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Abstract

The aim of this investigation has been the experimental evaluation of
the effects of Mach number, density and geometry on the flow structures in
a turbulent jet and its radiated noise. An extensive experimental programme
is described in which the range of flow conditions tested with the density
ratio pJ/po varying from 0.2 to 4.0 and Mach number UJ/aO in the range of 0.2
to 2.4, is wider than any previous studies, especially in the density range
spanned.

The flows in the required density range are shown to be achievable
simply by using mixtures of gases of different molecular weights such as
helium, sulphur hexaflouride, carbon dioxide and air as working fluids. With
the short running time blow—down facility, tests can be carried out economically
as modest amounts of gas are used in each run. The novelty of this set up is
that it is a simple matter to vary the density and velocity independently of
each other.

A range of nozzles with different geometries are examined to find the
effect of jet geometry on the noise radiated. In addition to the convergent
nozzles, three convergent-divergent nozzles of design Mach numbers 1.3, 1.54
and 1.75 are used to study supersonic 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 high speed data acquisition system which has a 16 K memory
and is capable of sampling at a rate of 100,000 Hz over up to 16 channels
simultaneously at full capacity. The acquired data are analysed in a computer.

Flow visualization in this study has confirmed the existence of large
scale structures in the initial mixing region of both subsonic and super-

sonic jetslfrom which a large proportion of jet noise is shown to originate.
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These structures are shown to dominate and control the development of the
mixing layer. The amalgamation processes of the large scale structures are
accompanied by large entrainment of irrotational fluid in the mixing layer
and they dominate the near field pressure and velocity fluctuations. This
observation encourages the belief that these large scale transient motions
are efficient sources of noise.

The average convection speed of the flow and the spreading rate of the
jet mixing layer are found to be very much density dependent. While the
measured convection speed varies with radial position across the layer, the
average speed, which is taken as the mean of the values in the non-entrained
regions of the jet, varies from (0.38 - 0.72) UJ for pJ/p0 in the range
between 0.17 to 4.0, as opposed to the normally accepted value of 0.63 -
0.67 UJ regardless of density. The observed lower eonvechknspeed in a lighter
jet and the observed higher spreading rate of the mixing layer A8/Ax is
consistent with Brown's mixing layer model (A2) where the total entrainment
depends only on jet velocity and is independent of density. At high Mach
number significant thinning of the layer, brought about by compressibility
effects, is observed and when the local flow speed is supersonic, Mach waves
are seen to radiate in the forward arc direction.

Jet velocity and density have a profound influence on the noise radiated.
The overall intensities of the sound measured at O = 90°, when normalised by
(Dm/po)2 in accordance with Lighthill's scaling law in equation (1.1), show
that non-uniform density jets are noisier at low velocity. At high Mach
number, compressibility, which affects the development of the transverse
scale of the motion, produces a significant thinning of the layer which
results in a reduction in noise intensity from the (UJ/aO)B'O scaling law.
The noise intensities of non-uniform jets at low Mach number, which scale to

about a sixth power of velocity, suggest that the excess noise source is
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dipole in character.

In spectral scaling, the dimensionless frequency st/Uc is chosen since
the major effect of density is to change the convection speed and hence the
characteristic time D/Uc for the life of the large eddies. A better collapse
of the spectra is obtained using the frequency parameter st/Uc than using
st/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 (D2) on hot jets and Lassiter & Hubbard's results (D9) for freon and
helium jets. The close agreement between the present results and the hot
jet results suggests that for jet noise the effect of density is the same
whether it be brought about by a change in temperature or by a change in
composition. The validity of Morfey's jet noise prediction scheme for non-
uniform density jets is also verified by the present results.

In an amalgamation process, the rotational flow field of the large
structures and the large entrainment of fluids from the ambient and potential
core regions resemble the flow field of a dipole pair. Thus a model of the
noise source is proposed where the strengths of an opposing dipole pair are
approximated by the entrainment velocities. Although the model does not
represent the real flow exactly, it is physically realistic and experimen-
tally compatible and it offers an interpretation of the role of dipole and
quadrupole sources in jet noise. In a uniform density jet the dipoles are
of equal strengths and the dipole-pair degenerates into a quadrupole. In a
non-uniform density jet, the unequal entrainment velocities of the irrota-
tional fluids represent dipoles of unequal strengths. They do not cancel
exactly and the uncancelled part of the dipoles radiates like a dipole in

the far field.
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1. INTRODUCTION

Although Lighthill's classical theory of aerodynamic noise,
formulated in 1952,has provided a mathematical foundation; pre-
dictions have depénded upon dimensional argu.ments for the source
terms and description of the physical nature of the noise sources
has not been clarified. Quantitative prediction of the sound
output depends on a knowledge of the turbulence in the flow region.
The turbulent flow model available to Lighthill at the time, for
which there existed a theoretical description adequate enough to
allow calculation of noise radiation in the far field, was that of
homogeneous isotropic turbulence, In his idealised model the flow
is divided into a large number of compact subregioms (£/x<<1.0,
where % is the characteristic length scale of the flow) which
fluctuate and radiate in an uncorrelated manner such that their
intensities can be added in the far field to give the total
intensity.

Lighthill (B1, B2) chose the R.M.S. velocity as the
characteristic velocity fluctuation and the integral scale of the
turbulent flow as the length scale. and on these.dimensional groundg
arrived at his U® dependence ¢97 the overall intensity. From the
mathematical foundation he concluded that the turbulent flow was
equivalent to an array of convecting quadrupole sources radiating
into a medium at rest.

while Lighthill's result is able to predict many of the
features of jet noise, the actual flow in the mixing region of a
turbulent jet, from whichilarge proportion of the jet noise is
known to originate, is far from being isotropic. The correlation
measurements of the flow in this region (Al - Al9) have indicated
the correlation length scale is at least in the order of the

mixing layer thickness. More recently, sophisticated techniques



employed in the study of turbulence have revealed the existence of
quasi-orderly structures in large scale vortex like motions)in two
dimensional mixing layers and similarly convecting large structures
in axisymetric jets. These organised large scale motions are
identified as the rolling up of the shed vorticity in the shear
layer)due to the initial instability into concentrations of
vorticity as observed in many experiments (Al - A20). Brown and
Roshko (Al), Winant and Browand (A3) showed that in two-dimensional
mixing layers it is the interaction between these structures as
they convect downstream that controls the entraimment, mixing and
spreading of the layer. These observations have led to a much
better understanding of the flow and the dominant role played by
the large structures has led to the belief that they are also.
efficient sources of noise.

This belief is enhanced by the work of other authors. Mollo-
Christensen (A10) showed that the pressure fluctuations outside a
turbulent jet were composed of well defined wave packets in which
dominant frequency components preserved their phase relationship
over large distances.

From the supersonic jet experiments of Bishop, Williams and
Smith (C7), it was concluded that the noise sources in a supersomic
jet have a scale which is the order of the shear layer thickness,
The large structure are the obvious features in the flow to possess
such a scale.

while the direct connection between the structures and the
flow is unknown, their intimate relationship is demonstrated by
¢row and Champagne (A5) and C.J. Moore (D3). Periodic surging at
a specific frequency and amplitude upstream from the nozzle, as in
the experiment of Crow and Champagne, can interact strongly with

the structures, Forcing is found to amplify the corresponding



wave which grows in the initial stage of the jet flow development
until a saturation limit is,reached. This limit is dependent on
the surging frequency and it is the largest for Strou hal number
fD/UJ=0.3 where f is the forcing frequency, D the nozzle diameter
and UJ the jet velocity. 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 that the far field noise is increased when the jet is
excited by a fluctuating pressure as low as 0,087 of the total
dynamic head)over the whole subsonic range.

With these new insights into the nature of shear flow
turbulence and the effect of its development on radiated noise, one
of the objectives of this work was to study the behaviour of the
large scale structure, its influence in the near field pressure
and velocity fluctuations and the possible connection between the
structures and the radiated noise, the latter was explored
particularly by varying over a wide range both the denmsity ratio
of the jet to ambient fluid and Mach number of the jet.

This work was motivated in part by the fact that in turbulent
mixing layers, two parameters which are found to have significant
effects on the shear layer developments are the density and velocity
ratio across the layer. Brown (A2) concluded from his entrainment
rate measurement in two-dimensional mixing layers that,

N The total rate at which fluids enter the layer is dependent
on velocity ratio and weakly dependent on demsity ratio,

(2) The proportion of the total entrainment contributed by each
fluid is determined only by its relative density regardless

of whether it is on the high speed or low speed side of the



layer.

Reconciling these observations with a simple model of the flow,
Brown (A2) concluded that the convection speed of the structure in
the flow, Uc was density dependent and the predictions were con-
sistent with the convection speeds obtained from pictures of the
mixing layer as described in Brown and Roshko (Al). This result is
contrary to the bulk of published jet noise work where Uc is taken
to be roughly 0.63 to 0.67 UJ regardless of jet density.

In further developments in the theory of jet noise (eg. Lush,
Ffowcs Williams, Lilley etc) this convection speed is shown to be
a significant component in the predictions of jet noise. An
incorrect assumption for the convection velocity could result in a
poor estimation of convection amplification and incorrect Doppler
shifting of the measured frequency to the source frequency.

The subsequent evaluation of the convection speed in these
experiments takes advantage of the simple model proposed by Brown.
The essential features of the model are described in Appendix A.

From Brown's model (see Appendix A) the flow structures’
convection speed can be deduced and also the average density in the
layer can be obtained by the entrainment rate and using the
conservation of mass, Both of these parameters are important in the
theoretical model for jet noise.

Jet noise radiation is frequently examined in terms of Light-
hill's model analysis which yields for the intensity I the
expression

p_2US D?

I = 52J : (1.1)
Poa R (r - M_cos 0)

where P is the average density in the mixing region, U_ is the jet

J



exit velocity, D is the nozzle diameter, P, and a  are the ambient
density and speed of sound respectively, R is the distance of the
observer from the source and Mc = Uc/aO where Uc.is the source con-
vection velocity. At low velocities, hot jet data of Hoch et. al.
(D6) and Tanna (D2) showed that the noise intensity can not be
scaled by the source density P alone where P, Was assumed to have
any value between the jet and ambient fluid density.

Thus the 'excess' noise observed in the hot jet at low mach
number is at the moment an issue of controversy. While some attri-
bute this noise to additional sources, others believe the increase
to be due to the acoustic-mean flow interaction,

Mani (D!1) puts forward the idea of the mean flow shrouding the
radiation of the convective quadrupole as an explanation of the
excess noise problem. His analysis shows that shrouding can incre-
ase the radiation efficiency of a quadrupole to that of a monopole
and he supports his arguement by showing the consistency of his
model with the hot jet result of Hoch et. al (D6). However, Kempton
(C12) shows that Mani's results were in fact in error and goes on
to demonstrate that the acoustic scattering by a demsity gradient
can only enhance the efficiency of a quadrupole to that of a dipole
at best,

Following the approach of Mani, Dowling (C4) suggested a model
of a particle attached quadrupole positioned near an initially
unstable free vortex sheet combined with additional source gene-—
rated by the flow as it grows into turbulence. Her model predicts
that when the jet density is very much lower than its surrounding
the mean flow-acoustic interaction results in a considerable ampli- -
fication of the quadrupole field to the extent that the intensity

o

can scale on a lower powerAvelocity. She claims a fourth or even

of
a second power,velocity is possible if the jet density is low



enough.

For those who favour the additional source argu ment, a few
theoretiéal models have been presented recently., To follow their
argu ments, it is convenient to express Lighthill's acoustic analogy
equation for sound generation in an arbitrary fluid flow (with
viscous stresses neglected) in terms of pressure., In the absence

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

52 2o 5 22 , 32 oy .
3?5 + aOV p = af 522523 (pUin) w2 (p abp)j (1.2)

which can be expressed as

L{®P) = 4qg + q (1.3)
1 2
32 32
where L = wave operater = (5E2' + 2 aoz) and V2 = =2
i
2
= a2 30
l.g. q1 as TRTY (pUin), (1.4)
1]
_ 9 _ .
Qv\c)\ q.2 - EZ (P aO p)v (1.5)

The source term q1 is the familiar Reynolds stress tensor whose
far field radiation intensity is given in equation (1.1). 1In the
second source term q, Lush and Fisher (D7) in their approach divid-
ed the density fluctuation into 2 parts; one part is isentropically
related to the pressure and the other to entropy fluctuation at

constant pressure. They wrote

SI

ol

p =P__
a2

O,

P



so that

- (1.6)

For the hot jet they argued that the middle term in equation

(1.6) was small compared to the ﬁirst (i.e. a>a0) and that the
entropy fluctuations were proportional to the difference in entropy
1 ! — S = —
values across the layer i.e. s' w S A CP f3sl (TJ/IO), Fhe re'

éulting scaling law for the intensity arising from qq and q, in this

model 1is
U. g U
I v K (D + k(D (1.7)
1 30 2 ao
where
T T T
J. =1 _1
K « (57 andK « 97 (4nz0)? - (1.8)
1 rI‘O 2 TO II‘O

They claimed that the scaling law in equation (1.7) and
equation (1.8) agreed with the experimental results for overall
intensity at 90° to within 1 — 2 dB over aoUJ/ao range of 0.3 - 1.0,

Morfey (Cl0) in his analysis on the noise from inhomogenous
flows claims that if the effectsof 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 _ _,2Dp | (1.9)

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

temperature or density inhomogeneities exist, only two source terms



are important ie.

