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SUMMARY 

Rwl is  frm existing thesis f a  jet noise are criticaliy ru ieued  for d:eit practical inferences, 
a d  thy are applied to m . 5  practical mdlem. Shes n o i r  i s  found to produce haif the xvnd 
p a r e r b u t & l e h e p o i r d p r e o r r e o f ~ i f n o i r e .  e j - ~ m o f t h e  Poa-Lamontheqond 
a set of n m  a e r w i c  data b a low speed jet c x k t  flw, the absolute magnitude of self 
noise source intensity distributior, in a jet is  calculated. The atcia! vcridia, of xwce  strength 
dKms almort c o n s t  eSectivc?lar (xola.r) o v a  fhc initial mixing region with a sballa peck 
near the erxl of the ptential core. Significant noise rodidim occurs dolvrn to tm dianeterr 
frm the exit, with similcrity condi t iw ( X - ~ I C W )  aqdying m i y  bejmrid about fifteen d imdar .  
Nealy sixty percent of h e  noise is  found to be rodided fmn the region of k c  jet darestream 
of the potenti01 core- An empirical midim between she- d hrr&rlent intensity suggests that 
h e  rwlb ire e q w l i y  cqqdicable to hea md self noise, d 1- in the initial reon. Intego- 
tim of local v u c e  men o a h e  whole jet gives a thcaeticcd value of the L i g t h i l l  pa-meter 
tm jet miw a 3 -3 x IO'qn cunpiscn with the mp(rical 2 - l ~  of 3 x Iao5far luw speed jets. 
Tfi- specbun of the oveiioil noise fa a Icw speed jJ has atso b tw walwted. The peak noise 
is  fowrd near a S t r d a l  rider of 0.30. The predicted spectral shqx i s  in close agreement 
with experiment. The success of the p e n t  worbdomir~fethd the local vdations of the gosf 
parmeters such us turbultncc int-ty d scale duninmt noise ouipts and thot detail con- 
s idcrst ims of wave-& frequency specha are of secondmy imptonce, 

The convection directivity fcctor, which is idepeedent of the local noise generation mechanism 
orcording to Lighthi;i's h u l a t i o n ,  i s  e v o l d d  f a  va iws  hear noise m d  se;f noise patterra 
m a function d Mach nvmber. Gneral t r d  of the LP-!w in low Mach nunber range and tke 
I c!w f a  hi& Mach n d e r  range ore observed. Abmrmolities ore 6-d in the kmonic 
ran*. Application to hi* speed flows r w i h  in ptediciim of sound p e r  level much ! a g e r  
than values which experimertol data warid a;:aw. This can be pat ly  exp!ained by oerody.?cmic 
source strength orcpnents, but also results from the n e ~ l c t  of reiioction m d  nonlinear attmuotion 
i n  he p e e n !  study. Sugptions are d e  for aerodynmic md acoustic experiments to further 
d~f ine  source mechaciwnr . so hat a fheoreticai l y sound pedictior. method c m  be specified. A 
feasible modei for the scoie iatio in a jet suggests hot sound p e r  i s  proportional to turbulence 
intenrity to the eighth F e r .  This result could be slgnificont ir: aetmining the mechanisms 
underiy;ng jet fioise silencing devices. 



S U M M Y  

TABE OF CONTENS 

U S T  OF FIGURES 

1 -0 IM~ODXTION 

2 .(i INFERENCES FROM THEORY 

3 -6 NOISE SOLRCE ,-TION IN A JET L i ( a U S T  

4 .O CACCUIAEON iM FEQWNCY S ~ ~ U A A  

5.0 EXTENSIONS 7 0  THE SUPERSOMC CASE 

6.0 UfAITAnONS 

7 -0 FY ERIMENTAL R E f  0NME.WATiONS 

8.0 EFFECT (?F THE SCALE RATIO 

9 .O CONCLUSIOh5 

REFERENCES 

pose 

. . 
I I 

iii 

I v 

1 

2 

7 

11 

13 

15 

17 

20 

n 

24 



LIST OF FiGURES 

Spherical Average of he Self Noise Convection Factor, 

in dB Relative to in Value at 

Number for each Given Set of Pamrne:ers a2 and t . 

Zero Mach 

Spherical h e n *  of the Snear Naise Convection and Directivity 

1 f 2 *  
F ~ c t ~ r ,  * C4 # (6) s i n  8 d 0 ,  ifi dB 2ela+ive to i ts  Value 

0 
at Zero Mach N u d e r  fcr Eodr Case of Given n clnd 4? (8). The 
Ponrneters '2 and c2 h m e  o Fixed Vciue oi 0.1 . 

The Se!f Noise C m e c t i s n  Directivity fcrctw ct Voliws k c h  
N~mberr. h r r d  Pressure Leve!s are Shown in dB Rercrtive to h e  
P.;iemge h n d  Resscre Level at Zero k c h  Number. 

T!:e Ribner-ko-Lawsor: Shear Noise C o ~ e c t i m  9irectivity F O C ~ U  
~t Various Mach Numbers. Somd Presstire i e -e f s  are Shauur; in dB 
Reicrtive ta ti.< Averoqe - Sou& Pressure Level c t  Zerc ~'I.icch N ~ m b e r -  

Mean F i w  Velocity Rofiie, Tl;&uience lnte~ri ty  Prof;fe, and the 
Zcpgre of t4eir Product at 'Jariotls Stations a!ong h e  h i s  cf a 
Speu Jet- Exhaus? Fiow . 

Contours of Noise h r c e  Intensity in a L w  Speed Jet Exhaust 
Stream. The Intensif-y Levels are sirown in dB R?13iive to the 
h4oxirnur;. hoire Intensity . 

Contours of i x a i  Mecn Veivcities in a LOW Speed Get Exhcust 
Streom.  The Mean Veiwity i s  Normc ized Agoinst the 2ef Exhadst 
'Jeloci ty . 

f i e  i~tegrated Noise Source Strength Per Unit  Length Along the Axis 
of a tow S p e d  Jet Exhaust Strean;. 

Profi!es of Maximum Mean Flow Velocity a d  Maximum Turbulence 
intensity in the k l a l  Direction of tb.2 Jet. The Apixmch ro 
Similarity ASS'JAI~S C: > e r ~ n t  f ~ t t e r q s  far These Rafi les . 



U S T  OF FiGURES (Continued) 

10 Subdivision aI a Law 5 ~ ~ c - 4  -Jet Exhuust Sf~eonr A~cordE?~ to the 
Local Beak Noise Frequency. 3 9  Difference Between Peak 
Freqaeocie; in Ccnsecut:v-. Se-vents i q  One-n i l  d Octave. 

11  The Nwmo!ized 9ne-%id Octave Band S p i - 1  Level of the 
Model "-4eighted Goussic;nU F r e q ~ e n c ~  Functiccr: . 

12 The Predicted Self b i s e ,  Shecrr Noise, and 0vem:i Noise 
Spectm for a L w  Speed Jet b r e d  on the P a o - h s o r :  Thecny. 

2~ 
13 The Valm of -L / CW5 sin B d B, in dB Rehtlve to 

4x 
0 

ih Value at Zero Mach Fiumber for Each Given Vclue of a'. 
fie Peracetor 2 hos a Fixed 'Jaiue 3f 0.1 . 

14 The Two Types of Frequency Swctrum Sirw.: crc Nmcpltrm Plot. 

15 P Mcskitig and Apparent Reyemi of the . ~ V E  'an-Asxiateti 
Dopp!er Shift Iiluskated with Expertrner;tal iy Derived Dote. 



The noise from jet and rocket exhaush s t i l l  represen3~ one of the most significant 
acoustic sources. It i s  3 major cause sf community annoyance, part;culorly for the 
projected supersonic transports, and can even covse local si;uct~ml failure via acol~stic 

C fatigue. r~rthem~ore, i t s  chamcteristics and &sic mez)urnirms ere even now not 
properly understood. 

The theory gf Lighthill (References 1-4) gave the fundansentcll uescription of the noise 

smemticn p r ~ e s .  Urifcrtumtely utilization of this theory to &te has been limited 
to simple dimensiooal arguments. Ffowcs-Willisms (Reference 5) extended the theory 
tc ihe supersonic cclse and recently Pao and LWSC~I (Reference 6) were able to affer 
some od!itional theoreticai insight via a spectml approach. Houever, there h r s  been 
remarkably l i t t le attempt to study the cpplication of the theory to practical conditions. 
Simple dimensional argumer seem to be the high point of theoretical achievement. 

