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Abstract

The aiur of thie investigation has been Èhe experimental evaluation of

the effectÈ of Mach number, densíty and geometry on the flotc strucEures in

a turbulent jet and its radíated noíee. An exteneive experinental programe

is deecríbed in which the range of flow condiÈions testedrwíth the deneíty

ratío Or/Oo varying from 0.2 to 4.0 and Mach number Ur/ao in the range of O'2

to 2.4, ie wíder than any prevíous studies¡especíally ín the densiÈy range

spanned.

The flows in the required density range are shown to be achievable

simply by ueing mixtures of gaees of different molecular weights such as

heliun, sulphur hexaflouride, carbon díoxide and aír as r¡orking fluids. t'IiÈh

the short runníng tirre blow-down facility, tesÈe can be carried out econonically

ae modest amountg of gas are used in each run. The novelty of thie set up ís

that it is a símple ma¡Èer to vary the density and velocicy independently of

each other.

A range of nozzles with dífferent geometries are examined to find the

effect of jet geometry on the noise radiated. In addition to the convergent

nozzles, Èhree convergenÈ-divergent nozzles of design Mach numbers 1'3, I'54

and 1.75 are ueed to study supereonic flow effects'

The acoustic measurements described are conducted in an anechoic chamber

which has a cut-off frequency of 25 Hz. Flow and acoustic data are sampled

digitally by a hígh speed data acquisitíon 8y8Ëem r¿hích hae a 16 K nemory

and is capable of eampling at a raÈe of 100,000 Hz over up to 16 channels

simultaneously at futl capacicy. The acquired data are analysed in a compuEer.

Flow visua|íza1ion in this study has confirmed the existence of large

scale structures in the initial mixing region of both subsonic and super-

sonic jets,from which a large proporEion of jet noise is shown to originate'
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Theee atrucÈurea are ghown to dominate and conËrol the development of Ehe

nixing layer. The amalgamation proceeses of the large scale structures ere

accompanied by large enËrainment of írrotational fluid ín the nixing layer

and they dominate the near field pressure and velocity fluctuatione. Thíe

observation encourages the belíef that these large scale transient motíone

are effici.ent Bourcês of noise.

The average convection speed of the flow and the spreading rate of the

jet urixing layer are found to be very much density dependent. ültríle the

ueasured convection speed varieg with radial position across the layer, the

everage speed, which ís taken as the mean of the values in the non-entraíned

regions of che jet, varíes from (0.38 - O.72) U, for ør/oo in Che range

betr,reen 0.17 to 4.0, aE opposed to Che normally accepted value of 0.63 -

0.67 UJ regardleas of deneity. The observed lowerconvecÀ¿nspeed in a 1íghter

jet and the observed higher spreading rate of Èhe mixing layer ¿ô/¡x is

consieÈe¡E with Brownts mixíng layer model (42) wt¡ere the total enÈraínment

depends only on jet velociCy and is índependent of density. At high Mach

number si.gnificant thinníng of the layer, brought about by compressibítity

effecEs, is observed and when the local flow speed ia supereonic, Mach Ìtaves

are seen to radiate ín t-he forward arc directíon.

Jet velocity and density trave a profound influence on the noise radiaÈed

The overall intensitíes of the sound u¡easured at O'90o, when normalised by

(o_/oo)2 in accordance with LighÈhilt's scaling law in equaËion (1.1), show

that non-uniform density jeÈs are noísier aÈ 1ow velocity. At high Mach

number, compreBsibility, which affects the developnent of the transverae

scale of the motion, produces a aignificant thinning of the layer r¡hich

reeulte in a reduction in noise inÈeneity from the {Ur/"o)8'0 ""t1ing 
law.

The noise intensities of non-uniform jets at low Mach number, which scale to

about a sixth power of velocicy, suggesÈ that the'"*""""'noise source is
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dipole ín character.

In specÈral acaling, the dimensionlese frequency fsD/Uc is choeen eince

the najor effecÈ of densíty is to change Èhe convectÍon speed and hence Èhe

characterietic time D/U" for the life of the large eddies. A better collapse

of the Epectra is obtained using the frequency pârameter fsD/Uc than ueing

fsD/UJ, which indirectly suggests the close relationship of these large scale

structures to the noise.

The acoustic measurements are also compared to the published data of

Tanna (O2) on hot jets and Lassiter ô Hubbard'g reeulte (Oq) for freon and

treliuu jete. The close agreement beÈween Èhe present results and the hot

jet results Buggeete thaÈ for jet noÍse the effect of densÍty íe the eame

whether ít be brougtrt about by a change in temperature or by a change ín

composítion. The validíty of llorfeyts jet noíse predictíon scheme for non-

uniform density jete is aleo verified by the preaenE reeulta.

In an amalgamation process, the roÈaÈional flow field of Èhe large

structures and Èhe large entrainment of fluids from the ambient and potential

core regions resemble the flow field of a dipole pair. Thue a model of the

noiee Bource is propoeed where the etrengËhs of an oppoaíng dipole pair are

approximated by Èhe entrainment velocities. Although the model does not

repre6ent the real flow exactly, it is physically realietic and experimen-

tally compaÈible and it offers àn interpfetation of the role of dipole and

quadrupole Bourcee in jet noise. In a uniforu density jet the dipoles are

of equal sÈrengths and the dipole-pair degenerates into a quadrupole. In a

non-uniform density jet, Èhe unequal entrainmenE velociEies of the irroEa-

tional fluids represent dipoles of unequal strengths. They do noÈ cancel

exactty and Èhe uncancelled part of the dipoles radiatee Iike a dípole in

ttre far f ield.



IV

TABIE OF CONTENTS

A.BSTRACT

TABLE OF CONTENTS

STATEMENT OF ORIGINALITY

ACKNOI,üLEDGEMENTS

LIST OF SYMBOLS

I. INTRODUCTION

2. EXPERIMENTAL FACILITIES

2.2

JeË and acoustic facilities

2.1.1 Blow down rig

2.1.2 Plenum chamber

2.1 .3 The nozzles

2.1.4 Anechoic chamber

Flow and acoustic instrumenËations

2.2.1 High speed digital data acquisition sysÈem

2.2,2 Hot wire anemomeËer

2.2,3 Acoustic measurement instrumenËaLions

Optical observation faeilities and techniques

2.3,1 The schlieren optical system

2.3,2 The high speed camera

2,3,3 Timing light generator

2.3.4 Technique of synchronization of flow,
acoustic measurement and optical
observations

2.3

3. JET FLOI^I STRUCTURES AND CHARACTERISTICS

3. I . I Flow visualizaEion

3.1 .2 Near field pressure and velocity fluc-
tuaÈions

Some characteristics of
a turbulent jet

the large structures in

3.2.1 The spacing of Ëhe large str.ucËures

,2 The conveetion velocity of the large
s tructure s

2

2

PAGE NO.

I,

IV

VI

VII

VIII

I

l2

l3

I6

19

20

20

23

26

28

29

24

30

32

34

3B

39

42

3,2

3.2



v

3"3 Effect of density and velocity on turbulent
jet flow

3.3.1 FIow convection speed and average density
from mixing layer model

3.3.2 Velocity and density depe'ndence of the
shear layer spreading rate

3.3.3 Density dependence of Èhe flow convection
veloci Ly

3.4 CorrelaÉion of flow fluctuaÈions and the far
acoustic field

4, ACOUSTIC RADIATION CHARACTERISTICS

4.1 Acoustic measurements test, programne

4.2 Scaling parameters for jet noise measurements

4.2.1 Frequency parameter

4,2.2 Source density parameter

4,3 Results and discussion of acoustic measuremenËs

4.3.1 Velocity and density dependence of the
overall inÈensity

4.3.2 Effects of velocity and density on the
one-Ëhird octave spectra

4.4 Comparison with Morfeyrs prediction scheme

4.5 The effect of nozzle exit geometry on Èhe
radiated noise

A PROPOSED SOURCE MODEL FOR JET NOISE GENERATION

SUMMARY AND CONCLUSIONS

REFERENCES

APPENDIX

PAGE NO.

47

50

52

5B

63

64

65

73

B3

92

46

5

6

7

B

97

103

109

tt4



VI

STATEMENT OF ORIGINALITY

THE MATERIAL IN TTIIS THESIS IS THE ORIGINAL T,¡ORK

AND CONTAINS NO MATERIAL PREVIOUSLY PUBLISHED OR

PERSON EXCEPT IdHERE DUE REFERENCE IS MADE IN THE

DOES NOT CONTAIN I4TORK THAT HAS BEEN ACCEPTED FOR

DEGREE OR A DIPLOMA AT ANY UNIVERSITY.

OF TITE AUTHOR

I,üRITTEN BY ANOTHER

TEXT. TIIE THESIS

TIIE AIIIARD OF A

LEE HOCK SENG



VII

ACKNOI^ITEDGEMENTS

The author would like Lo express his síncere appreciation to

the following individuals for their assístance towards the compleËion

of this thesis.

To Professor G.L. Brown for his initiation of this project, his

supervision, advice, discussions and suggestions in the first thirty

monÈhs of Lhis work before he lefÈ for California Institute of

Technology ín United StaÈes. Also, for his valuable discussions and

comments in the preparation of this thesis.

The author is most grateful Èo the head of the deparËment,

Professor R.E. LuxËon for his consLanÈ supporË, encouragement and

provision of Ëhe necessary sËimulus Èo bring this work to a conclu-

sion; his supervision in the later half of this research; his many

helpful comrents and discussion on the preparation of this thesis.

To the Laboratory Manager, Mr. D. Kerr and the Ëechnicians, Mr.

D. Morrison and Mr. G. Price for their excellent workmanship and co-

operation.

To Mr. H. Bode and Mr. P. l,Ialker for their maintenance and

servicing of the optical, sound and electronic equipments used in this

experiment. And to the many laboratory technicians who had assisted

ín Èhe course of this experiment.

The work was made possible by the funding of the Aust,ralian

Research Grant Council and the University Research Grant.



a

VIII

LIST OF SYMBOLS

Amblent speed of sound.

Local- speed of sound fn the jet.

Local speed of sound ín the mlxíng regÍon of the jet.

Speciflc heat aË constant pressure.

Nozzle dlameter.

Measured frequence.

Frequency parameter f"l/U".

Souice frequeney or doppler corrected freguency.

'excessr denslty 1n - "lo).
Nozzl-e wldth (2-D rozzLe) .

Far fíeld sound íntenslty.

Ltghthlllrs scallng parameter.

Local characterlstlc turbuLence length scale.

Flow Mach number U/ao.

JeÈ exít Mach number U /aJ

Eddy convectlon Mach number lJ-/ac'o

Amblent pressure and l-ocal hydrodynamlc pressure.

compressive stress tengor.

Source disÈribution funcÈ1on Ln Lighthlllrs Ínhomogeneous
krave eguat,ion.

Dlstance of. tat fteld observer.

Veloclty ratio of the free streams in 2-D mixing layer.

General normalLsed covariance stat,lonary cross
correlaElon functlon.

a
m

c
P

o

a
J

g

I, I (x)

M¡

M
c

PorP

D

f

f¡l

f.
s

H

L

L

M

c

o

PrJ

q

R

r

xRx
(r)

2

R * * (6rt) Longitudtnal normallsed cross correlatfon coefficient.
T2



IX

SErouhal number fD/US

s

U

c

1j

s

t

T

T

e.
1

V

x.
1

0

Y

6

DenslEy ratio of the free stream in 2-D mixfng layer.

Entropy fluctuaÈÍon.

Real tíme.

Characterlstic perlod fn the fl-ow velocity fluctuation.

, Lighhillrs appl-1ed st,ress lensor.

Jet exlt velocíEy, eddies convecËion veloclcy.

Mean entrainment velocÍty Ín míxing layer.

Axial jet coordinaÈe.

Ribner t s flucÈuation parameter.

Ratio of speclfic heaÈs.

Shear layer thickness.

Vlsual shear layer thickness and

Visual shear Layer growth raEe(Adv."/Ax¡.

UJ c

v].s
ô

6r
v1s

À AcousÈ1c wavelength.

Ratlos of entrainment velocity in the poEential
core and the entrainment regÍon to Ehe Jet veloclty.
( (VeJ) /uJ, {Vuo) /ur)

T À
o

'x

P¡i.Po

J

p p

KÍnematic viscosíty.

Axial separation of the probes.

Jet and amblenÈ density.

Local and mean densÍËy in the flow.

General time del,ay.

Viscous stress.

Angular posiÈion in jet exit plane.

Bmission ang-le from the jet axls.

I m

T

T

0

U

ij



I. INTRODUCTION

AlÈhough Lighthill's classical theory of aerodynamic noise,

formulaËed in l952rhas provided a mathematical foundation, Pre-

dicËions have depdnded upon dimensional argu,.ments for the source

terms and description of the physical nature of Ëhe noise sources

has not been clarified. Quantitative predicËion of the sound

output depends on a knowledge of the turbul-ence in the flow region.

Ihe turbulent flow modeL avaiLabLe to Lighthill aË the time, for

which there existed a theoretical description adequate enough to

allow calculation of noíse radiation in the far field, üIas that of

homogeneous isotropic lurbulenee. In,his idealised model the flow

is divided into a large number of compact subregions (,q,/x<<1.0,

where.Q, is the characteristic length scale of Ëhe flow) which

fluctuate and radiaÈe in an uncorrelated manner such Ëhat their

intensities can be added in the far field to give the total

intensity.

Lighthill (B I , B2) chose the R.M.S. velocity as the

characteristic velocity fLuctuation and the integral scaLe of the

turbulent flow as the lengËh scale.and on these.dimensional grounft,

arrived at his UB dependencefor lhe overall inÈensity. From the

mathemaËical foundation he concluded that the turbulent flow r'ras

equivalent to an artay of convecÈing quadrupole sources radiaÈing

into a medium at rest.

While tighthillrs result is able to predicE many of Ëhe

features of jet noise, the act,ual flow in Lhe mixíng region of a

turbulent jet, from which¿1"rg" proportion of the jet noíse ís

known to originate, is far from being isoÈropic. The correlaËion

measurements of the flow in this region (.\l - Al9) have indicated

the correlation leregth scale is at least in the order of the

mixing layer thiclcness. More recent,Ly, sophisticated techniques
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employed in Ehe study of turbulence have revealed the existence of

quasi-orderly structures ín large scale vorÈex líke motionsrin two

dimensional mixing layers and sinilarly convectíng large structures

ín axisymeËric jets. These organised large scale moEions are

identifíed as the rolling up of the shed vorticity in the shear

layer, due Eo the initial instability, inlo concentrations of

vorticity as observed in many e>çerimenËs (Al - 420). Brown and

Roshko (Al), I^Iinant and Browand (43) showed thaÈ in two-dimensional

mixing layers it is the interaction between these structures as

they convecE downstream Ëhat controls the entrainment, mixing and

spreading of the layer. These observations have led to a much

bet,ter understanding of the flow and the domínant roLe played by

the large struct,ures has led to the beli,ef that they açe also,

efficient sources of noíse.

This belief is enhanced by the work of oEher authors. Mollo-

ChrisÈensen (Al0) showed that the pressure fluctuations outside a

turbulent jeË were composed of well- defíned wave packets ín which

dominant frequency componenÈs preserved their phase relationship

over large disEances.

From the supersonic jet experiment,s of Bishop, I^Iilliams and

Smith (C7), iÈ rvas concluded Ëhat the noise sources in a supersonic

jet have a scale which is the order of the shear layer thickness.

The targe structure are Ehe obvious feaEures in the flow to possess

such a sca1e.

While the direcË connection between the strucËures and the

flow is unknown, their intimaËe relaËionship is demonstrated by

Crolir and Champagne (45) and C.J. Moore (D3). Periodic surging at

a specific frequency and ampliÈude upstream from the nozzLe, as in

Ehe experiment of Crow and Charnpag,ne, can interacÈ strongly with

the süructures. Forcing is found to amplífy the corresponding
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\.Iave r,Thich gror^7s in the initial stage of the jet flow development

until a saÈuraÈion linrit is,reached. This liuriË is dependenË on

the surging frequency and ít is the largest for $trou J:al number

fD/U.=O.3 where f is the forcing frequency, D Ëhe nozzLe diameter'J

and U. Ëhe jeÈ veloeity. A disturbance of a small magnitude is

sufficient to cause the growth to decay to take place earlier in

the shear layer.

The effect of flow modification, as a result of forcing, on

the radiated noise is evident in the work of Moore (D3) who

reported Èhat the far field noise ís increasedrwhen the jet is

exciÈed by a fluctuating pressure as low as 0.082 of the total

dynamic head over the whole subsonic range.

iüith these ner¡r insights into the nature of shear flow

Lurbulence and Èhe effecË of its development on radiated noise, one

of the objectives of this work was Ëo study the behaviour of the

large scale strucËure, its influence in Èhe near fieLd pressure

and velocity fluctuations and the possible connecÈion beEween the

strucÈures and the radiated noise, Ëhe latter was explored

particularly by varying over a wide range both Ëhe densíty ratio

of Ehe jet to ambient fluid and Mach number of Ehe jet.

This work was motivated in part by the fact Ëhat in turbulent

mixing layers, t\^ro parameters which are found to have significant

effecËs on the shear layer developments are the density and velocity

ratio across the layer. Brown (¿,2) concluded from his ent,raínment.

rate measurement, ín two-dimensional mixing layers that;

(l) The total rat,e aÈ which fluids enter the layer is dependenÈ

on velocity ratio and weakly dependent on density tatío,

(2) the proportion of the total entrainment contributed by each

fluid is determíned only by its relative density regardless

of r,rhether it is on the high speed or low speed side of the
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layer.