- 82 2 o _93p
r = 4 axiaxj (poUin) toa, ( Bx.) (1,10)

The Reynolds shear stress term, poUin’ in this case is evaluated

at ambient density Po and not the source density p. It appears

that Morfey's model is unable to predict the observed decrease in
jet noise with decreasing density at high velocities. However, he
argued that at high velocities 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. The resulting scaling law becomes -

U. 8 Us 6
I vK (—-—J) + K (-—J) (1.11)
3 a " a
(8] (o]
p—po 2

A third approach is due to Lilley (B9) who used.the method of
matched as;ﬁtotic expansionsin which the pressure fluctuation in
the flow is matched to the far field radiation. By using the mass,
momentum and energy equation, the pressure term in equation (1.2)
is replaced by a density and enthalpy term which results in a

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

U
32)8 + C (D) + C ) (1.12)

I vC (
10 2O 0

For the constants in equation (1.12), C1 scales as (p/po)z’ the
ratio of C /C 1is of the order unity and the ratio Ca/C1 is pro-
2 1

h
portional to (7§£ - 1) where hS

]

3 and hO are the stagnation enthalpy



of the jet and the ambient static specific enthalpy respectively.
Lilley showed that the ratio of C3/CI is similar to the ratio of

the fg?th to the eighth power vélocity term'in (1.7) as

(hSJ _ ho) 8 -6T L-T 01
CT Ty ' :
o} po o}

Although the theoretical models discussed above are apparently
contradictory, each model claims to be in good agreement with the
available hot jet data, A further objective of this experiment
is therefore to shed some light to the 'excess' noise in inhomo-
geneous jets through acoustic measurements over a wide range of
density ratio and Mach number conditions. In this experiment; the
jet density range covered is wider than any previous work where
only jets of density lighter than air were studied. By using gases
of various compositions (i.e. helium, carbon diexide, sulphur hexa-
fluoride and air), jets in the density range pJ/pO from 0.2 to 4.0
were studied. With the short running time blow-down rig and the
designed nozzles (one convergent plus three convergent nozzles of
nominal Mach number 1.3, 1.54 and 1.75)) the velocity range
covered is 0.2 < UJ/ao < 2.4,

In this work the density and Mach number effects on the flow
convection speed and spreading rate of the shear layer have been
determined experimentally and compared with Brown's mixing layer
model. The usefulness of thé convection 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 to the entrainment
velocities of ambient fluids in the turbulent mixing layer is

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



tically justified, it does offer a simple and physical mechanism of
jet noise generation which at least intuitively, is able to offer an
explanation for the excess noise observed in non uniform density jets.
It arises, in this model, from the unequal entrainment velocities on

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

s EXPERIMENTAL FACILITIES

The experimental facilities used were designed specifically
to study the flow structures and the radiated noise from a
laboratory scale jet over a large range of density, Mach number and
nozzle exit geometry.

Direct simulation of commercial jets in the laboratory by
heating the air to achieve the right density ratio would require
experimental facilities of a scale not normally found in universiti-
es. Apart from the complexities and expense of heating air, the
problems of maintaining constant ambient temperature within the
confined anechoic chamber and measuring flow parameters at high
temperatures are extremely difficult,

In the present experiments the jet density was controlled by
the composition of the flowing gas. In all cases the ambient
fluid into which the jet discharged was air. The range of density
ratio studied varied from.pJ./po = 0.2 through to pJ/pO = 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 expensive, a short running time blow-down facility,
which allows constant stagnation conditions to be established in
less than 500 ms,was built, Running times are typically in the
order of a few seconds depending on flow conditions.

Such short running times necessitate instruments of very fast
response and high speed data handling facilities. These are
discussed in the following sections. The data acquisition system
used for the majority of the measurements reported here can sample

at any rate up to 100 kHz on five of the sixteen input channels.
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The data is written onto a magnetic tape which can be processed by
a computer.

Jet noise measurements were carried out in the reflection free
environment in an anechoic chamber in which the background noise was

negligible,

2.1 Jet and acoustic facilities

The joint flow and acoustic measurements of the jets described
were carried out in the existing anechoic chamber of the Acoustics
Laboratory of the Mechanical Engineering Department in the
University of Adelaide.

The overall layout of the jet and acoustic facilities in the
anechoic room are shown in Fig. 2.1, The reservoir of 5.5 m3
capacity which can be charged to a pressure of seven atmospheres,is
linked to a steel pressure vessel)of 0.2 m®, 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 to the plenum
chamber via a 32 mm (1}'") diameter high pressure flexible hose by
activating the solenoid operated valve. At the entrance to the
plenum chamber a metering valve is installed to regulate the flow
rate before the gas finally issues into the ambient field through
the nozzle,

A microphone boom placed at a radius of 1.7 m from the nozzle
exit allows the angular position of microphones to be varied
between 20° to 90° from the jet axis.

The flow and the sound instrumentation are set up in the
control room nearby from which the experiments may be operated and

measurements monitored and recorded.
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Fig. 2,1 Jet and Acoustic Facilities

2,1.1 Blow down rig

The blow down rig used throughout this experiment was designed
and built in the Mechanical Engineering workshop in the University
of Adelaide. It is designed for short running time jet and mixing
layer experiments, With this rig, a jet within a nominal Mach
number limit of 1,75 may be achieved using the convergent (for M<l)
or convergent-divergent (for M>1) nozzles. The novelty of this rig
is that jet flow in the density ratio range of 0.2 to 4.0 can be
economically achieved by using gases of different composition such

as helium, carbon dioxide, sulphur hexafluoride and air.



The rig shown in Fig. 2.2 consists of a steel vessel of 0.2 m3
capacity which is linked to the air reservoir. Inside the vessel
an airtight polystyrene bag is securely attached to the outlet end
of the vessel. Gases of the desired composition can be introduced
into the bag through the feedline and held in there to be discharged
when the solenoid operated valve is electrically activated. This
arrangement can provide a flow typically for the order of a few
seconds (for example 5 seconds for UJ/a0 = 1.0 at a reservoir
pressure of 6 atmosphere and a nozzle area of 6.5 x 10 "m? or 1 in?),
The pressure drop during the run is insignificant due to the small
volume of gas discharged relative to the driving reservoir volume,
(At the worst a 3.6% stagnation 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
were spent on the design of the other components and in the
commissioning of the system before it was operational, Not 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 the pressure vessel, are mounted together withthe solenoid
valve switch and the pressure gauges (for reading the reservoir and
vessel pressure). A pressure switch which essentially is a piece
of rubber membrane with a conductor on one sidel%lamped in between
the flanges of the pipeline linking the bag to the reservoir. This
switch senses the pressure difference between the bag and the
reservoir and sets off a buzzer when the bag is full, The other

saf%y 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 velocity is regulated by the metering valwe at 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 mm
pressure
diameter in the wall. During each run, theAratio across the holes
is kept above the critical value so that sonic flow is established
at the throat of each hole. The total volume flow rate is hence
dependent on the number of open holes (or the total throat area)
which is determined by the position of the piston.
For the supersonic jets, the metering valve is not used and the

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

ing pressure,

2.1.2 Plenum chamber

The plenum chamber shown in Fig. 2.3 is a steel cylinder 0.2 m
in diameter and 1.2 m long with a wall thickness of 2.0 cm, Before
acoustic treatment, the flow noise generated from the metering
valve was found to be too high for low velocity flow. Thus great
care was taken to minimise this noise to an acceptable level.

The full length of the chamber is lined with a layer of sound
absorbing fibre glass wool 3.0 cm thick., A series of punched-plate
baffles with open area of 507 to 207 are installed along the chamber
between the metering valve and the nozzle. A partial acoustic cover
with lead and fibreglass lining is put over the valve such that
there is no direct sound path for the valve noise. This arrangement
is found to eliminate the valve and other internal noise. The
result of the acoustic treatment is shown in Fig. 2.4 where curves
(i) & (ii) are the 1/3 octave spectra of the valve noise (plus
other internal noise) before and after the acoustic treatment

mentioned above.
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For the same mass flow rate through the valve the jet flow Mach
number using a subsonic nozzle (exit area of 6.4 x 10 m?) is

0.3 which 1s the lowest velocity of interest for the constant
density case. At this flow condition, the mixing noise is seen to
be higher than the internal noise at all 1/3 octave bands, Although
the differences in levels in the frequency range 200 - 415 Hz are
rather low ( 2 -= 5 dB ), the effect on the overall intensity is
insignificant as the :frequena& of interest in this work at the flow

conditions considered are between 200 Hz to 40KHz)with most of the

energy in the range between | KHz and ]0 KHz,
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Since the flow through the valve is choked, the valye noise
therefore varies with A* where A* is the total area of the open
holes in the valve, and the spectral shape should remain the same
excepéj; shift in the 1/3 octave intensities. The jet mixing noise
however varies as (A*)® according to Lighthill's UJ8 law since the
jet velocity varies with A*, At higher flow speed the difference
in intensity between the mixing and valve noise was greater and the
set up was found to be satisfactory.

For dense jets of Py /pO = 2,5 and 4.0)flows at UJ/a0 = 0,2 were
also considered as the overall intensity levels were found to be
higher thaéi;he constant density case at UJ/a0 = 0.3 (See Fig. 4.2).

Up to three wire screens of varying gauge are placed
upstream of the nozzle to reduce the scale of the turbulence so that
most would decay before entering the nozzle contraction, In this

case the turbulence intensity at the nozzle exit is measured to be

0.8% which is typical for other laboratory jet flows at UJ/ao = 0.30,

2,1.3 Nozzles

For the subsonic jet studies, four convergent nozzles with
exit geometries of round, square and rectangular (aspect ratios of
25:4 and 25:1) were designed and fabricated. All these nozzles
have the same exit area of 6.4 x 10 "m? (or 1 inch?) and contraction
ratio of 25:1, They are made from epoxy resin with a smooth
internal contour to provide a uniform flow at the exit. In add-
ition, three convergent-divergent nozzles originally designed for
nominal Mach number (UJ/aJ) of 1.3, 1.6 and 1.8 are used. However,
due to the boundary layer effect at the mnozzle throats, the actual
Mach numbers (UJ/aJ) for the correctly expanded jets are 1.3, 1,54
and 1.75 respectively., When using these nozzles a cone is fitted

between the plenum inlet and the nozzle to reduce the time for the
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flow to reach the steady operating condition, A list of dimensions

and operating conditions of the nozzles is given in Table 2.1,

Mach Number Subsonic 1.30 1.54 | 1.75
Flow stabilization time (ms) 300 335 450 570
Outlet diameter (mm) 28.7 20,96 (21,00 |20,00
Throat diameter (mm) 20.32 |18.94 [16.97

Table 2.1 Nozzle dimensions and operating characteristics

2.1.4 Anechoic chamber

The layout of the anechoic chamber is shown pictorially in
Fig, 2.6 (plate 1). The dimensions of the chamber 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 enviromment which is anechoic down to 25 Hz
and has a measured background noise level of 44 dB which is much
lower than the measured spectra at the lowest jet velocity of
interest, 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

experiment to avoid reflection of higher frequency sound,

2.2 Flow and acoustic instrumentation

2.2,1 High speed digital data acquisition system

The multi-channel electronic data acquisition system was also
designed and built in the Mechanical Engineering Department of the
University of Adelaide.

The system is described in some detail by Thomas (El1). The
multi-input unit enables 16 signals to be recorded simultaneously
at a maximum sampling rate of 100,000 Hz, The input analogue

signals are first converted into digital form with 8-bit precision
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written on a 16K shift register memory. With 8-bits precision, the
input range of the system is divided into 256 divisions (28). The
resolution of the digitised signal is therefore half the least
significant bit which is = 0.27 of the input range. This unit is
flexible in operation in that different sampling rate and memory
space can be allocated to each channel independently., When the
allocated memory is filled, the content of the memory is written

onto a 9-track computer tape as a block of data or record.
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The sampling rate, memory allo_cation, run identifier and number of
records per run are programmable by a set of switches on the front
panel, This information forms the preamble of each block of data
written on the tape.

Because of the high sampling rate required in this experiment,
the analogue to digital conversion time must be short, Of the 16
channels, five incorporate fast converters (Datel system model
ADCHY12BC). Each of the converters has 12 bits and a conversion
time of 8 us. Since only 8 bits are used the short cycle capability
in the converter reduces the conversion time to 4 us. The internal
buffer amplifier adds an extra 3 us to the conversion time making
a total of 7 us per conversion,

The input voltage range of the A/D converter can be set to
either 0 - 10 volts or 5 volts. Since the inputs are fluctuating
signals the #5 volts range is used. The flow turbulence signals,
which are typically in the order of milli-volts, have to be amplified
before the conversion process to achieve adequate resolution., Signal
amplifier units with carefully matched phase and frequency charac-
teristics and variable gain from | to 100 are used. These units,
described by Thomas (El), have a band-width of 200 Hz to 70kHz at the
half power point. The frequencies of interest (20 - 40 kHz) are all
well within this range. The output signals from the microphone
amplifiers are in the range of %10 volts. Therefore to avoid clip-
ping of the signals, they are divided down to bring them within the
input range of the A/D converters.

The phenomenon of Nyquist frequency folding in digital sampling
is that the signal component at frequencies above the 'folding'
frequency, which is one half of the sampling frequency, will fold
back about this frequency during the sampling process. It therefore

appears as energy in the digitised signal at the lower frequency.
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Throughout the experiments the sampling rate. is kept at 100 Hz unless
lower sampling ratesare specifically required. The folding frequency
in this case is therefore 50 kHz. In the turbulent signal most of the
energy appears in the range below 10 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 is
flat up to 40 kHz, the signal monitored above this frequency rolls off
at a rate in excess of 20 dB/1/3 octave. This effectively acts as a
filter since energy frequencies above 40 kHz will have already been

heavily attenuated before sampling.
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2.2.2 Hot-Wire anemometer

The hot wire probes and circuitry were also designed and built
in the Department of Mechanical Engineering of the University of

adelaide. (For detail see Osborne (E2) ).



24

In the velocity fluctuation measurements a single hot wire
as shown in Fig. 2.9 was used. The needles for the probe are 0.5 mm
jeweller's broaches set 3 mm apart. The wires are 5 x 100 m
tungsten soft soldered to the needles. The ends of the wire are
copper plated and the active unplated length is 1 mm giving a length
to diameter ratio of 200. Constant temperature operation was used
with an overheat ratio of 1:1.5. The cold resistance of the wires
is typically 6.0 ohms. The time response of the wire and the feed-
back loop may be set by the square wave injection technique (see
Thomas (E1) ).

