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SECTION 1.0

BACKGROUN D

With the advent of larger and more powerful military and commercial air-

craft propulsion systems , it was increasingly apparent to government and in-

dustry that  major e f fo r t s  had to be undertaken to improve the general comn,u—

ni ty  environment a f f ec ted  by these sys tems . With the init iation of the

American SST Progam and its subsequent cancellation, it was evident that
major research e f fo r t s  were necessary to further investigate the mechanisms

of jet noise generation and reduction. Over the last three decades a con-

siderable effort has been directed toward enhancing our understanding and

technology. Both scientist and engineer have exerted their talents and

experience to solve and miti gate the aeroacoustic aspects of high—velocity

exhaust jets—noise. The p roblem of noise reduction is i l lustrated by the

fact that the acoustic power is but one—millionth of the total flow power.

The problem of extracting basic understanding is underscored by the fact that

theoreticians are still probing for the more exact theoretical acoustic
formulations for j e t  noise generation and acceptable approximations for their
solution . In addition to these complications , considerable energy is being

spent developing the instrumentation capable of support ing the theoretician

and engineer.

The overall objective of this joint Air Force and Department of Trans-

portation Supersonic Jet Exhaust Noise Investigation was to develop a com-

prehensive mathematical model capable of providing aeroacoustic design data

to develop future supersonic jet exhaust noise suppressors. Because of a

lack of a clear understanding and a detailed mathematical specification of

the noise—producing sou rces for  even the mos t simple nozzles , the inves-
tigations for this program centered on developing techniques which would

contribute to a fuller understanding of noise source generation of simple

jets.



The Air Force Aero Propulsion Laboratory suppor t ed  an i n i t i a l  one—year

exp lora to ry  research program in 1971. Three cont rac ts  were awarded: General

Electric Company ; Lockheed Aircraft Company ; and Bolt , Berane le , and Newman

Company (see Reference 1 for  General E l e c t r i c ’s’ Phase I Final Report).

As a result of this initial exploratory program , two two—year contracts

were awarded , one to the General Electric Company, and one to the Lockheed

Aircraft Company under the joint sponsorship of the Air Force and the Depart-

ment of Transportation .

At the time of the initial phase of work , a thorough review of various

competing mathematical models used to explain supersonic jet noise generation

processes was performed. Additionally, work was begun to develop the type of

instrumentation necessary to measure the detai led in—jet flow properties of

heated supersonic jets.

One result of General Electric ’s initial theoretical efforts was the

establishment of a comprehensive turbulent mixing aeroacoustic model capable

of computing detailed aerodynamic f low proper t ies  — velocity (mean and turbu-

lent), pressure, temperature, density, and length scale of turbulence , as

well as being capable of computing all the main acoustic properties — overall

sound power level, power spectra, overall soun i pressure level, sound

pressure level spectra , and jet  d i r ec t iv i ty .  The method was additionally

applied toward predictions of axial power distr ibutions of subsonic and super-

sonic jets , acoustic peak frequency distribution , and the effects of initial

turbulence intensity on jet noise. This computational scheme was so designed

as to enable the acoustic predictions to be based on aerodynamic input wh ich

could be predicted or measured, thus allowing the scheme to be compatib le with

exhaust nozzle suppressor investigations where the detailed properties cannot

yet be predicted.

To complement the theoretical developments the General Electric Company

developed a unique in—jet , noncontact—type probe , capab le of velocity measure-

men ts in high temperature jets — General Electric ’s laser velocimeter. The

deve lopment work performed in this area clearly marked the laser velocimeter

as the measurement tool for the future .

2



I t  was found during the first ph ase of e f f o r t  tha t  the mode ls wh ich

yielded the greatest information where indeed the more classical turbulent

mixing noise theories of Lighthill , Ribner , and Ffowcs—t~i11iams . In spite of

the success demonstrated with these models , limitations were found . Two

examples which illustrate the limitations of the classical theories are :

1) jet noise does not obey a density squared (p
2
) power law except at high

acoustic Mach numbers (Mo > 1.50); 2) the refraction or convection/refraction

coupling was not adequately represented in these theories.

In this time period investigators were becoming increasingly concerned

with experimental findings which suggested that jets were highly ordered.

Essen tially,  imply ing that the basic assumption of source compactness of the

Lighthill class of turbulent mixing theories was invalid. Advocates for the

“orderly s tructure” of jets claimed that the dominan t noise source for je ts
was the orderly structure models .

With the initiation of the follow— on contract , our approach was to main-

tain the close relationship of the aerodynamic nature of the supersonic jets,

to identify what acoustic characteristics needed better specification and

theoretical definition ; to continue with the development and application of

our laser velocimeter — particularly for flows commensurate with industrial

application ; and , to examine the feasibility of using the laser velocimeter

for direct point source location application.

The method of approach that the GE team elected was to model the prob lems

as simply as possib le (conceptually and theoret ica l ly) , wi th  the aim of clari-

fying the physics of the problems rather than creating further complications.

The goal was to shed “new light ” , and to give direction by which suppressor

technology could be influenced and improved.

An i l lustrat ion of the General Electric aeroacoustic approach is

schematically shown in Fi gure 1. The idea that is portrayed is to develop a

“coupled aeroacoustic approach for predicting the essential features of j e t

noise. The aerodynamic input is to be computed or measured. The acoustic

model is linked to the aerodynamics to predict the acoustic spectral char—

ac ter i s tics  at all observation stations . The aerodynamic input 
should3
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provide mean flow and turbulent flow characteristics and should be capable of

computing subsonic as well as supersonic jet exhaust information .

As is true with any investigation , certain ventures were successful , and

others were less successful. The following discussion represents summaries

of the major accomplishments of the contract effort . This volume (which is

the summary volume) is complemented by three additional volumes which re-

present the final report. Volume II contains detailed discussions of the

theoretical and experimental work efforts performed during the second year of

the contract. It extends the work reported in Reference 2 which was an

iterim technical report. Volume III is a computer user’s manual which

describes the aeroacoustic computational methods developed. Volume IV is

a data volume of far—field and near—field acoustic measurements.

5



SECTION 2.0

REV IEW OF THE THEORETICAL DEVELOPMENTS OF THE AERODYNAIII CS OF SUPER-
SONIC JETS

There are two distinct techniques which have been used to analyze the

aerodynamic flow field in a supersonic jet. In the first approach , the jet is

t rea ted  as a viscous , boundary—layer flow . The result ing flow f ie ld  is of

the type dep icted in Figure 2. According to the usual boundary layer

approximations , the radial velocity components are assumed small in compari-

son to their axial counterparts, and , in addition , the pressure is taken

to be constant throughout  the whole flow f ie ld .  These approximations in—

plicity assume that the static pressure at the jet exit plane is identical

to the ambient pressure and that Prandt l—Meyer expansions and/or shock

waves are not present in the flow field. Consequently , this viscous

boundary layer analysis can only be applied to subsonic jets , or to super-

sonic jets which are ideally (or nearly ideally) expanded .

In contrast to this viscous analysis, the second traditional technique

for  analyzing supersonic jets completely ignores the effects of turbulent

mixing. In this second (inviscid) analysis, the full two—dimensional

equations of motion are used , and strong radial and axial pressure gradients

can occur. These pressure gradients have their origin at the nozzle exit

plane where the static pressure is generally significantly different from

the ambient pressure. In adjusting to the ambient pressure , the flow field

generally develops a series of shock waves and Prandtl-.Meyer expansions

in a nearly periodic , cell—like fashion. A schematic description of the

qualitative features of a jet described by this two—dimensional analysis is

shown on Figure 3.

As indicated above , both  of these approximate models are applicable to

the analysis of a certain class of supersonic jet. However , as might be

expected , neither model applies to all supersonic jets. Thus, for example,

the effects of friction can never be entirely removed from the jet. Further ,

6
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sipe rsonic jets are seldom uniform , parallel ideally expanded sets . Con-

sequently , in order to obtain an acoustic prediction techni que which  is

applicab le to both ideally expanded and non—ideally expanded jets , the

aerodynamic model must include both two—dimensional effects and viscous

mixing effects.

Exhaust nozzles of most contemporary gas turbine engines generally

operate near their ideal expansioll ratios. In view of this, General Electric ’s

initial efforts at the prediction of the sound field of a supersonic jet

relied on an aerodynamic analysis which included only the effects of tur-

bulent mixing. Specifically , this aerodynamic model was of the viscous,

boundary layer type described above. The computerized version of this

analysis is referred to as the JETMIX computer program. This computer

program solves the time—averaged turbulent boundary layer equations using

boundary conditions which are appropriate for free jets. The turbulent

Reynold ’s stresses are included by means of a turbulence model which is

based on turbulent kinetic energy concept. This turbulence model is based

on those developed by Rotta~
3
~ , Glushko~

4
~ and Spalding~

5
~ . The details of

this turbulence aerodynamic model have been fully documented in References

6 and 7 with the analyses — as well as extensive comparisons — of the pre-

dictions with experimental data. Volume III of this final report contains

the computer documentation of this work. To predict nonideally expanded

jet flow fields , the basic viscous analysis was extended by coupling a two—

dimensional inviscid analysis.

The method used was to include the two—dimensional effects which occur in

nonideally expanded jets by dividing the jet into an inner region and an

outer region as shown in Figure 4. The outer region of the jet contains that

part of the jet in which the effects of turbulent mixing are significant .

Near the  nozzle ex i t , the oute r re ’ ~nn is composed of a narrow annular por t ion

of the flow field on the outer edge of the j e t ;  downstream o ’ the exit plane ,

the thicl:ness of the outer region increases until it eventually includes the

entire jet. In the analysis , the outer region is computed by the original

viscous , boundary layer computer program . Now, whereas the outer region of

the let is dominated by the effects of viscous mixing , the inner region of
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the j e t  is dominated by the f a r i l i a r  P r a n t i — M e v e r  e x p a n s i o n s  and shock r:a’.’&’~
wh i ch ch~irac terlze two-dimensional supersonic flow fields. Cnr~plete de-

scriptions of this shock flow analysis are given in References 8 anI ~ .

A~ indicated in Figure 4, the two separate parts of the flow field are

matched along the sonic line . Thus, the inner portion of the flow field is

supe rson ic , whi le  the outer flow is subsonic .  However , it mus t be no ted  t h a t

the sonic line appears in the jet because viscous effects have reduced th~
Mach n umber of the f o r m e r ly supersonic f low . This indica tes  t h a t  the outer

edge of the supersonic region has experienced considerab le viscous effects.

Thus, in order to include the two-dimensional effects in as large a region as

possible , and in order to enforce as smooth a match as possible between the

inne r and outer solutions , the ~ffects of the viscous mixing are included in

the inner analysis as known “right—hand—side ” terms. The magnitude of the

“right—hand—side ” terms is estimated from the viscous analysis. This match-

ing technique allows the total  pressure to vary cont inuously f rom the out e r

ed ge of the je t  (where the f low is essentially s tagnated)  through the sonic

line and all the way to the je t  centerline (where the f low is supersonic) .

Then , by match ing  the s t a t i c  pressure at the sonic line , it is ensured tha t

all flow properties are continuous at the matching  line . The equat ions

expressing this model , as well as the methods for matching the inner and

outer solutions and shock reflections , are well described in the mentioned

references.

