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SUMMARY

Results from existing theories for jet noise are critically reviewed for Hieir practical inferences,
and they are applied to som2 practical preblems. Shear noise is found to produce half the sound
power but double the peck sound pressure of self noise. By mecns of the Poo-Lowson theory and
a set of new aerodynamic data for a low speed jet exhoust flow, the absolute magnitude of self
noise source intensity distribution in g jet is calculoted. The axial varigtion of source strength
shows almost constant effectiveness (x? law) over the initial mixing region with a shallow pedak
near the end of the potenticl core. Significont noise radiation occurs down to ten diameters
from the exit, with similarity conditions {x~7 iaw) applying only beyond about fifteen diamaters.
Nearly sixty percent of the noise is found fo be radicted from the region of the jet downstreom
of the potential core. An empiriccl relation between shear and turbulent intensity suggests that
the resulis ore equolly opplicable to shear and self noise, ot least in the initicl region. Integra-
tion of local source stren%th o er the whole jet gives a theoretical value of the Lighthill pacreter
tor jet noise as 3.3 x 10> in comparison with the empirical ~~lue of 3 x 10-3 for low speed jets.
Th= spectrum of the overall noise for a lcw speed jet has also been evaluated. The peck noise

is found near a Strovhal number of 0.30. The predicted spectral shape is in close agreement
with experiment. The success of the present workdomirwiethat the local variations of the gross
parameters such as turbulence intensity and scale dominant noise ourputs and that detail con-
siderations of wave-number frequency spectra are of secondary importance.

The convection directivity factor, which is independent of the local noise generation mechanism
arcording to Lighthiil's formulation, is evoluated for various shear noise and seif noise patteirs
as a function of Mach number. Gnneral trends of the U law in low Mach number range and the
1P-lgw for high Mach number range are observed. Abnormalities ore for-d in the transonic
range. Application to high speed flows resuits in prediction of sound power level much larger
than values which experimental dota weuld aiiow. This con be partly explained by oerody~amic
source strength arqguments, but also resuits from the neglect of refroction and nonlinear attenuation
in the present study. Sugnestions are made for aerodynamic ond acoustic experiments to further
define source mecharisms. 50 that a theoreticaily sound predictior. method cen be specified. A
feasible modei for the sccle ratio in a jet suggests that sound power is proportional to turbulence
intensity to the eighth power. This result could be significant in aetermining the mechanisms
underlying jet noise silencing devices.
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1.0

INTRODUCTION

The noise from jet and rocket exhausts still represenis one of the most significant
acoustic sources. [t is a major cause of community annoyance, particularly for the
projected supersonic transports, and can even couse local structural failure via acoustic
fatigue. Furthermore, its characteristics and cvsic mechanisms cre even now not
properly understood.

The theory of Lighthill (References 1~4) gave the fundamentel gescription of the noise
generation process. Urifortunately utilization of this theory to date has been limited

to simple dimensional arguments. Ffowcs-Williams (Reference 5) extended the theory
tc the supersonic case and recentiy Pao and Lowsen (Reference ) were able to offer
some aod-itional theoreticai insight via o spectral appreazh. However, there hes been
remarkavly fittle attempt to study the cpplication of the theory te practical conditions.
Simple dimensional argumes seem to be the high point of theoretical achievement.
Lilley {Reference 7) performed an initial application over ten years ago. The most
useful recent work has been that of Ribner, et a!., at the Institute for Aerospace
Studiss, University of Toronto, who have published ¢ series of papers (References 8-
12) of increasing practical relevance. Nevertheless, much of the theory remains
unapplied.

A second ca.se of the iack of understanding of jet noise is the lack of systematic

ond properly anclyzed experimental data. Meny limited studies have been performed,
but mest data are unavailable :o the typica! investigator becouse of various proprietory
restrictions. Lee, et al., report (Reference 13} is perhaps the best cne putiishad.

But even given the data, very little proper analysis has been performed. Typical

data collapses show variations of + 5§ dB so that accurate predictions are not often
possible. Ore reason for this is that virtually ail collapses have been empirical.
Theory does suggest several methods for data analysis, and it is surprising that such
anclyvses have not baen performed. Recenrly MacGregor and Lush have carried out
work olong these lines, reported in References 12 and 14, respectively. Their resu'ts
do show cuuse for optimism about theoretical approaches to ucoustic data analysis,

This report is an attempt tc fili ir some of the gaps in the practical applicotion of
the theoretical results. Saction 2.0 discusses basic mechanisms and shows -2sults of
some limited porameter studies based on the theory by Pco and Lowsen. Sectior 3.0
combines the Pao-Luwson theory with experimental dota to demonstrate the principol
noise sources in a jet exhaust and Secticn 4.0 discusses the noise spectrum predicted
on the same basis. Sections 5.0 ond 6.0 discuss extensions of the applications to the
supersonic ccse and their limitations . Section 7.0 gives some suggested experiments
and dota cnalysis methods which will enable reliable predictic.i techniques to be
developed. Section 8.0 discusses the effects of different assumptions about the scale
rotio. Conclusions of this study are summarized in Section 9.0,



INFERENCES FROM THEORY

The generation of noise by a jet exhaust is basically the result of complex unsteady
flow conditions within the jet, which, in ¢ general sense, mey be grouped under the
description "rurbulence"”. Jet noise theories suggest two primary noise ge -eration
processes. The first is referred to as the "self noise™ of the jet and the second os
the "shear Noise". The "self noise" results from turbulence-turbulence interaction,
wherecs the shear noise results from the interaction of turbulence with the meen
flow of the jet. '

There is universal theoretical agreement about the form of the expression for the
self noise of the jet. FJo and Lowson {Refererce 6) give the following result for the
overall noise intensity per unit jet volume resulting from self noise.

3 V2n pUO‘ at M4

Y
8acr? {(1-McosB)2 + a? M2} /2

I(x,) = (1)

where

p = atmospheric density
y, = turbulence intensity
a = dimensionless ratio of space to time scales

M = corvection Mach number

a = spatial scale

¢ = speed of sound

r = distance from jet

8 = angie frem the jet axis.