The constant temperature operation is achieved by the circuitry
described by Thomas (E1). The circuit diagram is shown in Fig. 2.10.
A high speed operational amplifier (National semi-conductor LM318)
is used with a high performance power amplifier (2N2270) incorporated
to boost the current output. Because of the high bandwidth of the
operational amplifier, no trimming inductance is needed. The out-
put offset is controlled by means of a 200 k{2 potentiometer connec~
ted to the internal offset control of the operational amplifier as

there is no separate compensation network.

2.2.3 Acoustic measurement instrumentation

The acoustic measurements were obtained using standard sound
measuring equipment. The set up in the control room is shown in
Fig. 2.7 (plate 1). The far field acoustic radiation was measured
at a distance of 1.7 metres from the nozzle exit by an array of
microphones mounted on an arc in the plane of the jet axis at 200,
30°, 45°, 75° and 90° from the axis.

The microphones used were }'" condenser microphones (Bruel &

Kjaer type 4133) with field effect transistor pre-amplifiers (Bruel

& Kjaer type 2619). The free field frequency response of these



1!

10K

$Q.WAVE
IN

Fig. 2.9 Hotwire probe

25

OVERHEAT

2N2270

QUTPUT

Fig. 2.10 Circuit diagram for the constant temperture
feedback bridge



26

microphones is flat up to 40 kHz. During testing frequent checks
were made on the microphone calibration using a 'piston phone'
calibrator (Bruel & Kjaer type 4220)., The outputs from the micro-
phone amplifiers were attenuated to the #5 volts input range of
the Data Acquisition System. The recorded signals can be played back
continuously into the real time 1/3 octave band analyser (Bruel &
Kjaer type 3347) and the 1/3 octave intensities may be obtained, If
required, the signals can be replayed at a rate 27" times the
sampled rate (where n =1, ....63). The recorded data are processed
in a computer, taking into account the frequency correction factors
of ithe microphones to give the 1/3 octave and the overall intensities.
Standard practice is to examine regularly the instrument noise
from the microphone and amplifier to ensure there is no possible
contamination of the mixing noise. A typical spectrum of the
instrument noise is shown in Fig. 2.5 together with a spectrum of
the jet noise at the lowest velocity of interest UJ = 100 m/s. It

is seen that the instrument noise has a much lower intensity level

at all 1/3 octave bands than the mixing noise.

2.3 Optical observation 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 the acoustic field. The layout of the
system i1s shown in Fig, 2.11,

The system incorporates two 203 mm (8'") diameter front silver-
ed spherical mirrors with identical focal lengths of 2438 mm (96'")
and 2 other front silvered plane mirrors.

In order to 'freeze' the motion of the turbulent flow a very

short duration light source is needed for the one-shot picture,
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A General Radio Strobotac 1538-A was found to be suitable., It
produces a single flash of about 3 ps duration with enough light
intensity to expose the film. The flash can be triggered externally
by a mechanical switch. For continuous observation, a mercury arc
source (Osram HBO 100 x/z) was used which has an effective arc size

of 0.25 x 0.25 mm?.

The knife-edge, condensing lenses and film holder were mounted
on the same optical bench for easy alignment. The condensing lenses
consist of 2 sets of lenses (one zoom lens and one standard 35 mm
camera lens) which combine to give a large range of effective focal
lengths. Normally a 3" x 4" Polaroid film was used but this could
easily be replaced by a 4" x 5" flat film. For the high speed
camera, the standard £/3.3 lens of the camera was used. In this case

Kodak Tri-x reversal (7278 ASA 200) film was found to be satisfactory.

2.3.2 The high speed camera

In the early part of the experiment, a high speed Fastex
rotating prism camera with a maximum framing rate of 7000 frames/
second was used. However, the picture quality was found to be
unsatisfactory especially at high speed. Later, an electronic
camera (Imacon) which has a frame rate of | x 106 frames/second was
used in an attempt to follow the sound waves, Six pictures each of
I" x " are exposed on a single 34" x 4}" polaroid film., Because the
photograph was of the image stored on the phospherous screen which
has a relatively poor resolution of 13 linepairs/mm, this idea was
also abandoned,

The high speed camera finally used in the study was a 16 mm
rotating prism camera (Hycam 400'). It has a standard film capacity

of 131.2 m (400 £t), but with simple accessories, i1t can accept
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32.8 m (100 ft) or 65.6 m (200 ft) daylight loading spools. It has
a maximum framing speed of 11,000 pictures/second using the 400 ft
film. The synchronization of the film and the prism in the camera
can produce pictures of extremely high quality with a resolution of
68 line pairs/mm at all framing speeds. The timing light in :the
camera produces a time-base reference on the film. The film speed is
electronically controlled such that the framing rate can be main-
tained at the desired speed to *1% accuracy. The speed control is a
solid state electronic closed loop servo-system and the desired
speed is set by a thumb dial.

The natural aperture of light transmitted in the camera is
£/3.3, but a range of interchangeable shutters up to £/100 is
available,

Another advantage of this camera is)that it has an event
synchroniser, The event switch can be triggered after a pre-deter-
mined footage of film has run through by means of a follower arm
which rests on the film spool. The opening or closing of the event
switch can be used to trigger either events such as the starting of

the data system or the flow.

2.3.3 Timing light generator

To provide a time base on the film a timing light generator
(Red lake milli-mite timing light generator model 13-0001) is used
to imprint timing marks on the film. It is a serial timing source
operating with a frequency from a crystal controlled 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 operation,

the timing mark can be synchronised with other events or measure-
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ments provided a common logic clock is used as a time reference,

2.3.4 Techniques of synchronization of flow, acoustic measurements

and optical observations

The heart of the measurement system is the data acquisition
unit with its internal logic clock as the reference timebase. The
timing logic arrangement is illustrated diagramatically in Fig. 2.12,

The flow is turned on by closing the switch but a time delay is
needed for the flow to reach the required operating condition before
the camera is set rolling. After a predetermined footage of film has
been exposed the built-in mechanism of the camera actuates the event
synchroniser switch. The closing of this switch acts as an external
trigger (or 'start' pulse)to start the data acquisition unit which
can then acquire information., An 'enable' pulse is sent to the
decade counter, with a maximum time delay of 20 x 10 9s relative to
the 'start' pulse, to set the electronic decade counter counting,
The output from the decade counter then drives the timing light
generator after each preset number of clock pulses is counted, The
circuitry of this counter is designed such that a pulse is delivered
to the timing light generator at the imstance the 'enable' pulse
reaches the counter., The first timing mark to appear on the film
then corresponds tothe beginning of the signals acquired by the data
acquisition unit. 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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CHAPTER 3

3. JET FLOW STRUCTURES AND CHARACTERISTICS

3.1.1 Flow visualization

In this study, flow visualization combined with high speed
photography was employed to provide a direct and simple. method of
obtaining qualitative informations on both the spatial and temporal
development of the flow,

The one-shot shadowgraphs (plates 2 - 8) and high speed movies
show that the intial mixing regions of round and two-dimensional
turbulent jets are dominated by the large scale structures similar
to those found in two-dimensional mixing layers. These large scale
motions are seen to exist even when the jet flow is supersonic
relative to the ambient speed of sound, as shown in Fig. 3.1
(plate 2), Fig. 3.1¢ and Fig. 3.17 (plate 9). 1In the transition
region of the jet these structures are seen as distinct vortices
with smooth boundaries which become less well defined in the
turbulent region, The jet flow development can be easily fallowed
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 the rolling up of the initial instabi-
lity wave at (A). The vortex structure convects at nearly constant
speed over a distance of 1 - 2 jet diameters until some irregulari-
ties in the eddy spacing cause one vortex to speed up and the prec-
eeding vortex to slow down as at (C). As they get closer they spin
around each other and eventually amalgamate to form a larger vortex
at (D). The amalgamation process, which is an inherent part of
turbulent mixing, is seen to be primarily responsible for the rapid
broadening of the mixing layer as a result of the large entrainment
of fluids from the potential core and the ambient surroundings.

The randommess of these processes in time and in space result in the
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mixing layer growth being smooth on the average. The vortex size
and separation are observed to be increasing linearly with axial
distance downstream from the nozzle exit,

In a high Reynolds number flow, the eddies are less recognis-
able as they are masked by fine scale turbulence, They exist as a
lump of vorticity with irregular boundaries. With the increase in
jet speed, the eddy spacings become smaller and the induced velocity
fields of the large structures tend to 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, they cannot be observed easily without resorting to
special techniques such as forcing the jet or the flash schlieren
technique as used by Moore (D3). However their existence can be
inferred from the periodic velocity and static pressure fluctuation
as observed outside the mixing layer (see Fig. 3.4) which, as we
shall see later, are due to the induced fields of these structures

-

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

ed regions.
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Most of the flow visualization in this experiment was done on
two-dimensional jets. The quantitative information on the spreading
rates of the shear layer in the two-dimensional jets can be applied
to the case of axisymetric jets. As pointed out by Morris (Al8),
who examined the effect of Mach number on the spreading and turbu-
lence intensity of a model jet (50.8 mm or 2 inches diameter), the
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
the presence of a splitter plate on the axis of an axisymetric jet
did not alter the jet structures. It is therefore believed that
the development in the shear layer is dependent only on the
initial boundary layer thickness at the nozzle exit, Hence in a
2-D jet, the two mixing 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
mixing layer. From the stand point of the boundary layer theory the
velocity component in the flow direction is large compared to the
component normal to the flow direction. From the stand point of
the instability of the jet boundary layer, the axial symmetry is not
significant since the boundary layer thickness is small compared to
the jet diameter. In this case the annular jet mixing layer can be
replaced by a 2-D shear layer if the wavelength of the disturbance
is small compared to the jet diameter.

From the above arguement, it is tempting therefore to assume
that all turbulent mixing layers exhibit characteristics which are

gimilar to those of a free 2-D mixing layer.

3.1.2 Near field pressure and velocity fluctuations

In a turbulent jet flow, the velocity and pressure signals in
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the non-entrained regions of the jet are dominated by large positive
or negative-going peaks. The periodic occurence of these peaks can
be attributed to the passage of the large scale coherent motions
within the mixing layer. The fluctuations, in relation to the large
structures, can be further understood by the simultaneous .flow
measurements and optical observations.

Fig. 3.4 illustrates the simultaneous measurements of the
velocity and static pressure fluctuations just outside the mixing
layer at an axial distance of X/H = 3.0 downstream from a large

aspect ratio (25:4) jet of velocity 10.5 m/s. The jet Reynolds

number UJH/v is 7,000 and the probe positions are within the transi-
tion region of the jet based on the transitional Reynolds number
UJXT

ol 1.2 x 10° obtained in Yule's experiment (All)., In this
region, the large scale structures are clearly visible as distinct
vortices as shown in the sequential pictures in Fig. 3.4(b) (plate 3).
The signals in Fig 3.4(b) are actually the first 16 mS of the signals
in Fig. 3.4. The most striking feature of the velocity fluctuations
in the potential core as shown in trace (A) of Fig. 3.4 is the
periodic occuq;nce of the large positive going peaks. The most
probable interval between successive peaks is about 1.34 ms.
Following the movie in Fig. 3.4(b) each positive peak corresponds :to
the passing of a large vortex. It is observed that the magnitude
of the peaks appears to scale inversely with the distance between
the probe and the vortex core. The deviation in the paths of the
vortices therefore give rise to large and small peaks in the signal.
On the other hand, the velocity fluctuation in the entrainment
region (trace (B) in Fig. 3.4 is significantly different from trace

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

with the most probable 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 the movie film it
becomes clear that the negative peaks in trace (B) are actually
associated with the amalgamation process. It seems that a large
peak is registered when two vortices are very close to each other,
as is the case just before or during a pairing or an amalgamation
at or near the point of measurement. Corresponding to the time a
large negative peak is registered in trace (B), two successive peaks
very close to 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 'leap frogging'
in the pairing process where a succeeding vortex attempts to over-
take the preceeding one from the higher speed side of the shear
layer and hence moves away from the probe, 1In doing so the vortices
destroy each other's separate identities and finally merge to form
a larger vortex.

It is interesting that Ko and Davies (Al16) found a comparatively
higher axial Strouhal number for the mixing layer and the potential
core than indicated by measurement conducted in the entrainment
region, It was incorrectly assumed by them that the measurement in
the entrainment region was dominated by acoustic emission from the
transition region, whose characteristic frequencies are of a lower
order.

The causal relationship between the amalgamation processes and
the peaks in the measured signals in the entrainment region of the
jet is again demonstrated by the static pressure fluctuation (trace
(C) in Fig. 3.4 where the large amplitude periodic fluctuation has
superimposed on it small amplitude high frequency components. In
trace (C) the condenser microphone inverts the signal and thus a

positive peak actually represents a negative pressure difference.



o

-

[

(B)

(C)

F ALY L N WV VL NN

| 1 i ! i 1 1 1 |
0 5 10 15 20 25 30 35 40

TIME (mS)

Fig. 3.4 Simultaneous velocity and pressure fluctuation in the
unentrained region of a jet (UJ = 10.5 m/s)

(A) Hotwire X/H = 3.0, Y/H = 0.1
(B) Hotwire X/H = 3.0, Y/H = 1.5
(C) Pressure X/H = 3.0, Y/H = 1.5

LE



38

Comparing traces (B) and (C), a large negative peak in trace (B) is
immediately followed by a large distinctive peak in trace (C)
suggesting that the static pressure fluctuation$in the hydrodynamic
near field of an incompressible mixing layer are induced by the
velocity fluctuations inside the layer. The large pressure fluc-
tuation process also suggests.that it is probably an efficient noise
generation mechanism,

The phase relationship between the induced velocity and pressure
fields of the large structures in a jet mixing layer has been exten-
sively mapped out by Lau et, al (A7). The intention of the experi-
ment described here is to establish that these fluctuations are indeed

the direct results of the large scale motion in the flow,

3.2 Some characteristics of the large structures in a turbulent jet

At high Reynolds number, statistical measurements have been used
to provide quantitative information on the large structures in an
axisymmetric jet. Space-time correlations were measured between two

hot wires to estimate the spacing and convection speed of the

structures,

The normalised cross—correlation coefficient RAB(E,T) between

the signals A and B is defined by

<A (x,t) B (x+E, t+1)> (3.1)
A (x,t) B (x+§g, t+1)

RAB(E;,T) =

where 7 is the time delay, < > denotes the time average and an over-
bar denotes the R.M.S. value. Similarly, the normalized auto-

correlation coefficient is defined by

R (T) — </—X (t) é (t + T)> (3-2)
AA A (E) A (t + 1)
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3.2.1 The spacing of the large structures

The autocorrelations of the velocity fluctuations in both the
potential core and the ambient region of a turbulent axisymmetric jet
(Re = 5.2 x 10%) are measured at various axial locations between
1.0 < X/D < 5.0 downstream from the nozzle exit, The normalised
autocorrelations at X/D = 4.0 are shown in Fig. 3.5 where curve (4)
is measured in the potential core and curve (B) in the entrainment
region., The autocorrelations are rather periodic and the mean period
T is defined by the time interval from zero to the first maximum.

