work is not based on the Lighthill model but rather it seaks
to describe with analy:ical precision tha detalled structure of particilarly simple
perturbaticns of a modai jet £low. That flow is of course unstable, and if perturbed,
disturbances will grow on the jet and genarate noime. Its amplitude ig uncontained on
linear theory. Such instability waves can provide explicitly defined unsteady £low who's
interaction with simple scatteriny surfaces is amansble to analysis. Crighton has studied
the problem of sound gensration by an unsteady shear layer shed from a semi-infinite screen
that initially separates the two flows; alsoc from a semi-infinite duct modelling a jat
pips. Yhis time tho radiated sound is influsnced by conditions a: the sharp edge and

‘Crighton has shown how tiie scattering efficiency is increased by the imposition of a Kutta

condition at ths noszls boundary. The velocity dependence of tho gound field is as low as
three in come cases., In that work Crighton has argued that uven if the emerging nozzle
flow were to start off smscothly, the Mtabinttu in the jeat would eventually act back
on tH~ nozxls and drive in it an unsteady sxhaust flew. The radlated sound 8o produced

is describad by the unatesdy wass aad maum £lux- induced at the aozsle by the shear
layex distutbancu.

Looking back oa the 1963 Neating it is remarkable hov closs this development parallele

‘the thoughts then exprassod by Alan Powell. Instabilities ars shown to be importsnt as is

the inaight to be gainsd by sxamining in detail those unltew:lp ficwa sufficieatly sinple
to admit apalytic description. At that Meetiay Powsll had sujgested that the gound

- radiated by a pair of spimning vortices was one such tvsctabla £low and ha outlined a
© ealovlation inﬁ-!.catiug how their sound wcaled on ths eighth powar of velocity, Four

yeara later, wznsr ang Oh-min’ inalyead. thi.e problex by the method of matched
eeymtouc exgaiiion. that mchowe offers sn alumativi analytical approach to- tha
Lighthill formalisa. Yhay found that that sownd a1a not gcele on the elchiti pover of
veicaity bub an tha faventh end thie sevanth DoWNr was. M later, by tha highthill

o int'aaé o be A s‘it!ﬂftl hw mﬂ:imnq twa 6Mmi mo&smic gound, . It has baed -

shoun sinoe, that the oo dimimz x:miu 100 geisratad by turhulance scilse oa the
u!s.th posar of thx&ty m: wtid b the . ﬁeln s*&iiam 40, for exaspls, s long pipe
by contalwsd tugdmlesce &t wffs;.isttay e ﬁu& ‘Buabed . Bk tha two disensionel problem
haa wove veluvaioe in that 4t iné. &eﬁcziﬁu thig §mu&£m ‘oF . surfsoe waves €0 & shallow -
layer of- bRy, mxm w mﬁaaa; e, ms R mi.uh tha nxmhdm of “sasu~

' g dgaa.ﬁ nodsa: uerm s.ri i uu.‘{? vtmiiw& sewdvt:abio uic@w, .'

‘ot §ata not. M&:i\*&&m o g :xut.ﬁ'_" _
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Principally in the direction of the eddy Mach angle. The scale of the sound wave is
exactly the same as the scale of the eddy that produced it, so that it is possible, by
obgerving the directionality and frequency content of the distant sound field, to infer
the convection speed and scale of tha dominant sound producing eddies. This work was
raported in the Journal of Pluid Mechanics in 1%¥7C. It has been found that the main
noise sources of the uansuppresgsed ciroular high speed jet lie some ten to fifteen
diameters downstream of the nozzle, in eddying motion whoge scale is about twice that

of tha local shear layer thickness. Evidently noise is not generated by the main

energy containing eddies but by the more deterministic large eddy structure that may
wall be far more amenable to control. That interpretation is quite different from the
sne made by Lighthill (figure 3) based on low spaed measurements of jet turbulence, and
in fact leads to the de-emphasis of the importance of the bulk of turbulence as a source
of noise. It also leads ope to speculate as to the possible origin of the very large
scale eddying motion. Many now believe them to be the early instability producta of