To illustrate the capability of the techniques described , Figures 5 and

6 are shown . Figure 5 corresponds to flow from a convergent nozzle w i t h

sonic velocity at the exit. The pressure ratio is 
~j
’
~amb 

= 2.1. This

fi gure shows radial variations of both total and static pressures at each of

two axial locations (X/R = 1.9 and X/R 2.65). The rate at which the mixing

region spreads with distance from the nozzle exit can be seen, as can the

increasing total—pressure loss due to shocks. Relative ly large levels of

static pressure variation also are observed , even though the underexpansion

is still mild.

Figure 6 represents predictions of the coupled analysis (for a jet of

pressure ratio 
~j
’
~ath 

— 2.1). The top portion of the figure shows a super-

1 ()



M L(~ P /P = 0 .2 12
‘xi t arni) Tre f

i t )

.—a

- ____ 
~ r = i .9

0

——— x r = 2 . 6
0

~~. o t ;  -

Total Pressure0. 1 -

, 
~~~~~ amh

° 

: ~~~~~~~~~~~~~~~~~~~~~~~~~~~ re

0 0 . 2  0 . 4 0 . 6 0 . 8 1. 0 1 . 2 i i  l . ’i

R a d i a l  D i s t ance , r / r
0

Figure 5 . Cross—Stream Variation of Predicted Total Pressure and
S t a t i c  Pressure fo r  a Jet f rom a Conve rgen t  N o z z l e ,
Show i ti c Total  Pressure  Loss Due to Both Shocks and
M i x i n g .

Ii



-

~~~~~~~~~~~~~ 0_ J

~

i

_ 

I

-~~~~~~~~-~~~; 
I

_ _ _ _ _ _ _ _

~~~

!

~~ 
\~~~~~~~~~~~~

sdj n

12



position of the predic ted shock struc ture on a Schlieren photograph of a j e t

at the same conditions. The agreement for  the f i r s t shock cell is seen to

be excellent ; however , at the second location , the predicted solutions do

deviate from the observed locations . The bottom portion of Figure 6 shows

the predicted axial distribution of mean velocity and turbulent velocity on

the jet ’s outer line. The open symbols were from data measurements using

General Electric ’s laser velocimeter. As can be seen, the theory data com-

parisons are certainly reasonable.

The discussion given above described the most recent improvements

obtained in General Electric ’s deve lopmen t of predic tive procedures for

supersonic jet exhaust plumes. We have found that the techniques developed

are very t ractable and can be used with reasonable confidence for  studying

the aerodynamic flow f ield of high velocity and hi gh temperature je ts .

The computer programs developed for the flow field predictions can be found

fully described in Volume III of this final report.

A key aspect of all the aerodynamic programs is that the turbulent

kinetic energy is computed. As was indicated by Figure 1, any of the tur-

bulent mixing noise models depend on this input . Thus, the acoustic radiation

from ~n off—design jet can be computed directly as was done for ideally

expanded jets (see references 1, 10). This type of calculation automatically

takes into account the indirect effect of shock structure on jet noise. That

Is , the local turbulence level is increased by the shock and so the local

acoustic source term is similarly affected. Nevertheless, the presence of

shock waves in nonideally expanded jets will not necessarily lead to a

hi gher predicted level of noise (as compared to the corresponding ideal ly

expanded j e t ) .  The reason is that with the increase in turbulence there

exists a cor responding chan ge in the mean velocity wh ich could tend to
of f—se t  the generation of turbulence by the shocks .

13



SECTION 3.0

REVIEW OF RECENT THEORETICAL ACOUSTIC MODEL DEVELOPMENTS

in the Back ground section it was indicated t h a t , a l though the c lass ica l

tu rbu len t  mixing theories were qu i t e  successful , they also had limitations.
A list of constraints , which was drawn up as the criterion for jet noise

theories , f oll ows:

1. Direc tivity

2.  Density and temperature characteristics

3. Source distribution information

4. In f l uen ce of in it ial turbulence

S. Shock effects

6. Calculations must be based on an aerodynamic input , ei ther
calculated or measured profi les

Classical Lighthill/Ffowcs—Williams/Ribner turbulent mixing theories

will  pred ict (for subsonic jets) peak noise along the jet axis for all

frequency bands . Acoustic experiments clearly show that the zero angle

peak noise prediction for all frequencies is incorrect and overpredicts the

noise , and that the jet noise directivity is a function of frequency . The

acoustic engineer has recognized this fact for many years. In most instances

the jet noise “di p” was associated with the refractive properties of the jet.
Ribner~~~~~

7
~ and his team at the University of Toronto have investigated

this problem extensively and have shed a great deal of light on this problem

and on me thods of je t noise modeling to incorp ora te re f rac t ive phenomena.
Much of the concern , however , cen tered on the h igher frequencies. An en-

lightening presentation of experimental jet noise tests by Lush~~
8
~ poin ted

to the low frequencies . There it was shown that , in contrast to the high

frequency jet noise , je t noise convec tion amp li f ica tion was grea ter than
classical theory at the low frequency .

(19)Hock , Puponchel , Crocking , and Bryce illustrated characteristics of

jet  noise , namely the influence of jet density and temperature . Classical

14



jet noise theory predicted a density—squared j ower law ~~~~~~ . .) .  The re-

sults , illustrated in Figure 7a, show a clear veloc ity dependence on the

density exponent. The classical square of the jet density only occurs at the

higher velocity points. Jet temperature also was shown to influence jet noise

by shift ing the spectra shape as shown in Figure 7b. Increasing temperature

enhanced the low frequency noise over the ambient jet , while it mitiga ted the
high freq uency components of the noise.

To dr aw on a theory for  f utu re je t noise suppress ion work , the theory
should be indicative of the noise source location . Similarly the models

developed should prov ide insight toward the relative importance of the roles

between the turbulence—turbulence interaction fields and turbulence—shear

intera ction field (commonly called self—noise and shear—noise). The aspect

of the location of the sources would provide the guidance and insight relative

to develop ing and anal yzing results from noise source location instruments.
The identification/qualification of self—noise and shear—noise help in selec-

t ing the proper aerodynamic parameters of interest.

it has been found that , by si gni f ican tly increasing the exit plan turbu-

lence levels of the jet , the noise level would corresponding ly be increased .

These results were first predicted using our aeroacoustic prediction methods

and fu r ther ver if ied by experiments . Figure 8 shows these results. Informa-

tion such as th is has direc t bearing on the aerod ynamic nature of jet noise.

The in f l u e nce of shock noise is cer tainl y an issue that far too few

people have addressed. For cold jets, the resonant phenome non , or shock

screech , has been known for some time, but the influence of shock noist~ on

the broadband content of jet noise is still of considerable concern.

The jet noise modeling problem may be considered in two parts: the

purel y acoustic part (dealing with the propagational , convective , and re-

fractive portions of the problem) and the aerodynamic nature of the problem .

Both parts of the problem are important for understanding the full aspects of

the problem . The approach taken has been to make reasonably sure that the

aerod ynam ics o f the problem are in t ima tel y connec ted to the acous t ics of the

problem. The name of the jet noise problem is aerodynamic or turb ulen t m i x i n g

no ise , and we should have assurance th~ t we understand the aerodynamic/acoustic

coup ling.
15
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14) i m p r o v e  our m o d e l i n g  and u n d e r s t a n d i n g  of j e t  noise , the l is t  given

above served to focus  a tt e n t i o n  as to what  should be a t t e m p t e d  as f u r t h e r

Iari tjcation . In order to put the problem into perspective , Mani~
20
~ con-

sidered three problems of the sound power and power spectrum of moving sources .

The studies were all motivated by one notion , namel y, that Lighthill ’s or igi—

n~il idea of ascribing jet noise to convected sources radiating freely to the

ambient needed revision to allow for mean flow “shrouding ” effects. in his

work all the other basic notions such as source  compactness were retained .

Consider Li ghthi ll ’s equation [or aerodynamic noise for an inviscid gas

in the  absence of mass , f orce , or energy sou rces:

— a
2 

v
2 

= -~.L_~---.~ (T . . ]  ( 1)

where T . . = p u . u . +( p— a 2
c ) 6  A f e a t u r e  w o r t h  no t i ng  is t h a t  if u • = u~~

’ +
I I  I i  0 tj  1 1

where U is u n i f o r m  and s teady , then we may show r igorously (using the

continuit y equation) that p satisfies :

~ 2 2 2[ -~ + U — ] p — a V = [T~ . J  ( 2 )
it 0 P ~Xj’~Xj 13

where T~~. u~ u~ + [p — a
2 p l A . . . The simp lic ity of the stationary

medium—wave operator in equation (1.) has been sacrificed in favor of the con—

vec ted— wave  opera tor  in equat ion  ( 2 ) ,  but an advantage has been gained in

that the velocit y—dependent part of T~~. is now p u~ u~ . Since the u! differ
13 1 3 1

i r on  u . by the subtraction out of a stead y uniform part , U 3~~., it becomes
p l a u s i b l e  t h a t  the approx imat ion  of (p u~ u~ ) b y (p u~ u !)  may be va l id  fo r

much hi gher Mach numbers than the rep lacement of (~ 
u
1 

u
j

) by (p u . u .).

The j e t  noise p rob lem is comp l i c a t e d  b y the  f a c t ,  tha t  U i t se l f  varies (par-

ticularly in the transverse direction) , hut the transformation of equation

( I )  into equation (2) does serve to illustrate one of the motivations that

has led i n v e s t i g a t o r s  [ most  n o t a b l y  O. Pl .  t~i i i ii ips ~~
1)

j to describe the aero-

dynamic sound generation problem in t e rm s of a convected—wave equation .~a ther

th in a stationary medium—wave equation . fo r examp le , the starting point of

Refer ence (21) is equation (2.8) of  Reference (2~~) ,  wherein a convected—wave

Is



equation is obtained for log(plp ) with a source tern on the right—hand side

involving only velocity fluc tuations.

The difficulty with the convected—wave equation of the general type as

developed by Fh i ll i p~ is that  it is very d i f f i c u l t  to obta in  general  so lu t ions

to it. Studies wlth the Phil l ips ’ equation as a starting point generally

emp loy an asymp to t ic , high frequency analysis thus rende ring the anal ysis

most suitable for hi gh ve loc i ty  j e t s .  Mani ’s s tudy  was mot iva ted  by the

need to develop solutions pertinent to lower frequencies (and , hence , lower

jet velocities). For such lower frequencies , it seems permissible to approxi-

mate the true jet velocity profile by a slug flow or top—ha t—type velocity

prof ile jet.

There are two aspec ts of the presence of a mean f l ow tha t do rece ive

exp licit recognitior in Lighthill’s work . One is the recognition that trans-

verse gradien ts of the mean f low coup le with gradien ts of the f lu ctua t ing

flow to produce “shear noise.” The othe r , more subtle effect of the flow
(in view of the largely solenoidal nature of the u!), is that the noise gene-

ration process is best ascribed to moving sources. It may be said that as

important as Lighthill ’s recognition of the quadrupole order of jet noise

was , his recognition that the sources must be viewed in a convected frame of

referen ce in order to preserve source compactness and in order not to arti-

f i c iall y inflate the time rate of change of the turbulence was even more

impor tan t  (a f rozen , subsonically convec ted pattern of turbulence radiates no

sound). Peculiarl y,  however , this very insistence on use of convected sources
led to a major difficulty of the theory, because the effect of motion on the

acoustic output of a source is to enhance its output , an e f f e c t descr ibed as
“convective amp l ification .” This led to a prediction that jet noise power

could exhibit a higher—than—eighth—powe r dependence on jet exhaust velocity ,

a result never observed experimentall y. Jet noise data show a very good

eig hth—power dependence over a wide velocity range up to jet exit Mach numbers

of 2.

Three good exp l ana t ions  have been given fo r  the t enac i ty  of the observed

eighth—powe r dependence . First (as proposed by Lighthill himself), it is

exper imentally observed that turbulence intensity (RN S turbulence level

19



ct mean velocity) diops off somewhat as Jet exit Mach numbers are raised.

Second , t in ’ finit e eddy life t ime correctio n to I.ighthiil ’s moving source
(22) (23)

solutions of Ftowcs—Williain s and Ribner tends to reduce the radiative

eff icienc y of the quadrupoles at hi gher jet velocities (and associated

hi gher frequencies). Finally, as pointed out by Ribner~
24
~~, Powell~

25
~~, and

Csanad y
(2 6) , the f a c t  t h a t  the moving quadrupoles are embedded i n  fast moving

fluid (with respect  to which they are not moving at a l l )  indica tes  t h a t  onl y

l i m i t e d  convect ive  amp l ification will occur (in fact , at very high frequen-

cies , no convective amplification will occur).

The last exp lanat ion is probably the most pertinent one . The reduction

of turbulence intensity with increasing jet speed is experimentall y fou nd to

be too small to effectivel y counterbalance the theoreticall y pred icted

convec tive amp lific~ tion . Measurements by Dav ies , Fisher , and Barra tt~
27
~

have shown that the finite eddy life time correction of Ribner and Ffowcs—

Will iams cannot be significan t for subsonic jet Mach numbers. Most impor—
(18)

tantl y ,  recent ca re fu l  jet noise experiments by Lush lend strong support

to the third explanation . Lush analyzed jet noise spectra at various angular

posit ions in terms of a source f requency  parameter  (which co r r ec t s  out the

Dopp ler shift effect). He found that for off—axis locations and for low

enough values of the source frequency parameter , the predicted convective

amp lif ication does indeed occur. It is at shallow angles to the jet axis

and f or h igh values of the source frequency parameter that the convective

amp lification fails to occur. Such a detailed picture of jet noise can be

shown to be fully compatible with the idea that the shroud ing of a moving

source by a fast—moving fluid inhibits convective amp lification .

Man i initiall y considered je ts to be char act erized by a sl ug f l ow mean
veloc ity profile. Th~ sources were simple harmonic in their own frame of

reference and were assumed to convect with the same velocity as the jet. Three

problems were considered in Reference 20. The first problem was the case of

a simple monopole convecting aJong the axis of a round jet. The second

problem considered the need to understand off—axis lines of convection . The

th ird problem considered the jet density issues.
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From the first model problem , Man i anal ytically showed a coup le o f key

f ea tu r e s~ (1) the incorporation of fluid shrouding confirmed the frequency—

dependen t nature of convection amplification , (2) at low frequencies there

e x i s t s  g r e a t e r — t h a n — c l a s s i c a l  convection amp lification , wh ile at hi gh

frequencies , there is less convection amp lification , and (3) the intrinsic

source strengths follow Strouhal scaling with respect to velocity. Figures

9, 10, 11, and 12 illustrate these results.

Figure 9 expresses the total power emitted by a source nondimension—

al ized by the classical convective amplification power. Corrections of

> 0 dB are indicative of underestimates of classical convection amplification .

The f igure clearly shows that the moving source model includes the frequency—

dependent nature of convective amplification .

Figure 10 is a starting point to consider the implications with regard

to Strouhal scaling of the results shown in Figure 9. Shown under the curve

labelled M = 0.3, one— third octave intensities obtained by Lush~
18
~ f c r  a j et

Mach numbe r of 0.37 at 90° are shown . This curve is chosen as a baseline

beca use , at that low Mach number of 0.37 and location (90° to jet axis), we

expect l i t t l e  convect ive a m p l i f i c a t i o n  e f f e c t s .  The abcissae are shown in

Strouhal numbers , St ( 2 f a / M ~ ) ,  and the L rdinates are only rel dtive decibel

levels.

An intensity spectrum at 90° was chosen because , in addit ion to Lirk of

convective amp lification effects , the 90° location also pr ides a v e r y  good

and clean measure of the intrinsic strength of the sources (their f requency

distribution) . This is because that location is large ly characterized by

“self noise.” A basic assumption oi the process used in deriving Figure ii

is that the frequency distribution of the “intrinsic source strengths ” does

•ollow Strouhal scaling with respect to velocity. The b a s i c  argument of

what follows is to point out that the radiative efficiency of the  sources is

f requency—dependent and , bei ng h igher  fo r  the low f r e t f i l o n L  ies than t i  t i 0

high frequenc ies , causes peak frequencies of the sound powci spectrim to

scale with velocity much slower than a I i r t  powe r ( is is assumed in inoven—

tional Strouhal seal i m p ) .  Fl. part i citl . i r low Ma. Ii iuioi ’i J a t u n i  used t o

establish this ri si lt i t . j ~ ii i n t h i s  c isc as the 90° Intenslt v spectrum of
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Lush~~
’8
~ ) Is not the main issue 

— a different datum would lead to the same

qualitative conclusions . Ideally ,  perhaps , one would have to work out

separately the “shear- noise” and “self—noise ” portions of the power spectra.

Mim i ’s second problem considered the acoustic output of a line of

acoustic sources . This allowed the sources to be developed from the jet

centerl ine . The result of the study indicated that , as far as power

estimates were concerned , the notion of the sources moving along the center-

l ine could be retained. Thus considerable simp l ici ty was saved for  fu tu re
work .

The t h i r d  problem considered the heated j e t .  This problem was t r ea ted

sim i larl y to the first problem with the restriction that p . a ..
2 

= 

~~ 
a

2 
but

~~ ~~~~~~
‘ 
a~ ~ a .  Figures 12 and 13 are typical examples from this exercise.

Fi gure 12 illustrates the frequency—dependent nature of the density experi-

ment , and Figure 13 illus t rates its velocity dependence .

in summary , all three models were pursued with a notion that there may

be purel y acoustical explanations for several features of jet noise , prov ided
it is recognized that the sources do not radiate freely to the ambient but

are subject to a shrouding or developing effect due to the mean jet flow.

The success enjoyed by the above method of approach encouraged further

work along these lines. With the simple model studies , par ticular success was
achieved in explaining aspects of jet noise data not exp la inable by the Light-
h ill acoustic analogy approach . However , the aspect of the noise sources

being a distribution of compact sources has been retained. The new work in

this area considered the sound field produced by a convec ted poin t quadrup ole

embedded in and moving along the axis of a round slug flow jet. Both the

unheated and the heated jets were considered. The new work is described in

de tail by Mani in Volume ti , Chapter 1, Section 1.0 of this final report .

In the new anal ysis b r  unheated and heated jets , the Li1ley~
28
~ and

Goldste in~
29
~ formulation of equations is now used. There are several points

which should be br ought to light. Consider the following two equations :
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L~j~~th ill ‘s Equation

- a~ V
2
p 

3
2
(pu .u~~

0

Lilley ’s Equation

3 1  dV 1 11 — / 1 ’
D r 1. ~3 i _2 ar I D ~ 1— 2 c
— +  2 Ia — I -  — — Ia
Dt

3 dx
2 

ix
11 

ax 2j Dt ax .

dV
1 .)2 1 1 D ______= — ~~ 