The mean period in the potential core T* is a better indication of the
mean spacing of the structure since the signal in the ambient region
is dominated by the amalgamation process. The mean eddy spacing

ZS, at the point of measurement, therefore scales as

~ *
Rs UC T (3.3)

where Uc is the average convection speed of the structures,

The linear variation of the mean periods in the velocity
fluctuation with axial distance is illustrated in Fig. 3.6. In the
initial mixing region of the jet the convection speed Uc is shown
to be nearly constant (see Section 3.2.2) and following equation
(3.3) the eddy spacing must increase with axial distance downstream,
This increase in spacing and size of the structures is in fact
achieved by the process of eddy amalgamation as seen in the shadow-
graphs and high speed movies of the flow.

As seen in Section 3.1.2, the induced velocity fluctuations in
the entrainment region are dominated by the amalgamation processes,

Thus the mean period in the autocorrelation function is an indication
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of how frequently amalgamation processes occur at the point of

measurement and is not the vortex passing frequency. Thus at any

X
U.T
T# = e
(B) ()
Y (VDo
r_
| L L |
~4 =2 0 UTt 2 4 6
th = g

Fig. 3.5 Autocorrelation function of the velocity fluctuation in
a turbulent jet.

~U.D

(Re = —3— = 5.2 x 105; (A) X/D = 4.0, Y/D = 0.0;

(B) X/D = 4.0, Y/D = 1.60)
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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 in the potential core, as shown in Fig. 3.5 and Fig. 3.6,

30
Y
25" |- | i
X
o)
20 |~ o
U._t
J
T* —-D— 15 |- o
0
10 |- )
'9)
a ]
5r & g g @
| | 1 | |

X
N = —
= D

Fig. 3.6 Mean period of the velocity fluctuation in a
turbulent jet

0 — air jet (U; = 167.0 m/s, Re = 3\1,3 = 3.3 x 10°)
O — CO_jet (Uj =149.5 m/s, Re =0 -5 10%)

closed symbols (in potential core)
open symbols (in the entrainment region)
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3.2.2. The convection velocity of the large structure

The convection speed of the large structure is a significant
component in jet noise problems in that
(1 it enhances the downstream radiation and hence

influences the directivity pattern;
(2) in a stationary frame of reference, the sources in

motion lead to a doppler shift in measured frequencies;

(3) apart from mixing noise, intense Mach waves are radiated
when the speed of the source becomes supersonic relative
to the speed of sound in the ambient acoustic medium, as can
be seen in Fig. 3.16 and Fig. 3.17 (plate 9).

The convection of the flow pattern can be seen from the simul-
taneous velocity fluctuations at different axial locations of a
25.4 mm (1 in) diameter jet as shown in Fig. 3.7. The hot wires
are separated by a distance AX/D = 0.6 with the first wire at
X/D = 2.4. The changing velocity signals .. with axial distance
is a good indication that the flow is not frozen but is varying,
in agreement with the flow visualization experiments. The disappear-
ance of some peaks in the hot wire signal further downstream is
clearly the result of the amalgamation processes as the vortices

convect downstream.

The convection speed of the structure is measured by the space-
time cross—correlation of the velocity fluctuations of two hot

wires displaced axially by a distance AX and is defined as

where AT is the time delay of the most significant peak in the
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cross-correlation function. The correlation technique involves

integration over a long time and therefore gives rise to an

average convection speed.

The space-time crosscorrelation for the unfiltered velocity

signals in the entrainment region of a round jet is shown in

Fig. 3.8. The number on each curve represents the downstream hot

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

case the hot wires are located in the entrainment region of the

jet and the convection speed Uc obtained is 0.41 UJ. Similar

(a)

A

\"\f\ SN A
V "VV VVV

(B)

;\ AN r\[\ A

UVA AVAVA\/JMUMU V

TV

\/’"“‘"\/ V v\ﬁ/ s

{fC:::c}—\\/f/\k/r“‘ngR\kﬁuf\jf

A AVANEAVA
R VAR AR

| | |
10 20 30 4Q. 50
Time T ( x 10‘4 s )
Fig. 3.7 Simultaneous hot wlre measurements in the
entrainment reglon of a Jet.
(U; = 40 m/s, Re = %2 = 6.47 x 104; (A) X/D = 2.4
(B) X/D = 3.0; X/D = 3.6)
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Time delay 1 (ms)

Fig. 3.8 Space-time cross correlation of the unfiltered
velocity fluctuations in the entrainment
region of a jet.

(UJ = 40 m/s, Re = 6.47 X'104 fixed wire at
X/D = 2.4)
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measurements in the same axial locations in the potential core
resulted in Uc/UJ = 0,73. Other investigators have reported
similar variation in the measured convection speed at different
radial locations of a jet. Davies, Fisher and Barrett (A9) found
that at X/D = 1.5, Uc/UJ = 0,6 in the shear layer and Uc/UJ = 0.7 in
the potential core. Seiner (A20) at the location X/D = 4.0 obtained
values of Uc/UJ of 0.55 and 0.82 in the shear layer and in the
potential core réspectively. It therefore appears that there is no
unique convection speed across the shear layer. The possible
explanation for the variation of convection speed with radial posi-
tion is the high shear stress in the layer which distorts the
structures into an elliptical shape as they convect downstream as
observed optically. The distortion seems to be symmetrical about
the core of the structure and the 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 jet is therefore a logical choice for the average
convection speed. This value is the mean of the 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 position together with the data of other investigators.
The turbulent convection speed in the initial region of the jet
(X/D < 5.0) is found to be nearly constant. For a constant density
jet, this value is roughly 0.57 UJ compared to the normally accepted
values of (0.63 - 0.67)UJ. The ratio Uc/UJ does however depend
strongly on the density ratio (pJ/pO) as we shall see in Section

3.3.3.
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®
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X/D

Fig. 3.9 Mean convection speed in the mixing region of a turbulent jet

(pj/po= 1.0, ¥/D = 0.5)

~ present data

- Ko & Davies [Al6]

- Bradshaw, Ferris and Johnson [Al9]
Davies, Fisher and Barrett [A9]

- Lau and Fisher [A7]

- Peterson [Al4]

-~ Seiner [A20]
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3.3 Effects of density and velocity on turbulent jet flow

3.3.1 Flow convection speed and average density from the mixing.

layer model
From the entrainment measurement and measurement of the
convection speed of the large structure, Brown (A2) proposed a simple
model to estimate the dependence of density and velocity ratio '‘across
the layer on the relative entrainment rate, the spreading rate of
the layer and the convection speed of the larger structure.

By a Galilean transformation x = Uc t where Uc is the average
convection speed of the large structures the mixing layer is modell-
ed as an 'equivalent' temporal problem. Then by dimensional analy-
gis further guided by experimental results the predictions of the
model can be derived (see appendix for detail analysis) which are

guumarised as follows
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A-l + >\2 = 0,178 (1 - r) (3.4)

Al/xz = 1/K(s) (3.5)
; _ (1 + K(s)) (1 = r)

) = 0,178 R(s) + T (3.6)

K
u U = —ﬁ)—%—rj— (3.7)

1 I + K(s
_ 1/s + K(s)
pm/p2 T RG) (3.8)
Vei
where A, = — and V ; is the entrainment velocity of the ambient

|
fluid i, r is the velocity ratio U2/U1, s is the density ratio p /p ,
2 1

K(s) = 1/sY°8, &' is the spreading rate of the mixing layer, Uc is
the convection speed of the structure and o is the 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 Velocity and density dependence of shear layer spreading rate

The one-shot shadowgraphs of a 2-D jet for a range of velocity
and density are shown in plate 4 - 8. Estimations of the spreading
rate of the mixing layer are obtained by drawing straight line mean

tangent to the 'edge' of the mixing layer as showm in Fig. 3.3 .

The wisual thickness &' . is
V1S

Advis
] -
£ vis Ax % (3.9)

where x is the distance in the axial direction.
As discussed in Section 3.1.1, the grow_th rate of a 2 - D
mixing layer has been found by Morris (A18) to be in good agreement

with that of an axisymmetric jet flow and similarly.the results from
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a 2-D jet flow can be applied to an axisymmetric jet., From the
shadowgraphs, the velocity dependence of the mixing layer growth

rate of a jet of fixed density is shown in Fig. 3.18. The mixing
layer thickness at subsonic velocities is obtained from the 2 - D

jet following the criterion described above. For the flow from a
round convergent - divergent nozzle, the thickness is approximated

by twice the thickness from the lip line to the outer 'edge' of the
flow. This measurement could be over estimated as the outer edge of
the mixing layer in a 2-D flow is seen to diverge from the lip line
more than the inner edge. At any rate, significant thinning of the
layer is observed. This thinning evidently is a result of the
cbmpressiéility effect connected with Mach number since the free
streams density ratio is nearly constant. This compressibility effect
is also observed at high subsonic speed as shown in Fig. 3.18. At low to
medium subsonic speed the growth rate is only weakly dependent on

the jet velocity.

.6
Q

[a)

A o a o
]
6 vis A A A ]
& o a fo)
.2 p— .
0 | ! . ; |
10 100 1000

U;(m/s)
Fig. 3.18 Velocity dependence of the visual shear layer growth rate
(o, py/p=2.5 5 8,1.5 5 0,0.6 5 0,0.17 )

Closed symbols for convergent-divergent nozzles and open
] g g P
symhols for convergent nozzles)
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The density dependence of the visual mixing layer growth rate
is compared with Brown's model and other available published data in
Fig. 3.19. For jet density ratios greater than unity the measure-
ments for the 2-D jet agree well with Brown's mixing layer model but
the discrepancy increases when pj/po < 1.0, TFromFig 3.14 and
Fig. 3.15, it can be seen that for a light jet, especially at low
velocity, the definition of the edges of the shear layers is rather
poor. The ranges of the possible interpretations of 6éis from the
shadowgraphs are displayed as error bars in Fig. 3.19. For con-
sistency the most conservative spreading rate was used in all cases

which could therefore partially account for the discrepancy.

0.8
0.6 |-
‘\‘-.
& . 0.4
vis
A7
N
0.2 |-
0 I I I | )
0.1 0.2 0.5 1.0 2.0 5.0 10.0
pJ/pO

Fig. 3.19 Density dependence of the visual shear layer growth
rate for subsonic jets. (o,measured dataé-,Brown &
Roshko shear layer model where K(s)=1/s' "3
A,Brown[Az]q I,error bars)
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3.3.3 Density dependence of the flow convection velocity

The measured flow convection 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 taking the mean of the two measured convection speeds,
as defined by equation (3.4), in the potential core and the entrain-
ment region. This is found to be close to the measurements ohtained
at the jet lip line as in Fig. 3.20, For the same jet exit velocity,
the convection speed in a dense jet is found to be higher than in a
light jet. It varies from 0.38 - 0,72 U, for pJ/po in the range
V.17 -0.,72. This is consistent with equation (3.6) of the 2-D
mixing layer model. In Fig. 3.20 the mean convection speed in the
jet is found to be slightly higher than that predicted 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 a'vis ﬁE are tabulated for jets of various density ratios
J
for UJ/aO < 1.0.
. .0 1.5 2.5
p5/0, : 0.2 1
s' . U /U 0.186 0.199 0.203 0.189
vis ¢ J
U
The result show that &' o ﬁs is roughly constant with an average
J

value of 0.194 over the density range. This is consistent with the
mixing layer model where for U,= 0 (r = Ué/U] = 0), equation (3.6)

and equation (3.7) become

1+ K(s)

LR
$ 0.178 K(s)
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Fig. 3.20 Density dependence of the flow convection speed

® measurement in the entrainment region
O - measurement in the potential core
/A - measurement in the lip line

—-— - mean value between the potential core and
entrainment region measurement

—  — -~ Brown's model

o -Seiner (A20); ( X/D = 4,0, closed symbol for measure-~
ment in shear layer and open symbol for measurement
in potential core)

-Davies, Fisher and Barrett (A9); (X/D = 1.5, closed
symbol for measurement in shear layer and open symbol
for measurement in potential core )
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- __ K(s)
Uc/Ul_ 1 + K(s)
Uc
and clearly 5"ﬁ_ = 0,178

1

AS .
Thus for a fixed U_, A8/At is a constant since §' , = vis
J vis Ax
and U = bx and A§ ., /At is the total entrainment rate which 1is
c At vis

concluded by Brown (A2) to be dependent only on the 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 convection
velocity in the layer and is not a result of higher entrainment

rate.