the mean flow, which eventually break up to form the chaotic turbulence. This view leads
one to suppose that their characteristics might well be similar to those of the
principal jet ingtability mode, the jet being regarded as a low Reynold's number laminar
flow. The mean velocity distribntion is cextainly very like that in a low Reynolds
aumber laminar flow, the role of thg turbulence baing to diffuse momentum in a manner
effectively equivalent to a high molecular viscosity. We continue the analogy further
and seek now the origin of the large scale sound producirg eddies in the instability

of the equivalent low Reynolds number laminar flow. G.I. Taylor has shown that such
ingtability has much in coasion with the instability of the Eulex strut. He has drawn
the analogy between the compressive buckling of a strut and the buckling of a low
Reynolds numher jet column., G.I, pointed cut that it is easy to éxperiment with this
flow: one does it avery timd honay is allowed to drcp off a spocn onto a slice of
toast! The column cscillates on izpact with the toast. Those oscillations are the
inatabilities of tha primary jei.

We can look to the ghallow water analogue for a simulation of this affect and 1 show
veu here (figure 9) a photograph taken of shallow wiater waves being genevated by a jet
containing lazge scale instabilities of the typn that might well model tha bigh speed
jet nolue problem,

© This itaking of tha iwportant sources with the large scale eddias that may well be
driven Gstactly from the instability of the primary flow suggesta that the source
strengil wald be chasged along with a modification of (he nmosn flow ceability
ciaractaristice. Crighton haz shoun how an ellfptically crosa-sectionsd jet’ coptained
witlitn a vortex shewt hav guite different imeeibility charsctavistics from tha round
jat., As the aspact ratio of the wilivie 4w increased, tranoveres vaves 8ré inhibited
_and the jet tuker oo some of the charactarieticvs of the two-dtpensicaal jot that ie
prose to a flipping oscillaticn, Ne shall hear fyoa Koub and Hawvking fow fightajled
f6ts have remarkalile jet nolee attanuation propertiss in the plane of thae fisheail.
but sosis sve lieble to wike much more not¥e in the isanwverse plane. this ides is
a6t tncaEistant with the view that it 16 = wodification of the large eddy structuve,
- conmequant upoB & change of jad stadility, that is the cauze of this change.

Othor effecks auy 3lso bo {sportast in thode 'fisntail’ flowe. MNayba the soupd
geraxstad by turkulence is unsble to propagate in the plane of the fiehtatl and te
Tefracted dut Gf St Jr 4t may La thAt tho LPOrtANt notse eources xw containad in
the jet Sntericr aid that the extsdsive fishtail flow ablelds then Evon thes enviroa-
Mkt €0 SAhiBiting the Sonvective Amplification. But vhktaver tha axplansticn the
scand in the previockly sost Ivpostant jet noise directicn §s coasroiled, and
controlled by factor in axciss of 10 decibale plizcing the exphasis- Sop fureler rotse
cottrol on & suppreesion of the sound redfated b high suglem. Xs we have sirsady
saen, that sound scotimds d5ffurs considerddiy fror what ve think te jot wixing roise,

and miy vall fall in the txcess BOise Categoby in the moet importast practica: spplicsticos.
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‘There seems no doubt that tasse supprecsion devices that rely on some asymmetry of
tha flow provide a siguificant advance in the control of high gpeed jét noise,
{figure 10} and it is interesting to look back to the ccmments made by Hollo-Chrigstensen
at the Maeting ten years ago, when he anticipated that cuch effacts might well be
present and exploitablt.

Wo shall hear slso frot ‘doch and Hawkins how the noise of nne jet can be effeatively
shislded by a much guieter jet, and this is probably an important principlz that has yet
to be exploited in a practical design. A Rolls Rovce experiment, in which a small
trisnguiar jet gxhauating a thin lamina containing less than =i per cont of the mass
flow, praduced an attsnuation of the ordar of 10 decibels in the shieldod direction.