Li l ley (Reference 7) performed an i i t i a i  application over ten years ago. The most 
useful recent work has been that of Ribner, et o! . , at the Institute for Aerospace 
Studis, Univenity of Toronto, wha have published a series of papen (References 8- 
12) of increasing pmctical reie./ur.ce. Wevertheless, mbch of the theory remains 
~ m p p i  ied . 

A second ce~rse of the icrck of understonding of jet noise i s  the lack of systematic 
and properly onclyzed experimental jato. Mfiny limited studies have k e n  performed, 
btrt m a t  Oata are unavailable ro the typico! investigator because of various proprietary 
restrictions. Lee, et a1 . , report (Reference 13) i s  perhaps the best cne pu'c!ish2d. 
But even given the data, very :ittle proper or;olysis h a s  been performed. Typical 
data collapses show variations of i 5 dB so that accurate predictions are not often 
possible. One reason for this i s  that virtually a l l  collapses have been empirical . 
Thecry dms scggest several methods for data ana!ysis, and i t  i s  s~rprisi.13 thut such 
analyses have not bzen perfsr.nej. Reccnrly MacGregor and Lush lmve carried out 
work along these lines, reported in References 12 and 1 -?, respecti vety. Their resul ts 
do show couse for optimism atout theoretical approaches ta asoustit ~hta arwlysis. 

This report i s  an attempt to fili ir some o i  the gaps in the prcrctical app I i i ~~ i i on  of 
the theoretical resrs!ts. Szction 2 -0 discusses basic mechanisms and shows results of 
some limited pmmeter stirdies based on the tbeory by Pco and Lcwscm. Sectior. 3.0 
combines the PQO-Luvrson theory with experimcntal data to demcmtmte the p~incipal 
noise sources in  3 jet exhest ond Secticn 4.0 discusse; the noise spectrum predicted 
on the m e  basis. Sections 5.0 and 6 -0 discuss extensions of the applicatiorc to the 
supersonic ccse and their limitotiens Section 7.0 gives some suggested experiments 
and data onoi ysis methods which w i l l  e'iobie reliable predictic.~ techniques to be 
developed. Sectior! 8.0 discusses the effects of different cssurnptions about the scole 
rotio. Conclusions of this study are summarized in Section 9 -0. 



2 .O INFERENCES CROM THEORY 

The generation of noisa by a iet exhaust i s  basically the resilt of complex unsteady 
flow conditions within the jet, which, i n  a general sense, may be grouped under the 
description "i-vrbulmce" . Jet noise theories suggest hvo primary noise ge#.eration 
proce:ses. The f i r s t  i s  refel~ed to as the "self noise" cf the jet and the second as 
the "shear Noise". ?he "self noIse" results from turbu!ence-turbuleote interactiorc, 
wherecs the hear noise resuits from the interactim of turbulence with the mean 
flaw of the jet. 

There i s  universal theoretical agreement about the form of the expression for the 
self noise of the jet. FJO and Lowson (Refere~cc 6) give the following result for the 
overcrll noise intensity per unit jet vo!ume resulting from self noise. 

where 

p = atmospheric density 

Q~ = turbulence intensity 

cr = dimensionless ratio of space to time scales 

a = spatial scaie 

c - speec! of swnd 

r = distarlce from je i  

0 = angle frcn; the jet axis. 

Equarion ( I )  was derived on the basis of several assumptions usirg on isofropic Guussicn 
form for the wave nvmber and irec.uency spectra, and making nc. allcwance for the local 
variation ~f uerdynarnic pammo:en i n  the exhaust i l ~ .  The numericoi constants 
9E~afi depend on these assumptions. But the basic dimensional dependence i s  identical 
to th3t found by Ffwcs-Wiliiatr.: (Reference 5) and 2ibner (Reference 8) so that 
Equation (1) c3n be used as a bcsis for discussion of the self noise generation. 

Bscauw the self noise i s  the result of c mndom auembloge of quadrupolzs, i t  has no 
preferred direction of radiotion. The basic spherical shcpe i s  distorte.! only by the 

ccnvac~ion facror C = [ j l  - M cos el2 + a2 hA2 ] ', raised to the -5 power i n  
Equation (1) .  This convection factor plays a f;rndornental role in  aerdynarnic noise 
theory, and also gives the hpp le r  f r e q ~ e ~ ~ c y  shift due to convection, as wi l l  be 
discussed later. 

2 



I f  Equatiob~ (1) i s  integmted over a l l  space, the rew It i s  an expression for overall 
sound paver. The oly spatial dependence i s  in  the C rerm and Figure 1 gives the 
integrated value of this self .ie'te term wer  the sphere. In fact, i f  the real anisot: opic 
nature of turbulence i s  taken into account, the convection term becomes, as shwn 
by Ffowcs-Wi I I iums (Reference 5) 

where c i s  the ratio of the lateral to longitudinai turbulence scales. Figure 1 gives 
the result sf integrating C-5 for various values of a* and c . The case t = 1  
corresponds to an isotropic stnicture while c = 0.1 i s  c l ~se r  to the indicated experi- 
mental anisotropy factor. A value of a2 = 0.1 i s  indicated from subsonic turbulence 
experiments, and a value of a2 = 0.4 has also been included to indicate the effect 
of variation of the space to timescales i n  the turbulence. 

Figv-e I shows a Aho variation at low convection Mach numbers and a M S  variation 
at high I&;:: numbers i n  a i l  cases. This corresponds to the well known ;I8 variation 
at low exhaust speeds and u3 at high exhfust speeds. The existence of a peak i n  
the overall efficiency near A& = 1 i s  also o well-known theore!ical effect, bur this 
has not been observed i n  experiment. ?he apparent non-existence of this peak 
certainly justifies further study, as wi l l  be discussed i n  more detail later. 

Figure 2 shows eqrjivalen! resu!ts ;or the shear noise case. Several different results 
for sheur noise directivity exist. Pao and Lowson (Reference 6) give 

He., {acl, / a x  ) i s  the meao shear. Tke basic d i r e c t i o ~ l i t ~  foctor i s  
2 

This term agrees with that found by Ribner (Reference 8). Figure 2 shows the result 
of integrating this term at various Moch numbers. As in t i e  self noise case, Cquo- 
tior, (3) was derived from an Isctrcrpic model. An anlsotrci;ic model would have the 
C factor given i n  Equatioq (2) . Figure 2 gives results only for the practical anisotropic 
case o2 = 0.1, c * = 0. ! . The effects of change of scale facton a and c would be 
qual i?ot iv~ly similar tc  those shown i n  Figure 1. 

A second curve on Figure 2 gives the result for an assumed shear noise dependence 



This differs by a factor of (1 + cos20)/C? from Equation (4) . R e  b o i c  rcsul t of 
Equation (3) came from assuming a wove number spectrum wrying I S  k at small 
values of k. This i s  reasmabit: for homogeneous turbulence, but for intermitiant 
turbulence a spectrum with conrtanl level at wll k f . ~ i d  be more apprcpriote. 
This would give the result of Equatioa (3. 

The third curve i n  Figure 2 i s  for the Lighthill 'Reference 2) shear prediction 

as recently corrected by Jones (Reference 15). Th? remorn f a  the differences 
between Ughthil Is directivity and the present have not been fully evaluafed, so 
that the ci~rve i s  included i n  Figwe 2 for completeness. 

Noise from o raol jdt 1s a combination of both shear and =if noise. Equat;ons (1) 
and (3) define the sound power dependecce as 

and 

with the ~onrtants a d  directivity factors mitred from the o.iyml equations. 
Chvies, sr 01. (Reference 16) discovereci the following irnpcrtont empirical relation 
between the turbulence iniensity, scale and shear. 

l%is equdion was fwnd to hold locully over a l l  the jet except well beyond the cwe. 
Equation (9) suggests an interesting conclusion &art the shear noise. ay virtue of 
Equation (9), the she3 noise dependence becomes 

u d  hA4 a4 

'shear a 

that is ,  identical with the self noise. Thus, the shear noise and re!! noise power 
have exact1 y the same dependence on local parameters i n  a jet i f  the empirical 
relotion of Davies, et 01. ca7 be assumed to hold. However, i t  should be noted that 
the propartion of the round power and the directivity patterns of the self and the 
shear noise remain different. 
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Tfie rhve  - i ts  ate based cm tuki:g ckm=feristi: wlu-. it i s  p i t t e  to extend 
the 1rpme3h to take accaita! .si h e  id mcrifgm properties d fhe  jet flaw and 
:)?is wilt  be bo- in the next section. 