3.4 Correlation of the turbulent flow dynamics with sound

production

Attempts to establish a more definitive understanding of the
relation between turbulent flow dynamics and the sound production
are frequently deduced from the statistical interdependence of the
velocity or pressure fluctuations and the radiated noise as indicated
by 2-point space-time cross-correlations. The hot wire-microphone
system used by Lee & Ribner (D23) showed a poor normalised cross- -
correlation coefficient of only 1 - 27%. Meecham and Hurdle (D24),
who inserted a microphone with a noise cone in the turbulent flow
region of a jet, cross—correlated the near field static pressure
fluctuation with the far field and obtained values varying from
0.47% to 15.57%. They hence concluded from the result that the main
sources of noise were confined to a cylindrical volume centred
around the jet axis with a diameter roughly that of the jet

diameter. However, as pointed out by Siddon and Hogland (D25)
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the magnitude of the 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, 1In the present investigation the near
field measurement is made in the ambient fluid adjacent to the
entrainment region so that only the induced velocity and pressure
fluctuation of the large scale structures are monitored. By this
method probe-flow interaction is kept to a minimum and the measured
signals are not masked by the fine scale turbulence in the mixing
layer,

In this experiment, for an axisymmetric jet the normalised
eross—correlation obtained from the unfiltered signals is typically
of the order of 2 - 4%, A correlation function of this magnitude
provides no conclusive evidence of any relationship between the
large scale structure and the noise. This result is to 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 that flow,.

The correlation of near-field pressure signals from two
circumferentially deployed microphones by Fuchs (D18) showed a
monotonic fall of the correlation coefficient with increasing micro-
phone displacement. For the present work it was reasoned that the
2 - D mixing in which the pressure and velocity are more in phase
in the spanwise direction should give rise to a higher value of
measured cross-correlation coefficient, A ground plane of length
equal to 5H was therefore installed in the place of one of the lip
lines of a 2 — D jet (aspect ratio L/H = 25/4; H = 1.0 cm) as

illustrated in Fig. 3.21.
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microphone
microphone
or hot wires
E_ﬂ,ﬂrfeﬂﬂ*“”"’
A S
ground plane
2D
Fig. 3.21 Schematic of,nozzle, ground plane arrangement

and probe positions.

In the direct correlation measurement the far field microphone
was located at the acoustic emL;ssion angle 0 = 45° to the jet axis
and at a distance of either 0.5 m or 0.75 m from the exit. The
near field probe (microphone or hot wires) was placed just outside
the top mixing layer the origin of which is at the nozzle lip. In
each case a large distinctive peak was observed at a time delay
roughly equal to acoustic transmission time of R/ao where R is the
probe separation, In cases (A) and (B) in Fig. 3.22 the measured
values were 2,28 ms and 1,56 ms respectively compared to the values
of 2,08 ms and 1.37 ms based on causality. As observed in Section
3.1.2., the near field velocity or pressure signal is dominated by
the large scale motion in the vicinity of the probe, When the
velocity signals from 2 probes separated by a distance § on the x
direction were crosscorrelated a peak at a time delay TS g/Uc
would be obtained. Thus the measured peak correlation between the
near field velocity fluctuation and the far field noise should occur

at a time delay T given by

T T r/a + g/Uc
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where positive & means the dominant source is downstream from the
near field probe. The higher measured values indicate that the
source is located at about 1.5 H downstream of the probe or at
X/H = 4.5. 1In Fig. 3.23 where the direct correlation of the static
pressure fluctuation of the flow and the acoustic field were measured
slightly higher values of 2,37 ms and 1.66 ms were obtained. The
difference in the measured peak time delay between the pressure-
velocity and the pressure-pressure correlations is seen in Section
3.1.2 to be related to the microphone signal lagging the hot wire
signal in the entrainemnt region.

shartly after the above experiment was completed, Yu and Tam
(D17) published an investigation of trailing edge noise. Their set
up was rather similar to that described above except that the
trailing edge was located at 8.5 times the nozzle height downstream.
They also found that 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

However,

between the near field and the far field. , it is known that turbulence
located near a sharp edge can provide a powerful source of noise
radiation, as the analysis of Crighton (B5) has shown. The high
correlation obtained in this§ experiment certainly derives from the
large scale motion in the shear layer either directly, which the
experiment was designed to demonstrate, or indirectly via the
generation of noise from the trailing edge of the plate. Further

experiments are necessary to resolve the matter.
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Fig. 3.22 Cross—correlation of near field velocity
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Fig. 3,23 Cross-correlation of near field hydrodynamic pressure
fluctuation with the far acoustic field
a) xmic/H =3, R/D=74, 0 = 45
o
(B) xmic/ : 3 R/D =51, 8 =45
J 5

( Re = =1.02 x 10

N )



(plate 1)

¥ig. 2.6  The layout in the anechoic chamber.

Fig. 2.7 The acoustic and recording instrumentation.



(plate 2)

Fig. 3.1 Schlienren picture of a 2-D
helium jet.

(UJ = 834 m/s, Re = 1.93 x 10°)

Fig. 3.2  Shadowgraph of an axismmetric jet at low
Reynolds number

(U, =3 m/s, Re = 5.8 x 103)
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Fig. 3.13

Shadowgraphs of a two-dimensional jet flow

(oo, = 1.24, v = 1.0 x 10°°, Re = %9; (A) 2.5 x 103

b

(B) 2.5 x 10%; (C) 7.4 x

10%; (D) 1.5 x 103)
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(plate 7)

Shadowgraphs of a two

Fig. 3.14

(B) 4.0 x 103;(C) 1.27 x 10%3(D) 6.0 x 10%)
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Shadowgraphs of a two dimensional jet flow

L
. = uD
(pJ/po =0.14,v = 1.1 x 10 , Re

=55 (A) 1.3 x 103 (B) 2.4 x 10°

. (C) 7.1 x 1083
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(D) 2.9 x 10%)
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(plate 9)

Fig. 3.16 Schlieren picture of a supersonic jet flow.

= = = 5
(pJ/p0 0.637, UJ/a0 2.06, Re 1.78 x 10°)

Fig. 3.17 Schlieren picture of a supersonic jet

(0o /o =0.6, U/a =2.66, Re = 1.92 x 10%)
J o J o
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4.  ACOUSTIC RADIATION CHARACTERISTICS

4,1 ACOUSTIC MEASUREMENTS TEST PROGRAMME

As discussed in chapter three the density effect on the large
structure convection speed and spreading rate of the shear layer are
in good agreement with the predictions of the mixing layer of
Brown (A2) (see appendix A). The model also enables a prediction
to be made of an 'average density' in the mixing region, As
discussed in chapter one, both the convection speed and mean density
are required to predict the intensity from Lighthill's scaling law
expressed in equation (1.1). Thus the predicted results could be
used to examine the applicability of this scaling law to non-
uniform density jets.

As discussed in chapter one, there appears to be no general
agreement between the various theoretical models and mechanisms .
proposed on the excess noise observed in hot jet at low Mach number
although all claim to be in agreement with the available
hot jet data. It is also unclear whether this excess noise is a
result of density inhomogeneity irrespective of how this density
difference arises., To date, the only published data on noise from
jets of varying composition is from Lassiter and Hubbard (D9). From
their limited number of tests they concluded that the sound pressure
from air, helium and Freon jet could be predicted by equation (1.1)
with P being the jet density e They observed no excess noise
provided equation (1.1) was interpreted in this way. However, their
experiments appear to be in error at low jet density c.f. the present
experimental results and Lockheed's data in Fig. 4.4 and Fig. 4.6,
Thus the conclusion drawn from the limited test conditions where
jets of different compositions were operated in' different velocity
regimes, by extrapolation in the velocity direction is therefore in

error.
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Fig. 4.1 illustrates the test conditions of the flows used
in this study. Altogether there are four nozzles employed in this
study; one subsonic flow convergent nozzle and three supersonic
convergent-divergent nozzles having Mach numbers of 1.3, 1.54 and
1.75 respectively, In the terms of the jet to ambient fluid density
ratio and jet vglocity to ambient fluid speed of sound ratio, the
shaded area in Fig. 4.1 shows the test points that were obtained
using the convergent nozzle, Flow conditions available with the
convergent-divergent nozzles, which when the flow is correctly
expanded operate at specific pressure ratios, depending on the
working gas, are represented by the three solid lines.

A particular advantage of the experimental facilities was that
it was a simple matter to maintain at approximately constant density
while varying the velocity (i.e. test points on horizontal broken
lines) by varying the compositions of the working gas to account for
compressibility effects as the speed was increased.

In this experiment, a total of 49 tests conditions were selected.
There were shown as the points marked Fig. 4.1, For each test condi-
tion, the required mixture of the working gas and pressure upstream
of the nozzle was first calculated and the actual flow conditions at
the exit were recalculated from the measured stagnation pressures.
The actual flow exit conditioms for each test point in Fig. 4.1 are
tabulated in Table 4.1. frOm such an extensive test programme,
effects of density and velocity can be determined independently

from these measurements. Lt was hoped that such an extensive set of

data obtained in a single facility with the same instrumentation

would provide a bench mark against which theoretical models and

predictions schemes for jet noise could be checked.
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Table 4.1 Test point flow exit conditions
Test Point UJ/a0 UJ/aJ RJ/R0 Y /YO pJ/p0
Al 0.192 0.419 0.256 | 0.813 3.946
A2 0.283 0.613 0.268 | 0.817 3.833
A3 0.453 1.00 0.269 | 0,822 4,003
A4 0.596 1,311 0.282 | 0.827 4,013
AS 0.700 1,535 0.298 | 0.831 3.996
Ab 0.794 1.747 0.310 | 0.835 4,046
Bl 0.201 0.342 0.408 | 0.858 2.482
B2 0.303 0.511 0.418 0.861 2.450
B3 0.495 0.814 0.455 0.871 2,355
B4 0.581 0.987 0.439 0.870 2,518
B5 0.770 | 1.289 | 0.481 | 0.610 | 2.458
B6 0.914 1,533 0,512 0.888 2,500
B7 1.050 1.533 0.557 | 0.899 2.488
cl 0.314 0.393 0.597 | 0.929 1.464
c2 0.500 0.609 0.756 0.940 1.401
C3 0.791 0.995 0.773 0.948 1.499
C4 1.043 1.293 0.871 0.996 1.493
C5 1.267 1.537 1.000 1.000 1,472
cé 1.435 1.742 1.094 1.012 1.491
D1 0.296 0.295 1.017 1.002 1.000
D2 0.490 0.487 1.052 1.001 0.994
D3 0.785 0.771 1.143 1.018 0.986
D4 0.995 0,983 1.206 1.024 1.001
D5 1.314 1.287 1.379 1.041 0.998
D6 1.594 1.558 1.567 1.057 1.088
D7 1.804 1.743 1.756 1.070 0.999
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Table 4.1 Test point exit flow conditions

Tect Point UJ/aO UJ/aJ RJ/Ro Y /Yo OJ/OO
El 0.301 | 0.225 | 1.704 | 1.066 | 0.594
E2 0.517 | 0.387 | 1.731 | 1.068 | 0.599
E3 0.826 | 0.614 | 1.834 | 1,076 | 0,595
E4 0.979 | 0.734 | 1.867 | 1.077 | 0.595
E5 1.337.| 0.996 | 2.110 | 1.091 | 0.59%
E6 1.741 | 1.283 | 2.414 | 1.118 | 0.600
E7 2,114 | 1.565 | 2.760 | 1.118 | 0.612
E8 2.395 | 1.749 | 3.134 | 1.129 | 0.602
Fl 0.316 | 0.130 | 5.061 | 1.166 | 0.199
F2 0.549 | 0.225 | 5.106 | 1.166 | 0.199
F3 0.841 | 0.354 | 5.106 | 1.166 | 0.203
Fb 1.090 | 0.449 | 5.355 | 1.167 | 0.199
F5 1.411 | 0.579 | 5.613 | 1.171 | 0.197
F6 1.818 | 0.746 | 5.962 | 1.173 | 0.198
Gl 1.055 | 1.58 | 0.667 | 0.921 | 2,030
G2 1.525 | 1.753 | 1.231 | 1.027 | 1.358
G3 1,493 | 1.550 | 1.383 | 1.044 | 1.123
G4 1.957 | 1.763 | 2.052 | 1.088 | 0.882
G5 1.553 | 1.30r | 1.880 | 1.078 | 0.758
c6 2.062.| 1.560 | 2.635 | 1.113 | 0.637
G7 2.011 | 1.313 | 3.117 | 1.129 | 0.481
G8 1.485 | 0.989 | 2.587 | 1.110 | 0,491
G9 1.916 | 0.975 | 4.319 | 1.153 | 0.299
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4.2 SCALING PARAMETERS FOR JET NOISE MEASUREMENTS

4,2.1 FREQUENCY PARAMETER

In Lighthill's analysis where the stress tensor Tij is approxi-
mated by the Reynolds stress pUin the resultant scaling law for the
far field intensity is expressed in equation (1.1).

Since the sources embedded in the shear layer are in motion the
observed frequency f in a fixed frame of reference is Doppler shifted

to give the source frequency fS by the following relationship
fs =f (1 - MCCOSG) . (4.1)

The normalised frequency parameter fN often used in the study of
jet noise is

£fD
f = ___S_.. - (4'2)

Ffowes Williams (B3) showed that the term (1 - MCCOSG) in

equation (4.1) should be replaced by

1
| (- MCCOSG)Z + o2 Mc2]2 . (4.3)

The parameter « was introduced to account for the finite life of an
eddy. It also eliminated the singularity when MCCOSG = 1, This
parameter is normally taken as 0.3 as measured by Davies et. al.
(A9) .

The frequency parameter to be derived here is based on the
optical observation and flow measurement of the mixing layer in

)]

chapter three. A non-dimensional frequency fN = ﬁ_;' will in
J

general be a function of the density ratio. It was thought in this
worle that since a major effect of the density difference was to

change the convection speed of the large structure that a more
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characteristic time for the life of the large eddies, particularly
in the later part of the potential core,would be scaled by D/Uc'

Thus a non-dimensional frequency also considered in this work was

£ oS (4.4)

where Uc/UJ is a function of density ratio pJ/po given by equation

(7.5) in the appendix. Thus the frequency parameter in equation

(4.4) becomes

£ (1 - M C0S6)% + « Mc2|£ D
£ = . (4.5)

N U
(&

4.2,2 SOURCE DENSITY PARAMETER

The other important scaling parameter in jet noise. is the
density term P that appears in equation (1.1). The mixing layer
model of Brown (A2) which seems to predict the spreading rate of
the mixing layer and the velocity of the flow rather well can be
used to calculate the average flow density in the mixing layer.
The result is given in equation (7.13) which is repeated here for

convenience,

el

m _ 1/s + K(8) (4.6)

g_m'

The values obtained from this relation are compared to those values

assumed in other published experiments and are tabulated below.