ReconciLing these observations with a simple model of the flow;

Brown (42) concluded that the convect,ion speed of the sErucËure in

the flow, lJ was density dependent and the predictions v/ere con-'c
sistent with the convection speeds obtained from pictures of Èhe

nnixing layer as described in Brornm and Roshko (Al). This result is

contrary to the butk of published jef noise work where U" is taken

Ëo be roughly 0.63 to 0.67 UJ regardless of jet density.

In further developmenËs in the theory of jet noise (eg. Lush,

Ffowcs l,lílliams, Lilley etc) this convecÈion speed is shown to be

a signifícant conponent in the predictions of jet noise. An

incorrect assumption for the convection velocity could result in a

poor estimation of convection arnplification and incorrect Doppler

shifting of the measured frequency to the source frequency.

The subsequenE evaluaËion of the convecËion speed in Ëhese

experiments takes advantage of the simple módel proPosed by Brown.

The essential features of the model are described in Appendix A.

From Bror^mrs model (see Appendix A) Ëhe flow sÈructures)

convection speed can l¡e deduced and also the average density in the

layer can be obtained by the enËrainment rate and using the

conservaËion of mass. Both of Lhese parameters are important in the

theoretical model for jet noise.

Jet noise radiation is frequently examined in terms of Light-

hil1ts model analysis which ¡rields for the intensity I the

e><pre s s ion

I (t.l)
o a 5n2(l'oo -Mcos o)s

D2o*'u3

c

where p* is the average densiÈy in the mixirrg region, U, is the jet
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exit velociÈy, D is the nozzLe diameterr 0o and ao are the ambient

¿ensity and speed of sound respectively, R is Ehe distance of the

observer from the source and M" = U"/ 
^o 

where U"-is the source con-

vection velociry. At low velociÈies, hot jeÈ data of Hoch et. al.

(D6) and Tanna (D2) showed that the noise intensity can not be

scaled by the source density g* alone where Þ* was assumed to have

any value between the jet and ambient fluid density.

Thus the texcessr noise observed in the hot jet at low mach

nunber is at the moment an issue of controversy. Vfhile some attri-

bute this noise to additional sources, others belíeve the increase

to be due to the acoustic-mean flow interaction.

Mani (Dl 1) puts forward the idea of Ëhe mean flow shroudilg the

radiation of the convecÈive quadrupole as an explanation of the

excess noise problem. His analysis shows Èhat shrouding can incre-

ase the radiation efficiency of a quadrupole to that of a monopole

and he supports his arguemenÈ by showing the consístency of his

model with the hot jet result of Hoch et. al (D6). However, Kempton

(C12) shows that Manirs results r¡rere in fact in error and goes on

to demonstrate that the acoustic scattering by a density gradient

can only enhance Èhe efficíency of a quadrupole to that of a dipole

at best.

Following the approach of Mani, Dowling (C4) suggested a model

of a parÈicle attached quadrupole positioned near an initially

unstable free vortex sheet combined ltrith additional source gene-

rated by the flow as it grows into turbulence. IIer model predicts

that when the jet density is very much lower Ëhan its sttrrounding

the mean flow-acousÈic interaction results in a considerable ampli--

fication of the quadrupole field to the extent that Èhe inte^nsity
oJ

can scale on a lower povre.r^ velocity. She claims a fourth or even
0f

a second poürer^velocity is possible if the jet density is low
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enough.

For those who favour Èhe addiËional source argu rment, a few

theoretical models have been presented recently. To foIlo¡nr their

argu,menEs, it is convenienË to express Lighthillts acousËic analogy

equation for sound generation in an arbitrary fluid flow (r¿ith

viscous stresses neglected) in terms of pressure. rn the absence

of body forces and fluctuating mass addition, it is expressed as

&- * 
^2v2o =iJf' o ' '3k (Puiu

rJ j
'ò2

T? ço - "f,ùs)+

which can be expressed as

L (p) q

whereL=waveoperator V2 a 2\ and. V2 = a2
o' T7

+ q
2

(t .2)

(t.3)

^tò-
ò?( +

1

l.<. (t.4)
T

ànel 9,
'ò2

-2dL
(p - "2 

p) , ( I .s)

The source Ëerm n, t" the familiar Reynolds stress Ëensor whose

far fíeld radiation intensity is given in equarion (1. l). In rhe

second source term q2 Lush and ¡'isher (D7) in their approach divid-

ed Èhe density fluctuation inE,o 2 parts; one parÈ is isenËropicalLy

rèlaÈed to the pressure and the oEher to entropy fluctuation at

constant pressure. Thuy r^7rote

q = "3 fuç (Pu'u¡):

p= ps I

c
p

p

^2
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so that

I

where

Kc
L

al*
àt2

K

oa
à2s t

(l - o 
)

^24

2 2
d

9, (1.6)

(1.7)

(1.8)

C
p

at2

For Ëhe hot jet. they argued that the middle term in equaËion

(1.6) hras small compared to the first (i.e. a>ao) and that the

ent.ropy f luctuations l^Iere proPorÊíonal to Ëhe dífference in ent,ropy

values ac,ross the layer i.e. sr tu sJ - ro = Cp ,Q,n (TJ/T.), the re-

law for the intensitv arisins from o- and c^ in thissulting scaling law for the intensity arising from g1 and g2 ín

model is

+K
I 2

andK c (þ-'çr"þr2
oo2

They cláimed that the scaling law in equaÈion (1.7) and

equation (1.8) agreed with the experimenÈal results for overall

intensity at 90o to within I - 2 d.B over 
^oUJ/^o 

range of 0.3 - 1.0.

Morfey (Cl0.) in his analysís on the noise from inhomogenous

flows claims that if the effects of viscosity and heat conduction are

neglected, then the entropy change following a particle, DS/Dt, is

zero. Hence the density and pressure. inside the flow are related by

Dp
DT

!9. (l.e)
DÈ

From his maLhematical analysis, he concludes that in jet flow where

Èemperature or density inhomogeneíËies exist, only tü/o source terms

a2
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are important ie.

qT

IfuK
5

ntrere K c p2

) (l.ro)+(o u.U.)o1J a 2à2
o^ dx

,o-Po

p

_qp_
ôx.

J
J

ILre Reynolds shear stress terrn, poUiUj, in this case is evaluated

at ambient density 0o and not, Èhe source density p. It appears

Èhat Morfeyrs model is unable to prediet the observed decrease in

jet noise with decreasing density at high veloeities. However, he

argued that at high velociries the wave length of the sound radiated

becomes small compared to the shear layer thickness and the radia-

tion due to Reynolds shear stress must be evaluated at the source

density. Ihe resulting scaling law becomes'

+K
4

and K æ

(l.ll)

(r.r2)

1S pro-

2

I fuC (þ

4

A third approach is due to Lilley (8.9) who used-the method of
t

matched asymtot.ic expansionS in whic.h the pressure fluctuation in

Ehe flow is maËched to the far field radiation. By using the mass,

momentum and energy equation, the pressure Ëerm. in equation (1.2)

is replaced by a density and enthalpy Ëerm which results in a

scaling law for the total far field intensity I in the form

B Ur 6

a"(j" ) + C+
I ã

For the

ratío of

o

cons Ëants

ClC

in equaËion (l .12), C, scales as (O/oo

of the order unity and the raÈio ,r/r,

the)2,

2 I
1s

hs¡
h

o
portional to ( l) where h"J rtd ho are the stagnaÈion enthalpy



of the jeE and the ambienË static specific enthalpy respectively.

Lilley showed Ëhat the ratio of C,/C, is similar to the ratio of

the foïth to the eighth por/er velocity term'in (1.7) as

T
J o (l .13)T.

o

9

TCT--CTpJ po
)(

op
CT

Although the theoretical modcls discussed abovc are apparenlly

contradictory, each model claims to be in good agreement with the

available hot jet data. A further objective of this experimenÈ

is lherefore to shed some light Èo the texcesst noise in inhomo-

geneous jets through acoustic measurements over a wide range of

density ratio and Mach number conditions. In this erçeriment; the

jet density range covered is wider than any previous work where

only jeËs of density lighter than air were studied. By using gases

of various compositions (i.e. helium, carbon dioxide, sulphur hexa-

fluoride and air), jets in the density range Or/Oo from 0.2 to 4,0

vre(e studied. I^lith the short running time blow-down rig and the

designed nozzLes (one convergent plus three convergenE nozzLes of

nominal Mach number 1.3, 1.54 and 1.75)1 the velocity range

covered is 0.2 < lJr/ao < 2.4.

In this work the density and Mach number effects on the florl

convection speed and spreading rate of the shear layer have been

determined e>çerimentally and compared with Brownr s mixing layer

model. The usefulness of the convecËion speed and average mixing

layer density, as parameters to describe jet noise, were also

evaluated.

A physical model of jet noise generation is suggested where

a dipole-pair whose strengths are proportional Eo the entrainment

velocities of anrbient fluids in the turbulent mixing layer is

mocielled as the source. Although the model cannot be theore-



l0

t,ically justífiedr' it does offer a sinple and physicaL mechanism of

jet noise generation whích at least íntuitiveLy, is abl-e to offer an

explanaEion for the excess noise observed in non uniform density jets.

It arises, in this model, from Èhe unequal enËrainment velocities on

either side of the layer and hence unequal dipole strengths.
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CIIAPTER 2

2. E)GART,MENTAL FACILITIES

The experimenEal facilities used were designed specifically

to study the flow sEructures and Lhe radiated noise from a

laboratory scale jet over a large range of density, Mach nurnber and

nozzLe exiË geomet,ry.

DirecÈ simulation of corrnercial jets in Ehe laboratory by

heating the air to achieve the right density ratio would require

experimental facititíes of a scale not normally found in universiti-

es. Apart from the complexities and exPense of heating air, the

problems of maintaining constant ambient temPeraÈure within the

confined anechoic charnber and measurirrg flow parameters at high

Eemperatures are extremely difficult.

In the present, experinrents the jet densit'y \{as controlled by

the composition of the flowing gas. In all cases the ambient

fluid into which lhe jet discharged was air. The range of density

ratio srudied varied from p- loo = 0.2 through to or/oo = 4.0 by

making use of gases such'as Helium, Carbondioxide, air and sulphur

hexaflouride.

To avoid the need for large quantities of working gases, some

of which are.e)<pensive, a short running Eime blow-down facility,

which allows constant stagnation conditions to be established in

less Èhan 500 ms)\^ras built. Running tímes are typically in the

order of a few seconds depending on flow conditions.

Such shorÈ running times necessitate instruments of very fast

response and high speed data handling faeilities. These are

discussed in the following sections. The data acquisition sysEem

usecl:[or the majo::ity of the measurements reported here can santple

at arry raEe up to 100 kHz on five of the sixteen input chan¡els.
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Ihe data is written onËo a magneÈic Eape which can be processed by

a compuEer.

Jet noise measurements were carried out in the reflecEion free

environmenË in an anechoic chamber in which the background noise was

negligible.

2.1 JeÈ and acoustic facilities

The joint flow and acoustic measurements of the jets described

hrere carried ouE:ín the existing anechoic chamber of the Acoustics

Laboratory of the Mechanical Engineering Department in the

University of Adelaide.

Ihe overall layout of the jet and acoustic facilities ín Èhe

anechoic room are shown in Fig.2,1. Ihe reservoir of 5.5 m3

capacityrwhí-ch can be charged to a pressure of seven atmospheresris

linked to a steel pressure vesselrof 0.2 n3, of the blow down rig

situated just outside the anechoic chamber, by a 102 mm (4") dia-

meter pipe, which was designed and installed for this experiment.

The gas from the high pressure vessel is discharged Èo the plenum

chamber via a 32 unr (lå") diameÈer high pressure flexible hose by

activating the solenoid operated valve. At the entrance Lo the

plenum chamber a meËering valve is installed Lo regulaLe Ehe flow

rate before the gas finally issues into the ambient field through

E]¡.e nozzle.

A microphone boom placed aE a radius of 1.7 m from the nozzle

exit allows the angular posítion of mícrophones to be varied

between 2Oo Èo 90o from the jet axis.

The flow and the sound insÈrument'ation are seÈ up in the

conl-rol room nearby from which the experimenÈs may be operated and

measurements monitored and recorded.
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2.1 ,1 Blow dovrn ríg

The blow down rig used throughouÊ this experiment r^ras designed

and built in the Mechanical Engineering workshop ín Ëhe universíty

of Aderaide. rt is desígned for short running Eime jet and mixing

layer experíments, I^Iith this rig, a jet within a nominal Mach

number limit of 1.75 may be achieved using the convergenË (for Mcl)

or convergent-divergent (for M>l) nozzLes. The novelty of this rig

is that jet flow in the density rario range of. o.2 Eo 4.0 can be

economically achieved by using gases of clifferent composiÈion such

as helj.urn, carbon dioxide, sulphur hexaf luoride an¿l air,
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The rig shown in Fig. 2.2 consists of a steel vessel of 0.2 m3

capacity whictr is linked Eo the air reservoir. Inside the vessel

an airtight polystyrene bag is securely attached to Ëhe outlet end

of the vessel. Gases of the desired composition can be introduced

into the bag through the feedline and held in there Lo be discharged

when the solenoid operated valve is elecÈrically activated. This

arrangemenÈ can provide a flow typically for the order of a few

seconds (for example 5 seconds for Ur/ao = 1.0 at a reservoir

pressure of 6 atmosphere and a rtozzLe area of 6.5 x l0-4m2 or I in2).

The pressure drop during the run is insignificant due to the small

volume of gas discharged relative to Ëhe driving reservoir volume.

(At che r¡rorst a 3.67" sÈagnation pressure drop can occur when the

bag is collapsed comPletelY.)

It must be pointed out that the blow down rig was designed

for turbulent mixing layer and jet experiments in the department of

Mechanical Engineering. Although the major components, namely the

pressure vessel and the plenum chamber, were in the final stage of

fabrication when this study commenced, considerable effort and time

\^rere spent on the design of Ehe other componenËs and in the

commissioning of the system before iÈ was operational. NoË shown

in Fig. 2.2 is the operational console where all the piping and

fittings, for charging the working gases into the plastic bag

inside Èhe pressure vessel, are mounted together withthe solenoid

valve swicch ancl the pressure gauges (for reading the reservoir and

vessel pressure). A pressure swit,ch ¡ahich essentially is a piece

of rubber mernbrane with a conductor on one "ia.itf"*ped in between

the flanges of the pipeline linking the bag to the reservoir. This

switch senses Èhe pressure difference between Ëhe bag and the

reservoir and. sets off a buzzet when the bag ís full. The other

"ufþV 
feature installed in this set up is a fast purging valve for
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quick release of the gas from the bag to save the bag from bursting.

The jet velocíty is regulated by the metering valv.e aË the

plenum inlet. Basically the metering valve has a moveable piston in

a blanked cylinder which has an array of 150 holes.,each of 1.25 rnn

Þæsaur<
diameterrin the wall. During each run, Èhe,.ratio across the holes

is kept above the critical value so that, sonic flow is established

at the throat, of each hoLe. The Èotal volume flow rate is hetrce

dependenÈ on the number of open holes (or the toÈa1 throaÈ area)

which is determined by the position of Ëhe piston.

For the supersonic jets, the meËering valve is not used and the

sonic flow occurs at the throaÈ of the nozzle at the correct operat-

ing pressure.

2.1 .2 Plenum charnber

The plenum chamber shown in Fig.2,3 is a steel cylinder 0.2 m

in diameter and 1.2 m long with a n¡all thíckness of 2.0 cm. Before

acoustic treaEment, the flow noise generated from the meËering

valve was found t,o be too high for low velocíty flow. Thus greaL

care r{as taken to minimise this noise to an acceptable level.

The full lengËh of the charnber is lined with a layer of sound

absorbing fibre glass wool 3.0 cm thick. A series of punched-plate

baffles wiËh open area of 507" to 20% are insEalled along the chamber

beÈween the metering valve and Ëhe nozzle. A partial acoustic cover

with lead and fibreglass lining is put over Èhe valve such that

l-here is no direct sound paËh for the valve noise. This arrangemenË

is found to eliminate Èhe valve and other internal noise. The

result of the acoustic treatment is shorn¡n in Fig. 2.4 where curves

(i) & (ii) are the 1f3 ocEave spectra of the valve noise (p1us

other internal noise) before and after the acousÈic treaÈment

menlioned above.
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For the same mass f,low rate through the valve Ehe jet flow Mach

number using a subsonie nozzLe (exit area of 6.4 x l0 m2) is

0.3 which is the lowest velociÈy of interest for the constant

¿ensiEy case. AË this flow condítion, the ¡nixing noise is seen to

be higher than Èhe internal noise at all l/3 ocEave bands. Although

the differences in Levels in the frequency range 200 - 415 Hz are

raÈher low ( 2 - 5 dB ) , the effecE on Ëhe overall intensity is

ínsignificant as the rfrequenei& of interest in this work at the f low

condítions considered are betr¿een 200 Hz Eo 4}I{lzrwith mos! oÍ the

energy in Ëhe range between I KHz and l0 KlIz.
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Since the flow through the valve is choked, the valve noise

therefore varies with A* where A* is the total area of the open

holes in the valve, and the spectral shape should remain Ëhe same

+Õ1
except a shift in the l/3 octave intensities. The jet mixing noise

however varies as (A*)B according to Lighthillrs UrB law sínce Èhe

jet veloeity varies with A?k. At higher flow speed the difference

in intensity between the mixing and valve noise was greater and the

seË up r¡as found to be saÈisfacÈory.

For dense jets of O, /oo = 2.5 and 4.0rf1ows at lJr/ao = 0.2 were

also considered as the overall intensity levels $rere found to be

þr
higher than^Ëhe constant density case at Ur/ao = 0.3 (See Fig.4.2).