I show here (figure 11) the £i31d of a conical nozzle at a pressure ratio of 3, with
and without the auxillagy jet, and it will bs seen that there is a very useful
attehuation effect waiting to ba oxpioited. '

There can be no doubt from experimenta such as these, that the interaction of either
the source, or the sound, (or both) with mean £low is an essentlal consideration which
maet ba mistered Hefor) the Jet noise problam is adequately undexstood. The recognition
of thic led Phillips in 1960 to reforsmlate the aerxodynamic noise problem an.” wodel it,
not as Lighthill has donie by an equivalent set of waves propagating in an ideal acoustic
wedium, but as a driven s)‘stem of waves natural to the motion of the nsan flow. In this
way, by specifically taking eccount of the varisble vave propagation characteristics
Phillipa' approach contains a potentiil sdvantage over the Lighthill model, an advantage
that should beccse more &l more cbvious as the Srequancy of cound increases, aa it

inevitably must st high anrugh Nach number. We haard Professor Lilley describe at the
1964 Soacialist ifeating an application of thie tluoxy to the prassure fluctuations
under a curbulen’s boundazy laver. Thie form of analysis has teen the subjact of
extansive recent. investigation by Lilley and by Pao. It iu obvicua that tha approach
ie vore complex and wmore difficuit to usderstand, erd, because of that, geaeral
conzgquances of the wodel ave haxd to elicits from the theory. But theza are sarly daya
and ¥ look forwerd with inturest to hsariug of- Prcsfuaar Lilley's recent research later
in this méating. Iaitfelly ot @y Tate, that thaary st b2 tasted on . tha flowe with
tha sispleat velocity dhtxtbuetoa, such 58 the puﬂhz plase sheay iayer or the
parallel circular jet. Ona would bopa though, thist the cagsnce of tha changes brought
about by thn mwam of mian flow offects caii be dlxeilled fn e tufﬁiciantlg
cokpact way, that thelr tauum:tim For- fiowe of navel crossssectickal shave can be
statad in A wip that cin brad to distinet dilgn peincipias. It dx cwriadn that thoee
prifetples would have to ba zpplied to jsis of ol geowkbrys for it ie already
satalilished that the cireilan Yst is m oo m..cy tﬁ be ©F W&i umxogical
intarwat’ . . . .

That. boiuge s 6oy to the mw; u& blﬂl&.""iﬁt ’ ﬂ':xi‘:‘ Wm the u‘m&;mﬁ&a of -
tpulelow sousd soukos. ¥ inelode thel by beckuse T belfowe they fora in twportaut
SoHALIIGEROE Of Bigh speed fot Bafse. & sRo¥ YoU Beps (figuie 13) the time ‘aistory of
tha prossuse veSlited inta tha dtitank :&:m by m x}vm 583 sncine cperating at
BLoh powike. You Will see LHAL the uimi § 7 &d&a&ﬁ« ive BExk twaxh hlgh iapiltu’h
poatiive short doratios piske. Thess: ,aan)us .ai hg dorinant Leattaw of thiE sousd '

. Bignal apd I Ehink that they ve o nrcow ‘ennlgh & be trwianu. turthesacre, axd ‘
thin f¢ ths ixporiint poind, t‘uac s = ia txn & nm’iimnuy &tdxﬁn shape thet -
they might be wodeiled by ke Gl inite c&ﬁ&:&iﬁstﬁc t‘cam:- of xhe soaios £ Lour; wa
nesd not be ueoqo_im.. a3 randcs pav&\zct& t:i? m&smm EoeRiak 4 56 the tsolation
ol sveats such ox thase, i1 tha nmt& Wm l:ae-n e maﬂtimb twﬁm, )
taat Bas iesd to the very signif{cxst resesk- tﬂm 5 oer ta&nuﬁ&iu; rs" tn:&alm.
Loporint eiekaats ¢f turbuleat ;Icw tu.w» & *nmwmlv &Wiﬂﬁ ra}aatm m '
they &ro mrcperly viewsd! Bt whan -mrehize 1x m s.tulmr t& i;w;am
mfu.iﬂ ad con ouly um: jf‘
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distinct event one stands a reasonable chance of understanding its origin. Because
the 'spikes® are big they are clearly an important item of the jet noise field - possibly
the most importent itam.