Equarion (1) was derived on the basis of several assumptions usirg an isofropic Gaussien
form for the wave number and frecuency spectra, and making nc cllewance for the local
variation of verodynamic parameiers in the exhaust flow. The numerical constants
oivaen depend on these assumptions. But the basic dimensional dependence is identical
to that found by Ffowcs=Williains (Reference 5) and Ribner (Reference 8) so that
Equation (1) can be used as a besis for discussion of the self noise generation.

Because the self noise is the result of o random assemblage of quadrupolas, it has no
preferred direction of radiation. The basic spherical shope is distorted only by the

conveciion foctor C = [{1 - M cos 8) 2 + a? M? ]%, roised to the -5 power in
Equation f1). This convection factor plays a fundamental role in aerodyramic noise
theory, and also gives the Doppler frequeacy shift due to convection, as will be
discussed later.
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If Equation {1) is integrated over all space, the result is an expression for overall
sound powver. The caly spatial dependence is in the C rerm and Figure 1 gives the
integrated value of this self so’<e term over the sphere. In fact, if the real anisot:opic
nature of turbulence is taken into account, the convection term becomes, as shown

by Ffowcs-Williums (Reference 5)

Cl=(1-McosB)?+ a? M2 (cos28+ ¢?sin28) (2)

where € is the rotio of the lateral to longitudinai turbulence scales. Figure 1 gives
the result of integrating (-5 for various values of @? and €?. The case €2 =1
corresponds to an isotropic structure while €2 =0.1 is closer to the indicated experi-
mental anisotropy Sactor. A value of a? = 0.1 is indicated from subsonic turbulence
experiments, ond o value of a? = 0.4 has also been included to indicate the effect
of variation of the space to time scales in the turbulence.

Figure 1 shows a MY variation at low convection Mach numbers and @ M™5 variation
at high Moli: numbers in ail cases. This corresponds to the well known U® variation
at low exhaust speeds and U3 ot high exhcust speeds. The existence of a peak in
the overall efficiency near Mc = 1 is also o well-known theoretical effect, but this
has not been cbserved in experiment. The apparent non-existence of this peak
certainly justifies further study, as will be discussed in more detail later.

Figure 2 shows equivalent results for the shear noise case. Several different results
for shear noise directivity exist. Pao and Lowson (Reference 6) give

(BU,)Z 3ﬁ.p ”02 7" M4 a(cos* B+cos20)

{x) = (3)
AL LA VR A {(1-McosB)? + a? M2}5/2
He.c (3U, /9 X, ) is the mean shear. The basic directionality factor is
(cos4 8 + cos?8) /2 C5 (4

This term agrees with that found by Ribner (Reference 8). Figure 2 shows the result

of integrating this term at various Mach numbers. As in the self noise case, [qua-
tion (3) was derived from an Isctropic model. An anisotrepic model would have the

C foctor given in Equation (2). Figure 2 gives results only for the practical anisotropic
case a2 =0.1, ¢2=0.1. The effects of change of scale factors @ and € would be
qualitativaly similar tc those shown in Figure 1.

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

cos?8/C3 )



This differs by a factor of {1+ cos? 8)/ C? from Equation (4). The besic result of
Equation (3) came from assuming a wove number spectrum varying ~s k at small
values of k. This is reasonable for homogeneous turbulence, but for intermit<ent
turbulence a spectrum with constant level ai small k .ouid be more apprepriate.
This would give the result of Equation (5.

The third curve in Figure 2 is for the Lighthill “keference 2) shear prediction
sin2208/C3 (6)

as recently corrected by Jones (Reference 15). Th=z reasons for the differences
between Lighth’{ls directivity and the present have not been fuily evaluated, so
that the curve is included in Figure 2 for completeness.

Noise from a recl jut is a combination of both shear and seif noise. Equations (1)
and (3) define the sound power dependerce as

uo4 M4 ot
Lelf ~ o (7)
and
v\,
Lhear ~ ‘\_8—;:;) auy’ M* ot (8).

with the constants ard directivity factors omitted from the o.iginal equations.
Davies, er al. (Referente 16) discovered the following importont empirical relation
peiween the turbulence iniensity, scale and shear.

_ [ U
uo~0.20(ax2) (9

This equation was found to hold locally over all the jet except well beyond the ccre.
Equation (9) suggests an interesting conclusion about the shear noise. 8y virtue of
Equation (9}, the shezr noise dependence becomes

uo‘; M4 at

shear ™ a

I

that is, identical with the self noise. Thus, the shear noise and self noise power
have exactly the same dependence on local parameters in a jet if the empiricel
relation of Davies, et al. can be assunied to hold. However, it should be noted that
the proportion of the sound power and the directivity patterns of the self and the
shear noise remain different.
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The above resuits are bosed on tuking cherosteristic values. it is possibie to extend
the arguments to ‘oke aecount of the real ncn-uniform properties of the jet flow and
this wiil be dose in the next section.

The bosic directionatity patrerns predicied by the theovy are also of interest. Figures 3
and & give directionalities for ine self and 1hear noise, respectively. Only the sheaur
aciss pattern of Equatian {3) has been piotted, modified by including af = ¢! =0.1
in the canvectior. termn . The plots have been normalized on the avercge power
emitied cf low speeds, sO thot the plots give the relative contributions of saurces of
various canvection velocities ¢t vorious anguler locotions, on the assumption that

the Lighthiil model for the rud:ction of convected eddies holds {see Section 6.0).



3.0

NOISE SOURCE LOCATION [N A JET EXHAUST

Equationr {1} showed thot the sound power per unit volume was given by a proportionality

[~ S (12)

where the convection facior and irreievant constants [-ave been dropped. The porcme-
ter o is the ratio of dissipation scale *o spotia! scale, and is a fundomental property
of a turbulent eddy. 1t is probotly o weak function of Reynolds number. The voria-
tion of o over the flow is somewhat conjecturc!. Ribner (References 8-12) has taken
a as constunt. Llilley (Reference 7) took s variagble o and this is supported by the
work of Davies, Fisher and Barratt (Reference 10). ror the initicl studies reported

here @ wos taken us constant. The effect of a variable o assumptiun is discussed

in Section 8.0. This constunt o assumption leaves the term (uc U} x5 the dominunt
factor in the noise rocigiion.