Up to three wire screens of varying gauge are placed

upstream of the nozzLe to reduce Ehe scale of the Ëurbulence so Èhat

most would decay before entering the nozzle contracÈion. In this

case the turbulence intensity at Ë}:re tozzLe exit is measured to be

0.BZ which is typical for other laboratory jet flows at Ur/ao = 0.30.

2.1:3 Nozzles

For the subsonic jet studies, four convergent nozzles r¡ith

exit geomeEries of round, square and rectangular (aspect rat.ios of

2524 and 25: l) r¿ere designed and fabricated. All these nozzl.es

have the same exit area of 6.4 x l0-4m2 (or I inch2) and conÈracEion

ratio of 25¿1, They are made from epo)ry resin with a smooth

internal contour Èo provide a uniform flow at the exit. In add-

iEion, three convergenE-divergenL nozzLes originally designed for

nominal Mach number (Ur/ar) of 1.3, 1.6 and l.B are used. However,

due Èo the boundary layer effect aË Ehe nozzLe Ëhroats, Ëhe actual

¡4ach numbers (U,/a-) for Èhe correctly expanded jeÈs are 1.3, 1.54
JJ

and 1.75 respectively. [rlhen using these nozzLes a cone is fifted

be.tween the plenum irrlet and the tozzLe to reduce the time for the
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flow to reach the steady operating condition. A líst of dimensions

and operatíng conditions of the nozzLes is given in TabLe 2.1.

Table 2.1 Nozzle dimensions and operating characterisÊics

2.1.4 Anechoic chamber

The layout of the anechoic chanber is shown pictorially in

Fig. 2.6 (plate l). The dimensions of the charnber are 5.94 m x

6.86 m x 6.10 m (19.5 ft x 22.5 ft x 20 ft) in length. The room

provides a free field envíronment which is anechoic down Eo 25 Hz

and has a measured background noise level of 44 dBrwhich is much

lower than Ehe measured spectra at the lowest jet velocity of

inEerest, as shown in Fig.2.5.

The aluminium floor meshes in the chamber provide easy access

to the instrumentation. The meshes are removed prior to the actual

experimenË to avoid reflection of higher frequency sound.

)t

2.2.1

Flow and acoustic instrumentaÈion

High speed dieiËal daÈa acquisition system

The multi-channel electronic daÈa acquisition system was also

designed and built in the Mechanical Engineering Department of the

UniversiËy of Adelaíde.

The system is described in some detail by Thomas (El). Ihe

rnulti-input unit enables l6 sígnaLs Ëo be recorded simult,aneously

at a maximum sampling rate of I00r000 Hz. The inpuÈ analogue

signals are first converted into digíta1 form with 8-bit precision

Mach Number Sub soni c I .30 L.54 r.75

Flow stabilization time (ms) 300 335 4s0 570

Outlet diameter (mm) 28.7 20.96 2r,00 20 .00

lhroat diameÈer (rnrn) 20.32 18.94 t6.97



21

Êq
É

P¡
]J
'd
(t)

Ê
o
.lJ
É
H
c)

(ú
+J
oo

cn

70

60

50

40

30

20

l0

5I 2,0 10 40

Frequency ßHz)

Fig. 2.5 Jet and lnstrumentaElon nolse specLrum

(r) Jet nolse (0 - 45o- 
.U.l 

- 100 m/e)

(1f) Jet nofee (0 - 45o. U: - I75 m/s)

(111)Backgrouncl and ÍneErument nolse

written on a l6K shif t register meruotìy. I,lith 8-bits precision, rhe

input range of Lhe system is divided into 256 divisions Q\. The

resolution of Èhe digitised signaL is therefore ,half the leasÈ

significant bit which is = 0.27. of. the input range. This unit is

flexible in operation in Èhat different sanpling rate and memory

space can be allocated to each channel independently. f.lhen the

allocaEed memory is filled, the contenÈ of the menory is wriEten

onEo a 9-track òourputer Eape as a block of data or record.
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The sampling rate, memory allo.rcation, run idenËifier and number of

records per run are programmable by a set of swítches on Èhe front

panel. This information forms the preamble of each block of data

wriÈten on the t,ape.

Because of the high sanpling rate required in this experiment,

the analogue to digital conversion time must be short. 0f the 16

channels, five incorporate fast converters (nate1 sysÈem model

ADCHYI2BC). Each of Èhe converÈers has 12 biËs and a conversion

time of 8 us. Since only I bits are used the short cycle capability

in the converter reduces the conversion time to 4 Us. The ínternal

buffer aurplifier adds an extra 3 Us to the conversion tirne making

a total of 7 ¡rs per conversion.

The input voltage range of Ehe A/D converter can be set to

either 0 - l0 volts or t5 volts. Since the inputs are fluctuating

signals the t5 volts range is used. The flow turbulence signals,

which are typically in the order of mill-i-volts, have to be amplified

before the conversion process to achieve adequate resoluËion. Signal

amplifier units wiÈh carefully maÈched phase and frequency charac-

terisËics and variable gain from I to 100 are used. These uniÈs,

described by Thomas (El), have a band-width of.200 Hz Eo TOkIIz at rhe

half power poinL. The frequencies of interest (20 - 40 kli.z) are all

well within this range. The output signals from the microphone

aurplifiers are in Ehe range of tlO vo1ts. Therefore to avoid clip-

ping of the signals, they are divided down Èo bring Lhem within Èhe

input range of the A/D converters.

The phenomenon of Nycluist frequency folding in digital sampLing

is that the signal componenË at frequencies above the tfoldingt

frequency, which is one half of the sampling frequency, will fold

back about this frecluency during the sampling process. It therefore

appears as energy in the digitised signal aE the lower frequency.
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Throughout the experiments the sampling i'ate. is kept at l-00 Hz unless

lower sampling ratesare specifieally required. The folding frequency

in this case is therefore 50 kJH.z. In the Eurbulent signal most of the

energy appears in Lhe range below l-0 kHz as shown in Fig. 3.8, Hence

the error due to folding is insignificant even in the absence of fil-

tering. In jet noise measurements, where the microphone response ís

flat up Eo 40 k]f.z, the signal monitored above this frequency rolls off

at a rate in excess of 2O dB/Ll3 ocÈave. This effectively acts as a

filter since energy frequencies above 40 kP-z will have already þeen

heavily attenuaEed before sampling.
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In the velocity flucEuation measurements a single hoË wire

as shown in Fig, 2.9 was used. The needles for the probe are 0.5 mr

jewellerrs broaches seE 3 mn apart. The wires are 5 x 10-6*

tungsten soft soldered to the needles. The ends of the wire are

copper plated and the acËive unplated length is I nrn giving a length

to diameter ratio of 200. Constant temperaËure operatíon was used

with an overheat raÈio of I : I .5. The cold resisLance of the wires

is ÈypicaL1y 6.0 ohms. The Eime response of Èhe wire and the feed-

back loop may be set by the square v¡ave injection technigue (see

Thomas (El) ).

The constant temperature operaLion is achieved by the circuitry

described by Thomas (El). The circuit diagram is shown in Fig, 2.10.

A high speed operational amplifier (National semi-conductor tM3lB)

is used with a high performance por^rer arrplifier (2N2270) incorporated

to boosÊ the currenE output. Because of the high bandr¡idth of the

operaËional amplifier, no triurning inductance is needed. The out-

put offset is controlled by means of a 200 kQ potentiometer connec-

ted to the internal offseL control of Èhe operaÈional amplifier as

Ëhere is no separaÈe compensation network.

2.2.3 AcousËic measuremenË ins trumentation

l'he acoustic measurementswere obtained using standard sound

measuring equipmenÈ. The set uP in the control room is shor,rn in

Fíg. 2.7 (plaËe I). The far field acoustic radiation was measured

at a distance of 1.7 meLres from tlne nozzLe exit by an atray of

microphones mounÈed on an arc in the plane of the jet axis at 2Oo,

30 45o , 75o and 90o from the axis.

The microphones used were |" condenser microphones (Bruel &

Kjaer type 4133) with field effecË Eransistor pre-amplifiers (Bruel

& Kjaer type 2619). The f,r:ee field frecluency response of Èhese

o
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microphones is flat up to 4Q kP.z. During testing frequent checks

\¡rere made on Ehe mierophone calibration using a rpiston phoner

calíbrator (Bruel & Kjaer Èype 4220). The outpuÈs from the micro-

phone amplífíers r^rere attenuated to the t5 volts input range of

the Data Acquisitíon System. The recorded sígnals can be played back

continuously into the real time l/3 ocËave band analyser (Bruel &

Kjaer type 3347) and the l/3 oetave intensities may be obtained. If

required, the signals can be replayed at a rate 2-n times the

sampled rate (where n : I, .. ..63) . The recorded data are proeessed

in a computer, Ëaking into account the frequency correction factors

of;:Èhe microphones to give the l/3 octave and the overall intensities.

SEandard practice is to examine regularLy the insËrumenÈ noise

from the microphone and amplifier to ensure there is no possible

contamination of the mixing noise. A typical spectrum of Ëhe

instrument noise is shown in Fig.2.5 together with a spectrum of

Èhe jet noise at the lowest velocity of interesa UJ = 100 ur/s. It

is seen that the instrument noise has a much lower intensíty 1evel

at all I /3 ocÈave bands Ehan the mixing noise.

2.3 Optical observaËíon facilities and technique

2.3.1 The Schlieren optical system

A basic 2-mirror folded schlieren system was used for optical

observation of the flow and Èhe acoustic field. The layout of the

system is shown in Fig . 2.ll .

The sysËem incorporales two 203 Ím (8") diameËer front silver-

ed spherical mirrors with identical focal Lengths of. 2438 rnrn (96")

and 2 other front silvered plane mirrors.

In order to I f.reezet the motion of the turbulent flow a very

short duration f.ight source is needed for the one-shoÈ picture.
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A Goneral Radio StroboÈac 1538-A was found to be suítable. It

produces a single flash of about 3 ps duration with enough light

intensíty to expose Ehe fi1m. The flash can be triggered externally

by a mechanical switch. For continuous observaEion, a mercury arc

source (0sram HBO IOO x/z) was used which has an effective arc size

of 0.25 x 0.25 nm2 .

The knife-edge, condensing lenses and film holder rÂrere mounted

on the sarre optical bench for easy alignment. The condensing lenses

consist of.2 seËs of Lenses (one zoom lens and one standard 35 nm

camera lens) which combine Eo give a large range of effecEive focal

lengths. Normally a 3" x 4" Polaroid film was used but this could

easily be repLaced by a 4tt x 5" flaË fi1m. For Èhe high speed

c¿utrera, the standard f/l.g lens of the camera !üas used. In this case

Kodak Tri-x reversal (7278 ASA 200) filn was found to be saEisfactory.

2.3.2 The high speed camera

In the earLy part of the experiment, a high speed Fastex

rotating prism camera with a naxímum franing rate of 7000 frames/

second was used. However, the picture quality $las found to be

unsatisfactory especialLy aÈ high speed. Later, an electronic

camera (Imacon) which has a frame rate of I x 106 frames/second was

used in an attempt to follow the sound l^laves. Six picÈures each of

l" * å" are exposed on a single 3f" x 4I'r polaroid film. Because the

photograph was of the image stored on the phospherous screen which

has a relatively poor resolution of 13 linepairs/rnrn, this idea was

also abandoned.

The high speed camera finally'used in the sËudy I¡Ias a 16 run

rotaÈing prism camera (Hycam 400t). IE has a st,andard film capacity

of 131.2 m (400 ft) , but wíth simple accessories, iË can accePt
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32.8 m (100 ft) or 65.6 m (200 ft) daylighÈ loading spools. IË has

a maximum franing speed of I 1,000 pict,ures/second using the 400 fË

film. The. synchronizatíon of the film and the prism in the camera

can produce pictures of extremely high quality with a resoluÈion of

68 line pairs/n'ur at all fra¡ning speeds. The timing light in.Lhe

camera produces a time-base reference on the film. The film speed is

elecÈronicalLy controlled such that the framing raÈe can be main-

tained at the desired speed to + I 7" aecuracy. The speed control is a

solid state elecEronic elosed loop servo-system and the desired

speed is set by a thuub dial.

The natural aperLure of f.ight transmiËÈed in the camera is

f./3.3, but a range of interchangeable shutters up Êo f/100 is

avai lab l-e .

Another advantage of this camera is., that it has an evenË

synchroniser. The event swítch can be triggered after a pre-deter-

mined footage of film has run through by means of a folloüIer arm

which rests on the film spool. The opening or closing of the event

switctr can be used to trigger either events such as the sËarting of

the dat,a sysÈem or the flow.

2.3.3 Tining lighË generator

To provide a time base on the film a timing light generator

(Red lake milli-mite timing light generator model l3-0001) is used

to imprint Lirning marks on the film. It is a serial timing source

operating with a frequency from a erystal conËrolled clock which has

an accuracy of 50 parts in a million. In this mode of operation, it

can drive a light emitting diode (LED) at 3 different rates of 10,

100 and 1000 Hz. The unit has been modified so that it can also

operate from an external logic clock. In this mode of operaÈion,

the tinring mark can be synchronised with other event.s or measure-
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ments provided a conÍnon logie clock is used as a time reference.

2.3.4 Techniques of synchronizaËion of flow, acoustic measurements

and optical observations

The heart of Ëhe measurement system is Èhe daÈa acquisiÈion

unit with its internal logíc clock as the reference timebase. The

timing logic arraRgemenL ís illustrated diagramatically in Fig. 2.12.

The flow is turned on by closing Èhe swiEch buÈ a time delay is

needed for Lhe flow to reach the required operating condition before

the camera is seÈ rolling. After a predetermined footage of film has

been exposed the buílt-in mechanism of the camera actuaËes the event

synchroniser switch. The closing of this switch acts as an exEernal

trigger (or tstart' pulse)Ëo start the daËa acquisition unit which

can then acquire information. An tenabler pulse is sent to Ehe

decade counter, with a maximum time delay of 20 x l0-9s relative to

the rstartr pulse, to set Ëhe electronic decade counter counting.

The outpuÈ from the decade counEer Èhen dríves the timing light

generator after each preseÈ number of clock pulses is counted. The

circuitry of this counter is designed such thaÈ a pulse is delivered

to the timing light generator at Ehe instance the renabler pulse

reaches Lhe counter. The first timing mark Ëo aPpear on Èhe film

then corresponds tothe beginning of the signals acquired by the daÈa

acquisition uniË. The subsequent marks corresPond to a fixed delay

in real time which can be easily obtained from the clock rate of

the data acquisition unit.
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CTIAPTER 3

3. JET FLOI^I STRUCTURES AND CHARAC]ERISTICS

3. l. I Flow visualization

In this study, flow visualizaEíon combined with high speed

phoLography was employed to provide a dírect and simple, method of

obtaining qualitative informations on both Ëhe spatial and temporal

development of the flow.

The one-shot shadowgraphs (plates 2 - 8) and high speed movies

show that the intial míxing regions of round and two-dimensional

turbulent jets are dominated by the large scale st,ructures siurilar

to Lhose found in two-dímensional mixing layers. These large scale

notiors are seen Lo exist even when the jet flow is supersonic :

relative t,o Èhe ambienÈ speed of sound, as shol,rrn in Fig. 3.1

(plate 2) , Fíg. 3.1@ and Fig. 3.17 (pl"aÈe 9). In the transition

region of the jet Ëhese strucËures are seen as distinct vortices

wiÈh smooth boundaries which become less well defined in the

Eurbulent region. The jeÈ flow developmenL can be easily followed

in the high speed movies. The various stages of the flow develop-

ment are represented diagramatically in Fig. 3.3. 'A vortex is

formed at (B) as a result of Ehe rollíng up of the initial instabi-

lity wave at (A). The vorÈex structure convecËs at nearly constanÈ

speed over a distance of I - 2 jet diameters unËil some irregulari-

ties in the eddy spacing cause one vortex Ëo speed up and the prec-

eecling vortex to slow down as at (C). As they get closer they spín

around each other and eventually amalgamal-e'Èo form a larger vortex

aE (D). The amalgamation process, which is an inherent parË of

turbulent mixíng, is seen to be primarily responsible for Èhe rapid

broaclening of Ëhe mixirrg layer as a result of the large entrainment

c¡f fluíds from the potential core and, the ambient surroundings

The r:andonness of Llierse processes in time and in space result in the
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nixing layer grohTth being smooth on the average. The vorÈex size

and separation are observed to be increasing linearly with axial

distance downstream from Ehe nozzLe exit.

In a high Reynolds number flow, Ëhe eddies are less recognís-

able as they are masked by fíne scale Lurbulence. They exist as a

lump of vorticity vrith irreguLar boundaries. l-lith the increase ín

jet speed, the eddy spacings become smal-ler and the induced velocity

fields of the large structures tend Eo smear out the identity of

individual vortices sooner.

In an axisymetric jet, these structures are clearly visible

in low speed flows as in Fig. 3.2 (plate 2). However at high

Reynolds number, Ehey cannot be observed easily I^rithouÈ resorËing to

special techniques such as forcing the jeÈ or the flash schlieren

technique as used by Moore (D3). However their existence can be

inferred from the periodic velocity and staÈic pressure fluctuation

as observed outside Ehe nr.ixíng layer (see Fig. 3.4) which, as \¡Ie

shall see later, are due to the induced fields of Ehese s¿ruùLures

that extend from the mixing regions of the jet inÈo the non-entrain-

ed regions.