~~~ 
aX 1,aX~~ Lt1

~ 
u~

j  
+ y 

~~ ax~~ax .  [u~ u~ ] (4)

From this point of view Lilley ’s equation needs interpretation . The

quantity r’ , for small values of p ’ compared to the ambi en t pressure 
~A ’ 

may

be shown to be equal to 
~~
‘‘
~A~

• The Uj on the right—hand side of equation

(4) are regarded as the known , solenoidal , turbulent velocity fluctuations
and equation (4) then provides the required correct inhomogeneous wave

equation for (
~~

‘ ‘PA) dr iven by the turbulent velocity field. The improvement

of equation (4) over equation (3) or even Phillips ’ equat ion (1960) is that

the source term is clearly in the form of a quadratic function of the fluc-

tuating velocities . The operator in equation (4) stands for + v
1 

.—±_] .

Mani ’s study deal t pri maril y w ith the no ise pr oduced by the source term :

5 ~2 r
iu . u .Dt axi axj 
L 
1

Both Lilley ’s equation (4) and Lighthil l’s equation (3) exhibit “self—noise”

and “shear—noise ” source terms. However , the re la t ionsh ip of the self—noise

term in Lilley ’s equation~ namel y 
~~ ~~

2
axj [ui. 

u~] 
to the shear—no ise term

in Li l ley ’s equation , i.e.:

1V~ a 2

dx2 axl axk L 2 k
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is quite different from that for Lighthi ll ’s equation where the analogous