New jet turbulence dcta has recenily been taken by Dr. B. J. Tu at Wyle Laborataries,
and this date can be used to find the location of the moximum sources. Figure S gives,
on a reduced scale, the results of some latera! troverses acress the jet. Both mean
axicl selocity, longitudinal turbulence intensity, and their product is shown. The
product (u, U) is the lecding term in the expression for noise generation ond can~
therefore be regardec es a measure o7 the acoustic effectiveness of the jet.

The purpose of the present report is to discuss the acoustic properties ¢f the jet, so
that the cerodynemic dota wiil not be reviewad in detcil here. Precautions have
been made to ensure that the oe-odynomic data is reliadle, and the data is generally
in reasonable accord with tne result of cther investigators. The data will be pre-
<ented in detail in ¢ later report by Dr. Tu.

Figure € gives a contour plot of the acoustic effectiveness of ¢ turbulent jet. This
is based on the curves of Figure 5, and gives contours of 40 logyy (uy U). The datc

is nondimensionalized cgoinst the maximum value recorded; in the present case, this
occurred at a ridge line sparning from 4 to 6 diameters along the axia! direction.
Figure 7 gives a contour plot of the mean velocity in the jet. Superimposed on this
is the locus of acoustic mexima from Figure . It is cleor that the data show a
dominant source locotfion generally between 0.7 and 0.8 of the exhaust velocity.
This is much higher than the 6.5 Uj figure often assumed.

it is showr in Section 2.0 that the shear noise has identical functional dependence
on the local cerodynamic parameters as the self noise. Hence the source lccation
plots given in Figure 6 applies equally weli to the shear noise. It moy be noted

thar the relation between turbulence and mean shear, Equation (9), appears to be
unlikely to hold in the transition region. Nevertheless, it is ¢f some practicol value
to interpreting source location results.



As shown by Figure 5 the location of maximum source strength is somewhat inside
the peak turbulence intensity position, simply because of the increased mean velocity
at that point.

Two accustic effects have not been included in the plots of Figures 5 cnd 6. These
are the effects of scale and volume. Because the jet is cylindricclly symmetric,
outer regions contain more volume and are therefore somewhat more effective than
shown in Figure 6. Figure 7 ols> inciudes an adjusted line of maximum intensity
which incorporates the volume =f ct. The effect of scale is more difficult to
determine and will be discussed further below .

A second feorure of importance in Figure 6 is that the flow downstream of the
potential core is seen to be a significant generator of noise. The potenticl core
-orresponds to the first five diameters cf the exhaust flow. Significant noise
generation is seen to occur for the first ten diameters of the jet. This finding is
cf corsidercble relevance to jot noise oredicticn.

In order to study the effect further, the integral

@

Y (Y]
f‘““‘o" 7 %! a3
0

was evalucted graphically from the datc shown fos each station. This integrol gives
the overail ocoustic effectiveness of the station in question. The results, non-
dimensionalized by overall power, cre showr in Figure 8.

Figure 8 gives three sets of results. These correspond to !.cee different assumed
scaling laws. Equation (1) or (7) has an inverse dependence on sccle. The smaller
eddies rodiate more efficiently. Thus, the overall ccoustic effectiveness of each
slice of a jet is dependent on the scale assumed. In the initicl mixing region, and
for uownstream i the developed region, scale vories linearly with distcnce down
the axis. The squares sn Figure 8 give the acoustic power per diameter based on o
uniform linear increase in sccle. This assumption is unlikely to be oppiopriate in
the trensition region downstrecm of the potential core. Laurence’s resuits (Refer-
ence 16) cctually show that scale is decreasing in this area. But as Ribner (Pefer-
ence 8) remarks, "Even cpproximate deteminations {2f scale) are very difficuit at
these large distances; the instrumentol low-frequency cutoff introduces an errcr

that becomes increasingly hard tc correct for." Furthermore, Dovies, et ci. (Refer-
ence 15) suggest Laurence's one wire measurement method was invalid in that regime.
Nevertheless, it does seem probable 1nat turbulent scales wiil not vary much through
the traonsition region. The circles on Figure 8 show the sound power per diameter on
the assumption of uniform scale throughout the jei.

8



Pahcpe the best physical guess at scale is that it will increcse iinecrly through the
iniiial region, remain constant through the trarsition region, ond then incraase
linearly agoin (at a different rate) in the fuily developed region. The triangular
points in Figure 8 give the source distribution based on this assumption. These points

wili be tcken ¢s the theoreticai reference .

Also shown o Tigure 8 is experimental evidence on source location due to Eldred
(Refcrence 17; He gives two curves. One is bosed on the direct mecsurement of
the sound immedictely outside the jet stream. and the other represents on atfempt to
coitect these results for refraction which wil! give cn effective source displccement.
This refraction corrected ~urve is probatly the best experimental avicence awvcilotle
on source location.

It con be seen thot the experimental ond theoreticel predictions are ia ciose sgree-
ment. Sound per unit distance is approximataely constent over the inttial region. A
shollow peok is found necr the end of the potential core, and the sound power reduces
beyond this point, with ccaoustic efficiency falling off rapidly beyona abos 10
diometers. Theory cid experiment arz not in cgreement about the exsc? rate of fell
>ff, but this 5 of minor zonsequence because acoustic efficiency here is, in eny
case, low.

Ribner (Reference 19} and Dyer (Refzrence 20; hove pravicusly studied the source
lacation probiem, onglying simpie dimensicoci crguments bosed an theory. This gives
the well inown x% oad x™7 lows for the initisl ond fully developed region, respec~
tively. It can be szen tht the x® low is in cicse agreement wvith both cxperiment
ard the oresent theorztical caleulotions. This is sot surprising since the simple
dimensicnal dependences sisumed for the inticl mixing region do cgree with experi~
menta! avicence . This can be seen in the sivaight line noture of the velacity and
sound contours near the exit in Figures & and .