IIN TITA INMI]NT RIIGI ON

(A) (ts)

(c)

POTHNTIAI, CORII

Flg. 3.3 ScÌreuatic dlagranr of a let flovr

(D)
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Most, of the fLow visualizaLion in this experi¡oent was done on

two-dimensional jets. The quantitative information on the spreading

rates of the shear layer in the two-dímensional jets can be applied

to the case of axisymet,ric jets. As pointed out, by Morris (AI8),

who examined the effect of Mach number on the spreading and turbu-

lence intensity of a model jet (50.8 nm or 2 ínches diameter), Ëhe

spreading rate of the annular mixing region of the jet agrees closeLy

with that of. a 2-D shear layer. Again, Bradshaw (E2) showed that i'

the presence of a splitter plate on the axis of an axisymetric jet

did noË al-ter the jet sËructures. It is therefore believed thar

Ëhe devel-opmenÈ in the shear layer is dependent only on the

initial boundary layer thickness at the rtozzLe exit. Hence in a

2-D jet, the Ëwo míxing layers should behave as independent 2-D

mixing layers

One can also argue analytically that at high Reynolds numbers

the flow from an axisymmetric jet can be approximated by a 2-D

rnixing layer. From the stand point, of Ëhe boundary layer theory the

velocity comFonerit in the fLow direcËion is large compared to ttre

component normal to the flow direction. From the stand point of

the instability of the jet boundary layer, the axial syrrnetry is not

significant since the boundary layer Èhickness is small compared to

the jet diameter. In this case the annular jet mixing layer can be

replaced by. a 2-D shear layer íf the wavelength of the disturbance

j-s sma1l compared to the jet diameter.

Irrom the above arguement, it ís tempting therefore to assume

thaE all turbulent mixing layers exhibiÈ characterisÈics which are

si.rnilar to those of a free 2-D rnixing Layer.

3.1,2 Near field pressure and velocity fluctuations

In.r turbulent jet flow, the velocity and pressure signals in
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the non-entrained regions of the jet are dominated by large posítive

or negative-going peaks. The periodic occurence of these peaks can

be attributed to Ehe passage of the large scale coherenË motions

within the míxing Layer. The flucËuations, in relation Eo the large

structures, can be further undersËood by the simulEaneous ,flow

measurements and optical observaEions.

Fig. 3.4 illustrates the simulEaneous measurenrents of the

velocity and static pressure fluctuations jusÈ out,side the mixing

layer at an axíal distance of X/H = 3.0 downstream from a large

aspect, ratío (2524) jet of velocity 10.5 m/s. The jet Reynolds

nunber U,H/v is 7,000 and the probe positions are withín the transi-
J

tion regíon of the jet based on the transitional Reynolds number

U.X-t = 1.2 x 105 obtained in Yulers e:çeriment (All). In this

region, the large scale sErucÈures are clearly visible as distinct

vortices as shown in the sequenÈíal pictures in Fig.3.4(b)(plate 3).

'Ihe signals in Fig 3.4(b) are acÈually the first 16 mS of the signals

in }.ig. 3.4. The most striking feaÈure of Èhe velocity fluctuations

ín the potenÈial core as shown in t,race (A) of Fig. 3.4 is the

rperiodic occuqänce of the large positive going peaks. The most

probable interval betweeri successive peaks is about I.34 ms.

Following themovie in Fig. 3.4(b) each positive peak corresponds -!o

the passing of a large vorÈex. It is observed that Ëhe magnitude

of t-he peaks appears to scale inversely with the distance between

Èhe probe and the vortex core. The devia tion in the paEhs of the

vortices therefore give rise Ëo large and small peaks in the sígnal.

On rhe other hand, the velocity fluctuation ín the entrainment

region (trace (B) in Fig. 3.4 is significantly differenË from trace

(A) . The signal has rather broad and large negative going rpeaks

with tl-re mosE probalrle period of 3.3 ms between two successive
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peaks. It is at first surprising that such a large difference in

period should occur. On a closer examination of Èhe movie film it

becomes clear that the negaÈive peaks in trace (B) are actually

associated with the amalgamation process. It seems thaL a Large

peak is regisLered when two vortices are very close to each other,

as is the case just before or during a pairing or an amalgamation

aË or near the point of measurement. Corresponding to the time a

large negative peak is registered in trace (B), tInlo successive peaks

very close Èo each other are observed in trace (A). Usually the

pair coincide with a small peak closely followed by a larger one as

indicated by * in Fig. 3.4. This is the result of fleap froggingr

in the pairing process where a succeeding vorÈex aÈtempts Eo over-

take the preceeding one from the hígher speed side of the shear

layer and hence moves away from the probe. In doing so the vortices

destroy each otherrs separaÈe identities and finally merge to form

a larger vortex.

Ir is interesting that Ko and Davies (A16) found a comparatively

higher axial Strouhal number for the mixing layer and Ëhe potential

core Ëhan indicated by measurement conducted in the entrairrment

region. IÈ was incorrectly assumed by them Èhat the measuremenË in

the enlrainrnent region was dorninated by acoustic emission from the

transition region, whose characËeristic frequencies are of a lower

order.

The causal relationship beÊween the amalgamation processes and

the peaks in the measured signals in the entrainment region of the

jet is again demonstrated by the staÈic pressure fluctuation (trace

(C) in Fig. 3.4 where the large amplitude periodic fluctuation has

superirnposed on it sma11 anrplitude high frequency componenÈs. In

trace (C) the condenser microphone inverts the signal and thus ¿

pcrsl'.t'-i've pealc acl:u;rJ-j-y repr:esent.s a negative pressure difference.
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Comparing traces (E) and (C), a large negative peak in trace (B) is

immediately followed by a large distinctive peak in trace (C)

suggesting that Ehe staËic pressure fluctuatior¡S ín the hydrodynarnic

near field of an incompressíble mixing layer are induced by the

velocity fluctuations inside the layer. Ihe large pressure fluc-

tuation process also suggests, that it is probably an efficient noise

generaEion mechanism.

The phase relationship between the induced velocíty and pressure

fields of the large structures in a jet mixing layer has been e.xten-

sively mapped out by Lau et. aL (47). The intenLion of the experi-

ment described here ís to establish that these fluctuaÈions are indeed

the direct results of the large scale moËion in the flow.

3.2 Some characteristics of Lhe large sÈructures in a Èurbulent jet

AE high Reynolds number, statistical measurements have been used

to provide quanEiEative inforrnation on the large structures in an

axisyurnetric jet. Space-time correlations r^rere measured between two

hoË wires Ëo est.imate the spacing and convection speed of the

structures.

The normalised cross-correlation coefficienL R*(trt) between

the sígnals A and B is defined by

R* (8, t) =.A(xrt) B(x+t,t+T)>
Ã(x,t) B(x+6,8+'r)

(3.1)

where t is the time delay, < > denotes the time average and an over-

bar denotes the R.M.S. value. Simil-arly, the normaLized auto-

correlaLion coefficí-ent is defined by

= i3-!Ð-Ajll-T)ì
Ã(r)Ãçtn1¡

R.

AA
(r) (3.2)
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3.2.1 The spacing of the large s truct,ures

The autocorrelations of Ëhe velocity fluccuations in boEh the

poEential core and the ambient region of a turbulenE axisynrnetric jet

(Re = 5.2 x 105) are measurecl at various axial locations between

1.0 < X/D < 5.0 dor¿nstream from the nozzLe exit. The normalíse.d

autocorrelaEions at X/D = 4.0 are shown in Fig. 3.5 where curve (A)

is measured in Ehe potentíal core and curve (B) in the entrainment

region. The autocorrelarions are rather periodic and the mean period

T is defined by the lime interval from zero to the first maximum.

The mean period ín the potential core T* is a better indication of the

mean spacing of the strucEure since Ehe signal in the anbient region

is dorninated by the amal.gamation process. The mean eddy spacing

&s, aE the point of measurement' therefore scales as

(3 .3)

where U, is the average convection speed of Ehe structures.
c

The linear variation of the mean periods in Ehe velocity

flucLuaËion wiÈh axial disEance is illustrated ín Fig. 3,6. In Èhe

initial mixing region of the jet the convection sPeed U" is shown

to be nearly consEanË (see SecEion 3.2.2) and following equation

(3.3) the eddy spacing must increase with axial distance downstream.

Tlris increase in spacing and si ze of the sÈrucEures is in fact

achieved by the process of eddy amalgamation as seen ín the shadow-

graphs and high speed m.ovies of the f 1or¿.

As seen in Section 3.1.2, the induced velocity fluctuaËions in

the entrainflìënt region are dominated by the amalgamation processes.

Thus the" mean period in the autocorrelation function is an indication

t T*U
cS
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axial location a longer mean period in the autocorrelation function

is obtained in the entrainment region compared with the mean period

measured ín the potential core, as shown in Fig. 3.5 and Fig. 3.6.
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3.2.2. The conveeÈion velocitY of the large sËrucËure

'Ihe convection speed of the large structure is a significant

component in jet noise problems in that

(l) it enhances Èhe dov¡nsËream radiation and hence

infLuences the directivity pattern;

(2) in a sËationary frame of reference, Ëhe sources in

motion leacl to a doppler shift in measured frequencies;

(3) apart from mixing noise, intense Mach waves are radiated

whenthespeedofthesourcebecomessuPersonicrelative

to the speed of sound in the arobient acousEic medium, as can

be seen in Fig. 3.16 and Fig' 3'17 (plate 9)'

The convecÈion of the fLow pattern can be seen from Èhe sinul-

Ëaneous velocity fluctuations at, different axial locaEions of a

25.4 mrn (l ir,) diameLer jet as shown in Fig ' 3'7 ' The hot wires

are separated by a dístance AX/D = 0.6 with the first wire at

\lD = 2.4. The changing velocity signals '' with axial distance

is a good indication Ehat the flow is not froze¡ but' is varying,

in agreement with the fLow vísualization experiments. The disapPear-

ance of some peaks in the hoÈ wire signal further dor¡mstream ís

c]-earlytheresultofEheamalgamationprocessesasthevortices

convect downstream.

.Ilre convection speed of Ëhe strucEure is measured by the space-

time cross-correlation of the velocity fluctuations of tv¡o hot

wires displaced axially by a distance ax and ís defined as

AX--
¿ltc

U

rvherc ar is the tirne delay of the most significant peak in the



cross-correlation function. The correl-ation technique ínvolves

integracion over a long time and therefore gives rise to an

averagc r:onvecÈion sPeed.

The space-time crosscorrelation for the unfiltered velocity

signals in the entrainmenE region of a round jeC is shovm in

Fig. 3.8, The nrunber on each curve rePresenÈs the downstream hoL

wire separation AX/D relative to the reference hot wire. In this

case Ehe hot w-ires are located in the enËrainment regíon of Ehe

jeE and the convecrion speed u" obtained is 0.41 ur. similar
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measurements in Ehe same axial locaËions in the potential core

resulted in U"/U, = 0.73. other investigators have reported

similar variation in the measured convection speed at different

radial locaÈions of a jet. Davies, Fisher and BarreÈt (49) found

tharatX/D = 1.5, U./UJ = 0.6 in the shear layer and U"/U, = 0.7 in

the potential core. Seiner (420) at Èhe location XID = 4.0 obtained

values of U /U- of 0.55 and 0.82 in the shear layer and in the
CJ

potential "ot" t.rpectively. It therefore aPpears Ëhat there is no

unique convecLion speed across Lhe shear layer. Ihe possible

explanation for Ëhe variation of convecÈion speed with radial posi-

Èion is the high shear stress in Èhe layer which distorts Èhe

sLructures into an elliptical shape as Èhey convecË dornmstream as

observed opÈically. The distortion seems Eo be symmetrical about

the core of the strucÈure and Ëhe difference in convection speed on

either side of the shear layer is the deformation rate of the large

structure. The convection velocity of the vortex core along the

lip line of the jeË is therefore a logical choice for the average

convection speed. This value ís the mean of Ëhe measured convec-

tion velocities on either side of the shear layer.

The mean convection speed is plotted in Fig. 3.9 as a function

of axial posítion togeEher with the data of other invesLigators.

The turbulent convecÈion speed in the initial region of Ehe jet

(X/D < 5.0) is found to be nearly constanL. For a constant density

jet, this value is roughly 0.57 UJ compared to the normally accepled

values of (0.63 + 0.62)U¡. The ratío U./UJ does however depend

strongly on the density raEio (03/oo) as we shall see in Section

3.3.3.
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I + K(s) (l t
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(3.4)

(3.s)

(3.6)

(3.7)

(3. B)

2I

ôt

xlxT2

ulucI

o/o=m2

0. 178

K(s) + rl-+Rtf

.l/s + K(s)
I + K(s) t

V

where À. = S and V is the entrainment velocity of the ambient
t Ul el

fluid i, r i.s Ehe velocity ratio U2/Ul, s is the density ratío Or/Q r,
K(s) = l,/s0'6, ôr is the spreading rate of the rnixíng layer, U" is

the convection speed of the strucÈure and p* ís Ëhe average density

in the mixing layer.

The results are valid for incompressible flows and they are used

as a guide and comparison to the present jet mixing layer experiments.

3.3.2 Ve 1o ci ty and density dependence of shear laver sp readinq rate

The one-shot shadowgraphs of. a 2-D jeÈ for a range of velocity

and density are shor^m in plate 4 - 8. EstírnÈions of the spreading

rate of the mixing layer are obEained by drawing straight line mean

tangent to the redger of Ëhe mixing layer as shown in Fig. 3.3

The visual thickness 6t.ri, i"

ôt (3. e)
vls

where x is the dis,tance in the axial direction'

As discussed in section 3.1.1, the grow-th rate of a 2 - D

mixing laye:: has been found by Morris (AlB) to be in good agreement

rsith r"hal- of an a:<is),rrlnccric jeu flow and similarly the results from

AôvlsT



4B

a 2-D jet flow can be applied to an axisynrnetric jel. From Èhe

shadowgraphs, the velocity dependence of the mixing layer growËh

rate of a jet of fixed density is sho¡¿n in Fig. 3.18. The mixíng

layer thickness at subsonic velocities is obtained from the 2 - D

jet following the criteríon described above. For the flow from a

round convergent - divergenl nozzLe, the thickness is approximated

by twice the thickness from the lip line to Ehe outer'edgerof the

flow. This measuremenË could be over estimaËed as Èhe outer edge of

the rnixing layer ín a 2-D flow is seen Eo diverge from Èhe lip line

nore than the inner edge. At any rate, significant thinning of Ëhe

layer is observed. This thinning evidenËly is a result of the
:

compressibility effect connected with Mach number since the free

s¡reams density ratio is nearly consËant. This compressibility effect

is also observed at high subsonic speed as shown in Fig.3.l8. At low to

medium subsoníc speed the growth rate is only weakly dependent on

the jeË velocity.

.6

vls

D

10 1-00 1000

U-, (m/ s)

Veloclty depenclerrce of che visual shear layer growth rate

( n, Q, /.oo=2.5 ; 4,1.5 ; o,0.6 i ô,0.17 )

(CIosed syltbc.rls foL: convergent-diverge-nt nozzles and open
syrnbo.l.s foü convctrgent- nozzles)

l+
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A

o o

ô
^

A
o0 O tr

o

o

o.
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The density dependence of the vísúal nixing layer growth rate

is compared rvith Brownrs model and other available published data in

Fig. 3.19. For jet density raËios greater than unity the measure-

ments for the 2-D jeL agree well with Brownts mixíng layer model but

the discrepancy increases when p, /ro . 1.0. Fron Fig 3.14 and

Fig. 3.15, it can be seen Ëhat for a light jet, especially at low

velocity, the definitíon of the edges of Èhe shear layers is rather

poor. The ranges of the possible interpretations of Oli" from the

shadowgraphs are displ-ayed as error bars in Fig. 3.19. For con-

sisËency the most, conservati-ve spreading rate was used in all cases

which could therefore partially account for the discrepancy.

0.8

0.6

¡(l 0.4vas

0.2

0
0.1 0.2 0.5 1.0 2.0

or/oo

5.0 10.0

Density dependence of the visual shear layer growth
rate for subsonic jets. (ormeasured data¿ -rBrown &

Roshko shear layer model where K(s)=17"'",
A, lSrorvn [42 ] i I, erlor bars )

^
A

Fig. 3. t9
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3.3.3 Density dependence of the flow convection velocity

The measured flow convecLion speed in the initial mixing region

of a jet is shown in Fig. 3.20 as a function of density ratio.

As discussed in Section 3.2.2., the measured convection speed varies

with radial location of the jet. The average speed in this case is

obtained by laking the mean of the t\,ro measured convection speeds,

as defined by equation (3.4), in the potenÈial core and the entrain-

ment region. This i,s found to be close to the measurements obtained

at the jet lip line as in Fig.3.20. For the same jet exit velociËy,

the convection speed in a dense jet is found Ëo be higher than in a

light jet. It varies from 0.38 - 0,72 UJ for pJ/po in the range

o.l7 -û.72. This is consistent with equation (3.6) of the 2-D

nrixing layer model. In Fig. 3.20 the mean convection speed in the

jet is found to be slightly higher than that predicËed by the model.

However, they do exhibit similar trends in their density dependence.

Using the values obtained in Fig. 3.19 and Fig. 3,20, the
U

values of öt , J are Èabulated for jets of various density ratios
vrs uJ

1.0for Ur/ao <

o r/o o 0.2 1.0 l .5 2.5

ôr U
vls C

mixing Layer model where

and equation (3.7) become

0.186 0.199 0.203 0.189lu,

U

The resulË show that 6r , + is roughly consEant htiËh an average
vls uJ

value of 0.194 over the density range. This is consist'ent with Ehe

I + K(s)
I((s)ôt 0. 178

for lJr= 0 (r = tJr/IJl = 0), eguation (3.6)
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K(s)
1 I +K(s)

U

and clearly ô I c
U- 0.r78

Thus for a fixed U Â6/At isJ'

and U
Ax

Aô
a constant since At = vls

" vís- lx--

/uUc

I

cAt and Aô /¡t is the total entrainment rate which isv].s

concluded by Brown (42) Èo be dependent only on Ëhe velocity

ratio. The higher shear layer growth rate observed in jets where

the density is low is in fact a result of the slower flow convecÈion

velocity in Ëhe layer and is not a result of higher entrainment,

rate.