T* basic dir0;iipreoiity *::em pedic!ed by kc &ay are o!so of interest. F+ws 3 
and 1 girt d;rcrtim!itks b h e  =if a d  s9eor no?se, myectiveiy. Onh h e  shear 
r w ' ~  patiem d Eqva?im (2) har h c n  piotted, modified by inc!ding 2 = e ?  = 0.1 
in the c n r r v e c t i ~ ~  tern f . Pee ploh k v e  beel: mmuljzed on the avenge W e r  
-;wed ct : 3 ~  speck ,  sa that t b i  piafs gibe h e  mialive ~ a k i ~ t i c a n s  d scrvxes sf 
-soc joc~  cmvtc+;cm rc!ocitia C+ --r<a-r mgulor k~iiar, on the -pfior, k t  
tk G&thi:i d l  for h rttb:&icm of cam-e~ted eddies bids  {see Sectim 6 -0). 



NOISE SOtiRCE LOCATION IN A JET EXHAUST 

E q ~ w t i o ~  (1; showed that the wmnd p e r  per unit volume wus given by a propcrtiaralit). 

where the convectim Rciar and irrelevant cmtonb :=WE been bopped. The p m e -  
ter a i s  !he ratio of dissipation scale *G spctia! scale, and i s  a fundomental ~operty  
of a titrf3ulent eddy. It i s  probably a weak 62nction of Rcyno!& number. fhe rario- 
tim of a wer Me flw i s  mewhat  conjectvrcf . Ribfler (References 8-12) has taken 
as comttl;;.t. Lilley (Referewe 7) took a variabln a and th is  i s  supmrted by the 

w a k  of Dovies, Fisher a d  &matt (Reference 10). ioi he init ici s~ka reported 
here a wos taktn izs constant, The effect of o v a i h l e  a crrrunpi;.fi i s  discussed 
in Seticn 8 -0. This c- t~nt  assumption !eaves L e  term (uc u ) ~  ~t h e  hi.,ni 
factor in  the noise r d i J i ~ c n .  

New jet turbuleme rk;ta has recently been t abn  by Dr. 8. J . Tu a! Wjle Laboratories, 
and this dote ci;n be used to find the location of the maximum sources. Figure 5 gives, 
on a reduced scale, the r e d  ts  of sane latern! traverses acrcrs the jct . Both mean 
axial relocity, longitudiral turbulence intensity, a,& tt.eir product i s  showr,. The 
product (ao U! i s  the leading term i n  the expression for noise generation and ca.- 

therefore be regarded c s  a mawre 6- the acws:ic effectiveness of the je t  - 

The purpxe of h e  present report i s  to discuss the acoustic properties ~f the jet, so 
that tile aerdynomic data wi l l  not be reriew2d in  detail here. Precautior6 bave 
been made to ensurc timt the oedynomic data i s  ie!iable, and the data i s  
in reasonable accard with tne resuit of ether investigcrtors . The data wi!l be pre- 
sented i n  detail i n  c later rep* by Dr. Tu 

Figure & give: a contour plot cf fi..e acoustic effectiveness of c t uh i en t  jet. This 
i s  bored a, the curves of Figure 5,  artd gives contours of 40 loglO (uo U) - The &tc 

i s  nmdirnensicnolized cgoinst the maximum value recordet; in  the present case, this 
occurred at a ridge line spnning i r m  4 to 4 diameters along the axia! direction. 
Figure 7 gives a contour oiot cf the m a n  velocity In the jet. Superimposed on this 
i s  the locus of ocovrt;c ;ncxima frcm Figure 5 .  it i s  clear that the data show a 
dominant swrce locoiicn genera! l y  between 0.7 and 0 -8 of the exhoust velocity . 
This i s  rmrh higher than the 0 -5 U -  figure often assumed. 

J 

i t  i s  s h w ~  in  Section 2.0 that the sbw noise h a  identical functimai dependence 

on the locai cerodynomic parameters as the self noise. Mecce Ae source lccation 
plats given ir. Figure 6 applies equally wel i  to the shear noise. It may be noted 
theri the relation between turbulence and mean heor, Eqiratior: (?I, appeczrs to be 
cniikely to kald i n  the transition region. Nevertheless, it i s  cf s a n e  prociicol value 
to interpreting source locuticn results. 



As shown by Figure 5 the locotior, of maximum source strength i s  xmewhat inside 
the peak turbulence intensity pasition, hecwse oi the insreasehmeon velocity 

at that point. 

Two ocwstic effzcts have not been included i n  the plats of Figures 5 and 6 .  These 
or2 the effects of scale and volume. Because the jet i: cylindriccliy symmetric, 
w te r  regions contairi more volurnr, and are therefore somewhat more effective than 
shown i n  Flgure 6. Figure 7 ols3 inciudes an adjusted line of maximum intensity 
which incorporates the volume rf .ct . KIC effect of scale i s  more diffZcult to  
determine ond w i l l  be discussed further below. 

A seed feorure of importance in F i p r e  6 i s  k t  the flw downstream of the 
potential care i s  seen to be a significant generator of noise. The po?entiai core 
-orrespo~ds to the first five diameters cf the exhaust flow. Significant ndse 
generailon i s  seen to occur for the first ten diameters oi the jet. This f id ing i s  

cf corsiderable relevunce to jzt noise predicticn - 

In (xder to study the effect further, the i:.rtegmt 

was e ~ l u c t e d  gmphicolly from ?he jotc shown foi each stotion. This integml giver 
the overall acwstic effectiveness oi the station i n  question. The results, nom- 
dirnensiamlized by overall power, are shown i n  Figure 8. 

Figure 8 give5 three sets of results. These correspond to :!.tee differerrt assumed 
scaling laws. Equation ( 1 )  or (7) has an inverse deper;&nce on xa le .  The smal!er 
eddies mdiate more ef:irientiy. Thus, ihe overali ccoiistic effectiveness of each 
slice of a jet i s  dependent on the scaie cssumed. In the initial mixing region, and 
far Gownstream i r l  the de~qeioped regiol, x a l e  varies linearly with distcme down 
the axis. The squares 3n Figure 8 give the acoustic DOWei per diovete; based ~ r l  a 
uniform littear increase in sccle . This assumptiofi i s  uniike17 ts be ol;picpriz+e i n  
the trcnsition region ownstrecm oC the potential core. Laurence's ~ s u l t s  (Reefer- 
ence 16) cctually show that stcile i s  decreasing i n  ?his area. Birt crs Sibrter {Pefer- 
ence 8) remarks,   eve^ zp;?roximate detern?imti~ns (3: scale) arc very d;?ficu;t ai 
these isrge distances; the irstrurnentol lw-frequency cutoff introbdces an e t c r  

la  thct Decmes increasingly hard tc correct for. Furthermore, Cmvies, et ci . (Refer- 
ence 15) suggest Laurence's m e  wire measvrernent method was i n a i i d  i n  ihat rey3ime. 
Nevertheless, i t  does seem r k t  turbulent rcales wi i !  nct vary much throvgh 
?he transit io~ ~ 3 3 3 1 .  The c i rc ler  on Figure 8 show rhe sound paver per dioxeter cln 

the assiimpticrn ou' uniform scale throughout the jei . 



PE;?-SP the best physical avess - at scafe i s  that i t  w i l l  i w r e c s e  i i nmr ly  thrc?ugh the 
irti:ial region, remain constant t h rwyh  the transition region, and then increuse 
fintrrrly a g s i n  (at a different rste) in the fsily developed region. The triongulor 
points In Figure 8 give the  source disfribution based on h i s  ossurnptio~. These points 
wil i  be rcken c s  the  theoreticai reference.  

c- Also shown -,,; :-cgure 8 i s  experimental evidence on -mrcc locct?ion due t o  E!drzd 
(Reference 12; He gives wo curves. O n e  is based on the direct mecsurmwen: c-f 
t k  socnd immediztel y outside %e je t  strecrn? . rrnd the other represents or; attempt to 
correct  these results i a r  refroction which wil! give c n  effective s m r c e  d i spf~cernent ,  
This r e fmc t im  corrected -urvc is  probably h e  best experimental evicrence o*~ziioDte 
on source location.  