F

The «77 iow iz more debcrable. indoubtedly the sssumed dimensiono! dependences
must oczor sufficiently for downstream. Tne key quastion is what happens in the
‘ransition region. As pointed cut by Ribner {Reference B) and others, clthough the
x¥ urd x~7 laxws do have firm ‘cundation the relotive levels of the twe zannot be
defined simply. The preseni theoretice! approoch does overcome this problem, ond
chows how the one iow :neids into the other. The initic! purt of the transition region
does nnt obev an x~ 7 law because it is far from approcching similerity . From an
crielysis of the acoustic data, Eldred {Reference 18) suggested, "the more intense
turbisleice generoted in the mixing region cdjocent to the cere does not decoy os
‘ast os the mean jet centerline velotiiy. Therefore, the primary generation of noise
in thiz transitior: region probabdiy results fram turbulence develcped upstreom and
convected doewnstreem, rather than from locaily generated turbulernce which follows
iocc: flow parameters "



The turbuience dotc and theoretical calculations pre.ented here concur completely
with Eldred's conclusions. Figure ? shows the jet meximum velocity, und meximur:
intensity as o function of downstream distonce.

The maximum velocity occurs along the jet center line while the m¢  wwm turbulence
intersity ocours in the region of maximum shear in the initiol regior and on the center
line in the developed region. Fer the present jet it cppeors that the mean velocity
approacked similarity (x~! law) ot about 8-9 diameters, broediy ir ine with other
investigotors. On the other hand, the turbulence intensity had nc  eo. ..ed similarity
ot 12 diameters, the maximum axicl distonce stedied here. Extrop ‘'ction suggests
that the intensity would reach similarity at 15-16 diometers. Tha: is, the tutbulence
takes abou! twice as long to settle down to a similarity low. Other investigztors hove
reported similar trends, elthough Lourence (Reference 17} finds 2 quicker approoch to
similarity.

Beyond 16 diometers, the x™ 7 law for the ccaoustic source power would cpply, but the
reasons for the departures from this iow in the transition region are now clecr, ond
correspond with the recsoning of Eldred quoted above.

The resuits above also encble the overci! ocousti- power radiated to be colculated.
If the sound power porometer is integrated along the jet, substitution inte Equatica {1
gives the result for the noise

P u? p?

W = (0.043 a* (14

CD

where it was assumed that o = 0.147 x, in the initial region, ond o multiple of 1.65
+os been used to cilow for the shecr noise os discussed cbove. A figure of inlerest
here is thet the potential core region (up to 5 diameters from the nozzle) produce:
cbout 40 percent of total noise, according to the presert celculation.

The constant coefficient 0.043 a can be identified with the sc-colled Lighthill's
porameter for jet noise radiation {Reference 3). The volue cf a is a fundomental
paremeter of the turbulerce in ¢ jet, and it has been measured experimentaiiy.
Flowcs-Willicms (Reference 5)suggests a = §.25 which gives the constant os

1.9 x i07*. This value oppears to be besed on the uncorrecied value of x originally
givenr by Dovies, ei cl. [Reference 13}. The correct value is 0.167 for low speed
jets, giving the constant coefficient os 3.3 x 1075 Lighthill {Reterence 3) cnalvzed
acoustic date to give an empirical velue of 3 x 107° for jets with low initial turbu-
lence ievel, os hove been used to generote the present cerodynemic data. Agreemen:
is ex:raordinarily gocd. The rzsclt is an asymptotic velue for low speeds. The effect
of the C* rerm will be to increcse *he efficiency substantially ot supersonic speeds,
‘ollowing the curves of Figures 1 and 2. 1t is not possible to accou. “or this in the
present integrated apgrooch in any simple way, but the effects will be discussed in
Section 5.0.
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4.0

CALCULATION OF THE FREQUENCY SPECTRUM

The spectral theory by Pao and Lowson (Reference 6) gives al<o the power sgectral
density for the noise generated by a unit volume of turbulence. The frequency
dependence is

~u32,
¢ B30 (15)

where 3 is the turbulence time scaie and p equols 1.0 for sheor noise and 0.5 for
self noise. The respective locations of peak noise frequency are V"Z/S for shear
nocise and 2,3 for self noise at low convective speed. Fer sources moving at higher
convective speeds, the Doppler shift factor C=' should be included. The time scale
3 relates to the spaticl scale through

3 =a/aM,c (16)

The turbulerce scaie = vories along the axis of the jet lineardy, with a possitle
exception in the trovsition zone, os discussed in the previous section. Hence, each
section of the jei, ot different oxic! loccticns, will produce sound with o different
peck noise frequency. Furthermore, the spectrel distribution of the noise from each
segment will follow Equation (15) if a Gaussiar .sotropic turbulence model were
chosen.

Using ¢ uztions (15} and {16), together with the source distribution results chtained
ir the previous section, the spectrum of the seif noise and the shear noise can be
computed. The shecr noise has exactly the same spectrum as the seif noise, except
for a half octave shift of the peak frequency location. Furthermore, its power is
known to be opproximately helf of that of the self ncise. Hencz, it is necessary o0
compute only the self noise staiting from the basic deic obiained so for in this study.

The peak frequency of self noise, 1/3, fur a small iurbulence volume, cen be non-
dimensionalized as o Strouhal number, fD/U. Using Equation (18} for 3 and taking
c= 0.147 x,, the Strovhal number for the peak irequency is found io be

¢ - L& ( e \ (17
T 0.147x/D\ M/

where M_ /M can be taken es 0.8 which corresponds ro the convective speed in the
maximum noise source zore. The peak noise frequency at the five diameter starion

is chesen as a reference. The jet is subdivided inio segments having peak frequencies
at 1/3 octave intervals from the ref:rence frequency. The source segments can be
subdivided in different ways Cesencing on the variation of the turbulence scale. In
Figure 13, the solid line subdivision follows fron. assuming that the turbulence sccle
var.es linearly from 0 to 5.5 diameters, remoins conaiunt from 5.5 to 8 diumeters, and
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increases linearly agoin from 8 diameters orward. A second subdivision, denoted
by the dotted lines, is obtained by assuring that the turbulence scale increase lineuriy
throughout the iength of the jet.