3.4 Correlation of the turbulenE flow dynamics with sound

producËion

Attempts Èo establish a more definitive understanding of the

relation between Ëurbulent flow dynamics and the sound production

are frequently deduced from the statistical interdependenee of Che

velociÈy or pressure fluctuations and the radiated noise as indicated

by 2-point space-time cross-correlaËions. The hot wire-microphone

system used by Lee & Ribner (D23) showed a poor norrnalised cross- .

correlation coefficient of only I - 27". Meecham and Hurdle (124),

who inserLed a microphone with a noise cone in Èhe EurbulenË flow

region of a jet, cross-correlated Ehe near field sËaLic pressure

fluctuaÈion with Èhe far field and obtained values varying from

0.47. to 15.57". They hence concluded from Ëhe resulc thaË the main

sources of noise were confined to a cylindrical voh:ne cenÈred

around the jet axis with a diameter roughly thaÈ of the jet

dj-ameter. However, as pointed out by Siddon and Hogland (D25)
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the magnitude of Êhe noise produced by the probe embedded in the

turbulent flow casts doubt on the validity of such correlation

measurements.

The physical presence of the probe in the flow could also

affect the flow itself. In the present investigation the near

field measuremenÈ is made in the ambient fluid adjacent to the

entrainment region so Ëhat only the induced velocity and pressure

flucÈuation of the large scale sËructures are monitored. By this

method probe-flow interaction is kept to a mínimum and the measured

signals are not masked by the fine scale turbulence in.Ëhe mixing

layer.

In this experiment, for an axisynrnetric jet the normalised

cross-correlation obtained from Èhe unfiltered signals is typically

of the order of 2 - 47". A correlation function of Ëhis magnitude

provides no conclusive evidence of any relationship between the

large scale structure and the noise. This result is Eo be expected

since the noise in a jet comes from an extensive region of the flow

and the near field measured only a small part of thaÈ flow.

The correlation of near-field pressure signals from t,wo

circumferentially deployed microphones by Fuchs (Dl8) showed a

monotonic fall of the correlation coefficient v/ith increasing micro-

phone displacement. For the present work it rrras reasoned that the

2 - D mixing in which the pressure and velocity are more in phase

in the spanwise direcÈion should give rise to a higher value of

measured cross-correlation coefficient. A ground plane of length

equal to 5H was therefore insÈalled in the place of one of the lip

lines of a 2 - D jet (aspect ratio L/H = 25/4; II = 1.0 cur) as

illustrated in Fig. 3 .21.
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microphone

microphone
or hot wires

ground pl-ane

Fig. 3.2 I
z>

Schematic ofnnozzle, ground plane arrangement
and probe positlons.

In the direct correlation measuremenË the far field rnicrophone

r^ras located at the acoustic e-jssion angle O = 45o to Ëhe jet axis

and aE a distance of either 0.5 n or 0.75 rn from the exit. The

near field probe (microphone or hot wires) was placed just outside

the top mixing layer the origin of whÍch is at Ehe nozzLe lip. In

each case a large distinctive peak was observed at a time delay

roughly equal Èo acoustic transmission time of R/ao where R is the

probe separation. In cases (A) and (B) in Fig.3.22 Èhe measured

values were 2.28 ms and 1.56 ns respectívely compared to Ehe values

of 2,08 ms and 1.37 ms based on causality. As observed in SecÈion

3.1.2., the near field velocity or pressure signal is dominaËed by

Ehe large scale motion in the vicinity of the probe. I,f:ren Èhe

velocity signals from 2 probes separaËed by a distance Ç on the x

directíon r'rere crosscorrelaËed a peak at a time delay rm = 6/U"

would be obtained. Thus lhe measured peak correlation between the

ne¿rr field velocity flucEuation and the far fÍeld noíse should occur

at a time delay to., Biven by

R

x

a

T=
m

r/a + ElU c
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where positive I means the dominanË source is downsËream from the

near field probe. The higher measured values indicate thaL the

source ís located at about 1.5 H downstream of the probe or at

X/H = 4.5. In Fig. 3,23 where the direct correl-aËion of the static

pressure fluctuaLion of the flow and the acoustic field were measured

slightly higher values of 2.37 ms and 1.66 rns were obtained. The

difference in the measured Peak Ëime delay between the pressure-

velocity and the pressure-pressure correlations is seen in Section

3.1.2 to be related to the microphone sígnal lagging the hot w.ire

signal in the entrainemnt region.

shortly after the above experiment, $ras completed, Yu and Tam

(Dl7) published an invesËigation of trailing edge noise. Their set

up h/as rather similar to thaL described above except that the

Erailing edge was located aL 8.5 times tlne nozzle height downstream.

They also found thaÊ the peak correlation corresPonds to causality

and was located close to the trailing edge of the plate. They

concluded that the interaction of the convecting large structures

with the trailing edge was dominant in determining the correlation
Aowcver,

between the near field and Ëhe far field. n tt is known that Èurbulence

located near a sharp edge can provide a pol\terful source of noise

radiaÈion, as Ehe analysis of crighton (85) has shown. The high

correlation obtained in this experiment cerËainly derives from the

large scale motion in the shear layer eiÈher dírectly, which the

experiüìent, \^ras designed to demonstrate, or indirectly via the

generation of noise from the trailing edge of Ëhe plate. Further

experímenLs are necessary Ëo resolve Ëhe rnatter.
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ELg. 2.7 The aeoustic and recording instrurnentation'



(plate 2)

Fig. 3. I Schlienren pícËure of' a 2-D
helium jet.

= 834 m/s, Re = 1.93 x tOs)(u
J

Fig. 3.2 Shadowgraph of an axisnunetric jet at low
ReYnolds number

(U.l 3 m/s, Re = 5'8 x 103)
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Fig. 3. I I Shadowgraphs of a two-dimensional jet flow

br/oo= 2.5, v = 3.8 x lO-u, Re = -p t (A) 1.3 x lOa (B) 5.0 x lOa (C) 1.5 x lOs; (D) 2.3 x l05)
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Fig. 3"13
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o\Shadowgraphs of a Lwo-dimensional jeE flow

(orloo = t.Z4,t= 1.0 x ïtrs, ne =f,qr (A) 2.5 x 103; (B) 2.5 x l0a; (C) 7"4 x loa; (D) l'5 x I05)
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Fig. 3.14 Shadowgraphs of a two-dimensional ieu flow

(or/oo =0.51, v =5.1x lO , R. =$q; (A) 4.0 x t02;(a) 4.0 x lO3;(C) 1.27 x lO+;(l) 6.0x tO4)
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Fig. 3.16 Schlieren picture of
(orloo = 0.637, uJ/^o

(plaÈe 9)

a supersonic jet flow.

= 2.06, Re = I.7B x 105)

3.17 Schlieren picture of a supersonic jet
(or/oo = 0.6, ur/^, = 2.66, Re = l'92 x lO5)

Fig.



5B

ACOUSTIC RADIATIOI{ CHARACTERIS TI CS4

4 I ACOUSTIC MEASUREMENTS TEST PROGRA},IME

As discussed in chapter three the density effect on Ëhe large

structure convection speed and spreading rate of the shear layer are

in good agreemenÈ with the predictions of the mixing layer of

Brown (42) (see appendíx A). The model also enables a prediction

Eo be made of an raverage densityr in the mixing region. As

discussed in chapter one, both the convection speed and mean density

are required Ëo predict the intensity from Lighthillrs scaling law

expressed in equation (l.l). Thus the predicÈed results could be

used to examine Ëhe applicability of this scaling law to non-

uniform density jets.

As discussed in chapter one, Èhere appears to be no. general

agreement between the various ÈheoreÈical models and mechanisms.

proposed on the excess noise observed in hot jeË at low l"fach number

although all claim to be in agreement \^IiLh the available

hot jet data. It is also unclear whether this excess noise is a

resulÈ of density inhourogeneity irrespective of how this dênsity

difference arises. To date, Ehe only published data on noíse from

jets of varying composition is from Lassiter and llubbard (D9). From

their limited number of ËesËs they concluded that the sound pressure

from air, helium and Freon jeÈ could be predicted by equation (1.1)

with p* being the jet density pr. They observed no excess noise

provided e.quation (l.l) nras interpreted in Ëhis way. Hor¿ever, Eheir

experímentsappear to be in error at low jeE densíty c.f. the present

experimental results and Lockheedrs data in Fíg.4.4 and Fig.4.6.

Thus the conclusion drawn from the limited test conditions where

jets of clifferent compositions r¡rere operated in: dífferent velocity

¡egirne5, by extrapolation in the velocity direction is therefore in

error -
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Fig. 4.1 illustrates the tesE condiLions of the flows used

in this study. Altogether there are f.our nozzles employed in this

study; pne subsonic flow convergent nozzLe and three supersonic

convergent-divergenL nozzLes having Mach numbers of I.3, 1.54 and

1.75 respectively. In the terms of the jeE to ambient fluid density

ratio ânà jet velocity lo ambient fluíd speecl of sound ratio, the

shadecl area in Fig. 4.1 shows the test points that were obtained

using the convêrgent, nozzLe. Flow condiÈions available with the

convergenÈ-divergenE nozzLes, which when Èhe flow is correctly

expanded operate at specific pressure ratios, depending on the

working gas, are represented by the three solid lines.

A particular advanEage of the experimental facilities w¿ts thal:

ít was a simple matÈer Èo mainÈain at approximaEely constant densíÈy

while varyíng the velocity (i.e. test points on horizontal broken

lines) by varying Ëhe cornpositions of Ëhe working gas to account for

compressibility effects as the speed was increased.

Iu this experiment, a total of 49 tesÈs conditions were selected.

There were shown as the points marked Fig.4.1. For each Èest condi-

tion, Ëhe required míxture of the working gas and pressure uPsEream

of the tozzLe hras first calculated and the actual flow conditions aÈ

Èhe exiE \4/ere recalculated from Ehe measured,sËagnaÈion pressur€''s.

Tlre actual flow exit conditions for each test point in Fig, 4.1 are

tabulated in Table 4.1. Uto* such an e-xtensive Eest progranme'

etfecEs of density and velocity can be determined independently

from l-trese measurernent.s. It was hoped that such an extensive set of

clata obr-ained in a single facilíty with the same instrumentation

u¡ouIcl provide a bench mark againsU which theoretical models and

predicti.ons schemes for jet noise could be checked'



B

I

I

I

I

i.-
5F3F F

o-
+

B4

A3

{-

a-
E3

D{

L-

G?

-#l---- r

F2

î
B3

I

I

I

I

--Ìe
Èz

_I
ó

c2

--l D2l

FI

-Ë- - -nl
I

-t_a
B7

I

I

+
DS

I

I J-_
i,¿r

cl
I

B

A

o
o-

Ð
o_'

o.r{
IJ
d
${

à
+,

.F{

ø
Ê
o€
+J
o

F-)

4.0

2.5

1.5

1.0

0.6

O12

oìo

o.2 0.5 0.8 r .0 t.5 2.O 2.5 3.O

Mach oumber (Ur/ao)

Fig. 4.1 TesÈ Prograrme Ctrart



6l

Table 4.1 Test point flow exit conditions

Test Point u ,/^o
tJ /aJ'J RJ/R

o
/yY J o P.r/P o

AI

L2

A3

^4
A5

A6

BI

B2

B3

B4

B5

B6

B7

CI

c2

C3

C4

C5

c6

D1

D2

D3

D4

D5

D6

D7

0 .192

0.283

0.4s3

0.596

0 .700

o.794

0.201

0 .303

0.49s

0.581

o.770

0.914

r.050

0.3r4

0.500

0.791

1.043

| .267

t .435

o.296

0.490

0.785

0 .995

1.314

1.594

1 .804

0.419

0.613

l .00

r.3l r

t.535

t.747

0.342

0.51 I

0.8r4

o.987

1.289

I .533

I .533

0.393

0.609

o.995

1.293

1.537

| .742

0.295

0.487

0 .771

0.983

| .287

1.558

| "743

0.256

0.268

0,269

0.282

0.298

0.3 l0

0 .408

0.418

0.455

0.439

0.481

0.512

0.557

0.597

0.756

0.773

0 .'871

1.000

1.094

1.0r7

t .052

r.143

1.206

| .3-79

| .567

t.756

0.8r3

0.8r 7

0,822

0 ,827

0 .831

0. 835

O.85B

0 .861

0.87r

0 .870

0.6r0

0 .888

0 .899

0.929

0 .940

0.948

0.996

1.000

l .012

1.002

I .001

I .018

1.o24

1.04r

1.057

1.070

3.946

3 .833

4.003

4.0r3

3.996

4,046

2.482

2.450

2.355

2.5t8

2.458

2.500

2.488

| .464

t.401

t.499

t .493

t.472

| .491

I .000

0.994

0.986

1.001

0.998

1.088

0.999
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Table 4.I TesÈ point exiÈ flow conditions

Test Point u_/a.to ur/^, R.r/Ro Y
J /v

o o r/o o

E1

E2

E3

E4

E5

E6

E7

EB

FI

r2

F3

r4

F5

F6

G1

G2

G3

G4

G5

G6

G7

GB

G9

0.30r

0.5r7

0.826

0.979

| .337 ,

1.74t

2.t14

2.395

0.316

0.s49

0.84r

1.090

I .411

I.BIB

I .055

| .525

| .493

| .957

1.553

2.062.

2.Ott

1.485

1.916

0.225

0 .387

0 .6t4

0.734

0.996

1 .283

r.565

1.749

0.130

0.225

0 .354

0.449

0.579

0.746

1.584

r .753

1.550

| .763

l.3Ql,

1.560

1.3r3

0 .989

0.975

1.704

r.731

I .834

| .867

2.110

2.414

2.760

3.134

5 .061

5.106

5.106

5 .355

5.613

5.962

0.667

1 .23t

r.383

2.O52

1.889

2.635

3 .1t7

2,587

4.3t9

r.066

l .068

| .076

| .077

r .09 r

l.llB

1.118

| .t29

t.t66

| .t66

| .166

| .167

t.171

t.t73

0.921

| .o27

t.044

1.088

1.078

1.113

r.t29

l.ll0

I .I53

0.594

0.599

0.59s

0.595

0.596

0 .600

o.6t2

0.602

0.r99

0. 199

0 .203

0.199

0.t97

0. t98

2.030

r.358

1 .t23

0 .882

0 .758

0.637

0.48r

0.491

0.299
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4.2 SCALING PAXA},IE TERS FOR JET NOISE MEASUREMENTS

4 .2. I FREQI]ENCY PARAMETER

In Lighthill's analysis where the stress tensor trj t" approxi-

mated by the Reynolds stless puiuj Èhe resultant, scaling law for the

far field íntensity is expressed in equaËion (-l.l).

Since the sources embedded in Èhe shear layer are in moÈion the

observed frequency f in a fixed frame of reference ís Doppler shifted

to give the source frequency fs by Èhe following relationship

f. =f(l-Mccoso) (4.r)
S

The normalised frequency parameter f* often used in the study of

jet norse rs

S (4.2)
J

Ffowcs ltrilliams (83) showed that the term (l - McCOSe) in

equation (4.1) should be replaced by

I cr - Mccoso)2 ¡ n2 t.'lå (4.3)

The parametela hras introduced to account for the finite life of an

eddy. It also eliminated the singularity when M"coso = l. This

parameter is normally taken as 0.3 as measured by Davies et. al.

(Ae) .

The frequency parameter to be derived here i-s based on the

optical observation and flow measurement of Ëhe mixing layer in
fD

cirapter three. A non-dimensional frequency f" * j:- will ín
'J

general be a function of the densiEy ratio. It was thought in this

w<¡rlc that since a ma.jor effect of Ehe density difference I¡/as to

clrange the c.onvec.tion speecl of ttre large structure that a more

fD
U

rN-



characteristic time f.or the life of the large eddies, parEícularly

in the later part of the poEentíal core,would be scaled by n/Uc.

Thus a non-dimensional frequency also consídered in this work was

64

fl¡ (4.4)
c

D

(4.s)

4.2.2 SOURCE DBNSITY PARAMETER

The other importanL scaling parameter in jet noise.is the

densi.ty term p* thaÈ appears in equation (l.l). Ihe mixing layer

model of Brown (42) which seems to predict the spreading rate of

the mixing layer and the veloeity of the flow rather hrell can be

used to calculate the average flow density ín the mixing layer.

The result is gíven in equation (7.13) which is repeated here for

convenience,

s
Df

U

where U"/U, is a function of density ratio Or/oo given by equation

(7.S¡ in the appendix. Thus the frequency parameter in equation

(4,4) becomes

f l(l - Mccoso) 2 + n2 *"'lL
U

E--¡l
c

p lls + K(s)
l=TTsT (4.6)

The values obtained from this relation are compared to those values

¿rssumed in other puþlished experiments and are tabulated belor¿.