term s would  be as 
~~~~~~~ 

(u~ u~) and ~~~~~~~~~ 

2 
Lightlt ill’ s equation (3)

suggests the fo l lowing  th ree  no t ions  concerning “shear— ” and “s e l f — ” noise.
First of all , it appears t h a t  shear noise migh t be much more impor tan t than

self noise since shear noise in only linear in the turbulent velocities while

self noise is quadratic in the turbulent velocities. This is what Lighthill

(1952 , 1954) had in m ind when he referred to the “amp lif y i n g ” e f f e c t of mean

fl ow gradients on jet noise . Secondly, it appears that the shear noise may be

responsible for the low frequency sound with the self  noise accoun t ing f o r

the high frequency sound. Related to this is the observation by Jones~
30
~

that shear noise should have a convection factor of (1 — M~ cosGY
3 as opp osed

to the (1 — Mc coseY~
5 factor for self noise. Finally, unl ike  self noise

w h i c h  has an iso trop ic or omnid irec t ional chara cter , the shear—noise tern

appears to have a preferred axial directionality. In Lilley ’s fo rmula t ion ,

neither of ‘;he first two notions is true , while the third notion still carries

over (in a somewhat weaker form). Since the shear—noise term of Lilley ’s

equation is quadratic in the fluctuating velocities , as is the self—noise

term , it is neither more important than the self—noise term nor is It respon-

sible for lower frequency radiation as compared to the self—noise term . In

fact , the two terms in Lilley ’s equation are qualitativel y very similar , since

the nperator operating on the self—noise term 
a

3
a Lu~ u~) essentiall y

effects a multi p lication of it by w~~ where w0 is a frequency of the self—noise

edd y in its own (convected) frame of reference. The experimental study of Davies ,

Fisher , and Barrat
i27) has shown that i.~ 

d V
1 and , thus , there exists a

0 (~-~;-_)

considerable qualitative similarity between the self—noise and shear—noise

terms of Lilley ’s equation. It is true , of course , that. the scalar function

a2
-
~

——--- - - [u u~ J associated with the shear—noise term in Lilley ’s equation hasxl x
l

a mildl y preferred axial orientation as compared to the isotropic function

dX
1

)X  
fu~ ‘~~J assocIated with the self—noise term. This aspect Is Ignored

i n M ~ ni ’s s tudy .  Oniy with solutions to equation (4) with a source term of
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type [u! u ’J were considered . One further point worth noting

with regard to equation (4) is that , since the jet flow is at constant static

press ure , a2 can be written as y PA / p (x
2). Then for r ’ depending on x1, t as

exp [j(ct x
1 

— ut)] and for small r ’ , the homogeneous portion of equation (4)
[i.e., equation (4) with the right—hand side set equal to zerol yields that

across a thin shear layer the quantity:

1 .~~~~~~~
— 1 12p(x

2
) jw_ciV

1
(x
2
)
j 

2

must be continuous . This is of course equivalent to the usual kinematic

condi t ion tha t the transverse acous tic par ticle disp lacement across the
shear layer be continuous . The reason for pointing out this feature of the

homogeneous form of Lilley ’s equation (4) is that the homogeneous form of

Philli ps ’~~
2
~~ equa tion fails to yield the correc t kinema tic condi tion when

examined in the limit for a vanishingly thin shear layer.

As a first case which serves to illustrate the differences in solution ,

the case of the x—x quadrupole is given . Mani’s solution for the far—field

pressure due to an x—x quadrupole can be written as:

— 
—j ~o ~~x Wo Cos2e ej o

t_k
c~~- 

2~
2 R a2 (l_M

~ 
CosO) 3[(a~ a) J ’(a ~a) H~~

2
~~(c~~a)

- (ct~ a) (1-H CosO)
2 (2)~~ + ) J (ct~ a)] (5)

The corresponding Lighth ill expression (with V1 0, but V~ C0 M~
) is:

~o ~~~ 
~o Cos2O em 0 t_

~
(o~~

2 3 (6)
4itR a (l—M CosO)

o c

The major difference between equations (5) and (6) is that , in the case

of equation (5 ) ,  the far—f ield directivity is completely f r equency— depend ~’n t .
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The relevan t nond imensional parameters governing the directivity are now M
and (k0a). For 0 < 0 < cos~~ (1/1 + H) (the so—called “zone of silence”) and
high (k0a) ,  the exponential nature of the I functions is a manifestation of
refrac tion of the sound by the jet. Also for nonzero (k0a ) ,  p ’ + 0 loga-

ri thmicall y as 0 0 or + i~. [Cottlieb ~
3
~~ refers to this as the “Lloyd ’s

mirror ” effect.] A most interesting result is obtained by examining equation

~3) as (k0a) -
~ 0 (low frequency result) we find that p ’ tends to:

0 2
~o ~xx Wo Cos2O ej((~0

t_
~
(oR)

2 5
4r a0R (l—M CosO)

(If the problem had been worked with V1 ~ 
V~~, the expression (1 

— M cos0) 5

in the denominator of equation (7) would be modified to (1 — Mc cosU)
3

(1 M1 cosO) 2 where M
~ 

= V~ /c0 and M1 = V1/c0). In other words , equa tion (6)

is not a valid low frequency limit . Such a feature of low frequency noise

emission was first noticed experimentally by Mollo—Christenson and Narasimha~
32
~

and quali tatively ascr ibed by them to the influence of jet flow. Berman~
33
~

has also drawn attention to it , pointing out that it is not an instability

effect but rather that “the noise generation process is enhanced by a f u l l y

stable resonance phenomenon.”

Equations (7) and (5), to some extent , exp la in why an expression of the
type found in equation (6) by Lighthill has seemingly worked well in the past

at least for the noise of cold jets. It turns out , roughly speaking, that

equation (6) underestimates the variation of p ’ wi th respec t to 0 at low
frequencies [when compared to equation (5)] as indicated by equation (7),

while overestimating it at high frequencies . The overestimation arises
(33 ,34) (35) (36 )essen t i a l l y because [ as pointed by Ribne r , Powell , and Csanady

at hi gh frequencies , the radiation of the eddy is primarily governed by its

own immediate environment (namely the jet flow) with respect to which it is

not convecting at a l l .  Regardless of how high (k 0a) may be , both (cz+a) and
(a+a) or (z~a) approach zero as 0 0 or it and 0 -

~ cos~~ (1/1 + H) .  Because

of this , it was not possible to extract a high frequency limit of equation

(5). Besides , a plug flow model of the jet flow is obviously a poor model at

high frequencies. In any event , this feature of underestimation of noise
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generation at low frequencies by equation (6) and overestimation at high fre-

quencies  is a p p a r e n t l y the  reason wh y e x p r e s s i o n s  of type  f o u n d  In equation

(6)  e sse n t i a l l y  succeeded in exp l a i n i n g  j e t  noise d ir e c t i v i t y  in the  past

when such d ir ec tivi t ies were measured for the overall sound pressure  (i.e.,

the integral of the pressure spectrum over all of the frequencies). To con-

clude this portion of the discussion of equation (5), it is emphasized tha t

it is an expression that exhibits simultaneously the combined convection—

refraction effect which is so crucial to the determination of jet noise

directivity. It also emphas izes the need to plot all jet noise directivity
da ta  at cons tant  source f requenc ies , as this  is the onl y d i r e c t i v i t y  p lot

that can be checked directl y against an acoustic theory. It is the only

manner in which we can bypass our current inability to predict the turbulence

source spec t rum in d e t a i l .

App l i c a t i o n  of Mani ’s work proceeded wi th  the aid of Ribner ’s~~
34
~ study

of how various quadrupoles can be employed to derive the axially symme tr ic
sound field of a round jet. By and large , six basic quadrupoles (x—x , x—y ,

x—z , y—z , y—y , and z—z) are considered to contribute independently , but with

var ious  der ived  we igh t s .  The noise c o n t r i b u ti o n  was evaluated by the f o r m u l a :

(far-field intensity)

(mean square pressure of x—x quadrupole) +

4 ( c i r c u m fe r e n t i a l  average of mean square  pressure  of x—y

or x—z quadrupoles)

+ 2 (circumferential average of mean square pressure

of y—y or z—z quadrupoles) + 2 (circumferential

average of mean square pressure y—z

quad rupole). .

The onl y d ifference from the above formula and that of Ribner is in the

neg lee t of the weak cross quadrupole contributions (i.e., of the xx—yy , xx—zz

and yy—zz types). Both the above formula and Ribne r ’s more exact result yield

a basic omnidirectional pattern for the self noise for Lighthill ’s equation

excepting for the (I — M
c cosO) convection effect.
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Figure 14 illustrates a resultant prediction using this techni que . The
agreemen t between theory and experiment appears to be very good.

For the heated jet , the convected—wave equation approach based on Lilley ’s

equation was again used. It was found that excess pure jet noise mechanisms

scaled as M6 and M4 are found to result from the density gradients of the

mean f low . Man i ’s solution for the far—field pressure fluctuation for the

x—x quadrupole for a heated jet becomes :

~~~~ 
w2 

eJ ~~~~~~~ Cos
4
O

2it2R (l—M0 CosO) 3 a2 ~H
(2)

(ct
+
a) I’ (a~ a) (ta ) p0/p1

= (cx~ a) H~~
2
~~~(c~~a) I (cz4

a) (l—M CosO)2] (8)

for  0 o < cos~~ ~( /
1
+ M) , where ct + 

= k s in8/( l  — M0 cosO) and

the positive square root — cx w i th  a = k c o s 0/ ( l  — M0 cosO). For cos
+ +

[1/(a
1
/a + H ) ]  < 0 < it , the same expression applies with cx rep laced b y a

which is the positive square root — k~~, and the I func tions are repl aced

by the J functions.

The add itional solutions that need to be worked out correspond to:

(a) An axial dipole solution , i.e. with a source term of type:

[ó(x Vt) ~(y)  ~(z)],

(b) A rad ial dipole term of type :

- ~
-
~

- [6(x — Vt) ~(y) 6(z)], and

(
~

) A pressure source term of type:

— Vt) 6(y) 6(z).

These solutions ire just as easy to derive as the quadrupole solution and ,

hen ce , onl y the broad outlines will be sketched. The solution to (a) is v e r y

sim ilar to equation (8) with the multip lier w2/[a
2 (l — M CosO )2] (or ~~~~~~
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FIgure 14. Comparison w ith Data of Lush at  M = () . s7~ and 0 . 57 .
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Figure 14 . Comparison with l)ata of Lush at M 0.878 and 0.57 (Conc luded).
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r ep laced  b just .
~ 

cose/ja~ (l - -  cos )] (or  - c ) .  ‘toe s o l u t io n  to  ( b )  is

s m i  Lii  t o  that t or ( a )  ..‘i Ui replaced by or ~ in tile ouc:e rator and t i e

u t i e t  ions of or d e r  0 r ep laced by those of o r d e r  1. F i n a l l y ,  tilQ

solution to (c) is identical to  t h a t  ol (a) except that no term a appears in

the numerator.

At least three distinct mechanisms affecting jet noise can be identified

as influencing the radiation by quadrupoles in a hot jet. Firstl y ,  for the

transverse quadrupoles (as for the unheated jet), the phase cancellation or

Stokes ’—effect mechanisms are now governed by the flow properties vithin the

jet . Since the speed of sound is higher within the jet than outside it , the

Stokes ’ eff ect tends to diminish the radiative efficiency of the transverse

quadrupoles as the jet temperature is increased. Secondl y ,  espec iall y it low

f r eq u e n c i e s , there  is a transmission or dynamic—density effect tending to

enhance the radiation by a fa ctor (
~ 0

/Pi)
~ 

Ribner (1964) alludes to this by

considering the problem of a monopole source of strength (Q0 e J
Lt)ot) embedded

in a sphere of gas of density pj 
~~ 

(and of radius a) with the ambient at a

density and speed of sound of p0 at). In the limit of (~ 0a/a0) 
-
~ 0, the source

appears to the ambient as if it were of strength (Q0 p0/p 1). Equation (~ )
manifests this same result because , in the limit of (k0a 0 ) ,  p ’ is propor-

tional to p0 even though the strength of the x—x quadrupole was taken as

proportional to p 1. Finally ,  Lil ley ’s equation shows that , wh ile the strength

of the quadrupoles themselves varies as 
~~ 

(and hence diminishes as the jet

temperature increases), there are assdciated with the transverse singularities

additional dipole and source—like mechanisms related to the density ~rad ien ts

oi the mean f l o w  which increase with increasing jet temperature.

It is worthy of note that the Lighthlll expression (Equation 6) is not

now identifiable as any valid limit whether at low ~tac Ii numbers , low fre-

quencies , or even at 0 = 90°. A t the 90° point , jet flow shrouding effects

are  p r e s e nt  f o r  hot j e t s  simp Ly because a t e m p e r a t u r e  inhomogene i ty  is a

scalar inhomogen eity unlike velocity inliomogeneity so that there is no

question of the re not being a component at U 90~~. Besides , the 90° radia-

tion is dominated by the t ransverse singularities which generate the  addi-

tional source— like and dipole—like terms not accountt l for by Lighthi ll ’s
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express ion . Indeed , ol ’ the var b u s  h,en~ i t s  i d e n t  i f  i c ’. is  gove r i ng t lie

r a d i a t i o n  b y q u a d r u p o l e s  in a hot j e t  , t h e  l i g h t  lu l l  e x pr e s s  i t o  p i c k s  up o n l y

one e f f e c t  (name ly ,  the  v a r i a t i o n  of t h e  q u a d r u j t t t l e  ~~t r en gt h  as

For a f u l l  d e s c r i p t ion  of the  above to  j e t  no ise  d a t a , t he  reader  is

referred to the detailed accoun t in Volume II , Chapter 1 , S~ ction 1.2 by

Mani. Figures 15 , 16 , and 17 are given as examp les of the resultant pre-

dictions .

Taken togethe r , the results of the work for unheated and heated jets

have given considerable guidance to the better understanding of jet noise

generation . The prob l em of heated jet noise is one in which Lighth ill ’s

an alysis o f  jet noise offers very little guidance. However , the physical

picture of jet noise being compact eddies convecting and decaying with the

flow still carries over.

One particular aspect cf the discussion of the theoretical work de-

scribed above conce -ns the characterization of shear noise. As was indicated

ear l ie r , the classical approaches for turbulent mixing noise should indicate

that there should be an octave shift between shear noise and self noise , and

th a t  the shear noise may even dominate the  noise spec t rum . The logical

anal ysis from the Lilley—type of equations indicates that this octave shift

does not occur and that the self—noise and shear—noise source terms are

essen tia l l y equ ivalent. Ribner and Nosseir (Section 2.0 of Chapter 1 of

Volume II of this final report) have attempted to formulate classical theory

is such a way that tests for this hypothesis could be examined.

The model  f o r  t h e i r  anal ysis  is as follows :

For a na r row f req uency band t~f cen tered at f , and for direction e with

the jet axis , the mean sound pressure emitted may be expressed as:

1 4 2 1
(CS) = [a ( C s ) + h ( C S )  Cos 0 + Cos 

Oj C ’ ~‘ (9)

wher e ,

c = [(l—M~ cosO)
2 
+ 1

211 2]1/2

S = f D / V 1 observed Strouhal number
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- -- .

= s e l f — n o i s e  5 t t , ’ t t e r m

b(C~ ) = shear—noise sour .’e term

such that.

a ( C S )  = p
~ o ( C S )  C

0
0 (10)

C 4 p~ (Cs) — C~00 ~~o° (CS)
b ( C : ) = - -~~~ ( 11)

(Cos 0 + Cos h ) / 2

Classical theory predi ct s that shear—noise and self—noise spectra

have similar shapes , and that the self—noise spectrum is shifted an octave

as c omp ar c .~ to shear noise . Therefore :

b(CS)  = ~ a(CS) ( 12)

This states that the b spectrum and the a spectrum have the same shape

after the octave shift , but with a vertical scale factor ~~. Thus , the scale

factor ~ (as well as “a
’ and “b”) can be written exp licitl y itt terms of

experimentall y measured parameters:

4—2 ,4 —2

- — 
b(CS) 

— 

C~ p (CS) — c90 = p (CS)
- 
a(2CS) 