The noise produced by each segment of the jet is calculoted in one-third octave band
levels according to Equation (15). The normalized one-third octave band ievel dis-
tribution of Equation (15) is shown in Figure 11. The overall one-third octave band
levels of the self noise, shear noise, and their sum are given in Figure 12.

In both methods of noise source subdivision, the peak of the overall noise is cloase to
a Strouhal number of 0.30, which is a good agreement with jet noise measurements.
However, the overall spectrum predicted by the secoid method of subdivision (i.e.,
the turbulence scale varies linearly throughout the jet) indicates a broad peak, a
8.0 dB/octave rise on the low frequency side, and a 5.0 dB/octave decline on the
high frequency side. This spectrum agrees almost exactiy with those of the SAE
stondard and the Potter and Jones measurement (Reference 26).

The agreement of the prediction with acoustic data does not necessarily imply that
the second method of subdivision is better than the first. The reasons for which the
first method failed to produce o smooth shaped spectrum are the compound of the
following items:

® The turbulence scale in the transition zone is ossumed to be constant.
This zone occupies o width of 2.50 diameters in the region of m~ximum
noise production and is responsible for nearly 30 percent of the overal!
sound power from the jet. Furthermore, the entire segment produces
noise with the same peck frequency which corresponds to a Strounal
number of approximatcly 0.30.

€ The "weighted Gaussion" spectrum, Equation (15), has o relatively
narrow specirum. The deficiency in high frequency content is
particularly prominant.

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

However, according to some preliminary dato obtained by Dr. B. J. Tu at Wyie
Laboratories, the frequency spectrum in the transition region has o profile very much
similar to the overcll jet ncise spectrum which has o wide peak region arc declines
slowly at the high frequency end. In such a case, the "linear-constant-linear"
tutbulence scale rule will indeed predict an overoll noise spectrum in c1se agreement
with the acoustic measurements. Clearly, further experimental data on various spectral
and integral parameters of the jet turbulence structure in the transition region are
necessary for more detailed predictions of jet noise specirum.
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EXTENS{ONS TO THE SUPERSONIC CASE

Direct use of the Lighthi!l-Ffowcs Wiiliams results to extend the present calculations
to supersonic speeds leads to two important difficulties. Firstly, although the U® and
U? asymptotic laws are correctly predicted by the theory it also predicts a major
increase in acoustic output at around M=1 (see Figures 1-4). No such increase hos
yet been observed in proctice. Secondly, the theory basically predicts a frequency
spectrum whose peak ir.creases with velocity because of the Doppler shift, while
experiment finds a lowering of peak frequency. The so-called "reverse Doppler shift"
is well known.

It appeors that these divergences can be accounted for by the effects of refraction and
mitigation of convection. These are discussed in the next section. Before developing
these ideos it is worthwhile te study the supersonic cose in a little more detail. Consider
agein the basic parameter dependence of Equation 1.

ut u; a‘

[~ a CS

Thz effect of the ccavection factor C™3 has clready been discussed (see Fioures 1-4),
but the other parometers in the equation also have on importent effect on the noise
generation.

To understand the possible effects ot supersonic speeds it is helpful to retum to ihe
basic derivation of the results. The soind is governed by the SzTij /312 term.

2

Tij is oroportional to u,“ so that the intensity is proportioral to uy® . The U* temm

arises from the 5~ /3t differentiation, but the reason why it arises is of interest.

A jet retains opproximately the same geometric structure as velocity is increased, at
least at subsonic speeds Thus, the spatial scales of the turbulence remain roughly
constant, but the fact th~* the geometric shape is the same means that the time scale
must reduce in direct vroportion to the velocity. Thus, the basic rates of change of
stress increase as velocity increcses. The eddies therefere become more acoustically
efficient by a factor of U4 as speed increcses. Note ihat this is not a function of
convection or of any basic acoustic phenomenon; it is a consequence of the experi-
mental fact that jet geometry remains constant .

The most significant effect of supersonic speeds on jet geometry is that the core
length increases. In other words, the basic time scales increase ct supersonic speed,
so that, by the above arguments, efficiency reduces. This oppecrs to be a basic
physical effect not included in simple dimensional analysis of sucersonic flow which
could explain why experimentally measured efficiencies at sonic speeds are lower
than predicted by theory.
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Unfortunately, detailed application of this concept to a practical case leads to
problems. Equation (1) has an o* term in the numerator which does reduce at super-
sonic speeds. But the C~7 term behaves almost identically as a=* ot supersonic speeds
so that the direct effect of time scale cancels. Figure 13 shows the integral of o* C™3
as a function of Mach number. It can be seen that o has no direct effect at supersonic
speeds, while ot subsonic speeds, the o* variation doriinates. Thus, it is necessary to
look for further explanations. The basic physical reazoning described in the last para-
graph seems correct and in accord with the theory. One possibility results from the
observation that ihe supersonic radiation is essentially in the form of highly directioral
Moach waves. Thus, substantial nenlineor ottenuation might be expected, and indeed
shadowgraph pi:tures of supersonic flows appear to show very rapid attenuation of
radiated shocklat patterns (Reference 21). This would lead to a more important contri-
bution of the time .ariant components which should foilow the reduction nctea sbove.

Lighthil! (Reference 2) originally suggested that the reduced acoustic efficiency at
supersonic speeds occurred because of reduced turbulence intensity. Indeed an acoustic
radiation domping was postulcted. More recent work has tended to de-emphasize this
effect, principally because the observed acoustic power levels (1/2 percent of available
mechanical power) seem to be too low to have any substantial effect on the turbilence.
If nonlinecr acoustic attenuation is included then possibly radiation damping could be
effective because very large near field acoustic energy could be dissipated during
propagation to the point of observction.