How these spikes arige only at high power conditions, cr, more specifically, at
high jet ¢elocities. They are found in model jets, and Laufer and Schlinker have
observed thom on a model jet produced by an extrsmely smooth electrically hsated norzle
flow. They make a further important observation: that is, that the tendency for the
signal to be dominainted by spikes is accentuated if the signal is obtained by means of
a refilucting telescope focusged at about 10 diameters downstream of the nozzle. This ’
indicates cuite clesrly that the spikes have their origin in the mixing jet flow and !
‘not ir scas spuricus unstaady engine exhaust condition.

I now show you a seguence of noise data takea on the Olympus 593 engine at Rolls
Royce as the engine power is progressively increaseéd. (figures 13 to 19). At low
power the signal is quite evenly distributed about the positive and negative side. The
power spectral density of the signal is shown on the figure as is the probability *
density. the skewnass factor, you will see, is at a low value. As the power is :
progressively increased a tendency for positive spikes seems to evolve. There is no
ddetinctive changs to be seen in tha power spectral density but the probability analysis
shows an increasing tendency to a skew form. 1In fact, through the sequence of figures
ths skavnoss factor increases monotonically. The dependence of the skewness factor on i
the jet velocity is shcun in figure 20.

~ The apike formation has a subjactive significance too. I would like you now to
listen to xecordinga of the gound dspicted o tha preceding sequence of diagrama.

As the power is incressed and the spikes bacosa evident, the tone becomss haraher,
not disgimilay to tha scund produced by the tearing of paper, (figura 21) and I think
it may wall ba & contvibutor to the annoyance of tha sound.

‘Tha quastion I pow vant to address wyeslf to is what types of source mechanism could
bo responsible for the production or forsation of these spikes? I will take the view
that they ave prodvcad by definite tvdangient events in the jet flow. I do not think
they could apise fvom noa-linear propegation effacks. Thie e becauss non-linsar -‘
propagatiocn tande tH distord ths phess of the 2igamsl and alter iits wave fora in a
bistcally svknatrical manner. One can’t be certzin of this, of course, becsiss the

. probles of uca-linsar soiwe propagation, even though it is desceibsd in & dafinite

. iy by Burgat's squation, im stiit vtaa-écﬁpnent'e& to work out in detail. But the
quiitscive treads ave probsbly sisilar te thowe kaoun to. exist for harbonds vaves
shich pvolve 18t & perfzctly ragular B wave systonm sysustrio sbout the piwitive and
acgative side. - Aleo non=linesyr @r@a’qaﬂ&l cffects tand to diwtort the phase of tha
vivas, the larde emplituls elumsnts traveliing fapter than the low, .und: this would o0
ievitably iead to a lose of cosvolatios betwesn the siund heard cioze to the et and Coe
that haard far awey. In fact, whan these spikse sve hexrd the covreliticn hetweon e
nest sad for field fo remarkibly bish. ca i shode 1o the nexe Sigure, (figuwe 23
whate & correlation scafiicient of By iv meagurid betveeo the souwnd five diabeters
suay fxom the fed axie and 10 &wwg doanityess of the nopsle and the fap £ieid
potad maisuyed more than 5O didketers Avey fooh the jet. Tt corselstion axhibits
3 pecalises Jukifly So that it qectllawds with 2 xela%w‘ly high correlation at

. BRPATRELCRE WYy aaich g’zaw chis the charsctavistia pariod of the zignal. This ie
eEtTealy stpputive of tha lost of lowt fraguancy i&fm&&m. ehough of covsss, 3F
the sound wexe qmnm by & ooavastionkd qwém@i&, thare wold DR no snetgy at
the lovest foagusucins.  This poiat iy espiusicsd bir 3 comperiscn with 2 synthatic _ .
aigasl, yeaarated by & :nﬁm eiguence of Gousalan puliss, fro which 2o lowest
froguency elasnts bhive baes wmnniy renoved: The aubi correlstice of that
mhiut.ic signxt Se sbw bars, - {fssm..ve 23}, the charecteristic um_lxt‘ca &t lszgs
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_cases form extremely efficient sources of aerodynamic sound.