The values in the lasE columll aIe calculaÈed from equation
_0 .6

(a.O¡assumingK(s)=s-'.\,JhenK(s)=s-o'5isusedthevalues

are iclentical Èo Èhose values c¡btained using the geomeËric mean

mef-hocI a,s shown in colunrn two. As expecÈed t-hese values are closer to

m

Po
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PJ*Po P* om-l/s+x(s)p
m

po 2p
I

p p o

r) + I 'o I + K(S)
oooo

p
o

0 7

J

4.0 2.00 2.50 2.10 2.30

2.5 1.58 1.75 1.72 1.73

1.5 1.22 1.25 1.30 1.27

1.0 1.0 1.0 1.00 1.00

0.6 .78 0.80 .68 .74

0.2 .45 0.60 .26 .38

the lower of the densities on the Èwo sides of the shear layer since

the entrairrment raËe is relaÈively higher on the.lower density side.

The values in the second lasE colwtn from Tanna et. al (D2) in the

hot jet experimenÈ are based on the assumPtion that the static

temperature profile is similar to the velocity profile and the

regíon of maxímum turbulenE intensity or the source region is of the

order 0.7 times the jet efflux velocity. Ttre source density p*

calculated using the mixíng layer model falls in between Ehe geo-

meÈric mean (jet and ambient density) and the value of, Tanna for

or/oo -< 1.5. At higher densiËíes values obtain.a ,r"irrg the 2-D

model are the highest among the Ehree.

4.3 RESULTS AND DISCUSSION 0F AC0USTIC I'ÍEASUREMENTS

4.3.1 Velocities and density dependence of overall inEens iEy

Fig. 4.2 shows the velocity dependence of the far field noise

intensity for different jeE densities measured aÈ 0 = 90o where Ëhe

effects of refracËion and convectíon amplification are absent. For

uniforn <Lensity jer (or/oo= I.0) an intensity whích varies as

(u 
.rl 

a r)'/ ' a, = 1.5 fits the daÈa better Ehan
o

o fro* ,rr/rrr, = 0.3 to Ur/
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r40

r30

tJU

Lighthillts eighth power law. Deviations from the (UJ/ao)8.0 law of

the overall intensity for this constant density jet have been obtain-

ed in many experiments over smaller velocíty ranges and less than

àmbienl. densities (Dl-D6) .

r00 200 400 600 800 t000

Jer velociÈy (m/s)

Fíg, 4.i The effecÈ of density on the veloclty dependence
of the overall intenÃity ac 0 = 900

.( Rref = l.68 m and Dr"f = 0.0287 m )

( or/oo i. n, 4.0i e,2.5; ¿,t.5; v,l.0i 0,0.6; Ò,0,2 )

For jet density ratio A/po less than unity, the inrensity

appears Èo scale on a lower porÀrer of velocity. For Or/oo = 0.2,

when Ur/ao t 0.5 the intensity is approximared by (UJ/ao)6'0 and

for tJr/ao < 0.5, it scales as {ur/ao)s'0. Thus , relaÈive to the

constant density jet , rower density jets.are observed to be

noisier at,low velocity. rn the case of the heavier than air jet

the overall intensity is higher. For pJ/po =.2-5 and pJ/po = 4,0
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íc varies as iUr/ao)6.5 Ehroughout Ehe range of velocíty considered.

In Fig. 4.3, Ëhe overall intensities at 0 = 90o are normalised

by (Or/O )'.0 r¿here O* it the respective source density from equation

(4,6). À good collapse onEo Ehe p /p = 1.0 curve is obtained at high
ro
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r00 200 400 600 800 1000

Jet Velocity (m/s)

The velocity depend^ence of th^, normalised overall
intensiry aL o '= 9Oo

(R ^ = l.6Bm. D' reÏ ' rer
(ø ,/o o; o , 4.0; o,

= 0.0287 m)

2,51 a, l.5i v,1.0;0, 0.6; ô, 0.2)

vclocj.Ey an{ the collapse becomes Progressively poorer at low l'{ach

number where non uniform de¡rsity jet,s are found !o be relatively

noisier. This result, Èends to st¡PPort the view thaE the Reynolds

sEress source term, whose far field intensily should vary as

(O,n/Oo)t.0, preclorninates at high Mach number and it is also obvious

f::orn the scaling resulE th¿rt exces$ noise,which exists in non-

lne

rrnj" I orlrr clensity jcts becorue:; signif icant iun low velocity region '

ô
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Considering that in this study the intensiËy of a uniform density

jet varies as {ur/a)7'0 , Èhe fifth Eo sixth pohrer velociry depen-

dence of the intensity of the excess noise suggests Ëhat the source

is dipole in character. These resulEs lend support to Morfeyrs

view that in a non-uniform density jet there are Lr4ro sources; a

quadrupole type from Reynolds stress which predominaÈes at high

veloeity and a dipole type that preclominates at low velocity.

AE high Mach nunrber, a reduction in the noise inrensiÐ is

observed for all jets. At supersonic Mach numbers the role of the

large structure becomes less significant as compressibility begins

to affect the development of the large scale v rtical motions. This

is evident from the signifieant thinning of the mixing layer in super-

sonic flow as seen in the shadowgraphs in chapter three.

In comparing the density effect on turbulent mixing in supersonic

and íncompressible variable-density flow, where Lhe equations of

mot-ion for the compressible "ur" utJþass, momentum and energy

ecluatiorrrwhile Èhe governing equations for the other ..". ttflmass,

momentum and dif fusion equatiorrr, Broum and Roshkors analysis (Al)

showed that compressibility effects are distinct from the effects due

to deusíty difference alone. At frigh lvlach numbel,comPressibility

effects introduce a'P'vr t.erm Which they assert accounLs for the

markecl difference between Mach number zero and hi"gh Mach number

mixirrg layers having the same velociEy and density ratio. From Ëhe

orcler: of rnagnitucle estimate (for detail see (Al) Reynolds stress

[ri.rr is proportiona]. to Ehe spreading rate of the mixing layer,

whictr decreases with j-ncreasing Mach number.

To clate, data on noise from jets of varying composiEions

are lirnited. The only available data are Èhose from LassiEer and

I-hrl-lbarrl (n9) wherr: tlre. rangÉ: of flow c.onditions covered are very
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Fie. 4.4

100 200 400 600 800 10oo

JeE Velocity .(m/s)

The effecE ôf densíty on the vel"ocity dependence of
the overall intensity at 0= 9Oo

(n nã l.68nand.D-^r =0.0287n)'- ref rer

- 
grsasuasd' o,pJ/po = 4.0; 9, 2.5; v, t.0; ö, 0.2

- 
L¿ssiter & Hubbard I r r Freon JeÈ; . v, air jef;

0 , Helium jeL

Iinited. In their ÈesEs where air, helium and Freon 12 wete used as

jeC fluids, only four to five Eests of dífferent velocities were

conducted for each fluid. Their data are compared Êo Ehe Presen¡

measureuents in Fig. 4.4, It should be noted that in their experi-

ments, Ehe jet density for each working fluid is noË constant due

Ëo the increasing Mach number. Ihe jet exit condiÈíons for Lhe high'-

est flow velocities ç,ondidered in each fluid in Eheir EesL are

Èabulaced in Table 4,2,

É€

h
tJ
.Fi
UI
É
0j
{J
É

.r(

F4
F{
d
¡r
o
ð



70

TabLe 4.2 Flow parameEers for jet noise tesr (obtained frorn
Lassiter and Hubbard (D9) Table 1)

Mexit = tJr/ao u rlu, o r/o oMedi um

Air 0.9 0.82 t. 19

lle lium 0.9 2 .33 0 .20

Freon 12 0.9 0.37 4. 83

Jfu.tr'oräir jet, their intensities are 3-5 dB lower than the consÈant

density jet in Ëhis experiment. hrhile foJþt"on jet the intensities

are within 2-3 dB Eo the measured intensities of pJ/po = 4.0 case.
itra

Their result is in agreement with the observed trend wherendenser

jet is noisier. However, their Helium jet measurements which showed

a difference of L7-LB dB lower than the or/oo = 0.2 case in Èhis

study appeared to be in error. UnfortunaËely, comparison in Ëhe

lower velocity region is not possible as Èheir tests for helium

jets were conducted only in high velocities.

By extrapolating in Ëhe velociËy direcÈíon from the limiLed

test poinÈs coupled with the erroneous Helium jet measurements

their conclusion thaË far field soun<l intensity shoulil vary as jet

density was,unfortunately in error and also the phenomenon of excess

noise from the inhomogeneous density jets \^/as not observed.

The velocity dependeþe of the overall intensity at 0 = 90o

measured by Tanna (D2) or,lto. jet is reproduced in Fig.4.5. For

different jet temperaÈures, the overall intensiËy exhibiÈs the same

trend as observed in Fig. 4.2 whexe lighter jets are noisier at low

veloeiEy, a trend which is reversed at high velocity. Comparisons

of the EhTo sets of results are made by considering the equivalent

clensíty ratios of the hot jet using the relationship tr/to = po/Qr.

The equivalent density ratios for jet flows of the Eemperature

r¿rL.ios in ltig. 4.5 ¿rre tabled below.
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1.0 2.3 3.4

or/oo 1.0 0.43 0.29

In the presenË study, there is no flow with the densiEy ratios

the same as the equivalent densities for hoE jets of tr/to = 2.3 and

3.4., Thus cdmparison is made in cases in this study where density

ratios are nearest to the equívalent, density ratios. As shown in

Fig.4.6 the close agreemenË in the overall intensity beEween the

100 200 400 600 800 10m 1200 1500

Jet velocÍtY (n/s)

4.5 Bffect of density ratio on velocity dependence of o¿'SPL

(Lockheed)

60

50

Fig.

t\,to seEs of resulËs over such a wide density and velocity range is

]tu
.ri:nr¡Lrlr;rb1e. For'Jrni-f orrn derrsity je t oÍ p r/po = I '0, Ehe dif ferences
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100 200 400 600 800 1000

Fíg.4.6 VelociEy depêndence of overall intensity aÈ 0 = 90o

for jets of various densities.

- 
measured: o ,p jlpo = 4,01 e, 2.5; A' 1.5; V, 1.0;

0, 0:6; ô, 0.2

- 
l,sgl(þssd; +, Tr/To = I .0 (or/oo- t .0) ; x, 2.3, (0.43)

., 3.4,(0.29); o, cold jet

irr the normalised overall in¡ensities between the varying tenperature

and varying compositions cases are r^rithin 2 - 3 dB.
t¿

Innhot jet hrhere

p.r/po = 0.29 (To/To = 3.4) Èhe overall intensities are consisÈently

higlrer than the varying composition case where Or/Oo = 0.2. At this

low density discrepancies in the rnedium velocity range are as high as

4 - 5 du whereas in low and high velociEíes it is about, 1-2 dB.

Based on the density scaling of (or/oo)2 the intensities f,or Pr/Po =

O,2L) case should be 3.2 dB higher than or/Oo = 0.2 case at' Êhe same

veloci [y. l'hr,rs ,taking clerrsiry scaling into consideration rthe dis-
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crepancy between Ëhese cases is therefore reduced. For Or/Oo = 0.43

in hor jet (TJ/To = 2.3) Lhe intensity at high velocity is nearly

the same as for the case of PJ/Po = 0.6 in the present study and it

becomes relatively higher with decreasing velocity. Based on densiËy

scaling between the two cases, the intensities for the hot jeÈ should

be lower by 2.9 dB aË the same veloeity. Thus the actual discrepan-

cy is about 3 dB at high velocity. At lor¿ velocity the intensities

for Or/po = 0.43 fall ín between those for pr/po = 0,2 and 0.6 as

shown in Fig, 4.6 this .is consistent l^Iith the observed trend thaË ligh-

ter jet is noiser at low velocities.

4.3.2. Ef fect of Velocity and Density on One-Third 0ctave Spectra

Ihe measured one-third octave sPectra for 0 = 20o to 90o ar

all the operating condiLions have been examined and the effects of

velocity and densiËy are discussed.

For a uniform density jet (Or/Oo = l-.0) Lhe measured one-third

ocÈave specËra for a range of velocities aE 0 = 45o and 0 = 90o are

represenred in Fig. 4.7. Ar 0 = 90o as in Fig. 4.7 (A) the specEra

are rather broad and Èhe peak frequency íncreases monotonically with

velocity. At. angles closer to the jet axis the peaks of the spectra

become more pronounced as seen in Fig . 4,7 (B) where 0 = 45o. l{hen

the same data are plotted in Fig . 4.8 on a source SËrouhal number

basis as defined by equation (4.5) at 0 = 90o, the spectra at sub-

sonic velocicies appears Ëo collapse rather well with the peaks occur-

ing at nearly Ehe same Strouhal number. Howevet, at angles closer to

rhe jer axis, as in Fig. 4.8(B) and Fig. 4.8(C) where 0 = 45o aud 0 = 3oo

respecti-vely, the-peak Strouhal numbers are seen to decrease slowly as
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Fig. 4 .7

the jet, speed increases. The variaËion of Lhe peak Strouhal nunrber

wiEh angular position and velocity for a uniform densiLy jet is

plocted in Fig.4.9. At a fixed velocity the pea\ source Strouhal

nurnber decreases steadíly as one moves êloser to the jet axis. This

is consistent with the observation of Lush (Dl) who demonstrated that

t-he convective amplificaÊion of the sound is much reduced if the

çavelength is short compared to the sound path length through the

mixing layer. At higher velocity the noise generated is in the

higher frequency range and, al- a small radiation angle, the sound

p:r[h lcrtgth throrrr;h t-lrc .Laycr is 1.ong and the reductiou in Ehe

The influence of velocity on the V3 octave spectra for a
consrant densíry jer. Cln> 0 = 9Oo, (B) e = iSo)

¡xxXxxxxvXXXxx

oo oo ooooo o0006

(A)

¿¡AÀÁAAÀAA¿

0.79

ooo

o

v

x

x
x

oo
o

a
Io

Ono v' 1.00

0 .30

AA

Ur/^o

o
ooo

80 
^ooooooo

oolioeoovv-
oV VvI.59

_vvvvvvvvvvgvvvsgvgv

(B)

a^

0.79

UJ o

Aô
Aô

oD

E
xx

Ì

v
Iv

v

/a

0.30

oIo
95 o

ô
ôp

ao
ôp

Èo
6o

60a

I .00

aaaaaa

0.49

,xXxXXxr"*",



.59

0.5

(A)

0

o
r .80u r/a

0.49

0.79

v

0

o
80

J a

1

o0
ô0
*ffi

B)uL20

100

80

40

L20

100

80

(c)
L20 tIt

1. B0

100

80

a
o

@o r ,59
ep

t I -00

.79 \¡
(¡l

60

x
X

60 Ø..+g
60

40 40

0.01 0.1 1.0 10 .001 0.01 0.1 1.0 10 .001 .01 0.1 1.0 10

fsD/uc fsD/uc f D/uc

Fig. 4.8 Influence of velocity on the dimensionless frequency spectra for a constant density
jet .

(A)o- 9oo, (B)o=45o, (c)o=3oo

0



Þo

Ê 2,0

10 20, 30

76

40 s0 60 70

Emission angle (degrees)

À
tH

H
CJ

F
Ê
a
l<

-id
a
o
H
1)
U)

0,)
U
!
o
U)

(ú
0)

Pr

1.0

0,3

Q,2

0,1

0.5
0.,4

80 90

4 .g varlatlon of peak slrouhal number wfth angular posiLion

(or/oo - 1.8; ur/^o! o, 0.49; x, 0.79; o, 1'oo;

o, L.59; +, 1.80)

convective amplification effectively shifEs the spectral peaks to Ehe

lower frequencies. For supersonic flow, although the peak source

SErouhal number at 0 = 90o is nearly the same as for the subsonic

flow, it decreases drastically with 0. This occurs when the source

convecÈion speed is supersonic relative Eo Èhe ambient speed of sound

and Mach rrraves of a fixed frequency are radiated Predominairtly in
'-a

Ehe Mach angle 0* = "or-t #) . The Mach waves are clearly visible
c

in !.ig. 3.1., Fig. 3.17 and Fig, 3.t8 radiating in the forward arc

direccion.

The effecE of de¡rsity on the l/3 octave specEr4 is demonsErated

by E¡e measurements made at 0 = 45o. In Fig, 4.!0 the sPectra at

Fig

four clifferenÈ jet' velocities Ur/ao of

various densities are presented on the

0.5, I.0, 1.5 and 2.0 for

dinrensionless frequencY seaIe,
U

f D/u_, as defined by equation (4.2> and equation (4.3) where M

fl J-

c
a

¿rnc1 U ltas'l:een tallen as' ( 0 .63 - 0"(r7 )
(:

U'as has been done rn many
o
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Fíg. 4.lo(D) l"feasured one-third ocÈave spectra for various
¡et densiEY at 0 = 45o

( Ur/ao = 2.0 ; [, G4 ; +, G6; X, G7; o, G9 )

previous .experinrents (Dl, D2, D5, D6) . From Ëhe plots it can be

seen that the peaks of the spectra become more pTonounced rnrith

increasing velocity and decreasing density. For the same jel exit

velocity, the peak Strouhal number (f.sD/UJ) is higher forþens"r

jeu. Similar trends are also observed in the case of hot jets as

shown in Fig,4.ll r¿hich is reproduced from the work of Tanna eÈ al

(D2) where the one-thirci octave spectra of various jet temperatures

at Ur/ao = 0.5, 0.9, 1.47 aÈ 0 = 45o were measured. It is however,

noE appropriate Eo examine and compare specLra from jet,s of different

densiEies on the frD/U, frequency scale since it is not universal as

discussecl in seccion 4.2.1, The earlier measurements have shown Èhat

lhe convection velocity is very much dependent on jet density and

Ehus correcl Doppler shifting of Ehe measured frequency f t.o source

f re<1rrt:rrc¡r f:" c.¿n o¡Iy trr: cl:tained if the correct Uc is used. Thus
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when the daÈa are plotted on the frequency scale fs,D/uc, based

on the flow convection speed a much. better collapse of the specEra

is obtained as shown in Fig.4.l2. At high velocities of Ur/ao = 1.0

1.5 and 2.0 in Fig. 4.12(8), Fíg. 4,r2(C) and Fig' 4'12(D) the

spectra nearly exhibít parall-el stacking with the peaks occuring at

nearly Èhe same normalised frequencies. In lo'i¿ velocity where non-

uniform densíty jets have been reported to be noisier, it is'interes-

ting ro noEe in Fig. 4.10(A) where Url^o = 0.5 that relative Èo

Ehe consÈanE density jet, Ëhe one-third octave inÈensities of

,l/po= 0.2 jet are higher at the low frequency end and lower at the

high frequencies. This behavior was also reported by Tanna (O2) in

Iris hot jet measurements. Ilowever , fot the same velocity the spectra

from clenser jets appear to exhibit parallel stacking with the const-

ant clensity jet spectrurt. Inlhen the results in Lhe Fig. 4.10(A) are

*¡1ir,i.ri ¡LIotl-ecl ou clte f sD/Uc scale:ras in 1ìig. 4.l3rwith Ehe one-third
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ocËave intensities normalised by their respective source densities

qr/po as given in equation (4.6), ttre spectra peak at almost Ëhe

same Strouhal number and the non-uniform density jets are observed

to have higher intensities at all 1/3 octave bands.