No definitive measurements of turbulence intensity at supersonic speeds appear to be
availeble, so that we must rely on theoretical considerctions. Modern thought on
supersonic turbulence appears to be inclining towards the hypothiesis originally advanced
by Morkovin (Reference 22) that turbulent stricture is unaffected at supersonic convection.
Oniy turbulent velocities opproaching sonic speed might be expected to show any sub-
stantia! effects of compressibiiity. Maise and MacDonald (Reference 23) showed
Morkovin's hypcihesis to be acceptable for a supersonic boundary layer. Doraldson

and Gray (Reference 24) cpplied a form of Morkovin's hypothesis to a wide range of

the exhaust flows, and did find c small change of the maxing parameter with Mach
number. Their mixing parometer was determined empiricelly, but with considerable
consistency, from a wide range of jet tlows. It seems that their results shouid be
applicable to supersonic jet ncise prediction via the uze of o simple model for turbulent
scales.
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LIMITATIONS

Severnl authors have pointed out 1hat the basic Lighthill model tor the jet noise
must break down a* sufficiently high frequencies. 7Tne model calculotes the acoustic
output of quadrupole sources in a uniform accustic medium ot rest. The sources are
allowed to move, but the medium into whick. they radiate does not. This model is
acceptable for either low nonvection Mach numbers, or low frequencies with wave-
tengths much larger than the jet dimension. If is clear that sound of sufficiently
high freguency will rmdiate into the local convecied medium of the jet stieam, and
the effect of convection will then be to refract the scund already formed rather than
to augment the sound power in any direct way. Thus, the convection facror will notapply
at high frequencies, and the loss of its effect is intimately connected with the
appearance of directionality effects due to vefraction.

It is difficult to specify the frequency at which these effects occur ridred (Refer-
ence 18) showed, from an extensive data analysis, that the directiviry pattems for
a jet were governed by refraction even down .o the frequencies of peak acoustic
output, and this would argue the absence of convection cffects there. Support for
this viewpoint comes from ¢ consideration of the near field effects of a quacrupole.
Simple dimensionai anolysis suugesis that the near field (r %) terms of a quadrupole
are equal to the far field terms (r~2) in intensity after as little as 1/36 of ¢ wave-
lengthi from the source, while the mid field (r™*) terms are equal te the far field
after 1,2 of a wevelength. It can be argued thot convection effects change near
field on-radictive terms intc far field radictive terms. Thus, wavelengths smaller
than six times a characteristic dimension in the jet should show a lessened effect of
convection. This gives a limiting Strouhal number fD/UU ~1/2 M. Typical peak
acoustic frequencies correspond to f D/U = 0.2 for low speed jets (M <1). The
arguments thus again suggest that convection effects could be absent even quite
zlose to the peax frequencies in the jet.

Increase of jet speed will have twe effects. From the formule above convective
effec’s will be less significant. But the basic strength of the convective effects
incrzases rapidly with speed (see Figures 1 and 2). Follewing the arguments above,
this wili only offect the low frequencies. Thus, one could expect the lowest fre-
quencies in the jet o incr -se rapidly with speed. Since the lowest frequencies
are predominently radiate oy *he lerge scale downstream region where velocities
are lower, the effect would depend on some fraction of the exhaust Mach number.
The strong increase in efficiency of the lower frequencies due to 1t is effect affords
a partial explanction of the lowering of the characteristic ccoustic frequency (from
fD/U~0.2tof D/U ~ 0.02) with increase in exhaust speed. Of course, the
slower rates of mixing at supersonic speeds must also zontribute to this result.

It may be 1:oted that the removal of the convective effects at high frequencies does
not affect the basic U law. As discussed in the lost section, this results from ths
experimentally observed reduction in turbulence time scole with increase in velocity .
This does raise the problem of supersonic convecticn. The low frequency sound,
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which dominates the supersonic flow, will follow the U faw in this region since i’s
source mechanism closely resembles the Lighthiil-Ffoxves Willioms medal. But accord-
ing to the present arguments the U® law should still apply te the high frequencies aport
from the reduction due to the slower mixing rate ot supersonic speeds. The authors
consider that nonlinear acoustic attenuarion effects provide the answer to this problem,
and it is hoped a later study will provide gquantitative estimates of the effect.
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EXPERIMENTAL RECOMMENDATIONS

Ancivsiz of the theory sugge-ts several re’evnu-t experiments borl: cerodynemic cad
ocacsiic. The sty of the int omogenzous jet suggests thot Fre dominsting effect in
iat ocaustics is ist renunifoeaity . Each part of the jet rediotes with & &i rferen‘
efficiency cnd o different frequency . It copeors to be more imporiant (e inciude
this effect In u prediction technique ihen to corsider (ine details o g individue!
lozol rediaton patterss.  Thus, kaowiedge of the mean velocily, turhulent iat=sity,
and scales throughout the iet vhould encbie good oredictions of noise to be made -
Mearn wsiocity avg “'rba.!:n' intensities are |eesonoblv well established, but the
varistion & sccle in the jof is not. Tae oniy comprehensive data is that of Lorence,
Lot it s ditriult fo cccept Hhis doto for ¢ major portion of the jet. Thug, o thorough
study of {ocel scalzs cnuld he of extreme wilue (see Secton £.0).

The sots crgements Lan be regpolied 1o more complex exheust configurarions often
usad to receuze noise o sdxwce. Mullipic nozzies, cooxiol flows, and varicis vented
Jrongements cre included i~ ¢his category. Little knowiedge of the tuibisient
inrzrities ond scalas existk for thaze configeretions. Such meosurements couls grovide
tonsiveidhie insight info the couser f otserved reductions in jet noise. ond should awc
16 icproved dasigns “or silenting devizes. Sludy of the poromersrr of deflecied axhaust
riows chaa-ld aiso be o ~olue.