- 

~~~~ 
(2C 5)  [(Cos~ + Co5 4

) / 2]

The sim i l a r ly be tween sel . f noise and shear noise is i l l u s t r a t e d  in

Figure 18. The data used in these c o m p a r i s o n s  i r e  f rom s e v e ra l  i n d e pen d e n t

sources .  The p red ic ted  cons t ancy  of ~ is largely confirmed (ever much of

the CS range ) ; the variat ion  does not e’~r ce t I 43 i n  most cases .

‘Flu s h i  f t  in  f r e q u e n c y  between self noise nd shear  n o i s e  is i i  I o st  r .itcd

i n  F i g u r e s  19 .i and 19b. Fi  ~sr i  Ha shows s e l f —  and sh e a r — n o i s e  s pe ct  r i
- . ( 3 5 )- x t  r a t ted I ron Ah iuja d a t a  using t h e  a p p r o x i m a t e  theory describ ed above.

The s e l f — n o i s e  - .t p -  t ra is ‘~cen to  be roug h l y  h a l  f I i i  a m p l i t u d e  of the shear

no .i se t o ’  t rum and 1n~~k~ approx m a  el y an O c t a v e  h i ghe r — these a re  hot ii

t e a t u r c - . of the c l a s s i ’ ’ a h  t h e o r y .  F i pti r e 19b shows s e l f — n o i s e  and s h e a r —

flO I Se ‘ . o ~ t r u  der i ved f r o m  r s s  c o r r & l . u t  jol ts ot  a t ar—field mi crophone

si gn ;i I w i t h  li t — w i  r u  s ig n a l s  (I u s e  r e s u l t s  were o b t a i n e d  at the lt n i v e r s i t y

ol T o r ’ ’ u i t . t  b y l) r .  P h i h i  ~1 r  r i s ) .  in sp e c t i . - u l  c u rve s  shown i t t  F i g u r e  19h

i r e  s i m i l a r  to t ho se I ‘ u u u i d  in F I gure l i t .

3’
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o a (2(S)/a
b( (S) I,

‘~~i x

A t i u t . ,  
I n .

(J = lot ) I I

1 0

o 

0
0 0  0 2  0.3 0 5  0 6  0 ;  

S

Source Strouhal Number

Figure 18. Comparison of Norma1izc~d Sclf—No i~~ and Shear—Nois e Spectra
(the Self—Nø i~ t Has Been Down Shjftcd One Octave ).

l i i



- -

~~

‘-—

~~

-- - - — - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- — - - - - — ‘ - - - - -—

~~~

.-

~~

‘- -- -—- - -
uij

x
LI)

— 
‘-4 ~-. —--- — —- —  ——-—--- — — — II

.
~~ II II c~ 

-

~~
~ C

o
-- ——--.— ..---—------ — — 0

— a -—
S Cz

UI

‘ft

—~

-~1- - —— 

II
r7

1~1
’

-
~~~~~~~~

- - -—----‘— —- --~~--- --~ — -- o - — ’ -~~---x 0

-_  

I 

C

S ~ iU f l  . I1.U~~ qJV

41



C

ci

C
0

/ o~~ I

L~-

C
C

‘I)

—0- -— —
~~~~~~~

x/I —
0) - CC i~— 

;~. —
‘-4ci) ) I..a — ci)-l — 
Co to. 

-—Z
to S

~~~~~~~ 
~~

C X 
a —.0 .j — s . ill 
~~.‘it N (11

C

0 i~ 
3

t i l  T II fl ~~. i I ) j  
~

-1 2



Another teature of the approximate theory given i h i ve  IS th e  p r e d i c t  i ve

capability. From the th eory, the pred ict i o n  of the mean square sound pressure

is given by three quantities: the filtered sound pressure in direction

90° at two frequencies (f and 2f) and the parameter ~ (can be taken as an

empirical constant). The prediction equat ion becomes:

(Cs) 
- = ~~i + 

90 ~~~~~~~~~~~~~~~ (14)
P 90o ( CS) C

0 P 90o (Cs) 
2

Figure )() illustrates such a prediction . The predicted directional

pattern s fit the general trend of the experimental data in the middle range

of Strouhal numbers.

These results are at some variance with the results given earlier when

the f l u i d  shrouding effects of Mani were discussed. It should be recalled

that the above predicted directivity results were given for unheated jets.

Theref ore , as d iscussed ear l ie r , it is expected that not too great a variance

will exist between the classical theory and the newer theory (which includes

fluid shrouding) . The effects of fluid shrouding in Mani ’s model would

certainl y improve the classical t u r b u l e n t  mixing  noise model of Ribne r ,

particularl y af ter thle refractive di p.

lIoweve r , the spectral shift between self noise and shear noise observed

above is at variance with the basic Lilley equations which insist that the

source terms are all quadratic in the turbulent velocity. In terms of noise

source location , identification , and quantification , this issue is of impor-

tance and warrants further clarification .

In addition to the above studies , a review of analytical modeling f o r  a

j e t ’ s o r d e r l y  s t r u c t u r e  was p e r f o r m e d  (see Sec t ion  3.0 of Chapter 1 , Volume

11 of this final report). The work performed in this area reviewed the aero—

dynamic and acoustic methods of leading contenders for formulating the jet

as an orderl y structure . Particular care was directed to the formulation

of the problem and i t s  theoretical basis for high velocity jets. Although

this work does give credibilit y toward understanding aerod ynamic disturbances
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wh ich can be effected by the jet ’s flow , the results of these studies did not

Indicate that such an approach could lead to any fu r ther  ins ights toward

e x p l a i n i n g  key f ea tu re s  of j e t  noise .  The most which can be said is that jets

are inherentl y unstable , the instabilities produce turbulence , and the turbu-

lence pi.~~
uces the no i se .  All of our experience to date still suggests that

compact edd ies , radiating through a mean f l ow , prov ide a clearer insight to

Jet noise phenomenon . The review of the ins tabil ity anal ys is does sugges t in

fac t that the aerodynamic analysis could be incorporated into an eigensolu—

tion for local acoustic sources , analogous to the General Electric turbulent

mixing acoustic models.

Of the acoustic models considered during this program the model selected

b r  further development and for preliminary predictive purposes is the slug—

flow fluid shielding model by R. Mani , and discussed in detail in Volume II ,

Section 1 of this final report. This model was chosen because of its sound

theoretical basis and because it was found to represent , in a closed non—

empirical form , most of the key and heretofore puzzling features of unheated

and heated jet noise . Because of time limitations on this contract , the

slug—flow fluid shielding model was not computationally lined with computer

programs discussed in Volume III of this final report. However , this model

is being used and improved upon on a DOT/FAA Contract (DOT OS—30034) for

investigating jet noise suppression concepts . To illustrate the predictive

capability of the slug—flow model for unheated and heated jets developed on

this program , a series ml ’ aeroacoustic predictions was performed using the

models of t h e  DOT program and compared with available unheated NASA—Lewis

dat .i and hea ted  jet noise data obtained under this contract. The aerodynamic

source intensity spectrum used with the fluid shielding model is the basic

l ,igh th lll /Ribn er formulat ion . The aerodynamic program used to predict the

t u r b u l e n t  m i x i n g  sou r c e  n o i s e  is  an aerodynamic prediction method similar t o

the  J f l M I X  c o m p u t e r  p r o g r a m  given i n  Volume I l l , but  of a much s i m p l e r  f o r m

to nh i c c  e c o m p u t a t i o n a l speed . The source In t e n s i t y  s p e c t r u m  served as the

,wcht .’r p oint i c r  thit predictions at U = 90°. The slug—flow shielding anal-

ysis prov ided thu change in s p e c t r u m  shape and leve l at t i l l  o t h e r  a n g l e s .

15



As .i t I t  si I I l u s t  r a t  ion i i i  t h e  p r o d  i - t i o n  oR d1 I , . i  ~‘OI d round sii i ts ot i c

jet case  was  c o m p u t  id corr espuiti diug t o  d i i  ,t s i i p p l  i ’ d  lc\ ’ P t  . ~‘ . A .  O l s e t i  ‘ I  I IIO

NA SA—L ewi s R ese . I ! ’ ’ hl C e n t e r .  h i t s  i c , .1 1 .0— inch— di ,tmet or k’t run i t

I p~~, h i d  a n c t z l & ’  e x i t  Mach n u m b e r  o t  H 0 . ) e~’i . ‘ri te c o m p a r i s o n  ~c f  c l ~,~’

ic ro .e ’o( l s t  ~~t pr od  l o t  ions w i t h  the u x p e  r i men t a 1 me,Is uremenr s is  shown in

Fl g u r u  .~ I a. it ‘in be seen front these rc’sti I ts t h a t  t h e  slug—flow shielding

model  qi~ i t i well predicts t h e  observed s p e c t r a l  char acterist ics of a cold

subsonic jet. The ii i ’il y maj or discrepancy occ urs at ‘ j  = 160° , where the
slug—flow approximation overpredicts the shielding effect at high frequen—

c los . h i s  o v e r — r e d  l ot  ion c i f  t h e  SPl. it 0~ 160 0 is reflected also in the

somewhat higher I’WL p r e d i c t i o n  in the  2000 Hz reg ion.