The better spectr,adcollapse using the frequency parameter

Strouhal number (fsD/Uc) is demonstrated by Ehe variation of the

peak Strouhal number (f"D/U")p with jet velocity at 0 = 9Oo, 45o

and 30o. rn Fig. 4.I4, at 0 = 9oo (fsD/uc)p varies between the

value of 1.1 and 1.9 over a density range Or/Oo of 0.2 to 4.0 and

velocity range U/uo of 0.2 to 2.4. This is a much smaller spread

compared to the hot jet data where the SËrouhal number based on

the peak frequency, jet exit velocity and nozzle diameter, varies

between 0.5 to 1.6 over a temperature range Tr/To of 0.5 Èo 3.5 and

velocity range Ulluo of 0.4 to 2.55 as shown in Fig. 4.I5. In the

latter case, the parameter frD/U, appears to be temperature depen-

dent while fsD/Uc in this study is weakly density dependent.

At smaller angles to the jet axis the decreasing peak Strouhal

number with velocity is possibly due to the reduction in convective

amplifícation of the high frequency sound as discussed ín section

4.3.2. As in the constant density qase, marked decrease in peak

SÈrouhal number is observed when Mach waves are radíated as the local

Mach number of the flow is supersonic.

4.4.2 COMPARISON I^IITH MORFEY'S PREDICTION SCHEME

Morfey's jet noise precliction scheme is based on a theoretical

quaclrupole/dipole source model in conjunction with the geometric

radiation model. His source model represents the turbulence as a

volurne displacement distribution of quadrupole order for isothermal

jets,and for hot jets the increa,se in intensiEy at low velocity, as a

restrlt of scatter:irtg o:[ the ttrrbulent pressure f luctuation wíthin the
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flow, is modelled as an additional source of a volume displacement

dísÈribution of dipole order. The jet noise prediction scheme is

developed from Èhe soulce masLer spectra, directivity factor and

turbulence parameEer obtained from Ëhe analysis of Ëhe acoustic daÈa

of Tanna et al (D2) on isothermal and hot jets.

Morfeyrs computer programme which can predicL mixing noise for

an ideally expanded air jet of varying velocity and temperature at

angles and positions ouËside the cone of silence is modified to

predict noise radiation fro:m jets oÈher than air. The modification

is done in accordance to Morfeyrs suggest,ions (for detail see (Cll)).

The turbulence scaling parameters, which are temperature dependent

in the original prograÍme for hot jetsrbecome density dependent as

density is now Ëhe quantity which is influencing the spaÈial evolu-

tion of the flow turbulence.

From his assr,mrption that the stagnation Ëemperature profile is

similar Lo the velociLy profile and also that the mass fractíon of

the exhaust, gas follows the same distribuËion as Ëhe sÈagnation

Èemperature, the source Èemperature and hence the source densiÈy,

the raEio of the specific gas constant arid their dor^mstream variaÈions

can be estimated. Using the perfecË gas relationship the source/

ambient speed of sound ratio (a"/a) and lhe source/ambient density

ratio (0"/oo) can be calculated.

Morfey's prediction scheme is valid for radiaËion angles

greater than 30o to the axis at all velocities and predicËion inside

the cone of silence ís possible provided Ur/ao < 1.0. This puEs a

Iimitation on Ëhe prediction capability at high velocity since Lhe

cone of silence increases with jeË velocity. From his definiti.on,

cos 0 < a /(a + U_) where 0_ is upper f.imit of the cone and a andc o' s s- c -- s

U" are the speed of sound in the source region and the source
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convection speed respectively. An example from Morfey (Cll) is thaE

for Tr/To = 3.0 (Or/Oo = 0.33) aE lJr/ao = 1.7, the cone of silence

is 660. Therefore in this work the comparison beËween Ëhe predictions

and the measured data is made mainly aÈ 0 = 9Oo, partieularly at

high velocitles.

The velocity dependence of the overall intensit.v at 0 = 9Oo is

shown in Fig. 4.16, At pr/po = 1.0, Èhe predicted levels are r¿ithin

2 dB of the measured levels over the range of velocity considered

with closer agreemenË at high veloeity. For non-uniform density jets

Ëhere is, in general, a tendency for the scheme to overpredict at low

velocity. llhile the agreement is within 2 dB for flows where Ur/^o,

1.0, discrepancies as high as 4 dB are observed in flows where Ur/^o

< I .0.

The predíctions of specEra at 0 = ,90o and 0 = 45o are illustrated

in Fig. 4.17 and Fig. 4.18, where the predicËed spectra restricted to

about sixteen one-third ocËave bands, are compared with measurements

obtained at various velocities and densities. AL 0 = 90o the agreement

is remarkable for Ur/ao of 1.0, 1.5 and 2.0 as shor¿n in Fig. 4.17(8),

Fig. 4 .17 (C) and Fíg. 4. I 7 (D) respectively. Ihe predicted spectra

are very close to the measured,Fpectra with the discrepancies in the

one-third octave intensities of less than 5 dB at the worst. for

UJ/^o = 0.3, the agreement is poorer particularly for Ëhe heavier

jets where Èhe scheme overpredicts by as much as 5 dB as in test

poirrt 82. AE 0 = 45o, as shorrzn ín Fi$. 4.18,. agreerpent is not-as

good on the whole. Agaín,' overprediction is observed for dense jets

at low velocities. At this angle, there are discontinuities observed

in some of the predicted spectra (eg. Fig. 4.18(E) and Fig.4.18(F)).

This occurs when some of the one-third octave bands of the sPectra

ar.e wi.thin trhe cone- of sil-ence and the rest of the bands are ouEside.
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In these cases, the predictions inside the cone of silence appear Èo

agree with the measurements better.¡as illustrated in Fig.4.lB(E) and

Fie.4.lB(F).

The good agreement between the measurménts and Ëhe predictions

over such a large range of clensity and velocity demonst¡.d.tes the

validity of the prediction scheme which assumes an additional noise

source in non-uniform density jet whose inËensity scales as Ur6'0.

The scheme, although devísed/based on the hot jet data, is shown to

be able to predict noise from jets whose working fluids are gases

other than air when appropriate modificatíonsrin,accordance with

Morfeyts suggestions, ate made in the computer programme.

4.5 The effects of nozzLe geometry on the radiaËed noise

The bulk of jeË noise studies over the years has conce ntrated

on Èhe noise from circular jeÈs as this has been the jeÈ engine

exhaust configuraËion of princípa1 interest. Recent jet noise

suppression techniques have sought to modify..the noise by altering

the source inÈensity, location and spectrum. One method of such

source modification is to alter tl;re nozzle exit geometry. But

none of the exj-stíng theori.es and models can confidenÈly predict

the effecËs of nozzle exit geometry on the noise radiated and

the avaílable experimental results on the noíse from 2-D nozzles

are fragmentary and conÈradictory. In this study the acoustÍc

characteristics of turbulent air jers from 2-D nozzLes are examined

and compared with l-irose of a round jec. As discussecl earlier, the

velocity dependence of jet noise varies from one experimental rig

to another. As shown by Banerian [DIO] when the turbulence level at

thre nozzLe exit plane is increased Èhe measured acoustic po\,rer

:lncre¿rses, particu-l arly at lolv lulach numbc¿rs. Since Èhe jets in
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the present experíments are produced by the same flow system

Èhrough a range of carefully designed nozzles, the effects of exiË

geometry can be more reliably deduced.

In chapter 3, the slmllarity of Èhe flow strucLures in Èhe

ínitial mÍxing reglon of a round jet and a 2-D iet has been discussed.

For nozzles having Èhe same exit area, the effective lengÈh of the

poÈential core in a 2-D jet decreases with nozzLe heíght H as shown

in Fig . 4.L9 .

Fig. 4.19 Jet coordinate sysÈem

In this study only subsonle jets, UJ/ao . 1.0, are

consldered and the acoustic radiation is measured on the

principal planes of p = Oo and 0 = 9Oo, at emission angle 0

varying from 20o to 90o. The 2-D nozzLes used have the same

exlt area of 6.5 x 10-a m2 bnE different aspect ratios of l, 6

and 25.

The overall intensities of the Z-D lets at 0 = 90o on the

pr:incipal planes of Þ = 0o and $ = 9Oo are presented in F¡1g.4.ZO

together with Ëhat of a clrcuLar nozzle of the same exiÈ area.

At a fixed velociÈy, the scaËter in the overall intensity is
wiËhin r-2d8. trIhile the inËensitíes at the príncipal plane 0 = oo

are marginally lower Ëhan those measuÍed in Ëhe round. jet, the

inÈensities at 0 = 90o are- seen to be higl-rer so that on ar,y y-z

Z

Y
I

I
HX

0



€
Þr
{J
'r{
úl
Ê
op
É.¡

r{
-l(Ú
$l
q)

O

I20

110

100

90

80

70

60

50

40

94

200

velociËy (m/s)
100 300 400

Fig. 4.20 VelocitY dePendence of
(o, Round; Ä' square'
gr 25:L; oPen symbol'

the overall intensi-tY at 0 = 9Oo

V. asDect raÈio 2524;
O = 9òo; closed sYmbol, 0 = o")

plane the clrcumferential directívity assumes a characterístic

g - lobe,paËtern. However, over the velocity range and for Ëhe range

of nozzLe aspect ratios considered, Èhe largest differences between

lntensitles on the two principal planes occurs for Ëhe highest aspect

ratlo jet where the difference is of the 3-4 dB' This suggests

thaÈlnpracticalËeÏmsonlyminimalbenefitcouldbegainedby

reorientating the major axis of a 2-D jet aozzLe from horizontal

duringtake-offtovertícalaft'ertake-off'assuggesÈedbysomeas

ameanofreducingalrcraftfly-overnoise,thoughtheeffectof

jet-mean flow interactions and j.¡-jet lnteractlofis can affect

this concluslon.

TheeffecEofnozzleexit'geometryonËhenoísespectrumís

illusrrated in FLg, 4..2L, The nozzLe shape.ls shov¡n Èo modify the

energy coRterlE in the various frequency bands of the spectru¡n' The

increase in aspect ratio shifts Èhe sound energy Èowards higher

frequencies. lìhe f::equency at which the peak occurs is seen to
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íncrease wÍÈh decreasing rLozzLe helght or diameter regardless

of the circumferenÈial posítlon Q.

80

70

50

.16 0.5 L.6 5.0 L6 50

frequency (KHz)

Fíg. 4,2I Effect of nozzLe exít geometry on the 1/3 octave
sPectra.
(For symbols description see Fig. 5.29)

The varlation of the overall intensities with 0 in each of

the prlncipal planes O = 0o and 0 = 90o at ur/ao = o'5 is presented

|n Fig..4.22. For a small aspect ratlo jet, Èhe directív1ty paÈterns

are nearly ldentlcal Èo those of the axisymmetríc Jet. For nozzles

of high aspect ratio (25:1), a signifícant reduction in intensíty

at angles close to the jet axis is observed relative to a round

jet. As we sha1l see later the sPectrum of a jet from a 2-D nozzle

ís biased towards the higher frequencies with Ëhe peaks scalÍng

roughly rnrith the nozzLe height. Since the acoust.lc-mean-f1ow

inËeraction ls more slgnificant for high frequency nolse at small

angles a higher reduction in intensity ís expected for a j4 fron

a high aspect ratio 2-D nozzle.
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The conclusion based on Èhese observations is that Ehe flow

structures are not great,ly nodified by the change of exit geometry

from round to recËangular. The resulting noise radiated at subsonic

flow shows that although the polar directivíty exhibiÈs Èhe

8-lobe patÈern, the difference ín ínËensiËy between Èhe principal

planes is not signíficant.. For 2-D jets, lower intensitles at

smaller angles are observed only if the aspect raËio ís high.

In Èhe l/3 octave spectra, the change ín exit geomeEry merely

redisËributes the energy conÈent in the 1/3 octave bands. On

the whole the 2-D nozzles do not aPpear t,o offer real suppression

for jeÈ exhaust. noíse.
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5.1.1 A PROPOSED SOURCE MODEL FOR NOISE GENERATION

As seen in Section 3.1.2, the pressure fluctuations in the

entrairunent region are dominated by the amalgamation processes,

which seems to lend support to the suggestions of Laufer eË. aL

(Cl) and of Browand and Inlinant (43) that the abrupt process of

vortex amalgamat,ion is a primary mechanism for jet noise generation.

Laufer et. al have posËulated an acceleration and deceleration of

the structures in a round jet prece:ding pairing wherein the leading

vortex ring expands and slor¿s down while the succeeding vortex ring

contracËs and speeds up to overtake from Èhe hígh speed side of the

mixing layer. In Ëhe process Lhe vor[ices spin around each other

and finally amalgamate to form a larger vortex. This relatively

rapid and large scale motion, they argue, must be an efficient process

of noise production. However, they did not guantify the noise

generaËion for such a model.

Powell (Bl0) and stuber (cl3) have shown in their analyses

that a pair of vorËices rotating about a fixed axis radiate sound.

whose intensity varies as Ur8.0 or Urt.o for two-dimensional

vorEices.

The flow field of a pair of opposing dipoles separated by a

distance L^ is shown in Fíg.5.1. In the far field where rhe
Ð

disÈance of observation R i.s large compared to L"(i.e. Ls/R << l.o)

the clipole pair degenerates into a quadrupole.

Now consider tv/o successive vortíces convecÈing dortmstream at

a speed u" preceeding an amalgamatíon process as in Fig. 5.2. The

fl.uid from Ëhe poEential core is drawn ínto the mixing layer at Èhe

leading ends of the- structures while ambient fluid is entrained at

the trailing ends. 'rhe thiclc lines represent the boundaries of

interfaces of the vortices ancl t-he arrows are indications of the

strearnl,j-rres of Ehe irrc¡tati.onal fluids being entrained into the
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Fíg. 5
Fig 5.I Streamline pattern of a dipole-pair

2 Sãhematic diagram of the flow in beÈween t\do vortices.
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mixíng layer.

On entering into the core of the structure the fluid from eiLher

the potential core or Èhe ambient regíon appears to converge to a

point which locally looks like a portion of a flow resulting from a

source and sink pair. By superimposing fig.5.2 on Fig' 5'1, it

can be seen Ëhat although Ëhe flow fietds are not exactly the same in

the near field the main feature of the roÈating flow is raÈher

similar. Ttrus a model is proposed in which the st'rengths of Ëhe

opposing dipole pair are approximaÈed by Èhe entrainmenË rates'

of the irrotational ambient fluids. I,üith Èhis rather simple, Yet

physically realistic model the observed density dependence of the

radiated noise can be exPlained.

From the mixing J3y"r model the entrainment rates of the
V

ambient, fluids I.: ç= #1 where V^, is the average entrainment'i UJ el.

velociry) in jet flow for d,ifferent density ratios can be cálcu-

laleci from equation (7.ltJ) which are tabled below'

orloo À ) lÎo-\ll<rr+7'o)

o .2 0.725 0 .275 0.4s0

0.6 0.576 0.424 0.152

I .0 0.5 0.5 0

l .5 0.439 0.s6 I 0.t22

4.0 0.303 0.697 0.394

Table 5.1 Variation of entrainment raËe T^Iith jet density.

In a const,ant density jet the entrainment raEes on each síde of

the shear layer are equal giving an exact cancellation of the dipole-

pair which results in only quadrupole radiation. In the non-uniform

density jet on the other hand, the ent.rainment raÈes are unequal as

sh.own irr Table 5. l, urhich lead to unequal dipole. strengËhs. The

Ào/ (ÀJ-\/q + ro) +
o
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radiation is then not only from the quadrupole, but also from the

uncancelled residue of the dipoles.

The dipole, whose strength varies as IIJ - ì-ol, is stronger

the more tl-re jet density díffers from ambient. Being a more effi-

cient noise source than Ëhe quadrupole, iE dominates Ëhe far field

noise for non-uniform density subsonic jets, as observed experimen-

ËalIy.

This model is also in agreement r¡Iith Light}.illrs idea' The

amalgamation process, which is responsible for the large enErainment

(which is proportional to the dipole strength) is also found to be

responsible for a significant part of the Reynolds stress producËion,

as evident in the work of Browand and Inleinman (44) . Their Reynolds

stress measuremenÈ showed that the productionl¡Ias the highest in Lhe

intermediate s¡age of the arnalgamation process. In the analysis of

Brown and Roskho (Al), Ehe Reynolds stress urvr is esLimated to

scale with the entrainment rate, which according to Brownrs (42)

conclusion is dependent on the velocity ratio across the mixing

Layer .