I t  can be seen that  the experimental c d  h c r e t i c c l  predictions are i n  close SF=- 

ment, Sound per unit  d i s f ~ n c c  i s  c~pprox;.mte!~ emtont over h e  inctia! region. A 
s:hollow peak i s  found nccr the end d the potential care, olvj the ; c u d  power redvtes 
beyond this pin:, witit scms~ic e f f i c i e ~ y  fal!iq9 sFf bey- tO 
diameters. Theory a,-& experimnf ore rat in r-gree.~ent ~ b a l t  the e x x :  rate of fci! 
>ff, but ihis ?i af mirar z o n q u e - x e  because scwstic e5Scsency here is, is; ony 
ccise, low. 

-3 Ribftgg (Reference 19) a d  Dyer (Reter-ce 2vi ~ P Y ~ ~ S !  skdied the source 
lacation prabie-; 3FT!7ib~ - simpie dimer.Qr,azi cv??lerc!s kssd r.r! theory. This gi- 
ihe we!! irwm x'  ucu x- icws fm the in i t i s!  and iulir developed regior., respec- 
t ively .  It c ~ ?  b Ken t+.-: tfK x"aw i s  in c;ae ag;fe!zen! ;with be& cxperimen? 

-: 

ark ihr present theorerico! tal~!jt~ti~~. ihia fs no! ;urorisizg s i x e  the sin+ 
d i ~ e , - . ~ i m f  ckpsndteces z:surr-.ed f,lc 3-s inticl mixing  on do ogree with exper- 
?RETIIC! C V E C C M P ,  r h i ~  .=.s?? be see: i:? ? ! b e  S?TG~&,: d !ice mhare  or t)rc ve!wi% arid 
s ~ ~ , - . d  r3n:mrs *e exif in f ~ c e s  6 end .-. 

Tke * - 7  ~ z d  i: r . se  de&%'s!e. ~-iJoc&tedl~ . I the sswmej dImnsiono~ dcpe.i&nces 
t mvst occur wff i c imt iy  fcr &nrireagr?. cne koy qutstior. i s  W ~ X S !  kapp2.x Z;.: :the 

trans;tiL>.r region. As pair?fed c;.t by RiStr;er {Reference 8) a n 5  ot+en, o!thc~:& the 
xc crd x" !=as  do 'ha-re firm teancktior: the ; e l ~ t i - ~ ~  !fieis sf t&e ?we zcrh~ot be 
de5ned rimply. The pcesen;. :heo:eri~cf c~tcrcrch does ovstrcme this p:&ie%, ar~b 

r :hws h u ~  :>e m e  iaw :nel& icto the other. t h e  init;,! pti 3: the tt3nsitioc regiofi 
* 

dtxs n ~ t  obey on ::.I- ' fa* bcarrse i t  is far from appracchiq s i r n i ! ~ r i + ~ .  F t a i  ar) 
11 cmlysis ~f the acoustic data, €Idred (ftefe;e:~ce 18) wggcrred, the rare i ntenrtl 

t ~ ; h t l e r x e  geremted En the mixifig region cdjacent to :hc cc re  does n3t decoy as 
%st  os tke mean jet ce~+~:lir,e '~e!o=i\y. Therefere, !he primxry generation of noise 
i n  thiz trmsitior. region pr&bir resv!rs f r m  fi~rbtilerrte develcped u p s t i s m  ani 
convected dcwostrem, rother t;hn f r m  la.:i!i. -gewrated tcihulerce which ici t w s  
iwc: flcrh parameters. II 



The *v:bu;e.xe data and throreticai co!culctions presented here concur cmpfetely 
with Eldreci's concfusions. Figure 9 s h o w s  the jet rrcxim~rr. ve!ocity, and .wximun 
intensity as  Q function id downst;eam dis!ance. 

The r ~ o x i m u r  velocity OCCUTS alon9 the jet center line whi:e the m mum turbulence 
i ~ t e r ~ s i t y  oc~rrrs I n  the region of maxirnum shear in the initial rcgio: 2 n d  cwr tire center 
l ine i n  the developed region. Fcr th prerent jet i t  cpFeon that tht mean veiocity 
o F p r ~ c h e j  similarity [x-' iuw) a t  o h t  8-9 diameters, bra?diy ir ;w with 0 t h  
inves:igcrton. On the other hod, the tvrbu1rnce iniemity had nc eoL led similarity 
o t  12 diameters, the maximrx axial distance studied here- E x t m ~  lction suggests 
t'bt the intensity w a t l d  reach similarit)- ot ?5- r6 diameters. h: is, ihe tuAu!enct 
takes a h :  tu ice as long to settle down io o simi!dty law. Other investicz+on - hove 
reported sini lar t r e h ,  althagh lourewe (Reference 1 n fin& 3 quicker a g ~ r a a c h  to 
sirnilan' ty . 

Beyond ?6 diameters, the x- ' b v  for the C C W S ~ ~ C  source power w w l d  cpply, but tke 
reasons for the departures from this iuw i.r tk transition region are n w  clecrr, and 
cor-nd with the r eason ing  of Eldred quoted a b v e  . 

The r s i t i t r  above also embie the overctC ocows?i-: p e r  d i a t e d  to  5e colciifated. 
i f  the scr,..rZ p e r  pmrneter i s  integrated along the je?, sobstitutim intc Eqw5,2.7 {I !  
gives the result for the ndse 

xbre  i t  auumd that = 0-147 x1  in the initil l  r ~ q i i n ,  - and o inuit!~lt of 2-65 
# a s  See.-, ustd to aifow for the shecr noise ai dlscc-ssed cbove, A figure of :r?:-rest 
here i s  h t  the potential core region (up to 5 diameters f r m  the rrozzie) prdvce: 
c h t  &I percent of total noise, according to ihe presect caicuiotion. 

The canstant coefficient 3.043 n L  con be identified wiih the sc-ca!led Lighrhi!lls 
pornmeter iw je t  noise l-adiation (Reference 3). The dite  cT a i s  a fv&rr.zn:a! 

pmmeter  of the tu&Ze~ce in o jet, c d  i t  k s  been measured e ~ ~ e r i r n e n t a 1 : ~ .  
Ffmrr-'Nil t icms (Reference 5) cusests ir = G -25,which gives the cmsmn: as  

i -9 x 4-V. This vcili;e appearr to be bcsed cm the u n c o r i ~ ! e d  v ~ i u e  of GK orir'rro!ly 
gi~ot l  by &vies, e i  G I .  (Reference 15). The correct volue is 0.167 !or lw speed 
jets, j iv ing the sunstant coefficient as 3 -3 x Lighthill (2ete:ence 3) .mlyzed 
oca:stic dotc ?o j ive on empirico: value 06 3 x 10-' for Jets with i3u in i t ia l  tilrbu- 
ience ievel, as hove been used to generote the present oerdyncmic  data. Agreeme;;: 
i s  ex::aordimrity g a d .  The rzj,:It i s  on osy;rp!otis vctue for law speeds. The effect 

cf the C 5  term w i l l  be to irrcrees. the efficiency svbs?ontiolly at wpersinic speeds, 
!oilciwins the carver of Fiwres 1 and 2 .  i! i s  not ?ossIbie to acco.~~:: :r>r this i r l  the 
present integrated ap$xmch in 3ny simple woy, bur the effects -::ill be discgssed in 
Secriw 5.0. 



4.0 CALCULATION OF THE FREQLJtkCY SPECTRUM 

The spectral theory by P m  a d  Cwson (Referencr 6) gives olqo the power spectral 
density fw h e  noise generated by a unit volume of iuhrrlence. The frequency 
dexndence i s  

where 3 i s  hit tuh lence time sca!e and p equals 1 -0 for sheor noise and 0.5 for 
self mite. T k  respcti-~e locations of peot noise frequency are for shear 
noise and 21'3 for self at low convective speed. Fcr sources moving at higher 
convective speedr, the Doppler shift factor C-' should be included. The time scale 
;g" relates to the spatic t scaf e through 

T k  tuholesce x o i e  6 wries along ?he axis ci h e  jet linearly, with a ~ i k t e  
exception in the tralw'im zone, os discvsred in the previous section. Heme, each 
sectim o) the jet, st d i 3 ~ ~ ~ r  oxlo! !acc?;'o.ls, will prduce w n d  with cl different 
peok noise frequency. F~rhe~csore, the spectrc=I tfstribution of the ncTw f r m  eock 
repen t  w i l l  follca Equation (15) i f  a &~rszi;.r .aotrvic tl~rbulence m&t were 
chosen. 