2 terbylance oftect of bota ccoxtic ond more gensrcl interest, which hos not hesn
widelv reported, is thet intersities 12 o direction of choyt 43 degrees aubvords from
me jet axis ore almest & factor of lwo greater then intensities for compenents directed
af 45 degrees inwnrds. When i} is recatlad that sound is proport:oral 5= T, the
camponent of the stress tersor in Pre direction of the observe-. it is ciecr that this
effect covid iecd to girectionei noise p=cws o the crder of 10 ab. This provides an
olternctive explanction of the lotad sound potterns observed in c jet. A survey cf
the iet to denonstrate the orieaiction of the components of moximum intenstt, wouid
be of grest interest since infurmation on this effect does not exist. It shouid be
reazoncbly stioightianward to extend the ocoust.c theory to incorporate this fecture.

severc! ocoustic experimenis are olso suggested by the theory. It is cleat taat no
complete evaluation of existing deta utilizing theoreticot knowledge has been carried
out. Ar interesting ottempt in this direction was performed ty Lush (Reference 14).
The refeienced poper reports severcl daic correloticns of comparstively minor value
but Figure 6 of thot reference is of 2xtrems interest and is reproduced here os

figure 14 Lush cttempted ts separate out the shear and self noise contributions,
took *he Jjones form of Lighthill's shear dizectivity {Equation 4), and examined many
acousticel specrro ot both ihe angie of maximun intensity and ot this angie olus
52.5 degrees. Soectra were normalized on the usua! Stiouhal number basis, but
including the Doppler frequency shift foctor C. Thus, frequency spectro were
referred back to the basic turbulence mechanisms.
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The collcpse of specira, shown in Figure 14, is astonishingly good by jet noise
standords. A suronising feature is that the two specira differ by about 3 octaves in
seck frequency. The sheor noise and self noise spectra would be expected to peak
ot Jdifferent frequencies. The self noise must peck higker becouse it is basiceily
due ro the squore of the turbulence while the shear noise is directly proportionai .
Ribrer {Reference 8) predicted an octave difference, ond Pao ard Lowson (Rezer~
ence 0} c half octeve difference. Chy {Reference 25) showed the difference to be
cli ghily over an octave via experimental meosurements of tuibulence, but no
mechonism to suggest a separation anywhere near three oc’aves has been suggested.

The effect appecrs to be due to the lack of accounting for refraction. Ribner and
MacGregor (Reference 12) show the resulfs vio a diagram reproduced here as Figure
15. The sheor noise hee o strong peck along the axis due to its basic directionglity
and the convectiss factor, end the self noise, a small poak due to convection. The
spectro of both hase a highes basic frequency content along the axis due to the
Doppler shift. However, in oddition the shear noise contribution dominates near

the axis while the seif noive dominates near 90 degrees. This leads to a slightly
lower peak freq-ency along the oxis than at 90 degrees for the joint spectrum.
Refroction prefereatially redirects the high frequencies awoy from the axis, resulting
in a strong “reverse™ Doppier shift with the highest frequencies cbsesved at 90 degrees.
Now Lesh's data hos een "Doppler corrected™. Thus, an observed piot of Figure 15
would be "corected™ tc give a result with very substantial frequency separation
between ihe noise near the axis and ot 90 degrees, as shown in the lost plot of

Figure 15. The effect would be still further cccentuated in Lush's plot, Figure 14,

by the use of one third ociove plots. The spectrum is sharper near the axis than ot
990 degrees, so that pesk percentage bondwidth levels would bi: more separated thon
the peok levels per cycie. The effects noted above would not be as pronounced at
the maximum powsr location chosen by Lush, but do appeoar to provide an explanation
for hi: dato.

Extensive acoustic date evaluction following the methods of Voce and Lush, or
Yibner and MezGregor seems to be long overdue. The Ribner-Pao-Lowson directivity
patterns suggest it the best way to separaie the shear and self noise contributions is
to compare specira near the axis and o 90 degrees. At 90 degrees the shear noise is
pradicted to be zero, while it should dominate necr the axis. The arguments above
suggest strongly that ref:action must be accounted for in the analysis if meaningful
results are to be found. Fortunately, Ribner's group has now developed substantial
theoreticcl and experimentcl dota which allow refraction effects ‘o be evaluated.
Refraction corrections near the axis are large so that it moy be desirable to choose

c location necrer 45 degrees as suggested by Ribner and Mac Gregor for the collapse .

Several further effects shou!d be determinable from proper dota analysis. The
theoretical peok efficiency near sonic speeds is o major stumbling block in opplica-
tion. Gross experimental data on sound power has never revealed a peak, but
equivclent effects may be observable in a mcre detailed study. Analysis of sound
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pawer in rarrow bands as a function of Mach number should be mast helpful. Low
fraquency noise is unaffected by refroction or nonlinear effects and shouid obey ihe
theoretical predictions accurctely. Thus. o peak in the low frequancy power curve
should be anticipated. The occurrence of such a peak in the analysis is & crucial
test of the basic theory, and its nenoccurrence wouid forze re-examination of
fundomentcls.

Lighthill (Reference 2Z) claimed that a peck could be observed ot small angles to the
axis where the Doppler correcticn is at its stroncesi. But no detailed verification of
this statement has been published. Several published curves of velocity exponent as
a function of field position do not provide cn adequate test because the variation of
power is not given over a¢ wide range of convection Moch numbers. Curves of sound
pressure level at various angles as a function of exit velocity would be of great value
in determining basic mecnanisms .

Proper analysis of the acoustic data can also give basic information about the aero-
dynamic parometers governing the acoustic radigtion. Voce and Lush (Reference 14)
give a curve of a ogainst Mach number that is in fair agreement with trends that can
be inferred from Donaldson and Gray's aerodynomic data (Reference 24). Once the
source input terms are prooerly estoblished, the definition of a predictien technique
of wide range and good accuracy should be straightforward. Furthermore, the same
forms of anclysis can be used to show the predominant mechanisms of noise genera-
tion ond suppression in more complex flows, and thus aid the design of effective
silencing devices.
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8.0

EFFECT OF THE SCALE RATIO

The space-time scale ratio o appears in the basic equction (1) raised to the fourth
power, and thus plays ¢ vita! role in determining the magriitude of the noise adiated.
In this report a has been taken cs a constant over the jet. This oppeored to be a simple
initial assumption ond ogreed with he msumption of Ribner. However other assumptions
could be more realistic and are discussed in this section.