As observed in a frame of reference. which is translating aË

the structure convection speed U", the sequences of Ëhe amalgamatiorr

processÀre shown ín Fig. 5.3. In the process the vorËices are seen

to rotate about an axís between them. Upon amalgamation the dipole

separation dimínishes until the two structures evenEually merge to

form a single large vortex. In the far field where the distance of

observation R is Large compared to the dipole separatiot L", the

¡atttv
clipole pair degenerates into änquadrupole. In the stationary frame

of reference an observer in the far field sees a quadrupole field

which ís translaLing and rotating so thaÈ Ëhere is no prefered

ori.ental-ion of the cluadrupole.

.[n tLris proposecl rnodel. the strength of each dipole is proportio-
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nal to Ehe enErainment rate of the irrotaËional fluid. In this

(A) (B)

(c)

Fig.5.3 Schematic diagrams of the amalgamat,Íon process.

case Ëhe sources, which Are assoc,iaËed with the Ërans ient amal-

gamation events, gro\^r and decay over a distance of the order of

Ehe shear layer Èhiclcness. The process occurs randomly in time and

in space all along the jeÈ mixing layer in a free unforced jet. A

l.arge structure pairs wíth another structure and does not aPpear Ëo

engage in another amalgamaLion until the firsE is completed. Each

amalganration can be Ëreated as an independent event and these events

are statistically uncorrelated. The far field is therefore the sum

of a.l-I the inclividual sources. The growth and decay of Ehe source

function can be d,escribed mathematically as

v 2 r2u2
c

x/
/

Tí¡(v,t) o pu2 exp 
I

If rhis source funcLion is usecl in Lighthillrs inhomogeneous I^Iave

El'rat the far field inEensity is exactly

L2 L2cc

r'rc¡rt;rti.orr., it can ìre sltowtl
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in accord with LighËhi11rs result'

ThewriterappreciatesthaËthissimplemodelisrepresented

here with no formal mathematícal derivaËion and the source strength

is not quanËified. Until the detail. analysís has been done iË

can be used onry as an aid to thinking by giving a physically real-

istíc and experiurentally compatible picture of the jeL noise genera-

Lion. In the absence of a better physicaL modeL it offers, in

particular, an interpretaËion of Ëhe role of the dipole and quadru-

pole sources in non uniform density jets '
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6. Summary and conclusions

The single exposure shadowgraphs/Schlieren pictures and high

speed movies have provided direct evidence of the existence of large

scale strucËures in Ehe initial mixing region of a ÈurbulenE jet

where a Large proportion of jet noise is known to originate. In flow

where the Reynolds number is lower than 4.0 x 104 these structures

are seen as disEinct vortices with smooÈh boundaries. They control

the development of the mixing layer by the Process of amalgamation

whereby two large structures merge to form a larger one thus increas-

ing their size and spacings of Ëhe sEructures. This process is

accompanied by large ent,rainments of irrotational fluids from both

the potential core and the ambient and is primaríly responsible for

the rapid broadening of the mixing layer.

Although masked by the fine scale turbulence at high flow

speed, the strucEures are still recognisable visually at Reynolds

number up Eo 2.3 x 105. At even higher speed, the existence of the

sÈrucÈures is inferred from the near field Plessure and velocity sig-

nals. From the simultaneous optical observation and near field point

measurements of a low speed flow, periodic peaks and Ëroughs in the

yelociÊy signal in the potential core are observed to be clue to the

induced velociLy field of l-he passing Large structure. In high speed

flow while these peaks or tspikest in the signal aPpear to occur ran-

domly in Èime the oscillatory nature of the autocorrelation function

of the signal from a jet of Reynoldsnumber 5.2 x 105 clearly demon-

strates that hidden in the apparently ciraotic flow in the shear layer

of a.fully turbulent jet is some large scale coherent moËion. The

mean period in the auÊocorrelation function is an indication of Ehe

spacing of these structures whictr are seen to increase lirrearly with

dis rauce dorvnstreanl,
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JeÈ density and Mach number are found to have profound influence

on the convectíon speed of the sËructures and the spreading raÈe of

Èhe shear layer. Contrary to the vrídely accepted fact that the strt¡cìur¿

in the mixing layer of a jeÈ has a speed roughly 0.63 - 0.67 times

the jet exíL velocity irrespect,ive of jet density or temperaÈure, the

cross-correlation measurements show that a major effect of density is

to change the convection speed of the flow sËruct.ures. The measured

values are found Lo vary with radial position as the structures are

observed to be distorted,possibly by Ëhe high shear stress across Èhe

layer. As there appears to have no unique convection velocity, the

nsan of Èhe values obtained in the potential core and the entrainment

region is found Eo coincide with the value measured along the lip

line which is the mean path of the vortex cores. Thus this value is

t,aken as the mean convection speed (U") of the large sEructures.

6hile for a constanË density jet, U" ís 0.57 U, up Èo Ëhe end of the

potential core, it varies from 0.38 UJ to 0.72 UJ for jet density ratio

(Or/Oo) in the range of 0.17 to 4.0. Also for the same jet velociÈy,À

lighter jet is found to have a higher visual growth rate Aô.,r."/Ax.

This higher growth rate ís in facË a direct result of the slower con-

vection speed of Ehe large strucÈures since the total entrainment is

found to be constant for jets of the same velocity. This observation

is in reasonable agreement with Èhe mixing layer model of Brown (42)

r¡here the Ëotal entrainment is strongly dependent on jet velocity

while the relative entrainment of the irrotational fluids is strongly

cle:perrclent on the densitY ratio;

On the velocity effecÈ on jet noise, the overall inËensiEy for

a uniform density jet at 0 = 90o was found Eo obey the Ur7'o d"p"tt-

clence rather than Lighthill'" UrU'o. Devíationsfrom the Ur8'0 law

ll¿i,",c: a]-s;o been repor:tecl by rnany others (D1.-D6) who have conducte<l
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carefully designed jet noise experiments. In supersonic flows, a

reduction in the noise intensities from the normal velocity dependence

is a resulË of the compressibility effect which begins to affect the

vOftical clevelopment of the large structures, as evidenced by the

significant thinning of the mixing 1ayer. l'Ihen the flow is super-

sonic locally, intense Mac.h waves are seen to radiaËe in the forqrard

arc direction.

For non-uniform density jets, the velocity dependence of the

overall intensíty at 0 = 90o scales on a lower povter of velocity

whích varíes from Ur5'0 for pJ/po-' 0.2 aE low velocity to Ur6'5 for

or/oo = 4.0 in the range of velocity uP to Ur/ao = O'79' The inten-

sities when normalised by the respective source density p*, calculated

from Brownrs two- dimensinal mixing layer model (42) 
' show Èhat

rexcessr noise is observed for all non-uniform densíty jets at low

velocity region where ur/uo < 0.6. The íntensities which scale as

Urt'o - UrU'5 as opposed to Ur7'0 fot uniform density case suggest

thac the source is likely Eo be dipole in character. This result lends

support to Morfeyr s view that in a non-uniform density jet there are

t.\^ro sources; a quadrupole Eype from Reynolds stress which predominates

at high velocity and its inEensity scales as UrB'0 and a dipole rype

frorn the density inhomogeneiÈy which predominates at loI^¡ velocity and

iÈs intensity scales as UJ6'0.

The other major effect of density on jet noise is associaEed

wíLh the variation of source convection speed with density. correcl-

tL
convection speegþssumed, enables more accurate Doppler shifting of Èhe

measured. frequencies to source frequencies. It also allows more

accurate predicti.ons of the convecÈive amplification of the noise in

angles other rhan 9Oo.

Realising the clensity dependenceof the flow convection speed,

a no¡:e ctrar:acterístic time for the life of the large eddies, parÈicu-
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larly in the later part of the potential core, would be scaled by

n/Uc, A more appropriate frequency parameter for jeL noise ttoJfaty-

ing densil-.y iet is chosen to be. frD/U".

The usefulness of fsD/Uc as a Parameter is demonstrated by the

much better collapse of the l/3 octave sPectra as against the normal

fsD/UJ based on the jet velocity. At 0 = 45o the peak Strouhal number

for the flow conditions in the range of 0.2 5 pr/Po -< 4.0 and 0.3 (

Ul/uo < 2.4 have a spread of 1.1 { (fsD/Uc)p 5. 1.9 as compared Ëo the

hor jet resulÈ (Strouhal number based on Ur) r¡here 0.5 f (fsD/UJ)p 
-.

I.6 over a smaller range of flov¡ conditions (i.e. 0.4 5 Ur/ao 5 2.55

and 0.3 ( p¡/po -< 2.0).

Compared with the published fragmenËary result, of noise from

jets of varying composition of LassiËer and Hubbard (D9), the overall

intensity at 0 = 90o is in good agreement excePt in the low density

case where their result aPpears to be in error. Ihe close agreement

beÉween the present results and Lhe hoL jet daËa of Tanna et. al. (D2)

on the velociÈy and density dependence of the overall intensities and

one-third octave spectra, suggests .that Ëhe density change brought

¿þout by a change in compositions on one hand and a change ín.tempera-

ture on the other have similar effect on the noise radiated. It is

therefore possible Eo make good estimation on hoË jet noise in a labo-

raËory by simulating the flow usíng gases of varying composiËions.

The jet geometry offers litËle or no advanËage on noise reduc-

tion in Ëhat the measured sound intensity and directivity f.or a 2-D

jur (wirh aspect ratio of. 25 : I ) are different from that of a

axisynrnetric jet of Ehe same exit area by I-2 dB, The circumferential

clirectional disEribution of the noise around a 2-D jeË exhibits an B -

lobe paEtern with Ehe highest intensiËy at Ehe plane perpendicular to

the no zz|e wídlh which is only 2-3 dB higher compared to lhat of the
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round. jet. The only significant difference hol¡lever, the peaks of

the spectra which are seen to scale vtLt,h rLozzle height or diameter.

Thus for tl.re.spectrum of a 2-D jeË Èhe energy content is bi.ased to-

wards the irigher frequencies relative to that of an axisymmetric jet.

The irrduced velocity and pressure fluctuaËion in the entrainmenE

region of a jet are seen to be dominated by the amalgation Processes

of lhe large structures. Attempts to cl:oss-correlate these sigu.als

with rhe acoustic far field is inconclusive as maxi-mum correlation

of. 2-47. is obÈained. This is not at all surprising since the near

field is a point measurement and the acousLic far field is the inte-

gral effecË of all the noise sources in the jet. However, when a

ground plane is placed aL one of the lips of a 2-D nozzLersignificant

correlations of more than LO7. are obtained. From causality the Ëime

delay of the peak correlation indicates the noise source to be near

Ehe end. of the ground. plane andrsince the near field signal is the

induced velocitl' or pressure fluctuation due Èo the large structures,

l-his result is in-terpret -e.cl as the interaction of the structures

with the trailing edge of the ground planerwhich produces coherent

noise radiation. This experímenÈ again demonstraËes the important

role of the large structuïes as Ehey also govern Erailing edge noise '

,l'he abrupt amalgamation process of the large structures and its

domilance of the near field pressure and velocity fluctuation is viewed

as a noise .source. An oversimplified but physically realistic model

of jet- Lroj-se generation has bee-n proposed in which Èhe noise source

is nrodelled by a source-sink pair. Admittedly, the f low

i:ield of this clipoJe-pair is not exactly the same as the flol^7 ín an

analgermaE.ion process, the main feaLures of t.he roËational f low are

rather simíIar. This model,in which the dipole sËrength ís propor-

tí on¿rl. to the erttl:aÍnrtetrt rntc:, can r:f fer an e.xplanation f or the excess
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noise problem. In a uniform density jet where Ëhe entraínmenLs from

either side of the mixing Layer are Ehe same,trre dipolss cancel'out

exactly a.ncl they degenerate inÈo a quadrupole. In non-uniform density

jeU unequal entrainmentg (hence unequal dipeile strengËhs) lead to

inexacE cancellation and the result is that the far field noise

aPpearstoderivefromaconÈributionofadipoleandaquadrupole.
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APPENDIX

BasedonhismeasuremenÈofentrainmentandmeasurementof

convecEion speed of Lhe large scale structure' Brovrn (42) proposed

thefollowirrgsimplemodeltoesEimaEeÈhedePendenceofthedensity

andvelociryratioonEheconvectionspeedofthelargestructure

and the relative entrainment rates '

The mixing layer is rnodelled as an requivalenc I temporal

problemínwhichaGalileant'ransformationX=U"tismade,whereU"

istheaverageconvectionvelocityofthelargestructures.ThaEis,

Ëheproblemisreduced'toaconsiderationof2ha].fsPacesseparated

by a plane XOZr^¡iEh fluids of density P, above and p, below' The

fluidsaresetinmoLion,theupPerfluidwithvelocityulinthe

positivexdirectionandEhelowerfluidwithvelocitYu,inthe

oppositedírection.Byanalogywiehthespatialproblem,asE'he

vorticityin.[heinitialvortexsheetseparatingthefluidsdiffuses

andbecomesunstable,turbulenced.evelopsandlargescalesLrucEures

would be formed (as observed in two-dimensional mixing layer) ' The

on the
velociÈies u ancl u can be chosen such that' the vortices åre

I 2

average not translating (Since X = Uct where U" is the convection

velocit-y in Èhe spatial problem) ' It is postulated in Brownts rnodel

( Spatial )

By Galilean
transformation
x=Utc

( temporal )

01'U1
P¡, (t

44-

c--+. u

92, U2
Ë_+

ô (x)

a z,\k

ô(r)
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Ehat this will require u, = t, it general buu that ur/u', will be a

function of P lp2l
K(s)u , where K(s) is a function of the

t

densityraLío s=Pr/Pr. By diruensional analysis for large values

of Ehe Reynolds nurnbe x tlJztlv, the growth rate of the mean t'hickness

of the layer ô must scale only with ÀU i;e' ô c AU (for t >> v/¡U2)

or ô = C(s) (u- + q^) sínce it is ilependent on Lhe density raËio
r'2

as evidenf in the experirnenlal results" If an ôbserver n'o\^l moves

with veloci,tY Uc relative Eo Ehe strucEures in the negaEive x

direction,thevelocitiesofthefluidsrelativetotheobserver

t.e. u

l¡

2

are

U U

Uc
and

wher:e r = lJ /Ú
2

+UU cI

c2

U c
KuU

I2
(7.1)

(7 .2)
u

Using the relationship thatu'/ut = K(s) Ehen equation (7'l) and

(7 .2) become

KU +Ku (7.3)
c

(7 .4)
k

It follows Ehat

(l+K)U"= U + KU

KU

2

l)

,

I

I2

2 I

U

I
By defínition.

(z.s¡
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Now, the aPParenE sPreading angl-e 6r
d6
ãx he would observe rs

Û c (s)
('u + u)

? c (s)
1'

(U-U) c(s) (l - r)u
c

t2 I

(z.o¡

6r tI U c

c(s) I +K) l-r)
K+rUsing equation (7.5)'ôl

If the same problem is

c c

with p

í.e.
2

= C(s)

Vel I

and p interchanged,

analysed with the same u, and u, buE

it can be shown thaL C remains unchanged

I
C Gl-l

S

butrc(5=*-@

In this model, by dimensional analysis, it follows that the

entrainment velociÈies of the ambienË fl'uids V"- and V scale
eZ

As a firstVe]. cwith u and u
I

(s)u 
'I

c (s)
I

ez

=Ç (s)
2

C (s)u,
2 2

2

approximation Brown assumed so thaÈ

V
e2

VeI

el e2

where À t U

V + V = C (s) (u
I

tZ)'= c(t)(ur

u
2

u
I

= K(s) (7 .7)

(z.a¡

for which it follows that the total entrainment

+ U

I 2

or À +À c (s) (l - r)
I I

VEI

I

The assumpËions macle in arriving at equation (7 ,7) are suPported by

rhe fac. thar the precliction in equation (7.7) is in direc' agree-

ment vJit-h conclusion (2) drarvn from the entrainment measurement



(see chaPEer I Page

conclusion (l).

tt7

3) while equation (7.a¡ is in agreement wiÈh

(7 .e)

In snnmary, Ehe predictions of Ehe model are thaE

À + À =0.178(l-r)
2

and 6' = 0.178
(t + K(s (l -r

+r

I

À
I (2. to¡

(7 . I I )

À
2

satisfied if K(s) * "t and by comparison

to be approximately - 0.5 (intuitivelywith exPerimenË rt l^/as found
p

this give" ur/U, )0.s

By symrneËrY arguient U"/Ur=

K(þ I

ret v¡hich is

Brovm deduced that

),I orpU2=P
L1

v2
2p 2

2

The corresponding predictions of u^/u , \¡Iere also found tocl

agree quite closely with the measurements '

IÈmustbepoíntedoutEhattheconsÈant0.lTSinequation

(7.g) and. equation (7.11) is obtained from the enLrainment measure-

ment. It is however dependent on the definition of the redger of ;:

Èhe shear layer which in Bror^rnt s measurement is taken aÊ the point

where the velocity is less than u, by 5% of the velocity difference

ancl greater than UrOt 57" of this difference'

By mass conservation, the average density in the layer o* i'

es Eirna ted where

p 6 =oV' 1 el V
2e2

+p
m

anrl usí.r-ig e.quatio)I (7.8) , it becomes
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À T

+À)À
I2

ì'

((I
+p

2

2 (7 .t2)

(7 . l3)

pp
m À +r)

I 2

Following the expressíon in (7.10), equation (7,12) can be

expressed as

p
m I - K(s)

s 'T+RG)p
2