The values in the last column are calculated from equation

(4.6) assuming K(s) = s When K(s) = s79'° is used the values

are identical to those values obtained using the geometric mean

method as shown in column two, As expected these values are closer to
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5oe e Mmoo PitPe Pmo Pm _ 1/5 + K(S)
po pO J' Vo Py 2p 0 P P 1 + K(S)
e} 0] (o] (@]
0.7(=2 -~ 1) + 1
Py
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 two sides of the shear layer since
the entrainment rate is relatively higher on the.lower density side.
The values in the second last column from Tanna et, al (D2) in the
hot jet experiment are based on the assumption that the static
temperature profile is similar to the velocity profile and the
region of maximum turbulent intensity 6r the source region is of the
order 0.7 times the jet efflux velocity. The source demsity P
calculated using the mixing layer model falls in between the geo-
metric mean (jet and ambient density) and the value of Tanna' for
pJ/po < 1.5. At higher densities values obtainéd using the 2-D

~

model are the highest among the three.

4.3 RESULTS AND DISCUSSION OF ACOUSTIC MEASUREMENTS

4.3.1 Velocities and density dependence of overall intensity

Fig. 4.2 shows the velocity dependence of the far field noise
intensity for different jet densities measured at 8 = 90° where the
effects of refraction and convection amplification are absent. For
uniform density jet (pJ/po = 1,0) an intensity which varies as

(U_/a y7.0 from U./a = 0.3 to U /a_ = 1.5 fits the data better than
J o J o J" o
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Lighthill's eighth power law. Deviations from the (UJ/aO)B-0 law of
the overall intensity for this constant density jet have been obtain-
ed in many experiments over smaller velocity ranges and less than

ambient. densities (D1-D6).
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Fig. 4.2 The effect of density on the velocity dependence
of the overall intensity at 8 = 90°

= 1,68 mand D = 0,0287 m )
re

(Rpeg £

( pJ/po y o, 4.0; 9,2,55 4,1.5; v,1.0; ¢ ,0.6; 0,0.2 )

For jet demsity ratio pJ/po less than unity, the intensity
appears to scale on a lower power of velocity. For pJ/p0 = 0.2,

when UJ/a0 > 0.5 the intensity is approximated by (UJ/aO)G'0 and

for UJ/a0 < 0.5, it scales as (UJ/ao)S'O. Thus relative to the

-
constant density jet lower density jets are observed to be
noisier at low velocity. In the case of the heavier than air jet

the overall intensity is higher. For pJ/a0 = 2.5 and pJ/Qo = 4,0
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it varies as (UJ/aO)s-5 throughout the range of velocity considered.
In Fig. 4.3, the overall intensities at 68 = 90° are normalised
by (pm/pd)z-O where P is the respective source density from equation

(4.6) . A good collapse onto the p /po = 1,0 curve is obtained at high
Lr
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Fig 4.3 The velocity dependence of th~ normalised overall
. : . o
intensity at 6 = 90

(R' . = 1.68m, D_ . = 0.0287 m)
re

ref i

(pJ/pO; o, 4.0; 9, 2.5; a, 1.5; v,1.0; ¢, 0.6; 0, 0.2)
velocity and the collapse becomes progressively poorer at low Mach
number where non uniform density jets are found to be relatively
noisier. This result. tends to support the view that the Reynolds
streés source term, whose far field intensity should vary as
(pm/po)z.o’ predominates at high Mach number and it is also obvious
from the scaling result that excess noise which exists in non-

the
uniform density jets becomes significant in,low velocity region,
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Considering that in this study the intensity of a uniform density
jet varies as (UJ/a0)7'O, the fifth to sixth power velocity depen-
dence of the intensity of the excess noise suggests that the source
is dipole in character. These results lend support to Morfey's
view that in a non-uniform density jet there are two sources; a
quadrupole type from Reynolds stress which predominates at high
velocity and a dipole type that predominates at low velocity.

At high Mach number, a reduction in the noise intensity 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 significant 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 incompressible variable-density flow, where the equations of
motion for the compressible case argjﬁass, momentum and energy
equatiors while the governing equations for the other case arg%mass,
momentum and diffasion equations, Brown and Roshko's analysis (Al)
showed that compressibility effects are distinct from the effects due
to density difference alone. At high Mach number,compressibility
effects introduce a P'v' term which they assert accounts for the
marked difference between Mach number zero and high Mach number
mixing layers having the same velocity and demsity ratio, From the
order of magnitude estimate (for detail see (Al)) Reynolds stress
W'Vv' is proportional to the spreading rate of the mixing layer,
which decreases with increasing Mach number,

To date, data on noise from jets of varying compositions
are limited. The only available data are those from Lassiter and

Hubbard (DY) where the range of flow conditions covered are very



140

[a\]

W[ w130

1] [}

| oS

Y (A

Ald 120

[=14]

(o]

i

© 110

|

. 100

o

Ly

» 90

o

v

N :

g 80

=

o

s 70

(]

[ =

QU

3 60
50

] .
-y v ~l
////// A
= F -
L
B I | | |
100 200 400 600 800 1000

Jet Velocity {(m/s)
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limited. In their tests where air, helium. and Freon 12 were used as
jet fluids, only four to five tests of different velocities were
conducted for each fluid. Their data are compared to the present
measurements in Fié. 4.4, It should be noted that in their experi-
ments, the jet density for each working fluid is not constant due

to the increasing Mach number. The jet exit conditions for the high-
est flow velocities considered in each fluid in their test are

tabulated in Table 4.2,
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Table 4.2 Flow parameters for jet noise test (obtained from
Lassiter and Hubbard (D9) Table 1)

Me dium Mexit = UJ/aO UJ/aJ pJ/pO
Air 0.9 0.82 1.19
Helium 0.9 2,33 0.20
Freon 12 0.9 0.37 4,83

Fogtéir jet, their intensities are 3-5 dB lower than the constant
density jet in this experiment. While fo;TFreon jet the intensities
are within 2-3 dB to the measured intensities of pJ/p0 = 4.0 case.
Their result is in agreement with the observed trend where denser
jet is noisier. However, their Helium jet measurements which showed
a difference of 17-18 dB lower than the pJ/po = 0,2 case in this
study appeared to be in error. Unfortunately, comparison in the
lower velocity region is not possible as their tests for helium
jets were conducted only in high velocitfies.

By extrapolating in the velocity direction from the limited
test points coupled with the erroneous Helium jet measurements
their conclusion that far field sound intensity should vary as jet
density was:unfortunately in error and also the phenomenon of excess
noise from the inhomogeneous density jets was not observed.

The velocity dependé@e of the overall intensity at 6 = 90°
measured by Tanna (D2) onihot jet is reproduced in Fig. 4.5. For
different jet temperatures, the overall intensity exhibits the same
trend as observed in Fig. 4.2 where lighter jets are noisier at low
velocity, a trend which is reversed at high velocity. Comparisons
of the two sets of results are made by considering the equivalent
density ratios of the hot jet using the relationship TJ/T0 = po/pJ.
The equivalent density ratios for jet flows of the temperature

ratios in Fig. 4.5 are tabled below.
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TJ/T0 1.0 2.3 3.4

pslPs | 1.0 0.43 | 0.29

In the present study, there is no flow with the density ratios
the same as the equivalent densities for hot jets of TJ/TO = 2.3 and
3.4.. Thus comparison is made in cases in this study where density
ratios are nearest to the equivalent density ratios. As shown in

Fig. 4.6 the close agreement in the overall intensity between the
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Fig. 4.5 Effect of density ratio on velocity dependence of OASPL
(Lockheed)

two sets of results over such a wide density and velocity range is

remarkable., For uniform density jet of pJ/p0 = 1.0; the differences
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Fig. 4.6 Velocity dependence of overall intensity at 6 = 90°

for jets of various densities.
— measured: D,pi/po = 4,0; g, 2.5; A, 1.5; v, 1.0;

6, 0:6; a, 0.2

— Lockheed: +, T, /T = 1.0 (p;/p = 1.0); x, 2.3, (0.43)

e, 3.4,(0.29); o, cold jet

in the normalised overall intensities between the varying temperature
and varying compositions cases are within 2 - 3 dB. Iﬂ?%ot jet where
pJ/pO*= 0.29 (TO/To = 3,4) the overall intensities are consistently
higher than the varying composition case where pJ/po = 0.2, At this
low density discrepancies in the medium velocity range are as high as
4 - 5 dB whereas in low and high velocities it is about 1-2 dB.

Based on the density scaling of (pJ/po)2 the intensities for pJ/p0 =
0.29 case should be 3.2 dB higher than pJ/po = 0,2 case at the same

velocity. Thus)taking density scaling into consideration)the dis-
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crepancy between these cases is therefore reduced., For pJ/p0 =-0.43
in hot jet (TJ/TO = 2.3) the 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 density
scaling between the two cases, the intensities for the hot jet should
be lower by 2.9 dB at the same velocity. Thus the actual discrepan-

cy is about 3 dB at high velocity. At low velocity the intensities

for pJ/pO = 0.43 fall in between those for pJ/p0 = 0,2 and 0.6 as

shown in Fig. 4.6 this is consistent with the observed trend that ligh-

ter jet is noiser at low velocities.

4.3.2. Effect of Velocity and Density on One-Third Octave Spectra

The measured one—third octave spectra for 8 = 20° to 90° at
all the operating conditions have been examined and the effects of
velocity and density are discussed.

For a uniform density jet (pJ/po = 1,0) the measured one-third
octave spectra for a range of velocities at 6 = 45° and 6 = 90° are
represented in Fig. 4.7. At 6 = 90° as in Fig. 4.7 (A) the spectra
are rather broad and the peak frequency increases 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 6 = 45°. When
the same data are plotted in Fig. 4.8 on a source Strouhal number
basis as defined by equation (4.5) at 6 = 90°, the spectra at sub-
sonic velocities appears to collapse rather well with the peaks occur-
ing at nearly the same Strouhal number. However, at angles closer to
)

the jet axis, as in Fig. 4.8(B) and Fig. 4.8(C) where 6 = 45° and 6 = 30

respectively, the peak Strouhal numbers are seen to decrease slowly as
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Fig. 4.7 The influence of velocity on the 1/3 octave spectra for a

constant density jet. ((4) 6 = 900, (B) 8 = 450)

the jet speed increases. The variation of the peak Strouhal number
with angular position and velocity for a uniform deﬁsity jet is
plotted in Fig. 4.9. At a fixed velocity the peak source Strouhal
number decreases steadily as one moves closer to the jet axis, This
is consistent with the observation of Lush (D) who demonstrated that
the convective amplification of the sound is much reduced if the
wavelength 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, at a small radiation angle, the sound

path length through the layer is long and the reduction in the
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’

convective amplification effectively shifts the spectral peaks to the
lower frequencies, For supersonic flow, although the peék source

o .
Strouhal number at 8 = 90  is nearly the same as for the subsonic
flow, it decreases drastically with 6. This occurs when the source
convection speed is supersonic relative to the ambient speed of sound
and Mach waves of a fixed frequency are radiated predominantly in
.oa
1 0 .
(Gfé. The Mach waves are clearly visible

c
in Fig. 3.1., Fig. 3.17 and Fig, 3.18 radiating in the forward arc

the Mach angle em = cos

direction,

The effect of density on the 1/3 octave spectra is demonstrated
by the measurements made at 0 = 45°, In Fig. 4.10 the spectra at
four different jet velocities UJ/a0 of 0,5, 1.0, 1.5 and 2.0 for

various densities are presented on the dimensionless frequency scale,
u
f D/UJ, as defined by equation (4.2) and equation (4.3) where Mc E
s a
0

and U has ‘been taken as' ( 0,63 - 0.67 ) UJ,as has been done in many
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previous experiments (D1, D2, D5, D6). From the plots it can be
seen that the peaks of the spectra become more pronounced with
increasing velocity and decreasing density, For the same jet exit
velocity, the peak Strouhal number (iSD/UJ) is higher foffﬁenser

jet. Similar trends are also observéd in the case of hot jets as
shown in Fig. 4.11 which is reproduced from the work of Tanna et al
(D2) where the one-third octave spectra of various jet temperatures

at UJ/a0 = 0.5, 0,9, 1.47 at 6 = 45° were measured, It is however,
not appropriate to examine and compare spectra from jets of different
densities on the st/UJ frequency scale since it is not universal as
discussed in section 4.2.1. The earlier measurements have shown that
the convection velocity is very much dependent on jet density and
thus correct Doppler shifting of the measured frequency f to source

frequency fs can only be obtained if the correct UC is used. Thus
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when the data are plotted on the frequency scale fSD/Uc’ based

on the flow convection speed a much better collapse of the spectra

is obtained as shown in Fig. 4.12. At high velocities of UJ/ao = 1.0
1.5 and 2.0 in Fig. 4.12(B), Fig. 4.12(C) and Fig. 4,12(D) the
spectra nearly exhibit parallel stacking with‘the peaks occuring at
nearly the same normalised frequencies. In low velocity where non-
uniform density jets have been reported to be noisier, it is interes-
ting to note in Fig. 4.10(A) where UJ/ao = 6.5 that relative to

the constant density jet, the one-third octave intensities of

pJ/pO = 0.2 jet are higher at the low frequency end and lower at the
high frequencies., This behavior was also reported by Tanna (D2) in
his hot jet measurements. However, for the same velocity the spectra
from denser jets appear to exhibit parallel stacking with the const=-
ant density jet spectrum, When the results in the Fig. 4.10(A) are

again plotred on rhe ESD/Uc scale,as in Fig. 4.13,with the one-third
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octave intensities normalised by their respective source densities
pm/p0 as given in equation (4.6),the spectra peak at almost the
same Strouhal number and the non-uniform density jets are observed
to have higher intensities at all 1/3 octave bands,

The better spectratcollapse using the frequency parameter
Strouhal number (fSD/UC) is demonstrated by the variation of the
peak Strouhal number (fSD/UC)P with jet velocity at 6 = 900, 45°
and 30°. 1In Fig. 4.14, at & = 90° (fSD/UC)P varies between the
value of 1.1 and 1.9 over a density range pJ/pO of 0.2 to 4,0 and
velocity range UJ/a0 of 0.2 to 2.4, This is a much smaller spread
compared to the hot jet data where the Strouhal number based on
the peak frequency, jet exit velocity and nozzle diameter, varies
between 0.5 to 1.6 over a temperature range TJ/To of 0.5 to 3.5 and
velocity range UJ/a0 of 0.4 to 2.55 as shown in Fig. 4.15. 1In the
latter case, the parameter fSD/UJ appears to be temperature depen-
dent while st/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
amplification of the high frequency sound as discussed in section
4.3.2. As in the constant density case, marked decrease in peak
gtrouhal number is observed when Mach waves are radiated as the local

Mach number of the flow is supersonic.