The basic definition of o is

a = X (18)

where
Lx is the spatial scale

and Lf is the dissipation time scale.

The assumption o = constant corresponds to assuming thot the local ratio of spoce to
time scales is dependent on local meon velocity. This is difficult to see physically os
the turbulent eddies have no means of knowing what their local velocity is, relative

to the undisturbed air. Tke eddies should be aware of the local mean shear or the locai
turbulent velocity, so that it should be more acceptable to use these as the non-dimen-
sionality parameters.

Davies, Fisher, ond Barratt (Reference 16) found experimentally,

-1

_ 3.9_)
L, = 3.8 (ax (19)
L = 0.13x (20)
which gives
au
a~ {‘,— 3 (21}
2

sh.wing a dependence of a on mean shear.

Lilley (Reference 7} used an expression of this type tc give a formula for the shear
noise radiation of the jet

[~ -3 (aa:') u: (22)

and this was used by Davies, Fisher, and Barratt to define source locctions in a jet.
A basic objection to equations of this form of (21) and (22) is that they must be
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misleading beyond the end of the potential core where turbulence intensity is o maximum
on the axis at the point of zero shear. Davies, Fisher, and Barratt also found ¢ relation
between turbulence intercity and mean shzar

_ U
Yy = 0.2 Lx 3 (23)
2
and using this gives
%
a = 0.13 T (z4)

This result, that the icale ratio is proportional to the non~dimensional turbulence
intensity, has on attractive feel obout it. and should be valid all over the jet.
Substitution in the basic equation for jet noise leads to the result

L |

1)

I~ — (25)
a

that is; the noise output is proportional to the turbulence intensity io the eighth power.
This appears to be an important result since it is independent of the local scale o, ond
has obvicus implicctions for noise suppressic~. Any given device caon be evalucted via
a local measurement of turbulence intensity, with no requirement fcr time consuming
measurements cf space and time scales.

The basic result (25) will also change some of the details of source location given

ecrlier in the report. The most notable effects will be that the lines of m—~ximum noise
intensity of Figures é and 7 will lie along the line of maximum turbulent “atensity ot
around U =0.5U, . The axial source location of Figure 8 will show a stronger weighting
of the downstream porticas since the turbulence intensity approaches simulority more
slaly thon the mean velocity {see Figure ). This will cesult in a closer agreement
berween prediction and Eldreds experimental results of Figure 8, and wiil produce
somewhat more emphasis on the lower frequency end of the frequency spectrum.

The integral resuit of close agreement between the theoretical ond experimental values
of the Lighthill porometer should not be substentially changed by the change in assump-
tion. Derivctior. of the octual values will be left to o later report. Similarly the cther
general discussion should be unchanged.

At supersonic speeds the direct effect of o disappears os shown in Figure 13. The basic
noise dependence is then

!
C locu

where the U in the denomirator arises from the asymptotic M=% low of the C™3term.
Thus according to the present mode! the scale ratio o has little effect either ot subsonic

or supersonic speeds.
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9.0 CONCLUSIONS
The principal conclusions of t-is study are:

1. The cherocteristics of noise radiation from on exhoust flow ore governed by the
local variation of gross parometert such as turbulence intensity ond scale. Details

of wave number freque~cy spectro _. e >f secondary importance.

2. Sheor noise produces oppraximately half the sound power but double the peak sound
pressure of self noise.

3. The initial mixing region roughly foilows the x%law Sor intensity.

4. The tronsition region produces 60 percent of the sound power, and a shallow peak
in sound production occurs neor the end cf the potential core (5 diometers;.

5. Final similarity and the x~ law oniy occurs teyond abeut 15 diometers.
6. Axial source focation results ore in good agreement with experimental doic.

7. The empirical relation of Davies, etai., between meon sheor and tutbulence
intensity suggests that shear ncise has the some local dependence as self noise .

8. Integration gives the theoretical value of the Lighthill parameter K in the equation
W=Kc? Py U® D? a5 3.3 x 1073 compored with the empirical value of 3 x 10~5

for low speed jets.

9. Predicted one third octave bond noise spectra show good agreement with the SAE
stendard spectrum.

10. The calculations of the spectrum indicate thet more precise information on turbulence
scales in the ronsition region are necessary for accurate jet noise spectrum predictions.

11. Theory predicis a major increase in sound power as speed increases info the transonic
and supersonic spead ranges. This is not observed experimentaliy.

12. Aercdynomic effecis, nctably the lengthening of the core will reduce srurce strength
ot supersonic speeds, bu? the most important reason for the discrepancy oppecrs io lie
in the neglect of refractive and nonlinear effects in the theory.

13. It appears possible to analyze acoustic data in @ more systemctic fashion. Analyses
versus Moch numbers is a function of frequency ond angular location will provide
crucial tests of theoreticai predictions.



15.

16.

17.

Self and shear noise cen be separated following the concepts of MacGregor and
Lush. This may be porticulariy valudble for the analysis of supgressar configurations,
and also offers the promise in isferring aerodynamic parameters, such as scaie, from
ocoustic data.

A physically reasonabie node! for the ratio of space to time scales suggests thot
loca! noise intensity is directly proportional to turbulence intensity to the eighth

power .

Detniled experimental information on turbuience parometers is required. The iocal
scale parameters represent the most sigrificant unknown feature. Voriotizas induced
by complex flows, for imtance suppressor nozzles, are aisn assentialiy unknown .

Theory does provide the basis for a comprehensive prediction tecnnique for jet

noise, particularly os the scoustic ond aerodynamic information suggesied in items
14-16 becomes availoble.
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