A s i m i l a r  c om p u t a t i o n  was made f o r  a hea t ed  subson i c  j e t  case , a n d  t h e

d . i t a / t h e ry comparisons are shown in Figure 2lb. This case corresponds to

Reading 3 , P o i n t  7 of the 4.31—inch—diameter thin—li p conical no z z l e t e s t

given in Volume IV . The nozzle exit Mac h number for this case is H = 0.9 ,

while the jet exit stagnation temperature is 2.72 time ambient. The pre-

dicted spectral characteristics are seen to agree well with the  data for

130° . For observer ang les close to the jet axis , however , several areas

i i i  de f i c i e n c y  can be seen. First , the previously noted overprediction of the

shielding (underpredi t ion of SPL) a t  hig h frequencies and angles c l o s e  to

the j e t  ax i s  is even more pronounced for the heated jet case. S e c o n d ly , the

l ow—frequency peak noise i s  underpredi cted at shallow ang les ((I~ ‘ 130 °), and

t h i s  resul ts In an underpred iction cj f  the PWL s p e c t r u m  peak and t h e  peak

OAS P L .

In  an attempt i i  u n d e r s t a n d  the hig h frequency shallow—angle discr ep—

a n y  , t h e  m e a s u r e d  s h a l l  o w — a n g l e  d i r e c t  lvi  t y  [ S P L ( o  ~) — SP L(9 0 ° ) j was c om-

pared wit h pr ed  i - t e d  i h i r e c t  i v i  i v , and the general t rend of these’ comparisons

is  shown qua l i t a t  i v e l y  in the fol lowing sketch.

‘Ih
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lt \v:1s :1pparcnt from these results that the slug-flow approximation provides 

t•'n much shielding CJl high frequencies. It therefore seemed logical to 

devise ;1n empirical "cutoff" frequency, based on a representative value of 

Strougha1 <lumber (k0 a) beyond which the shielding remains constant. From a 

pt·el irnirwry trial-and-error process, a cutoff limit of k0 n = 2.0 was sc­

lcctct!, and the computations were repeated. The results obtained are shown 

:ts dashed lines in Figure 2lb. Note that the high frequency noise prediction 
I 

ic; improved, although the spectrum shape possesses a rather unrealistic 

"w:tvy'' c:haracterl.stic. It is apparent that, by devising a "cutoff" limit 

\vl! i.ch i.r; grndual rCJther than abrupt and which also depends on observer angle, 

:1 s:1t isfilct<lry agreement at high frequencies could be obtained. Although 

!H.~yond the scope of the present study, optimization of the "cutoff" concept 

wo11ld be :r fruil ful path to pursue in future development of thebasic slug-

! Low modo 1. 

As :r demonstration of predicting supersonic shock- free jet noise, pre­

di<:Lions wen• m:Hle for n converging-diverging nozzle test point at MJ = 1.55, 

<<Jri·L·~;putH.!ing Lo Re:Iding 13, Polnt 20, g.Lven ln Volume I.V. Both pred:LetJons, 

i .c., \.Jill! :1nd witlwut "cutoff", are shown :in Figure 2lc. In general, the 

rt• I :1L i vc agrc•(•mcnt with the measured data i.s simllar to that in Figure 2lb 

I or the ~-;uhsnrd c <:nsc. One exception is the 81 == 50° (forward-arc) speetrum, 

vlii<'I"L' t.lw pn·df<·tlon is'} to 1, dB low throughJut most of the frequency range. 

llH· rt~a~;<nl for this unclt-rprcdiction at 50° i.s not known. 



A finnl point to be mode is the necessity for including lower-order 

~wurcc• terms (dlpol<' Hnu monopole) which depend on the jet mL,an derudt~· 

grndient and second-derivative used in the slug-flow fluid shieldin~ nh.'dl-'1. 

Shown in Figures 2lb and 2lc are 90° SPL spectra predictions with these 

additional noise sources removed, shown as dash-dot lines. It is seen that 

the MJ = 0.9 spectrum would be underpredicted by 5-6 dB without these heated­

jet additional noise terms. Their effect is much less for the Mj = 1.55 

case, however, due to their sixth and fourth power velocity dependence, and 

The resul.ts of these theory data comparisons have indicated some defi­

ciencies which sould be corrected. Work in this area currently is being 

purst1ed under Contract DOT OS-30034. On that contract, the basic essence of 

the fluid shielding model is being maintained, but with improvements to 

account for the influence of off-axis source location, variation in velocity 

and temperature profiles, and improvements in the theory for the high fre­

quency noise which the current slug-flow fluid model does not include. 
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I O N  4 .0

LASER V H . ( ( I I  MF , Th’I R REVEl  IWME N T S FOR N I t !  N il SOURCE L0CAT1i)~

During t h e  t ’o c ;r s - e  of  th is  p ro gram a c o n s i d e r a b l e  amoun t of e n e rgy  w i t s

di r - c t e t h  t nt- :’ird  develop ing inst rumentation capal) 1€- of exam,lni op the cletai led

ch a r a u - t c - r i s t i c s  of turbulent jet plumes . In the first phase of st u d y , ad-

vanced pressure probe- developments (See Reference 36) w or e  p u r s u e - I as w er e

initial demonstrat ions using a Ceneral— Electric—itoveloped l ;co ’r ve locinc-ter

(LV) on heated supersonic jets. It became clear that the laser veloc ii- e-t er

was the n.-asurement tool for the future. The LV o f f e r e d  a means ot  a€~,ms u r in g

t i r e f lo e - .’ p r o p e r t i e s  of h lt ’h  v e l o c i t y / h i gh t empera tu re  j e t s  w i th o u t  d i s t u rh in ?

the flow . The I , V  also offered a conceptual iy easy and a c cu r a t e  ra-thod of

measurement not only of rms mean velocitr and turbulent ve l o c i ty  d i s t r i b u t i o n s ,

but also of spectral and cross—correlation type of infuriation ; for dire-

noise- source lo c at i o n  type  of i n fo rma t ion  the c r o s s — c o r r e l a t i o n  t ype is- v e- ’r -.’

I m p o r t a n t

To he discussed below are the major results n l t t a i n e t i n  GE ’s St  t b i e ’y .

R i - f t - r e - r i c e s  17 t h r o u g h  40 con t a in  the b ac k g r o u n d  d e s cr i p t i o n s  of ‘ r ’T ~~~ r f l l  E lec-

tric ’s la ser ve iocimet c-r system and test r esu l t s . N~- c t i o n  1.0 of C h a p t e r  ii!

in Vo l ta-i c- TI of t h i s  report contains -xtensive test result s of flo e - i-s astire—

i - s i t s  f o r  h e a te d  b i ght ye no I tv j -  ts and of LV— t o — - f a r — f i e l c l  c r - o o — o o r r e l a t  i o n

expc ’rmm ents.

4. 1 BASIC IDEAL FOR LV RNS MEASUREMENTS

The conrept of laser velocimeter m ens t i r e-u -t l t for rout I n c  ‘s-an v e l o c i ty

and turbulent v- b it y may he d u - s o r l b e d  i i i  t h u  following sin-pi le fashion . ‘l\ ~-o

beams of m o n o t - h i r o n u a t I c  1 i gh t  l n t e r s . - c t  i t  a p o i n t  in Sp a c e -  and set up a

fr 1nt ~ u ’ p t ?  tern of known s p a c i n g  (f-er h- ’i t ’u r .~- 22). The flow is see-ded with

small part Ic: Ic-s wit I t : h i  p an s t h r o u gh the tm-as In nt’ volume- . ‘ b i t t -  i i  gh t. si i t t  c-r ed

f m i t  H i t -  partic I etc Is collected , and the l,mse r s-i goal p r t i u -c-t ;sor measures tIle’

tim .- It tak -t; for the particles to pass through cacti frin ge - . Fnaw i ng the

f r i n g e  spar.- and t raverse t I nu t - for e-ti c ’ h i  v a l i d  a t  c - i  part i c be e-n~ hi 1 es the con—
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structi om of a histogram (See insert on Figure 22). Then , by s t a t i s t i c a l  tech-

ni que -s , thu in c -tin values m d  standard deviations ar e-  c o n s t r u c t e d  ( t h e -  mean

v. b c - i t ‘- ,- and t t i r h u l e - n  t ye- loci  t v , re- s - p t - i t ively)  . Al though t! i ’  pr 1110 ij) i i -  , f

meascirc ’nii ’ cn L is  e asy ,  the practical aspects of designing an ele ctronic process—

ing u n i t  Lu im,initor valid p irtic Ic-s is of no s m a l l  conse quence - . Inv -st igators-

h ave Lm ad gre-at d ifficulty performing measurements in low v e l o c i ty  j e t s , l e t

alone measurements in heated supersonic jets

Figures 23 and 24 shown typical mean and turbulent velocity measurements

for an ambient subsonic and a heated h igh velocity supersonic shock—free jet.

The existence of thic - extended potential core and the difference in t h e tur-

bulence distributions between the cases are evident.

Fi gure 25 shows comparisons of LV—measured radial mean velocity pro files

he -twe e- ti a shock—fre e nozzle flow and a shocked—nozzle flow , while Figure 26

shows LV—measure-d radial turbulence velocity profiles for the  s h o c k — f r e e  h i g h

temperatur e- test condition. Figure 27 shows the influence of jet—exit—plane

turbule-nce ove r a wide range of velocities (500 — 3500 fps) and temperatures

(ambient — 2500° R). Metasuroments of the  t y p e  shown are first—of—a—kind type

nwiasure-ntents. Of particular note is tile last figure. It refutes t i l e  argu-

ment  th at ,  turbulence velocity drops off with jet velocity so that lower

velocity power laws occur (an argument proposed by Lighthill). Additionall y .

F i g u re  28 shows measured mean and turbulent velocity mo ’lsurt -me-nts a long  C h i t -

axis of a h igh— t e m p i - r a t d i r e - , h i g h — v e l o c i t y ,  shocked— f low j e t .  Those- r e s u l t s

show tim e ctmp tlii lity of tim e LV for dc-fining t h e shock structur e- of high—

velocity jet t ; .

4. 2 1 V—Ml ’.AS UREI ) 1U R B U L I h C E  SPECTRA

I n construe t turb u h e n c e -  s l u t - c  t r t i  I ron t Iii- LV device - i re -s -outs a di l l i cci i ty

not e000un te - rod wi tl~ coo t i nemous— t v p -  me~ms urelik-il t, i mis t remit -i l t at jon. Conven—

t i on a l s - l u - c  t ra etstirna t ion t c -e -hmn i qt me-s assume t h i t it ,mll v a lt it -s of t h e - 11)1)01

s igr ia l or ,- known iii time- analys is int erval. Su ch kimowle’clgo is  not t i v a i  lablo

at t in - LV output. Using the dir e-ct time signal in order I. ci c o i t t t  ril e t the

t ur l )rI I c- i ld e - signal n - st ilts in exc.-ssivei y h igh  sampling n i cis i - lcvcls in t~ ic -

esi Imat c-d spect ra. l it overcome- t h i s  prohi lom , it i s  n e c e s s a r y  t o  r e c ’n t )s  t ’ r t t c - t
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the autocoru-elatjou’t function of the velocity signal , then obtain the spectrum

as its Fourier transform .

‘I - i illustrat e- this process ,

a mode l for tile output of t he

I V , v(t) , r a y  be constructed as

p r - i u lit c t o~ a samp ling so—

quence s (t) (consisting of in— JJ __________________________
pulses at  the particle—arrival

times), and v(t), the actual ye—

locity si gnal. For v(t) and s(t)

statistically independent: — ______________________________

Model  l i i i ’  Samp 1 I ng P i c  to ’ s-s I or-
Y ( t )  = S ( t )  v ( t )  LV Sp e c t r a .

and:

ii (t ) R (r) R (-r )
‘/s 55 vv

whie - re R (‘i) ‘ S i n ’  the  app ropriate autocorrelation functions .