"p&nahfat-é‘; ad 80 long ¢a this ls very thin in comparison with the body cupvatuze,

‘pressore peske. But Now cay such trsbeiists otowr and vhy ave they inevi t;‘biy
| cotipteseiva? Their ori¢in ic likely ¢o lis do stiongly nos-itnear motica vhaze

. while aenociatad wastehdy apanEions taud o duwsa “thale aXe. GevEral pmsb...utin
'..oc wdl dmt bn& mt; ;sm&dats. '
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time delay is very suggestive of the data measured on the real engine.

We have a clue then that it is not productive tc try to explain the origin of those
spikes through any quadrupole scurce model. They are probably generated by far more
officient mathods of sound preduction. Of course, the acrodynamic sources are
quadrupole and this is ouly reconciled with the foregoing view when it is admitted that
tiie quadrupcle strength may well Jspend on details of the radiation field. 1In other
-0réds there may be a significant back-reaction of the field on the flow whenever
particularly sfficient generating processes are involvad. Thia effect is whelly
additional to the way aerodynamic noise thsory is coaventicnally applied.

Sound is gensrated by unsteady flow, s5 that the relevant measure of time scale is
that on which the flocw changes, that is the ratio of the particle velocity to its
acceloration. If sound can cross the scurce in a rwall fraction of this time, then all
points are effectively heard instantaneocualy and ‘the source fleld is said to be compact.
That is the limit treated by thé usual aceustic »nalogy for aerodynamic sound generation.
But if the flow changes in s time very much s=zller than that required for sound to
croas it, then different elemerits are heard independently and the source is said to be
non-compact. The non-conpact case corresponds therafore to extremaly rapid rates of
change in flow veloecity the limiting case being that of an impulsive acceleration. Such

Consider, for exampla, the sound genervated by flows about impulsively arrested bedies.
The principles involved are very simple. DPrior to the impulse there is a flow about
the body and that £low oy course implies a local distribution of kinetic ensrgy, If
now the boundary is stopped impulsively, then imnediately following the impulse, the
flow remaine unaltered since information regarding the boundary motlon has not yet
propagated away from tha surface. That informstion travels at the speed of sound, :
and the local motion will a3just to the nev boundary conditficns just as soon as sound ,
hap travelled over the flow to convey the news, and it is during thut time that the '
flow is reavrangad into a propagating field that transposts all the anexgy to infinity.
Viscoun affecte are negligible. becsuae in ths tise gound has travalled at speed C
over tha £low scale 1 to offect the wstsmorphioslis viscous diffusion has only affectad
that flow within a distance VOU17C of the bousdery which is cnly (the usually negligible
fraction) KYR™Y of tha zomplete flow, W and R being the Kach and Reynolds nup“er

i A

végpectivily, Yhe impuise initially affects only the laver to which wotnd has

o bt s e ah
-

the zozion taduced thave ia ssasentislly that of 3 one disensional wave in which the
nortal surface velocity Juxpe o sare frok ite pre-izpulse valus u say. This jusp
te acockplichad by aa lattisl peeseurs discontinuity sou vhich propagaten awsy from
the boundary. ite ssplituds desaving in x manner Cotaraingd by the rstio of distance
travalled to e inttisl xagive of curvatups. For uxasple tho trassmutation of the -
flow sbout & acox :lmng ehut at & tp«& of .\ittin‘.. i atochipiished by & pressuse
puise of about 107 stmoephere, m@_a Gf thi sake Maguitule a3 tHd OVRXPYSSEUSE
in & mt\- Botin, ‘ - A

Laxgs REdnRieats Bust a:*&s’:imu sn wticu‘n’i}* sffective discrete events, and
for tha reascud elready outlined, <hoed IVIGCE. ape mm;m ‘o be cisee o which tha
flow displaye a diwtinct siperwonic pdive spwed or sdjusts ¢9 3 agw canditiod
p&rhimu.r&v abruptly. This would not rly scoswat for tha high aplitude of the
spilos: 1t would wlec it in with the relatfively short duratioa of the cheerved