4.4.2 COMPARISON WITH MORFEY'S PREDICTION SCHEME

Morfey's jet noise prediction scheme is based on a theoretical
guadrupole/dipole source model in conjunction with the geometric
radiation model. His source model represents the turbulence as a
volume displacement distribution of quadrupole order for isothermal
jets,and for hot jets the increase in intensity at low velocity, as a

result of scattering of the turbulent pressure fluctuation within the
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flow, is modelled as an additional source of a volume displacement
distribution of dipole order. The jet noise prediction scheme is
developed from the source master spectra, directivity factor and
turbulence parameter obtained from the analysis of the acoustic data

of Tanna et al (D2) on isothermal and hot jets.

Morfey's computer programme which can predict mixing noise for
an ideally expanded air jet of varying velocity and temperature at
angles and positions outside the cone of silence is modified to
predict noise radiation frem jets other than air. The modification
is done in accordance to Morfey's suggestions (for detail see (Cl1)).
The turbulence scaling parameters, which are temperature dependent
in the original programme for hot jets,become density dependent as
density is now the quantity which is influencing the spatial evolu-
tion of the flow turbulence.

From his assumption that the stagnation temperature profile is
similar to the velocity profile and also that the mass fraction of
the exhaust gas follows the same distribution as the stagnation
" temperature, the source temperature and hence the source density,
the ratio of the specific gas constant and their downstream variations
can be estimated. Using the perfect gas relationship the source/
ambient speed of sound ratio (as/ao) and the source/ambient density
ratio (ps/po) can be calculated. |

Morfey's prediction scheme is valid for radiation angles
greater than 30° to the axis at all velocities and prediction inside
the cone of silence is possible provided UJ/ao < 1.0. This puts a
limitation on the prediction capability at high velocity since the
cone of silence increases with jet velocity. From his definition,
cos ec < aO/(aS + Us) where ec is upper limit of the cone and a and

U are the speed of sound in the source region and the source

e
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convection speed respectively. An example from Morfey (Cll) is that
for TJ/To = 3.0 (pJ/p0 = 0.33) at UJ/a0 = 1.7, the cone of silence

is 66°. Therefore in this work the comparison between the predictions
and the measured data is made mainly at 6 = 90°, particularly at

high velocitjes.

The velocity dependence of the overall intensity at 6 = 90° is
shown in Fig. 4.16. At pJ/po = 1.0, the predicted levels are within
2 dB of the measured levels over the range of velocity considered
with closer agreement at high velocity. For non-uniform density jets
there is, in general, a tendency for the scheme to overpredict at low
velocity. While the agreement is within 2 dB for flows where UJ/a0 >
1,0, discrepancies as high as 4 dB are observed in flows where UJ/a0
< 1.0,

The predictions of spectra at 6 =190° and 6 = 45° are illustrated
in Fig. 4.17 and Fig. 4.18, where the predicted spectra restricted to
about sixteen one-third octave bands, are compared with measurements
obtained at various velocities and densities. At 6 = 90° the agreement
is remarkable for UJ/aO of 1.0, 1,5 and 2.0 as shown in Fig. 4.17(B),
Fig. 4.17(C) and Fig. 4.17(D) respectively. The predicted spectra
are very close to the measured .ppectra with the discrepancies in the
one-third octave intensities of less than 5 dB at the worst. for
UJ/a0 = 0.3, the agreement is poorer particularly for the heavier
jets where the scheme overpredicts by as much as 5 dB as in test
point B2, At 6 = 450, as shown in Fig. 4.18, agreement is not.as
good on the whole. Again, 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

are within the cone of silence and the rest of the bands are outside.
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In these cases, the predictions inside the cone of silence appear to
agree with the measurements better,as illustrated in Fig. 4,18(E) and
Fig. 4.18(F).

The good agreement between the measurments and the predictions
over such a large range of density and velocity demonstrdtes the
validity of the prediction scheme which assumes an additional noise
source in non-uniform density jet whose intensity scales as UJ6'O.
The scheme, although devised/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 modifications,in accordance with

Morfey's suggestions, are made in the computer programme.

4.5 The effects of nozzle geometry on the radiated noise

The bulk of jet noise studies over the years has conce ntrated
on the noise from circular jets as this has been the jet engine
exhaust configuration of principal interest, Recent jet noise
suppression techniques have sought to modify-the noise by altering
the source intensity, location and spectrum. One method of such
source modification is to alter the nozzle exit geometry. But
none of the existing theories and models can confidently predict
the effects of nozzle exit geometry on the noise radiated and
the available experimental results on the noise from 2-D nozzles
are fragmentary and contradictory. In thils study “‘the acoustic
characteristics of turbulent air jets from 2-D nozzles are examined
and compared with chose of a round jet. As discussed earlier, the
velocity dependence of jet noise varies from one experimental rig
to another. As shown by Banerian [D10] when the turbulence level at
the nozzle exit plane is increased the measured acoustic power

increases, particularly at low Mach numbers. Since the jets in
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the present experiments are produced by the same flow system
through a range of carefully designed nozzles, the effects of exit

geometry can be more reliably deduced.

In chapter 3, the similarity of the flow structures in the
initial mixing region of a round jet and a 2-D jet has been discussed,
For nozzles having the same exit area, the effective length of the

potential core in a 2-D jet decreases with nozzle height H as shown

in Fig. 4.19,

Fig. 4.19 Jet coordinate system

In this study only subsonic jets, UJ/a0 < 1.0, are
considered and the acoustic radiation is measured on the
principal planes of ¢ = 0° and ¢ = 900, at emission angle 0
varying from 20° to 90°. The 2-D nozzles used have the same
exlt area of 6,5 x 10™"* m? but different aspect ratios of 1, 6
and 25,

The overall intensities of the 2-D jets at 6 = 90° on the
principal planes of ¢ = 0° and o = 90° are presented in Fig. 4.20
together with that of a circular nozzle of the same exit area.

At a fixed velocity, the scatter in the overall intensity is
within 1-2dB. While the intensities at the principal plane ¢ = 0°

are marginally lower than those measured in the round jet, the

intensities at ¢ = 90° are seen to be higher so that on any y-z
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plane the circumferential directivity assumes a characteristic

8 - lobe pattern. However, over the velocity range and for the range
of nozzle aspect ratios considered, the largest differences between
intensities on the two principal planes occurs for the highest aspect
ratio jet where the difference is of the 3-4 dB. This suggests

that in practical terms only minimal benefit could be gained by
reorientating the major axis of a 2-D jet nozzle from horizontal
during take-off to vertical after take-off, as suggested by some as

a mean of reducing aircraft fly-over noise, though the effect of
jet-mean flow interactions and jet=jet interactions can affect

this conclusion.

The effect of nozzle exit geometry on the noise spectrum is
illustrated in Fig. 4.21, The nozzle shape is shown to modify the
energy content in the various frequency bands of the spectrum. The
increase in aspect ratio shifts the sound energy towards higher

frequencies. The frequency at which the peak occurs is seen to
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increase with decreasing nozzle height or diameter regardless

of the circumferential position ¢.

Hi

=
<4 D
< 4@
443
[

4 3R
‘ !

I I I l |
.16 0.5 1.6 5.0 16 50

frequency (KHz)

Fig. 4,21 Effect of nozzle exit geometry on the 1/3 octave
spectra.
(For symbols description see Fig. 5.29)

The variation of the overall intensities with 6 in each of

the principal planes ¢ = 0° and ¢ = 90°

at UJ/a0 = 0.5 is presented
in Fig. 4.22, TFor a small aspect ratio jet, the directivity patterns
are nearly identical to those of the axisymmetric jet. For nozzles
of high aspect ratio (25:1), a significant reduction in intensity

at angles close to the jet axis is observed relative to a round

jet. As we shall see later the spectrum of a jet from a 2-D nozzle
is biased towards the higher frequencies with the peaks scaling
roughly with the nozzle height. Since the acoustic-mean-flow
interaction is more significant for high frequency noise at small

angles a higher reduction in intensity is expected for a jet from

a high aspect ratio 2-D nozzle.
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Fig. 4.22 Effects of nozzle exit geometry on the directivity
pattern. (For symbol description see Fig. 5.24)

The conclusion based on these observations is that the flow
structures are not greatly modified by the change of exit geometry
from round to rectangular. The resulting noise radiated at subsonic
flow shows that although the polar directivity exhibits the
8-lobe pattern, the difference in intensity between the principal
planes is not significant. For 2-D jets, lower intensities at
smaller angles are observed only if the aspect ratio is high.

In the 1/3 octave spectra, the change in exit geometry merely
redistributes the energy content in the 1/3 octave bands. On
the whole the 2-D nozzles do not appear to offer real suppression

for jet exhaust noise.
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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
entrainment region are dominated by the amalgamation processes,
which seems to lend support to the suggestions of Laufer et, al
(C1) and of Browand and Winant (A3) that the abrupt process of
vortex amalgamation i1s a primary mechanism for jet noise generation.
Laufer et. al have postulated an acceleration and deceleration of
the structures in a round jet prece .ding pairing wherein the leading
vortex ring expands and slows down while the succeeding vortex ring
contracts and speeds up to overtake from the high épeed side of the
mixing layer. In the process the vortices 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 quantify the noise
generation for such a model.

Powell (B10) and Stuber (Cl13) have shown in their analyses
that a pair of vortices rotating about a fixed axis radiate sound
whose intensity varies as UJ8-0 or UJ7-0 for two-dimensional
vortices.

The flow field of a pair of opposing dipoles separated by a
distance LS is shown in Fig, 5.1. 1In the far field where the
distance of observation R is large compared to Ls(i.e. LS/R << 1.0)
the dipole pair degenerates into a quadrupole,

Now consider two successive vortices convecting downstream at
a speed UC preceeding an amalgamation process as in Fig, 5.2. The
fluid from the potential core is drawn into the mixing layer at the
leading ends of the structures while ambient fluid is entrained at
the trailing ends. The thick lines represent the boundaries of
interfaces of the vortices and the arrows are indications of the

streamlines of the irrotational fluids being entrained into the



Fig 5.1 Streamline pattern of a dipole-pair
Fig. 5.2 Schematic diagram of the flow in between two vortices.
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mixing layer.

On entering into the core of the structure the fluid from either
the potential core or the ambient region 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 that although the flow fields are not exactly the same in
the near field the main feature of the rotating flow is rather
similar. Thus a model is proposed in which the strengths of the
opposing dipole pair are approximated by the entrainment rates
of the irrotational ambient fluids. With this rather simple, yet
physically realistic model the observed density dependence. of the
radiated noise can be explained.

From the mixing layer model the entrainment rates of the
ambient fluids Xi = ﬁii where Vei is the average entrainment

velocity) in jet flow for different density ratios can be calcu-

lated from equation (7.10) which are tabled below.

pyley Ayl g+ R LA YO R D VA R
0.2 0.725 0.275 0.450

0.6 0.576 0.424 0.152

1.0 0.5 0.5 0

1.5 0.439 0.561 0.122

4.0 0.303 0.697 0.394

Table 5.1 Variation of entraimnment rate with jet density.

In a constant density jet the entrainment rates on each side 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 entrainment rates are unequal as

shown in Table 5.1, which lead to unequal dipole strengths. The



100

radiation is then not only from the quadrupole, but also from the
uncancelled residue of the dipoles.

The dipole, whose strength varies as 7& - Aol, is stronger
the more the jet density differs from ambient, Being a more effi-
cient noise source than the quadrupole, it dominates the far field
noise for non-uniform density subsonic jets, as observed experimen-
tally.

This model is also in agreement with Lighthill's idea. The
amalgamation process, which is responsible for the large entrainment
(which is proportional to the dipole strength) is also found to be
responsible for a significant part of the Reynolds stress production,
as evident in the work of Browand and Weinman (A4). Their Reynolds
stress measurement showed that the production was the highest in the
intermediate stage of the amalgamation process. In the analysis of
Brown and Roskho (A]),.the Reynolds stress u'v' is estimated to
scale with the entrainment rate, which according to Brown's (A2)
conclusion is dependent on the velocity ratio across the mixing
layer.

As observed in a frame of reference. which is translating at
the structure convection speed Uc, the sequences of the amalgamation
process are shown in Fig. 5.3. In the process the vortices are seen
to rotate about an axis between them. Upon amalgamation the dipole
separation diminishes until the two structures eventually merge to
form a single large vortex. In the far field where the distance of
observation R is large compareq to the dipole separation LS, the

tnt-
dipole pair degenerates into a, quadrupole. In the stationary frame
of reference an observer in the far field sees a quadrupole field
which is translating and rotating so that there is no prefered
orientation of the quadrupole.