Time-n , ii R ( ‘t )  ~ 0
ss

( 15)

R ( I )  = R (-r)/R ( - I )
vv yy ss

where both of the t-rms on the right—hand side are rietisurab le. Titus P (~
)

vv
may li e reconstructed and the velocity spectrum S ( - )  oh t a i ne~’1 h ’ - thevv
Weiner rel ation :

S ( ~~) J R (i) e-~~~~ d i

As was t h e- cas.- for the measu rement of rms velocit y , the princi ple for

estimating an LV turbulence spectrum is stral gh r f oi~ ard . The s u r u -ess on e

has in reconst r u t  t i n g  the velocit y s-p c -ct rum depends a great  dea l  on the a o c u r - t i ’\-

- i_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



of th e timing of t h e -  samp l ing and o u t p u t  si gnals , and upon th u  p r o p e r  app l i—

i ’ation of  error ana ly se - s of estimating autocorrelation functions on finite

time grids .

Figure 20 shows measurements of the axial component of turbulent velocity

spectra for an ambient subsonic let , as well as a sonic heated jet. The

recons truction of these spectra were indeed quite encouraging. Although a

great deal of success was obtained from these demonstration spectral experi-

ments  t i n e  l im i t ing  i t em which hampered f u r t h er  measurements  was the  lack of

computer speed and LV data rate. In these experiments , the PDP—8 Digital

Equipment Corporation mini computer system was used. Performing the necessary

arithmetic in a reasonable amoun t of time with this sys tem was not practical .

Any future work in this area should include the use of a much faster system.

For future GE work , a P1W 1145 has been selected. Below is a discussion of

how the LV/PDP 1145 was used for performing inlet—to—far—field cross—

correlation measurements.

4 . 3  LV MEASUREMENTS FOR NOISE SOURCE LOCATION

The starting point of the in—jet—to—far—field cross correlation is with

Proudman f o r m u l a t i o n  of the Li gh t h i l l  equa t ion :

dp ’ (t) 
= ~~~~~~~ U 

2 
t )  (16dV 2 2

- 
4 - R i  dl

Lee—Ribner~
4
~~ and Siddon~

42
~ further extended this result as:

I ‘ ( ) °o 3 2
dv = 

/ 2 2 U R p ( i  + R/ a ) ( 17)
—t :;Ri aT

0

T h e r e f o r e , t he contril—ution to the farfield press itre . autocorrelation function ,

from a vol  Inc element of jet , is proportion al to the second derivative with

respect t o  t h i e  r e t a r d e d  t ime of the cross c o r r e lat i o n  between the i n — j e t

velocity squared and t h e far—field pressure t-v;i l u t t i t  ed i t  t i e -  retarded tint- .

The prob l e-r- at hand is to measure th e right—h and side of equation (17).
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As c ;ts the case for the tur bu ieitt p t - u ira - i - t m s u i r - m e t l t s , t h e  h \ ’  out nu t

f o r  t l it- crest ; c o r r e l a t i o n  cons i s t s  of p a r t  I c - h e - s  r a n d o mly  a r r i v i n g  at t he

prob e  v o h u r s - ’ . l’-he v e l o c it y  i n f o r m a t i o n  is -  a v a i l a b l e  as p o i n t  e st imates at

random t i t-i c - - ;  . Titus , ii s p e c i a l  est m a t  or is r e - p u t  i r o i l  t o  co n s t r e i ct  the u ri - s - n—

cor r i - l a t  ion f un e t  ion ( t h e  de t ; i  l e d  t i e s -c r  ip t  ion if  I ui -  c r o s s — c o r r e l a t i o n  ~u nc —

tion and t h t e  ‘~;t r i a n c e  of the e s t i m a t o r  is d e s c r i b e d  in Ch a p t e r  3 , s ec t ion  2 .0

of VoI c  i t - tv  11 ot t h i s -  f i n a l  r e p o r t ) .  in  a d d i t  ion to  cons t r u c t i n g  the  cross

correl;it ion ‘ ron LV me asu r e m e n t s , methods  f o r  c o n s t r u c t i n g  i t s  second den y—

ati -u - art- also importan t to performing the total measurement.

As a ilemonstrz ttion experiment , tests we-re performe d to, General Electri c ’s

o u t - h u o r  t e s t  s i t e . ~easurements  we re taken on a 4—5/8 inch diameter conical

nozzle- . The LV m e a s u r i n g  volume was at X/I ) = 4 and r / r o  = 1. The f low co n—

di t ions we re T
T 

‘e 7000 R , V “~ 600 fps . The U’- ’ v e l o c i ty  v e c t o r  was p o i n t e d

at a f a r — f i e l d  m i c r o p hone at 30° to the l e t  ax i s , 50 d iam e t e r s  nc-av . To

avo id  p h ase shi f t  p rob lems , a BK 4136 mic rophone  was used w i t h  the  end gr i d

r - m ovc-d. H’- r f o r m i n g  the test  ser ies  ou tdoors  c o m p l i cat e d  the measu r enc -u t .

Temper . ’ i t i i r t -  changes occu r r ed  dur ing  the tes t  per iod , ther e -  ~t e- re per iods  of

“w i n c h —  pus t in g  ( t hese  data records had to he e l i m i n a t e d ) , andi t he re ex~ s - t e C l

ground re- f Icetions .

Patti i_a- ri- collec ted in s i x  20 , 000 p r o d u c t  p a i r  e n s e m b l e s - . Thus , the

cross corr e lation was based on 120 ,000 averaged  p r o d t i i :t  p a i r s . F igu re s  30

and 31 show the  LV— m e a sured  c r o s s — c o r r e l a t i o n  f u n c t i o n  w i t h  ground r e f l e c —

t ions and an c-st  i m a t e -  co r r e i ’ ted f o r  ground r e f l e c t i o n s . These r e s u l t s  show

w h a t  w o u l d  be c o n s i d e r e d  a — ‘e rr rea.l i s t i c  c r o s s — c o r r e l a t i o n  c u r v e . The peak

amp ] i t  t i le of 0 .1 wt t s  most encourag i ng .

Ana [v s - i s  of the  data  has also shown t h a t  grot ini l  r e f l e c t i o n s  e f f e c t  h -th

ta” c r o s s — c o r r e l a t i o n  I t u t u  ion and the cross- s p e c t ra .

A I d i  t b o a  I l v , e st i mate s  of  t i m e  second den va t  lye we c i -  f o un d  to he unus ’ih t I i

- h i t ’  t o  t o i n s u f f  Ic t n t  number  of da ta  t - c o r d s .  Seve ra l  t e c h n i q u e s  we re t n e d ,

b u t  S t  i s - f a c t o r y  r t - - ~u 1 I t  were not obt a i n e d .

0- )
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The techniques developed for obtaining cross correlat ion between LV in—

jet measured velocity and far—field microphone acoustic pressure measurements
have been demonstrated , while estimates for the second derivative were not as
successful. To improve on the second derivative estimators , more data are

necessary . Improvements toward this end are certainly feasible . E s t i m a t e s

are that more efficient data collection procedure would increase the data

taken by a factor of 6—8. Additionally, improved seeding techniques would

also increase the amount of data available.
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SECTIO~I 5.0

SOME INTEREST INC IN S ~. Gu TS FROM ACOIJST IC E)U’ ERIMENTS

In add ition to the work described in the first four sections , several

experiments were performed which have served to stimulate interes t and

suggest some new insights regarding jet noise. These experiments dealt with

the influence of upstream aerodyn amic dis turbances and the in f l uen ce on j et
noise (upstream swirl , and combustion roughness effects , jet refraction , and
snock noise).

5. 1 UPSTE±.AiI SWIi(L

To study the influence of jet swirl on jet noise generation , a swirl
vane system was designed as shown in Figure 32. The system consisted of a

set of 16 swirl vanes designed f or a 300 swirl angle with 89h mass flow
penetration . Three conditions were tested: Mach number of 0.8 at ambient

and 1500° R, and = 1.0 at 1500° R. It was found that , for the heated j &t

condi tions , power—level reductions did occur. At peak jet noise angles on

an arc considerable noise reduction also was observed (see Figures 33 and 34).

Although the spectral results show reductions over a rather wi~.e band of

freque ncies , for  small je t angles , on a PNL basis the results were found to

be tiifferent . Figure 35 shows a PNL directivity of the same swirl data shown

in Figures 33 and 34, but now on a 300—foot sideline . l u  t he  subjective

noise due to swirl was found to ac tua l ly i n c r u;e e .  T h i s  was due to  the  f a c t

tha t , on a s ide l ine  basis , the peak angle noise s h i f t s  to the  larger  j e t

angles. As can be observed from Figure 33, at the larger angles , the OASPL
is also grea ter  for  swir l  than w i t h o u t  swir l .  Thus , al though our work

inuicated tha t  swir l  can lead to noise reduct ion  in terms of OAPNL (and even
OASPL and SPL at , ar t i c u lar  angles and f r equenc ie s ) ,  and resul ts  show a

general increase  in PL’4dB levels .

Estimates of performance losses for  swir l  were also pe r fo rmed .  It was

found that , fo r the amb ien t je t case , a 10% specific thrus t loss due to the

30° swi r l  was n~ asured . Such a high leve l of thrust loss is certainly

unacceptab le from i practical standpoin t.
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The results from this series of tests ~re cer tainly limited — and
somewhat pessimistic. Recent engine tests at L~ASA—Ames~

43
~ showed somewha t

blmil ia r swirl je t  characteristics except at the larger angles. The NASA—

Ants results indicated tha t  a noise reduction could be obtained even at  t he

very large jet  angles . The reasons for this discrepancy are not ful ly  und er—
sLood . However , the NASA—Ames tests were for  engine scnle , and the amo un t of
swi rl was somewhat less than the model scale test series discussed above.

One item which needs clarification is how much swirl is necessary to

yie ld the on—set of swirl noise reduction. It is possible that , if the swi rl
is slight (so that  the thrus t loss is minimal) but suppression character-
istics are similar to those given above , it would be feasible to enj oy a
modest P 14dB and EPN dR reduction with a modest thrust loss .

There are indications that such a swir l condition may be feas ible and

that fu rther exp loratory work may be warranted especially regarding its
application toward smal l business j e t  supp ression techniques . For the
small business je t , on ly modest noise reductions are required. For high

velocity jet  noise reductions , where much larger reductions are desirable ,
it does not appear that j e t  swirl by itself would be of benef i t .  It is
possible , however , that controlled swirl experiments , coupled with orde r ly
st ruct ure concepts , may lead to some novel insights with regard to turbulent
mixing noise and other suppression concepts.

5.2 SHOCK NOISE

In the second interim report for  this contract , a se ries of shock noise
tests was reported. At that time , it was concluded that  shock noise would
be influential  on ly at large jet  angles . Since then , new f i ndings have

emerged regarding shock noise and its impact on ful l—size  engines .

Figures 36 and 37 i l lustrate what may be conside red the in fluen ce of

shock noise for ful l—size engines . Each figure compares a C/D shock—fre e
jet with a corresponding shocked conic nozzle at  the same flow conditions .

The inner two curves on the polar plot r present the broadband SPL from a

10—Hz narrowband. The solid curve repr i sents the shock screech fundmenta l .
When the 10—hertz narrowband is convert .!d to 1/3—0.13 . SPL , the dashed—dot
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curve  (or the outermost curve) results. When this curve is compared  to  t h e

screech fundamental , it can be seen that , at or near the peak jet n o i s  angles ,

the screech is buried in the broadband noise except at the large jet angles .