CRWCEIvS Steapabing 2t the source COLCEQLIRLAD waves fato intanag p*o;aqct!ue sbkocks
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Mixing flow is a chaotic bundle of vorticity which is continually becoming more
convoluted as the turbulenca cascades to smaller scale. The velocity field strains
this turbuleiice deforming the vortsx 2ines and occasionally the strain will be such
as to ptraighten an initially buckled line. Purther strain in the direction vf the
vorticity must spin up the vortex, and damand work from tha straining motion on which
it therefore exarts a tansion. The abrupt tensicning of such a vurtex line might well
provide an impulsive eource of sound, - analogous possibly to the tudden tensioning of
a string, or sheet of psper.

Non linear limits cn an instability wave might also act sufficiently rapidly that
the change is effectively impulsive. The mean jet flow is certainly unstable to saall
disturbances which grow presumably until their amplitude is big enough that the waves
break into harmonics, or are simply arrested, Both limiting procaasses might act once
the particle displacement is a pizable fraction of either the jet diameter or of the
instability wavelength. One might expect thercfore instabiliiy waves to be fed gradually
from the mean flow but to shed their energy abruptly 2s their amplitude is arrested,
the efficiency of that radiation process depending entirely on thes time scale over which
the change occurs. The machanice of the deceleration might well be in fact that the
surrounding potential flow buiide up a compressive wave asufficiently stiong to stop the
growth.

Crow and Champagne (1970) describe the coalescence of waves into an abruptly forced .
'vortex puff' in another process that would inevitably lead to effective sound genaration.
Again if thig occurs on a time scale smaller than that reguired for sound to cross the
disturbed flow, the sound induced is hast regarded as a direct propagation of the
abruptly generated pressure into scund.

The vortex pairing proceas we shall hear Professor Laufer describe is ancther
abrupt motion that might again support impulsive sourcez. Tha non-linearity of the
probler thare seems Gapable of inducing suddsn changes to the otherwize steady ;
downstream vortex drift, ;

All of thase motions are probably too complex for quantitative apalytic modelling.
but they ssam to me to be plausible encugh that thay form the bagis for locating tha
source of especially violent and gignificant waves, and should therefora ha zt least
the subhjact of dabate. It seems certaia that guantitative modelling of unstsady f£loss
will remain intractibla for enne tima vad for a1} hot cha tachuologleslly txdvial
gourcas., IFf real jet flows ave to be discusgad at elil thav discussion will be
confined as in tha foregning to speculativa but plausible gualitative argusent. Yor
that, the idaz that cluas can be obtainsd by caneidering abrupt changes s the esgential
ingredient For eound production in tha opposite extreme to that well wodeliad by the
sccustic analdagy for compact sources micht well pravs helpful.

wuch of the materisl includad hure I known to the gushor throush his ssssoiation
wvith Rolls=Royce {(1371) Ltd and his involvesxant in thelr aigh spead et noise resessch
prograxee. Soaa of $t i of a prelisicary asture. - The avthor scknowledges tha
anthusiastic eupport of the Holls - Royte Directors in allowing publication of this daes.

Richeat
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Stationary cold jet. J

Measurements at Mach number 03 and
Reynolds number 6 x 10% {Laurence 1956).
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Dr Fuchs: Conceining the debate whether or not model jets do “crackle’ and the entire question of how the

phenomenon can be quantified and its cause isolated, I would propose a relatively simple appreach: Insert a probe ’ 1

microphone in the core of a subsonic iet, say thres diameters downstream of the nozzle. When you listen to the

pressure signal through earphones you will hear 2 sound which closely resembles that of jet noise. When one |

traverses the probe at a constant speed in the lateral direction one may easily distinguish three regions where the

statistical character of the signal changes very drastically: ‘
|
i

(i) The core region is characterized by a selatively smooth and almost “comfortable” random noise. With
increasing distance from the jet axis, however, cerfain “crackling” events occur at irregular intervals, the
intervals being of the order of seconds near the axis. When the probe approaches the mixing region the
“crackle” will become more intense and occur at shorter intervals with the still audible random noise
remaining almost uaaltered.