{n this proposed model the strength of each dipole is proportio-
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nal to the entrainment rate of the irrotational fluid. In this

(a) (B)

(C)

Fig. 5.3 Schematic diagrams of the amalgamation process,

case the sources, which are associated with the trans_ient amal-
gamation events, grow and decay over a distance of the order of
the shear layer thickness. The process occurs randomly in time and
in space all along the jet mixing layer in a free unforced jet. A
large structure pairs with another structure and does not appear to
engage in another amalgamation until the first is completed. Each
amalgamation can be treated as an independent event and these events
are statistically uncorrelated, The far field is therefore the sum
of all the individual sources. The growth and decay of the source
function can be described mathematically as

y|2 <22

T,.(y,1) « pU? exp | - - .
150 P . 22!
c [+

If this source function is used in Lighthill's inhomogeneous wave

aquation, it can be shown that the far field intensity is exactly
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in accord with Lighthill's result.

The writer appreciates that this simple model is represented
here with no formal mathematical derivation and the source strength
is not quantified. Until the detail analysis has been dome it
can be used only as an aid to thinking by giving a physically real-
istic and experimentally compatible ﬁicture of the jet noise genera-
tion. In the absence of a better physical model it offers, in
particular, an interpretation of the 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 structures in the initial mixing region of a turbulent 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 distinct vortices with smooth 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 the structures, This process is
accompanied by large entrainments of irrotational fluids from both
the potential core and the ambient and is primarily responsible for
the rapid broadening of the mixing layer.

Although masked by the fine scale turbulence at high flow
speed, the structures are still recognisable visually at Reynolds
number up to 2.3 x 105. At even higher speed, the existence of the
structures is inferred from the near field pressure and velocity sig-
nals. From the simultaneous optical observation and near field point
measurements of a low speed flow, periodic peaks and troughs in the
velocity signal in the potential core are observed to be due to the
induced velocity field of the passing large structure. In high speed
flow while these peaks or 'spikes' in the signal appear to occur ran-
domly in time 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 chaotic flow in the shear layer
of a fully turbulent jet is some large scale coherent motion, The
mean period in the autocorrelation function is an indication of the

spacing of these structures which are seen to increase linearly with

distance downstream.
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Jet density and Mach number are found to have profound influence
on the convection speed of the structures and the spreading rate of
the shear layer. Contrary to the widely accepted fact that the structore
in the mixing layer of a jet has a speed roughly 0.63 - 0.67 times
the jet exit velocity irrespective of jet density or temperature, the
cross-correlation measurements show that a major effect of density is
to change the convection speed of the flow structures., The measured
values are found to vary with radial position as the structures are
observed to be distorted,possibly by the high shear stress across the
layer., As there appears to have no unique convection velocity, the
mean of the values obtained in the potential core and the entrainment
region is found to coincide with the value measured along the lip
line which is the mean path of the vortex cores. Thus this value is
taken as the mean convection speed (Uc) of the large structures,
while for a constant density jet, UC is .0.57 UJ up to the end of the
potential core, it varies from 0,38 UJ'to 0.72 U; for jet density ratio
(pJ/po) in the range of 0.17 to 4.0. Also for the same jet velocity,a
lighter jet is found to have a higher visual growth rate Aévis/Ax.
This higher growth rate is in fact a direct result of the slower con-
vection speed of the large structures since the total entrainment is
found to be constant for jets of the same velocity, This observation
is in reasonable agreement with the mixing layer model of Brown (A2)
where the total entrainment is strongly dependent on jet velocity
while the relative entrainment of the irrotational fluids is strongly
dependent on the density ratio.

On the velocity effect on jet noise, the overall intensity for

7-9 depen-

a2 uniform density jet at 6 = 90° was found to obey the UJ
dence rather than Lighthill's UJB'O. Deviations from the UJS'0 Law

have also been reported by many others (D1-D6) who have conducted



carefully designed jet noise experiments. In supersonic flows, a
reduction in the noise intensities from the normal velocity dependence
is a result of the compressibility effect which begins to affect the
vortical development of the large structures, as evidenced by the
significant thinning of the mixing layer. When the flow is super-
sonic locally, intense Mach waves are seen to radiate in the forward
arc direction,

For non-uniform density jets, the velocity dependence of the
overall intensity at 0 = 90° scales on a lower power of velocity
which varies from UJS'O for pJ/pof 0.2 at low velocity to UJB‘5 for
pJ/p0 = 4.0 in the range of velocity up to UJ/a0 = 0,79, The inten-
sities when normalised by the respective source density P calculated
from Brown's two- dimensinal mixing layer model (A2), show that
texcess' noise is observed for all non-uniform density jets at low
velocity region where UJ/aO < 0.6, The intensities which scale as
UJS°O - UJG'5 as opposed to UJ7'0 for uniform density case suggest
that the source is likely to be dipole in character. This result lends
support to Morfey's view that in a non-uniform density jet there are
two sources; a quadrupole type from Reynolds stress which predominates
at high velocity and its intensity scales as UJ8'0 and a dipole type
from the density inhomogeneity which predominates at low velocity and
its intensity scales as UJG‘O.

The other major effect of density on jet noise is associated
with the variation of source convection speed with density. Correct
convection spee@%&ssumed}gnables more accurate Doppler shifting of the
measured frequencies to source frequencies. It also allows more
accurate predictions of the convective amplification of the noise in
angles other than 90°.

Realising the density dependenceof the flow convection speed,

a more characteristic time for the life of the large eddies, particu-
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larly in the later part of the potential core, would be scaled by
D/Uc. A more appropriate frequency parameter for jet noise froﬁ%?éry—
ing density jet is chosen to be st/Uc.

The usefulness of fSD/UC as a parameter is demonstrated by the
much better collapse of the 1/3 octave spectra as against the normal
st/UJ based on the jet velocity. At 6 = 45° the peak Strouhal number
for the flow conditions in the range of 0.2 < pJ/po < 4.0 and 0.3 ¢
UJ/aO < 2.4 have a spread of 1.1 g (fSD/UC)p < 1.9 as compared to the
hot jet result (Strouhal number based on UJ) where 0.5 < (fSD/UJ)p <
1.6 over a smaller range of flow conditions (i.e. 0.4 g UJ/a0 < 2.55
and 0.3 £ pJ/po < 2.0).

Compared with the published fragmentary result of noise from
jets of varying composition of Lassiter and Hubbard (D9), the overall
intensity at 6 = 90° is in good agreement except in the low density
case where their result appears to be in error, The close agreement
between the present results and the hot jet data of Tanna et. al. (D2)
on the velocity and density dependence of the overall intensities and
one~third octave spectra, suggests that the demsity change brought
about by a change in compositions on one hand and a change in tempera-
ture on the other have similar effect on the noise radiated. It is
therefore possible to make good estimation on hot jet noise in a labo-
ratory by simulating the flow using gases of varying compositions.

The jet geometry offers little or no advantage on noise reduc-
tion in that the measured sound intensity and directivity for a 2-D
jet (with aspect ratic of 25 : 1 ) are different from that of a
axisymmetric jet of the same exit area by 1-2 dB, The circumferential
directional distribution of the noise around a 2-D jet exhibits an 8 -
lobe pattern with the highest intensity at the plane perpendicular to

the nozzle width which is only 2-3 dB higher compared-to that of the
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round jet. The only significant difference however, the peaks of
the spectra which are seen to scale with nozzle height or diameter.
Thus for the-spectrum of a 2-D jet the energy content is biased to-
wards the higher frequencies relative to that of an axisymmetric jet.
The induced velocity and pressure fluctuation in the entrainment
region of a jet are seen to be dominated by the amalgation processes
of the large structures. Attempts to cross-correlate these signals
with the acoustic far field is inconclusive as maximum correlation
of 2-4% is obtained. This is not at all surprising since the near
field is a point measurement and the acoustic far field is the inte-
gral effect of all the noise sources in the jet. However, when a
ground plane is placed at ome of the lips of a 2-D nozzle significant
correlations of more than 10% are obtained. From causality the time
delay of the peak correlation indicates the noise source to be near
the end of the ground plane and)since the near field signal is the
induced velocity or pressure fluctuation due to the large structures,
this result is interpret_.ed as the interaction of the structures
with the trailing edge of the ground plane)which produces coherent
noise radiation. This experiment again demonstrates the important
role of the large structures as they also govern trailing edge noise.
The abrupt amalgamation process of the large structures and its
dominance of the near field pressure and velocity fluctuation is viewed
as a noise ‘source. An oversimplified but physically realistic model
of jet noise generation has been proposedfin which the noise source
is modelled by a source-sink pair. Admittedly, the flow
field of this dipole-pair is not exactly the same as the flow in an
amalgamation process, the main features of the rotational flow are
rather similar. This model’in which the dipole strength is propor-

tional to the entrainwent rate’can offer an explanation for the excess
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noise problem. In a uniform density jet where the entrainments from
either side of the mixing layer are the same,tne dipoles cancel. out
exactly and they degenerate into a quadrupole, In non-uniform density
jets unequal entrainments (hence unequal dipole strengths) lead to
inexact cancellation and the result is that the far field noise

appears to derive from a contribution of a dipole and a quadrupole.
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-A PPENDIX

Based on his measurement of entrainment and measurement of
convection speed of the large scale structure, Brown (A2) proposed
the following simple model to estimate the dependence of the density
and velocity ratio on the convection speed of the large structure
and the relative entrainment rates.

The mixing layer is modelled as an 'equivalent' temporal
problem in which a Galilean transformation X = Ut is made, where U,
is the average convection velocity of the large structures. That is,
the problem is reduced to a consideration of 2 half spaces separated
by a plane X0Z with fluids of density p1 above and p2 below. The
fluids are set in motibn, the upper fluid with velocity u1 in the
positive X direction and the lower fluid with velocity u in the
opposite direction. By analogy with the spatial problem, as the
vorticity in the initial vortex sheet separating the fluids diffuses
and becomes unstable, turbulence develops and large gscale structures
would be formed (as observed in two-dimensional mixing layer). The
velocities u1 and u, can be chosen such that the vortices are on the
average not translating (Since X = Uct where Uc is the convection

velocity in the spatial problem) . It is postulated in Brown's model

By Galilean

( Spatial ) transformation ( temporal )
x =0t
c
PyoU P> Yy
———phn ___,..--""" ———
_/:/Uc/ § (%) =5 P §(t)
———i -
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that this will require u_ = u, in general but that u /u will be a
1 2 1 '

]

function of p2/p1 i.e. u, K(s)u , where K(s) is a function of the
1

density ratio s = pZ/pl. By dimensional analysis for large values

of the Reynolds number AU2t/v, the growth rate of the mean thickness
of the layer ¢ must scale only with AU iie, 8 « AU (for t >> v/AUZ)
or § = C(s) (ul + qz) since it is depéndent on the demsity ratio

as evident in the experimental results. If an observer now moves

with velocity U, relative to the structures in the negative X

direction, the velocities of the fluids relative to the observer

are

(7.1)

(7.2)

Using the relationship that uéﬁul = K(s) then equation (7.1) and

(7.2) become

Ku = KU + Ku1 , (7.3)
% U2 = U, - Ku (7.4)
It follows that
(1 + K) Uc = U2 + KU1
and ;5 = T : E ) (7.5)

where r = U /U By definition.
2 1
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Now, the apparent spreading angle §' = %% he would observe is

s = § _ cs) (‘ul\ * LL2) = C(S)(Ul_gzL c(s) (1 - r)U,
U U U U
c (o4 c C
Using equation (7.5),8' = C(S)“(K*fz_)“ ollt 2 (7.6)

1f the same problem is analysed with the same u1 and'u.2 but

with p and p interchanged, it can be shown that C remainsunchanged
1 % 12

d, vev, C('s]" - C(s) but K (é) ="11<?B‘

In this model, by dimensional analysis, it follows that the

entrainment velocities of the ambient fluids Ve- and Ve scale
1 2

withu andu 1.e.V _ =C (shu , V. =C (s)u . As a first
1 2 el 1 1 e2 2 2

approximation Brown assumed C (s) =C (s) so that
1 2

<
=

V_ez‘_ = G_Z_ = K(s) (7.7)
e] 1

for which it follows that the total entrainment

v +V =¢C¢() ( +u)=¢ u -U 7.8
- - X ) 2) (s)( . 2) > (7.8)
or A +A = C () (1 -71)
1 2 1
Vei
where A, = ——
* U

The assumptions made in arriving at equation (7.7) are supported by
the fact that the prediction in equation (7.7) is in direct agree-

ment with conclusion (2) drawn from the entrainment measurement
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(see chapter 1 page 3) while equation (7.8) is in agreement with
conclusion (1).

In summary, the predictions of the model are that

A+ A =0.,178 (1 - 1) | (7.9
1 2

e |

1 =

X K@) (7.10)
2

(1 +K(s)) (1 - 1)
| - é
and ¢ 0.178 KG) + ¢ (7.11)
K+
By symmetry argu ment Uc/U1= T+5° Brown deduced that

K(éa = K%ET which is satisfied if K(s) =« s™ and by comparison
with experiment n was found to be approximately - 0.5 (intuitively

p
this gives U /U = (0.5 or p U2 =p Uz ),
2 1 Py 11 2 2

The corresponding predictions of Uc/Ul , were also found to
agree quite closely with the measurements.

It must be pointed out that the constant 0.178 in equation
(7.9) and equation (7.11) is obtained from the entralnment measure-—
ment. It is however dependent on the definition of the 'edge' of =&
the shear layer which in Brown's measurement is taken at the point
where the velocity is less than U1 by 5% of the velocity difference
and greater than U2 by 5% of this difference.

By mass conservation, the average density in the layer P is

estimated where

p &6 =pV +p V

and using equation (7.8), it becomes
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A A

= 1 + 2
T N P (e ol
1 2 1 2

Following the expression in (7.10), equation (7.12) can be

expressed as

P

m 1 1, __K(s)
g T ¥ K(s) s 1+ K(8)
_1/5 + K(s) . (7.13)

1+ K(9)