However , if we ar e considering a full—size engine r a t h e r  than  the  mode l sc.i le

tests  discussed and if it is assume d tha t t h e  same leve l of n o i s e  e x i s t s

between the  screech tone and the 10—Hz b roadband , then , when the  b roadband

noise is scaled to a 1/3—0 .B . SPL ( b u t  now a t  f - 160 Hz r a t h e r  th in f

1300 Hz fo r  model size) the dashed curve d i r e c t ly in the m i d d l e  of t h e  o t her

four  curves resul ts .  Comparing this  curve w i t h  the solid sc reech  tone cu rve

indicates that  the shock screech fo r  a f u l l — s i z e  engine w o u l d  he r e a d i l y

observable at all j e t  angles . Thus , al though model scale t e s t  may n o t

ind ica te  a shock screech problem , fu l l—size  eng ine tes t s  may. The f u l l

consequences of shock effects on j e t  noise need a f u l l e r  e v a l u a t i o n . F u r t h er

exper f~ ental and theoretical work should be directed in this area , partic-

ularly with regard to engine size application and the influence of external
flow on shock noise.

5. 3 JET REFRACTION

An e f f o r t  which was pursued to b e t t e r  model and understand jet noise

d i r e c t i v i t y  was a series of refraction experiments . The o b j e c t i v e  of t h e

work was to extend the work of Ribner for  app l i ca t i on  to hi ghe r s p . ed  and

tempera tu re  j e t s .  Al though our experiments  coo l i rmed 1oi~ Macli n umber  r I r e —

tion resul ts  repor ted  in the l i t e r a t u r e , t h e  work  r ev e a l e d  t h a t  t e l  [ l i e

h igher  ve loc i ty  and t empera tures  considered in t h i s  p r ~~~ . r . Im  t h e  R i b u e r  re-

f r ac t i on  techni que was i napp rop r i a t e . However some v er y  i n te r e st i n g  r e s u lt s

concerning a j e t ’s a m p l i f y ing  e f f e c t  on tones or u p s t r e am  noise  sources  w e r e

revealed. The de ta i l s  of the  tes t series and da t a  an~il v si s are  comp l e te ly

discussed in C h ap t e r  3 , Section 2 of Vo lume I I  of t h i s  F ina l  R e p o r t .

The idea of t he  exper iments  was t o  place a h i g h — i n t e n s i t y  sound sou r c e

In the je t  core region and to measure  the  r e f r a c t i v e  1f fe  ci due to v e l o c i t y

and t empera tu re  changes in the j e t  p lume . F i g u r e  38 shows t h e  ex p e r i m en t a l

tes t arrangement .  The Lone source  used was a h i g h — J u t  ens i t  v s i r e n , d r i v e n

by a synchronous motor  of h igh accuracy . An examp le  of t i l e  j u t  l uence  ot  j et

7~3
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flow on the tone directivity for a M~ .5 amb ien t jet is shown in Fi gure  39.

The relative levels between the tone SPL and t h e jet—alone SI’L at 7M3 h i c s  is

quite large.

Figure 40 shows SPL reduction of the tone due to j e t  f l ow b r  a m b i e n t

subsonic jets. The results are in agreement with MacGregor, Ribner , and Lam ’ s

results. At higher ve1ociti~ s and for heated jets the picture of the simple

ref r ac tive dip no longer appeared . At the smaller jet angles , an amp lyf ing

effect was observed as the velocity increased. Figures 41 and 42 illustrate

these results.

To study these effects closer predictions of the directivity patterns

were carried out using mini—directional point singularities in a slug flow.

A question which was sought was what type of source Is most appropriate for

performing predict~ ons (displacement source , velocity source , pressure source)

To account for the observed amp lif ying ef fec ts , a mode l was designed (after

Crow) to reflect the notion that the tone can excite columnar , travelling

instability waves. This was obtained by applying a (l~Mc C0sLY
3 factor to

the previous solutions . Figure 39 shows this modification using a disp lace-

ment source , while Figure 40 uses a velocity source . The conclusions drawn

from the study were tha t :

• At Mach numbers less than about 0.7, the injected sound sources
in jets yield straightforward refraction patterns in good agree-
ment with classical acoustics . It was found that , for Ma~ l) numb er s
of 0.5 and 0.7, the disp lacement source worked best.

• Above Machi numbers of 0.9, the suggestion by Crow t h a t  j e t s  can . ic t
as amplifiers of injected or Internally generated low f r e q uen c y
tones appears to be true. The mechanism appears to be the develop—
ment of columnar— travelling instability waves whose strength and
frequency are determined by the source strength and frequency , but
whose speed of convection is some fraction of the jet velocity.

• No evidence was found that such tones can have any major impact on
t h e  ex t e r n a l l y  generated tu rbulence j et  noise. In all of t he  work
pe r fo rme d , the re was no evidence of the broadband je t—nois e  itself
h • i n g mod i f i ed  by the tome .

• Although the technique used was successfu l  fo r  obtaining r e f r a c t i o n
~~~~~~~~~~~~~~~~~~~~ -~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~ f~h,-. h4~ ,k.... ).4~~,k ~~~~~~~~~~
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Greens Function experiment ally for high speed (V Is > 0.9) jets
does not appear possible . ~ 0

• Such experiments do appear relevant as to the role of jets as
amplif iers of upst ream—generated low frequency tones (such as com-
bustion noise) . It is very desirable to perform closer in—jet
measurements of the source to determi ne the nat ure of the source
and how it is modified by the presence of the flow .

5.4 COMBUSTIOI~ ROUGHNESS WERINENTS

A small series of experi ments was performe d to study if increased

combustion roughness would caus e increased turb ulence and , thus , increased

turbulence mixing noise. The study was aimed at simulating more rea listic

engine burning processes , and to see if an additional noise level, because

of these processes , would be encountered.

The combustion roughness was controlled by adjusting the level of total

temperature for the model scale jet noise facility betwee n a preburner (PB)

a~d an afterburner system (see sketch).

Preburner

Afterburner

Jot
Nozzle

Each system was operated with JP—4 fuel. The level of combustion roughness

vu monitored with pressure transducer measurements at each of th.i burner

stations . By varying the level of burning at each of the stat ions in differ-

ent combinations , the total temperature could be maintained but at aitferent

levels at burning. Two tea t cases were run , Nj 1.55 ~ l500 F (shock-

free C/D nozzle ) and Mj 0.3, TT — 1650 R.
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1’ ib 1 e 1 s IIIIUSI.I r i zt-s it’ ovt ’ r a i l  test results. For the s upt’ rs on ~ c cast-

Us rei~ condi t ions we rL’ run . P r eIns riser alone , p reb urner w i U s l ow a I t  e rhu rut’ r ,

and an eve n s p l i t  between t l ic  p r e hu r n e r  and a f t e rburne r  charg ing  stat i ons .

For th e  subsonic tests , there  was a cas e where combustion resonance ex ist ed

in the preburner  section , a second cas e was run jus t of f—resonance  ( l i s t ed

as rough b u r n i n g ) , and a smoo th burning case. (For details see Chapter 3 ,

Sec t ion  1 of Volume II of this f ina l  r epor t ) .  Table 1 shows that , for  the

th ree levels  of comb ust ion roughness (a lso see Figure 43 for a comparison of

comb us t ion  roughness vs. acoust ic  eff ic iency for  these tests)  for  the shock—

f r e e  supers oni c je t case, there was essentially no difference in OAPWL and

OASPL levels. The turb ulence level at the exi t plan e could only be raised
f rom 2% to 4 .5%.  Figure 44 shows a comparison of the me asured OASPL direc—

tivities for these cases. The item which may be of significance is the low

f requenciy data; for the afterburner with low preburner (the rougher combus-

tion roughness case), the noise was somewhat increased (3— 5 dB at 40 0 and
90° microphone locations — (see Figure 45). This Is noted since this noise

may be jet—flow—amp lified combustion noise as was pointed out in the ref rac—

tion experiments .

The low Mach number je t  combustion roughness results indicated tha t  the

resonant comb ustion case dominated. But the results do indicate that  at

low velocities increased comb ustion roughness does lead to increased noise

levels. Based on a velocity 8th power law , the smooth combustion cas e , which

was at a higher velocity , should have been 2.5 dB louder than the rough corn—

hution case. But the rough combustion case was measured to be 1.8 dB louder

(r oughly 4.3 dB louder on an equal velocity basis). The increased noise is

likely due to an increase in turbulence throughout the jet plume. Unfortu-

nately LV measurements were not possible for these cases. The operation at

high temperatures and rough combustion at the low velocities did not permi t

any extended test time without possib le faci l i ty  d amage .
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SECTION 6.0

R1;COMMENDATIONS FOR FUTURE WORK

Based on the studies conducted during the contract effort , the following
Items warrant future Investigation :

1 . A pp licatIon of fluid shrouding theoretical modeling techniques
toward formulation of aeroacoustic mode l equations for application
in noise source location techniques. Currently all key analyses
for noise source location depend on the Lighthlll/Proudman formula-
tions. These formulations do not incorporate fluid shrouding effects.
New analyses should be performed to examine how the aerodynamic
source terms are influenced by fluid shrouding and should assess
the results toward determining the more exact type of me~ surensent
wh ich must he performe d for noise—source location.

2. Add itional LV development work should be performed. More work ~s
necessary I n deve lop in g the random da ta techni ques for perform ing
second derivatives of cross—correlation products. More efficient
techniques should be developed for utilizing the LV output signal
In p e r f o r m i n g  cross cor re la t ion  between i n —j e t  to f a r — f i e l d  micro-
phone measurements .  Anal y t ica l/exper imenta l  f eas ib i l i ty  studies
should be performe d to demonstrate  the LV for  two—point space—time
correlations. Determination of error analysis for setting statis-
t ical criterion for performing accurate turbulent spectra , in—jet
to far—fi eld cross correlations , and in—jet/in—jet correlations
should also he performed. Noise source assessment techniques
should he evaluated  for  s t a t i c  and re la t ive flow (simulated flight)
en v i r o n men t s .

hirther experimental work is warranted to better understand the
:scro.-sc(,ust Ic nature of swirling flows. The areas of concentration
should he toward parame t ric studies for  very modera te amoun ts of
swirl. Anal ytical/experimental investi gations studying the possib le
l ink of sw i r l in g f low wi th helical modes of no ise genera tion or
reduction also should be considered. Consideration should be given
toward the applicat ion of swirling jets ro dual—flow systems and
annula r  p lug  nozzles .

4. Fur ther work is necessary to assess the influences of shock— generated
‘soise on f u l l — s c a l e  eng ines . Model—scale and fu l l—sca le  assessments
should he performed.  The model—sca le assessments should include
wind—on (simulated in—flight) evaluation . Addi tionally,  more e f f o r ts
should he d i r e c t e d  toward develop ing analytical  methods for  under-
s t a n d i n g  and e s t i m a t i ng the broadb and content of shock—related
noise.
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5. Ana ly t i ca l/ expe r imen ta l  investigations should be d i rec ted  toward
understanding the fluid amplifying effects on low frequency noise.
The areas of concern deal with better understanding as to how the
sources can he modeled , over what velocity and temperature range
does tone a s~plification occur , and better assessment of flow/tone
interaction as related to practical core engine noise technology.
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