(ii) In the mixing region the second, irregular noise component has become dominant, and the pressure signal
rescmbles that of a hot-wire signal detected at the same location in the flow. The underlying regular noise
pattern is nevertheless detectable by the ear, which seems to easily discriminate between noises of similar
spectra but of different statistical character.

(iii) When traversing through the entrainment region, the irregular content grajually decreases again. The
impression of “crackle” returns, becomes less frequent, and finally (at approximately two diameters from
the axis) dies out leaving the regular jet noise character in the rapidly decaying neas-field signal.

The phenomenon described shows that “‘crackle™ may be characteristic for any jet but generally is of minoy
importance in the radiated far-field. It is vory easily isolated by the human ear and may best be studied in a flow
region where the “crackling” events occur only occasionally, ¢.g. right in the middle of the potential core of a
mode} jet.

! Prof Ffowcs Williams: The observations made by Dr Fuchs are very interesting indecd, and [ sgree that such an X
§ experimenial approach may well prove effective in siudying the basic origin of crackle. If I inievpret him correctly, )
1 crackle is always a featurs of the jet motion but is only coupled effectively to the scoustic field at high jet speeds. i
If indeed this idea can be verified then it may be much easior to study systematically the basic fluid motions that !
generate crackle in 3 jet of low speed where crackle i3 inaudible in the fay field. That wou'd no doubt consiaerably '
eate the experimental difficeltios of a systematic study. : 1

Dr Oberawies: Prof Ffowes Willlams discussed among other things the so-catled “crackiing™ nolse. Pechaps the
following comyment may be halpful to develop a quantitative understsnding of this pacnomencn. If one mtuines

the existenice of preseuse distributions in the flow similar to the froat or the rear shock of 4 senic boom, than B
seems regsonable that these shocklike pressure distribuiions are partly focused and pertly scattesed by the turbuience
within the jet.

In such s case, howewer, one can expect for the infiuence of the focussing eifect results similer o those given
in our Paper Noi7 (Ref.l). That mesns spiked potitive paesswre fiucivations end rounded neg.iive opes.

To explain the influsace of (e scattering effects one can refer 20 our peper? whare we apply alo linear
weihods to describe the dlstortion of 2 Nahaped pressure siprature of 4 xiie boom by tubulence. The hasic
resuits of that paper how that this distortion can be explabied in & Gt apperosimation by the phase sarambling

af the single Fourier-components of the total preasure distribution. Ageln it tums oat thst the potitive presiure:
! fluctuations are spikad wd e negative racs sfe sounided.

1. F.Qtermeier Soxle Soon Bahawior moar a Caustic. AGARD CPP.13%, Popey No b7,
2. FQObesmeior Bus Streurerkalitn eines Uerscheatiinalies beim Durckpog durch eine nrbalentz
G.Zimeermunn Schectit, MasPanckJesHiot Ty Sudmungsforschung, Bardet 113 {1976),

Frof Ffowes Wilkiaae: As 1 seid in sy beclere, §ive beer unsble to think of any faite smplitsdy propugation

i oifect sapadle of pansrating a distingt difference beteren posifive snd negztive going préstwe pertwtstions and 7
have comie to the conclusion that the origin of the crackiing spfws must de in the unizady ilow that genersies L e
the wound. But Dr Ghesmeier uakes witst | think is 20 extremely walld vadnt, & recogaislng that if the wevee are - p
foczusad by some indverageredy Bt the propagition oonilants ¢ cyastic sl reeit sad that positive going spikes o i
are & chreacteristic o as0uitic Ugnyls neer sach catatina. Thet ebreswitios st to Qirov apea the possibility o
thiat reg! §ife propagstion eifect we slso cepable of groersting Cie iiis, S0t theld oxigiz muat vemiia for the
momont & open miue.
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EXPERIMENTAL EVALUATION OF PLUCTUATING DENSITY, . .
AND BADIATED WOLSE FROM A H.GH-TEMPERATURE JET - ' {

by

P, F. Hnuior,* S, P, Ptrthcurnthy,‘ R. F. cuttar™
Jet Bropulsion Laboratory
4800 Oak Grove Drive
Pasadena, California 91103
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SURMARY ' |
An experimental investigaticn haz Liin condacted to characterize the fluctuating density within a 5 "
high=tiapersture (1100°K) c._bsomic jet and to chavacterize the noise radiated to the surroumdings, Cross - ‘