Using Fc,-:=ti;*ij 115) and j16), together with the source distr ibt im results ktoined 
i r .  the yevious section, rhc spectrum of the self noise and the shecir noise ran Se 
cmpuied. :he h - r  noise has exactly the xrmf spectrum as the -ii noise, except 
b r  a blf octave shift of the pzak Frequency location. Furthermore, i t s  p e r  i s  
itneur! to be approximately klf of that of *.he self noise. Hence, i t  i s  necessary to 
compute only the self noise stacting from the 'msic &fa Ob+~imd SO far in this study 

The pea& Crequency of self noisc, 1;/3, fsr Q smatl t v h l e r x e  vo!vme, ccr. be non- 
dimmimalized as o Stroilha1 number, f D!U. Uskg Equation (15) for 3 and taking 
a = 6.147 x the S?rwhal number fw he peak +equency i s  fwnd ia be 

!# 

where A!, i M  con be taken ci 0.8 which c m . s p d s  ro the cmvective speed in the 
mcrximm noise source z m e .  Tbe peak noise frequerwy at the f ive diameter staijon 

i s  c5csen as 3 reference. The jet i s  Klbdirided into segments having peak frequencies 
at 1!3 octa\>c intervals from the ref;=.-once frequency. The source segments con be 
subdivided in iifferent ways l ~ w n c i n g  on :be variation of the :urbu?erxe scale. in 
Figure 1 the solid i i ne  s~:bdivisio,~ follows frm; ~swrning that the turbulence sccle 
varies f inearly Cram O to 5 -5  diareten, rernoins csn=ti?t from 5.5 to 3 dictmeters, and 



increases linearly again from 8 diameters onward. A second subci:vision, denoted 
by the dotted lines, i s  obtained by assuring that the turbulence scale increase lineurly 
throughout the tength o i  the jet. 

The noise produced by w c h  segment af the 34t i s  calculated i n  one-third octave band 
levels according to Equation (15). The normalized one-third octave band ievel dis- 
tribution of Equation (15) i s  shown i n  Figure 11. The overall one-third octave band 
levels of the self noise, sheor noise, and their sum are given in Figure 12. 

In both methds of noise source subdivision, the peak of the overall noise i s  c I # e  to 
cr Strwhal number of 0.30, which i s  a good agreement with jet noise measurements. 
However, the overgll spectnrm predicted by the secord method of subdivision (i .e ., 
the turbulence s a l e  wries linearly throughout the jet) indicates a brood peak, a 
8.0 dB/octave rise on the low frequency side, and a 5.0 d8,'atave decline on the 
high frequency side. This spctrim agrees aimat  exactly with those of the SAE 
stondord and the Potter and Jones meaurrem2nt (Reference 26). 

The agreement of the prediction with acarstic data does not necessarily imply that 
the second method of subdivision i s  better than the first. R e  reosons for which the 
first method failed to produce a smooth shaped spectrum are the compoltnd of the 
fol l  w i n g  items: 

The turbulence scale In the transition zone i s  assumed to k constant. 
T h i s  zone occcpies o width of 2-50 diameters in  the region of rvximum 
noise pdr ;c t iuq  and i s  responsible for nearly 30 percent of the overoil 
w n d  power f r m  :he jet, Futihermore, the entire xgment produces 
wise with the same peak frequency which corresponds to a Strokcll 
number of approximotel y 0 3. 

c The "weighted Gaussian" spectrum, Equation (13, has a relatively 
narrow spectrum. The deficiency i n  high frequency content i s  
particularly prominant. 

The combination of these two factors causes the predicted spectrum to toke a higher 
peak and drop off faster at both ends . 

However, according to some preliminary data obtained by Dr. 8 .  J. Tu at Wyie 
Laboratories, the frequency spectrum in the transition region bas a profile very much 
similar to the overcll jet rlcise spectrum which has a wide peok region and declines 
s h l y  at the high frequency end. In such a case, the "linear-constant-linear" 
turbulence scale rule w i l l  indeed predict an overoll naisz spectrum i n  cllse agreement 
w i t h  the ac~ust ic meosuremenh. further experimental data on various spectral 
and integal parameters of the jet turbulence structure in the transition region are 
necessury far rriore detailed predlcfiot.rs of jet noise spectrum. 



5 .O EXTEN5IONS TO THE SUPERSONIC CASE 

Direct use of h e  Lighthi! l -Ffowcs \Y i i  l i a m  results to extend the present calculations 
to  rupmonic speeds leads to i w ~  inportant difficulties. Firstly, although the u8 and 
LJ3 asymptotic laws are correctly predicted by the theory i t  also predicts a major 
increust i n  acoustic output at around M= l (see Figures 1-4). No such increase hos 
yet been observed i n  poctice. Second1 y , the thcay basically predicts a frequency 
spectrum whore peak i cc r fa rs  with velocity because of the Doppler shift, while 
experiment fin& a icwcring of peak frequency. The so-called "rwcrse Doppler shift" 
i s  we! l known. 

It appear that these diverge~ces can be accounted for by the effects o f  refraction and 
rnit;gotion of convection. These are discussed in the next section. Before developing 
these idear it i s  worthwhi le  tc study the supersmi; cme i n  a l i t t le  more detail . Consider 
ogcln he basic patmeter dependence of Equation 1 . 

Thz effect of the ccwection factor C-5 has clready Seen d i scus~d  (we Fipures 1-4), 
but the other pornmeters in the equation also hove an importent effect on the noise 
generation. 

To isndcntand the possible effects at supersonic speck i t  i s  helpful to return to ;he 
basic derivation of the rew!ts. The rawd i s  governed by the a 2 ~ i j  /a t2  term. 

T.. i s  or,qmrtioml to uO2 so that the in te~~si ty  is proportioml to u t  . The U4 tern 
I J  ' 

7 
arises from the 6 - /a t2  differentiation, but the rearm why i t  arises i s  of interest. 

A jet retains .~ppronimatety the same geometric structure as velacity i s  increased, at 
least at subsonic speeds Thus, the spatial scales of the tuhulence remain roughly 
constant, but the fat+ th.-+ the geometric shape i s  the same means that the time scaie 
must redwe i n  direct ~,roportion to :he velocity . Thus, the basic rates of change of 
stress incrcuse as velocity increcses . The eddies iherefcre become more acoustical I y 
efficient by a factor of lj4 as speed increases. Notc k t  this i s  not a function of 
convection or of any basic acoustic phenomenon; i t  i s  a consequence of the experi- 
mental fact that jet geometry remains constant. 

The most significailt effect of supersonic speeds on jet geometry i s  that the core 
length increases. In other words, the basic time scales increase ct scpersoiiic speed, 
so that, by the above arguments, efficiency ;educes. This appecn to be a basic 
physical e f k t  not included in simple dirnensioncrl analysis of w~srsonic flaw which 
could explain why experimentally mecrsured efficiencies at  sonic speeds are I w c r  
than predicted by theory. 



Unfortunately, detailed application of this concept to a practical case leads to 
problems. Egwtion (1) hm an n4 term in the numerator which doer reduce at super- 
sonic s p e c k .  But the C-' t e n  behaves almost identically as o r A  at supersonic speeds 
so that the direct effect of time scale cance;~. Figure 13 shows the integal of (r4 C" 
as a function of Mach number. It con be seen that a ha. no direct eff2ct at supersonic 
speeds, while at subsonic speeds, the a4 variation dwl~natei. Thus, it i s  necessary to 
lock for further explanations. The basic physical recrming described i n  the last para- 
graph seems correct and in accord with the theory. One possibi li:y results from the 
observation that i3e supersonic radiation i s  essentially ir; the fonn of highly directiw-al 
Moch waves. Thus, substantial ncnlinear attenuation might be expected, and indeed 
shodwgoph pizkres of supersonic flows appear to show very mpid attenuation of 
radiated shockl?t patiems (Reference 21). This would leud to a more important contri- 
bution of the time .ariant canponenh which should follow he reductiw ncte6 &me. 