! correletions obtained by introducing time delay to the gignala detected from spaticlly separsted crossed :
lager t>ama gat up as & Schliaven system woe used to deterwina redial end x{al distributions of the : F

coavectizyn velocity of che moving noisa sources (eddies), 1In addition, the avtocorrelation of the fluc-
cuating density was evaluated in the soving frame of reference of the eddip®” Also, the autocorralation !
of the -adiated nolse in the moving referance frame was evalusted from cfJas correlations by introducing
tiwa delay to th2 sigoale detected by epstially naparated pairs of xicrophones, The radisted nofse
reeults are compared wich Lighthill'e theory and with the data of Luch, Radial distribucions of the mesn
velocity wese obtsined from messurements of the stagnation tewpersture, and stagnation and static pressures
vith the use of probee, .

~Esmi

Una investigation expérimentsle a 9t@ conduite afin da caractariser .z densit® fluctuante su sein
d'un jot subsonique & haute tempSrature (1100°K) et le brutt irradi® tout sux alentours, Des correla-
tions crolefes, obtenuss en iofrcdu’sant un dflail de tempa dans les signeux détectSs & partir de faisceaux
laser croisés séparo dans 1'ecpsce 2t dispasés selon un syscdme Schlieran, furent utiliseés pour dfter-
uiner les distributions radisle et axiale de 1 vitesss de cgmvaction der usurces mobiles de bruit
(Sourbtlions), 1'sutocort@letion de la deusitd fluctumnte fut ®valuée dens 1a systime mobile de coordona

os des tourbillons, Da plus, 1'mutocorr@lation du bruit irradid dana le systdwe —obile de r@ffrance
0t Svaluke & . artir des corrflations croft®es en intrclutsant * . dSlol de tewps 4uns les signaux détectés
par des paires s microphoaes stpacfa dans 1'espace, Les rhsul:sts du bruit {rre § fureat comparfs avec
1e thlorde de Lighthill et svec lag donnfes do Tush, Les dfatrit-ticas radiales ds 1 vitssse woyenna ‘
iirent obtanues & rartir des mesures de tup‘ntuu de stagiatio. t des pr.sgions ©  stagnavion et !
statigues & 1'aica de sondes.
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NOTATION

ab,c £, T snd [ sxas of ellipacid taspectively, ?y atagnation preseus:
Bq, {A2-2%
a spesd of cound at cmbiont coditions P stat ;c pressuce at the wall

[

» f

c cresy covvalstica function twoepolnt correlation of the density
D dismiter of fat at £low - pavetion fluctuations = 9‘,, pB’
3 voltage eigaal outgut of lasesr dulector Qi expari{=antal crcss correlotica functien of
2 1
£ £ sacy tite laesr eiguals
54 4 s functicn of tiws, By, (A3-3) F Jafined by g, (A2.10); also the diatance
E . g from thi cater of the noutle at thv exit
; i} ¢ fluctuating rendom scalar funetion o a microud | Ege. (@) and (3)
¢ I notee intsnatcy
i 3 seanm lungth betwean 2dga of jeu and kmifc dge r distsnce frem nofsa source to wicropaove;
-k L tihe: portion 0f tha laser boes lecgth whe eleo o veriadle dofined by Ee. (A2-15)
£ liss within th lat diseeter (Fig, 421
fﬁi B Hac™ viowber NH28d on spetd of scumd et s ssapittvity Of the ditactor
; : amdiant tapsraturey
S k‘} Jat Kach ssder basdd oa spacd of zound st 1 38 L S ~ I
§ QB teupAEAuTe .

t a ambey of soutoes per it tlme whish ewit T ting eAaGuING fur sousd to trivel from the
k sound; aleo the rafouct . v8 Codas aonsle axit (origin of first eound weres) to
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