Lighthi l l (Reference 2) original l y suggested h o t  the reduced acoustic efficiency at 
supnonic speeds occurred because of reduced turbulence intensity. Indeed an acoustic 
radiation danpinp was p t u l c t e d .  k e  recent w a k  has tended to da-emphaize this 
effect, pir?cipally because the observed acoustic power levels (1/2 percent of available 
mechanical power) seem to be too lav to h->C any substantial effect on the turb~lence. 
I f  nonlinecr acoustic attenuation i s  included then powibly rodiatiw damping could be 
effective because very large nmr fieid acoustic energy could be dissipated during 
propagation to the point of obserration. 

Na definitive measurements of turbulence intensity at supersonic speeds appear to be 
available, so that we must re!y on theoretical coosiderctions. hbdern thought an 
supersonic turbulence appears to be i n c l i ~ i n ~  towards the hypotitesis originally advanced 
by Morkovin (Reference 22) that turbulent swicture is  unaffected at supersonic convection. 
Oniy turbulent ve!ocities approaching sonic speed might be expected to show any sub- 
stantial effects of compessibi ;ity. th ise and MacDonald (Reference 23) showed 
kkovovin's hyprhes;s to be acceptable for a supersonic boundary layer. Doraldson 
and G a y  (Reference 24j cpplied a fsrm of hrkov in 's  hypothesis to a wide range of 
the exhaust flows, and did find c small change of the maxing parmeter with Mach 
numser. Their mixing parameter was determined empiricclly, but with considerable 
consistency, irm a wide rang2 of jet tlows. Ir seems that their results ~houid be 
applicable to supersonic jet ncise prediction via the urc of o simple model for turbulent 
stoles. 



LIMITATIONS 

Seveml authors have pointed out ~!wt the k s i c  Lighthill model for the jet noise -. 
must break down a+ sufficiently high frequencies - i ne model calculates the acavstic 
output of qoadrupole sources in  a uniform acoustic medium nf rest. The sources are 
allowed to move, but the medium into whick they mdiate does not. This  m d e l  i s  
acceptable for either low convection Mach numbers, or low frequencies wi:h wove- 
!engths much larger than the jet dimension. It i s  clear that sound of sufficiently 
high frequency wi l l  mdiate into the local convecfed medium of the jet stlearn, and 
the effect of convection w i l l  !hen be to refract the scund already forrnsd rather than 
t3 augnent the sound power i n  any direct way. Thus, the convection facror w i l l  notapply 
at high frequerxies, and the loss of i t s  effect i s  intimately connected with the 
appearance of direc!ionality effects due to iefraction. 

It i s  diff icult to specify the frequenc:, at which these effects occur Eidred (Refer- 
ence 18) showed, from an extensive doto analysis, that the directiviry patterns for 
n jet were governed by refraction even dowr, .o the frequencies of peak acoustic 
output, a d  this would argue the absence of convection effects there. Support for 
this viewpoint comes from a consideration of the near field effects cf a quadwpole. 
Simple dimerr ln~d amlysis sug~a~rs  t b t  the near field (rd) tenns of a quadruple 
are equal to the far f ield terms (r-2) in  intemi ty after as l i t t le  as 1/36 of a wave- 
length fran the source, while the mid field (rod) terms are equal tc the far f ield 
after 1,'2 of a wcvelength. It can be argued thot convection effects change near 
field b ~ o n - ~ d i ~ t i v e  tenns into far fic!d mdiotive terns. n u s ,  wavelengths smaller 
than six times a characteristic dimension i n  the jet shwld show a lessened e f f e ~ t  of 
convection. This gives a limiting Strarhal number f D/'U - 1/2 M. Typical peak 
acoustic frequencies correspond to f D/U 0.2 for low speed jets (M < 1 ) .  The 
arguments thus agcxin suggest thot convection effects could be absent even quite 
close to the peak frequencies in  the jet. 

lccre~se of jet speed w i l l  hav5 two effects. From the f ~ r m u l ~  a b ~ v e  convective 
effect: wi l l  be less signjficnnt . But the basic stiength of the convective effects 
incrza~cs rapidly with speed (see Figures 1 and 2). Following the arguments above, 
?his wi l i  only affect the low frequencies. Thus, one could expect the lowest fre- 
quencies in the jet to incr- Tse rapidly with speed. Since the lowest frequencies 
are predomimntly radiate ~y the lcrge scnie downstream region where velocities 
are lower, the effect would depend on some fraction o i  the exha~tst Mach number. 
The strong increase ir! efficiency of the lowar frequencies due to t: i s  effect affords 
a partial explanction of ths lowering of the cbaracteristi; atous?ic frequency (from 
f D/U -0.2 t o f  D/U -0.02) with increase i n  exhaust speed. Of course, the 
slower rates of mixing at  supersonic speeds must also =ontribute to this result. 

It may be t!oted that the removal oi the convective effects at high frequencies does 
not affect the basic u law. As discussed i n  the last section, this results from ths 
experimen:ally observed red~ct ion i n  turbulence time scale with inctease i n  velccety. 
This does raise the pioblem of s~personic convecticn. The low frequency sound, 



which dominate the supersonic flow, w i l l  follow the law in th is  region since i t s  
source mechanism c l o ~ l  y resembles the Lighthit l -F f t ~ r c r  Wi  l lioms mcdzl . But accord- 
ing ta the present arguments thr @ Iw h w l d  s t i  ll 0,3ply tc the hidl frequencies aport 
from the reduction due to the slower inixing rate at su,xrsonic s~aeds. The authors 
consider thnt nonlinear acoustic attenuarion effects prwide the a m e r  to th is  pmblem, 
and i t  i s  hoped a later study wi l l  prwide quat~titative estimates of the effect. 



M i y r i s  d the theor). Y.J~~z-% seerui reiems-t cxperimenh bod; cedycrcmlr c:d 
aca.sSc. The FAY of r 'e  ink Jjmoqencousjet suwh k* h e  dani,ns?is~ efiect in 

ocasti'cs i s  Zet rcrtutzIf=;:nity, Each mfi a! the jet did- ~ i *  a d i f  ere?? 
efficiency end o divem? fwcme.;rcj. It c w n  to k-ie rr+zxe imporisnt fc i x i u &  
this gfftrt 53 3 Miction tecksque ihea to c=ri&r fi- d e r a i l s  c? Y+X ;dSvidvc: 
I .*KC! d o ! ; o  pttens. h s ,  b : e d p  d the .neon v t l d l r ,  tdu!ent i r r e ~ i ? ~ ,  
a d  a l e s  &mr+t the jet ~ h l d  d : r  -3 prcs7c:icr.z oi &se h 5e mde. 
Mwn deity or5 +~rb;;!=! intt=itk ,we t d f y  wet$ wtub~islti, bt thr 
vw:tiors 6 sccle in tk jer :s mt. Xis .miy caqxrehnsise dub is  that & Lw=serue, 
kc: it i s  a?:rl<-,l? k cccegf h - s  ds?o for c mojw +on d the jet - Tqq, Q h g $ ~  
study d ia;ol x o f s  cmld bc d tn+ruce d ; l e  Seeor 3 .Oj . 

ik -5 e:*-% L U ~  be rcopp3iet fa more c-iex e x h 5 ~  cd:p-s in~ &!en 
-3 *a r&:e noise o; see. h l t i $ e  nozzles, =-aaxiai f laws,  a d  w k 4  ven:d 
~ ~ x m p ~ e t s  em irr=1&9 ?- *his cattgory . Li::le howiecjge of the ?x;k;!cmt 
Swmsi?kz tsd SC~%= e l m  f s  Cwst  cdigtmtims. j;xh rmc*e=zrs could prc%i6 
rmG&*ie insight iato -he cause Lf olrrcrved w&c!ium in je? wise, 3 4  &atld !& 
to i-qm~rec! -Sp ?sr siieacirrg &vizsz- S%dy 4 he pmseers of del+cred cxbvst 
Fimx &-Id o;so bc d d i . e  - 

b&i= affclct of bat5 ccmatic d r z e  +sr~1 interest, which !us T& h e r ,  
widcdy reported, i s  *kt inter+i?.ie ;2 a d;rectio;r oF chr? 45 &g.= m . a t . r c &  i;-m 

jet a x i s  ore a!r& c ;actor c$ .%-o SKEI in:e~s?ties f c s  f cqmerrb di reckd 
or +45 ~~ imsc-+- -&en if i s  recd!td tho? znd i s  prqcd:om! r-s T,, fire 
C-P~ e! h e  s!ras term in t-3e d i m t i %  thC obse%e-. i t  i s  tieor that h i s  
effect cwid Secd to dnxtionc; aSse osia  CJ .he &r ,li i O  db. This i&s an 
dtemctive expiaeiw. d the I s k . z d  w n d  p o t t e n  &served in c jet. A survey ci 
fk jet fa &w.mstrote ?be arie~ictirn ti the c ~ i n t s  od moximum inbeti w w i d  
be of -3i ir+eres+ since i~icmmiior? on this efiezt dues not exist - I t  & w i d  SE 
r t c ~ z ! ~  rtm;$-=tj~mvard to extend R e  ocac3! .= themy t~ incarprote !his feature. 

; C V ~ X ~  ocwst ic  exprimenis are olx, suw?ed by the theory. It i s  c i a ;  !.w)t nu 
cmptete ev3lvotian of existing &ta utiliz3a9 horeticoi knowledge h a s  been carried 
a t  - Afi interestizg attempt in this i i r ec t im  was performed by Lush (Reference :4) - 
T h e  refetexed poper reports seveml chic correlations of conrpr=tively mi- vdue 
but figure 6 of that reference i s  af zxtremr interest 04 i s  reprockc4 here QS 

Fiwre - 14. Lush cttempted ta reparote wt t-he s k r  and self wise cmtributims, 
f-C .he ~oncs forrn af li@tkill's shear d i x t i v i i y  { E ~ o t i o r .  4, and e x a m i s 4  many 
acaisticc! y e z m  at bt:1 rk angic of naximv:n intcmity ond ot this arrgie olus 
52.5 degrees. S-tm were normofired an the usuo! S t i ~ h a l  ru.&r h s i s ,  but 

ird~ludi?~ fhe Ooppfer Crecpency shift focfor C -  Thvs, freqvency spec?m were 
recctred back to the basic turbuleme rnocknisms. 



Tibe cd+ of spec-, &awn in Fiwrc 14, i s  astanidtingly good by jet noise 
s ? c r M .  A surpisirrg ftature i s  that the two spec- differ by about 3 octaves if: 

h c p e n c y .  The shear noise ond self noise spec- would k expected to pcak 
ot j iffemt b e = - i e s .  7he self ndu n*nt peak hi$er becane it i s  baricctly 
&e to ?he ig'mre of the fuhlence while the h r  d s a  i s  directly proprtionai. 
S h c  Ikfermce 8) predicted an octave difienr;ce, ard Pao a d  Lcrwso?r (ReIer- 
ewe ci) o klf octave difference . Cfw (Merence 35) shaved fine dieereme to & 
rli&ly euer  an ocbe via mpen'.anmtal measurrmurts d t.,l&~lcllce, birt no 
mechanism to w g p t  a zcparoticm onywhee sear thee ac!om hos been suggested. 

T h c ~ a ~ b b c d u c t o k ( # k o f a c c w n t i r r g f o r n M m .  Ribnermd 
MocSregiw (Rehmcs 12) ,.) he reswltr via a d iwan rapoduced here or F i v e  
1J. Ihc b noise has a shmg pdc o l~ng  the ax is  &e to its baait directiarolity 
ad thc S a d w ,  d the self noise, a mall pdc &e to cwect im.  The 
~pectmdbolhhumoh~gha boricfrequencyeontentolangtkaxis&toiha 
D o e p l s  shift. bm, in d i t i o n  the duws noise c o n h i m  dominutes necr 
h e  =is while tAe setf d r c  h i n a t e s  90 degas. This l e d  to a slightly 
l a s p s o k ~ ~ a l m g c h e n x i s l h a n ~ P O 6 c g r c a f a t h c p i n t r p c ~ .  
Rekction prfgcntidly d i  he high frrquaKicr owcay *om the axis, rwlting 
in a O m t r a m  OoppJs hi5 w i h  Ae hi- Cnquawies ohwed at 90 dcgea. 
?b Cash's & t ~  hor Enn 'Dapples curectedm, Thus, on &served piot of Fiwe 15 
w w l J  be 'oorrcctsd" k give a result with va)r ou)orfcntial fnquerrcy -on 
h a b n i ) w ~ x h ~ ~ ~ ~ ~ ( i s a r d ~ 9 0 d C g c c 1 , a s ~ i n h f o r t p l ~ o f  
Fiwe 35. Thc &I wcmtd k still f u h s  c c c e n ~  in L d ' s  plat, Figuc 14, 
b y t ) K c s e 3 f a n t i k i r d ~ e p h s .  T b e s p e c t ~ m i s ~ n e c r h e a x i s t ) K l l r o t  
99 bgor, SO &at pwk p a c e n ~  bodwidth lcvek would be more separated thm 
h p d c  lcvtb ps cyeh. The efFccts natcd above warid nett be as pronounced at 
?he -imr~1 p s c  I d a n  chasm by Lush, but do appw to povide or, cxplcrwtim 
k hk &o. 

bensk ocasric dOl. evoluctiar f d l a i r g  the nrrhodr d Voce and Luh, a 
3-r a d  k G w  rccna to b lcmg oer&e. The RibnerPueLwlon directivity 
@ens ruggrt h t  the 5& way to npomie the h r  and self contributions i s  
t o c ~ n s p u h a ~ a r t h e a x i r o n d o i ~ b g e e s .  ~ t ~ d e g m s ~ ~ r n o i s e ~ s  
prcdichd to be zeno. &ie it  should donrlmte near h e  mi.. & nrwments above 
s u w  m ! y  that ref-xxtion must be accunted for in h e  aurlysis if meaningful 
results a n  to be found. Fartumtely, Ribner's group has na* developed substantial 
t h t l c c l  and e,-gcrimkl Qtu which aflaw refraction effects .'o be evafuated. 
Refmtion canctiora nmr the axis are large so that i t  m y  be desimble to choose 
c laation necrer 45 d e m  m u-pgested by Ribner and MorGrega for the collapse. 

Scveml furtbr effects should be &tennimble fran proper doto om:ysir. The 
fhearrtical pot efficiency near vnic speeds i s  ci major stumbling block in applica- 
tion. Grau experimental obto on sound power has river revealed a peak, but 
eguiwlmt effects - m y  be &ruuble in a men detailed study. Analysis of sound 



p e r  in mrrm bonds or o function d k h  number should be m t  heIpf4!. Luw 
frrquency ndse i s  unoifected by refroction or d i m r  effects and should abey ihe 
t h m t i c u l  p r + ~ i c t i ~  accvmteiy. Thus, a peak in the low frrguancy ,power curve 
sbould be anticipated. Ybe occt.mnce of wch o peak i n  tha molyu's i s  e crucial 
tes? of the basic theory, and its wmccurrence w ~ i d  lase re-exminotiar of 
fundrrmer? tc lr . 
Lighthill (Reference 2) claimed that a psok carld bt observed at small angles to the 
axis where the Dapplcr correcticm i s  at i t s  stmnpst. bt no &tailed verificatim of 
this statenlent has been published. Semi published curves d velocity exponent or 
a function of field position Bo not povide an d e q ~ o t e  t e s t  because the variation d 
p e r  i s  not given over a wick saw of convection Mock numbers, Cxves of sound 
pressure level at various angles or a function of exit velocity would be of areat - value 
i n  determining basic mecnanisnu. 

Proper analysis d the occurtic data can also give basic infarnotian about the aero- 
dynamic prometers governing the acwstic radiation. V a e  and Lush (Reference 14) 
give a CUM d Q against k h  number that i s  in foir agten#nt with trends h t  con 
be inferred fran Donoldson and Gray's oerodymmir data (Reference 24.  Once the 
sorrrce input terms arc ~ r i y  esbblishd, the definition of a pndict im technique 
of wide ran* and good accurocy should be stmightf0lword. Furhermom, the satme 
foma of a n a l ~ i s  con be used to show the pdaninont mechanisms d noise gentm- 
ti- and suppmssion i n  more complex flaws, a id  thus aid the design of effective 
si  lencing devices. 



8 .0 EFFECT OF THE S 3 L E  RATIO 

The spjce-time scale ratio 0 appem in B e  boric -ion (1) m i d  to he fourth 
p H I  md h $days a vita! role in detmining the magnitude of the mi* radiated. 
In this repat a has been token cs o c d m t  over the jd. This appeared to be a simple 
initial assumption ond wed with m e  cnannption of Ribna . However &a carumptian 
could be more realist;c and are discusred in this section - 
The k i c  &finition of a is  

L is the spatial scole 
X 

and L is  the dimsiption time scale. t 

h h c w o n  = caatart cmaponQ to assuning hat the local rutio of spce to 
time -&la i s  dependent on local mecn velocity. lhis i s  difficult to physically as 
the hrbulat die have no maws of b i n g  what hair local velocity is, relative 
to the undishrrbed air. Pic eddies dwuld be mat of the local mem sfmu or the locai 
turbulent velocity, n, that it should be nwrc occcptclble to use k s he non4men- 
sionality pasneters. 

Davis, Fiohcr, ond Bmott (Reference 16) found aperimentally, 

which gives 
au 

"- TS ax 
2 

sh.wing a dependence of a on mean sir-. 

Lillt*y (Reference 7) used an apession of this iype ic give a famulo far the shm 
noise mdidion of the jet 

and this w s  VICd by Davis , Fisher, and &matt to define xwrce locationr in a jet. 
A basic objection to equations of this form of (21) and (22) i s  h i  they mud be 



misleading beyond the end of the potential core where turbuitnce intensity i s  o nxxinrm 
on the a x i s  oi the point of zero heor. Dwies, Fisher, ond h a t t  also found a relation 
beiween turbulence intercity and mean sheo 

o d  using h i s  sives 

This rcwlt, hat the xale ratio is poprtiona! to the m-dimensional turbulence 
intensity, hor on a?troctive feel obart it. and should be valid all wer he jet. 
Substitution in the basic eqwxtir, f ~ r  jet noise I d  to the result 

thot is; tbe &se ouwt i s  p p t i a w r l  to the turbulence intensity a the ei&& para. 
This  appecrn to be an importmt result since it i s  indcpendenf of the local scale a , d 
hos & v i m  implications for noise mppsic-. Any given device cm be evaluated via 
a loco1 ~ ~ e m m t  of turbulence intertsi!y, with no rqirement fcr t i m e  conaming 
measurements of space d time icales. 

T ~ P  busic result (25) w i l l  also change m e  of the details of source location given 
ecrlier in the re@. Thc: most nohhle effects w i l l  be that the lines of n?rimum noise 
intemity of F i v e s  6 a d  7 w i l l  l ie almg the line of mcaimum turbulent 'qteruity at 
oround U = 0 -5 Uo . lhe axial swrce location of Figure 8 w i  f l s h a  a s t r u n g a  wesighting 
of the downstrean port ic .~ since the turbulemce intensity a p p r d e s  sirnulaity m a e  
s l ~ ~ - ~ l ~  &an %e m e m  velocity (see Figure 9). This w i l l  ;emit in a close ageenent 
t~ tween prediction and El&& experimen+al results of Figure 8, and w i i  I p&e 
kmewhat mare emphasis on the lower frequency end of the hequemey spextrwn. 

i h e  in!egal resu:t of close agement between the theoretical and experimental valves 
of he Li&thill prometer shwld n d  be substcntially changed by rhe change in osvnp- 
tion. Derivctim. of the octual vaioes wil l  be left to a re*. Similaly the ether 
gerrwal discussion should be unchanged. 

At  swpxmic speeds h e  direct effect 6 a disoppems czs shonrn in Fi-c 13. The basic 
noise dependence Ss then 

where the V in the denmicator arises iran the as*pptotic M-' law of the C5term.  
Thus accarding to he  present model the scale ratio a has little effect either at subsonic 
or supersonic speeds. 
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9 .O CONCLUSIONS 

The pincipoi cmclusions of elis study are: 

1. The chcmctuistia of wise dig t icm ftO?E an exp- flow are lgoveslred by I)ic 
local variation of gron p i t -  such twbuience intensity and scale. De)ai:s 
of wave mwnbcr frequs-cy s p c h  -c d s w x d q  i n t p b n c e -  

2. Shw noise produces appximateiy blf tkc s a n d  pan= but double he peak s a d  
p-esfue of self noise. 

3. f i e  inih'ol mixing rego* Miy follows !he xo lcm fa intensive 

4. The transition rean pducer 60 -cent of t)ro sound p a ,  and o shallow peak 
in suind poduction occurs n#p h e  4 cQ the pohmtiai care (5 diwwiers;, 

5.  Fiml similarity ond h e  hexJ l a  ariy oc- te)wd 15 d i m e n .  

7.  The empin'caf relotion of b i e r ,  eta!. , h e m  mean s k r  d turblence 
intensity suggests that s)rea noise bas the m e  loccr! depedmce a self &se. 

8. !ntegatim Qiva the theoreticat value of the Lighthill p a r e  K in the equation 
W = K c-5 V( d as 3 -3 x ! ~ - ~ c t ~ n ~ e d  with the cm@rical value ci 3 x loo3 

0 
for  low^ jets. 

9. Redicted me third octave band noise spectra dKIw Qoad ogeement with the 
s t c M j e P d s p c t n m .  

10. The calculations of the spectrum indiMte tk mae v i s e  infomaiiors on turbutcnce 
scales in the kmfti~ar reor, me necescq for accurate jet noise spcctnm @jctiwa. 

11. h m y  pedicb a mujjcx increase ir, sound paca as speed im-ease into he kamonic 
ond supersonic speed ranges. This is n d  &sewed expczimenblfy. 

12. Aerdyxmic e k b ,  nctabiy h e  lengthening of h e  tom wi l l  red*~ce swrce ~ t ; e r ~ &  

& ru-ic speeck, but the most impatant reason fm the dizcrep~ncy Co lie 
in the cleglec? of refroctiwe d miin-  effects in f ie  theory. 

13, It qpem possible to andyre acoustic data in a ma-e systmtic fashion. h l y s e s  
vmvr  Mac!", numbers is a hnttim of fregoer:cy and anguta Iocotion wil l  provide 
crucial tats of Aeoreticai predictions. 



4. Self and shea noise c e  be stpardd foliowing the concern of MacC7egor and 
I&. This may be pt icula iy  v d - A l e  fa the analysis of suppsscir configurntiom, 
and also &rs'lhe promise in i.?f+rriny o a d y x m i c  pornneten, wuh or scoir, frm 
woustic &h. 

15. A physicallyreararobl+ .&l fa the mtioof spct to time rcalantggatr k t  
1-1 noise inttnsity is  d i t d l y  pqarfimal to hrrbvltnce intensity b h e  ti&& 
plw=- 

16, 3mild e x p m i ~ ~ n t ~ 9  infomotion on hhuience pameters i s  requited. The local 
scale pmOMters r e p s e n t  h e  most ri~ificcmt wrk#mn fedwe. Vari&l-,u lnduced 
by a m p l a  !bws, for istmce s v p p e r a r  nozzles, ac a b  asenfialC/ unknuw~. 

17. Beuy joa prrwidc h e  h i s  fa o cmpehensivc pdicticm tedmigu. for jet 
noise, paticufdy QS h e  ~cafftic d o e d p a n i c  infmmtiar armed in items 
14-16 becanes avait&ie. 
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1 .o 
M,. Convection Much Number 

F i p r e  1 . Spbrericel Average of the Self Noise Convection Factor, 

c-' sin 0 dB, in  dB Relative to its Value at Zero 
4n ' I  0 

Moch Number for each Given Set of Parameters a2 and c 2 .  



- - - Shear Noise: Ribner-Pao-Luwm 

- . . .  Shear Noise: =or2 0/c3 
- ----  Sheor Noise: Ligbthil l 

2 2 - C = { ( I - ~ c o s a ) '  + a  M (cor20+ c2rin28) 

M, Mach Number 

Figure 2 .  Spherical Average of the Shear Noise Convection and Directivity 

2n 
Factor, C-" * (8) sin 8 dB, in dB Relatide to its Volvc 4n 

0 
at Zero h~gch ?!umber for Each Case of Given n and Q) (0). The 
a2 and ef have o Fixed b l u e  of 0.1. 
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Spectra at 9 =- amax 
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Figure 14. The Two Types of Frequency Spectrum Shown on Normalized Plot 
(after Voce and Lush, Reference 14) 
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Final Spectra "Doppler Corrected" 

Frequency - Hz 

Figwe 15. Making and Apparent Revenal of the Convection-Bssociated 
Doppler Shift Illustrated with Experimental I Derived Data 
(Ribner ond MeGregor, Reference 12) 
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