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SUMNMARY

The characteristics of the pressure field associlated with the
turbulent shear flows of a jet have beern studied in some detail. Comporents
of the field in the potential core appear to be moving with a phase
velocity equal to the local speed of sound in directions roughly normal to
the shear layer. Some components of the hot wire signal can be associated
with the Jjet structure as a single comrlex source while others are related
to the local characteristics of the turbulence.

An estimate of the strength of the fluctuating pressure field
throughout the whole region of the jet flow is presented.

Introduction

A knowledge of the fundamental mechanisms of noise generation is
of particular interest in the development of tecknology for reducing jet
noise. The mechanism by which turbulence produces noise is now_on a sound
theoretical basis following the work of L:|'.gh’ch3‘.11"’2 and othersB, and. the
theory accounts for the general characteristics of noise from jets in terms
of dimensionless arguments. Calculations of the observed characteristics
of the radiated jet noise field cannot yet be performed with available
measurements of turbulent structure, simply because the flow characteristics
required by the theory have been too difficult to measure. A major
discrepancy in the existing knowledge therefore concerns the relation between
the sound generated per unit volume of turbulence and the leading jet flow
chtaracteristics that can be conveniently measured at present?s3. A possible
experimental method for assessing the source strength distribution has been
suggested by Morfey4 and imvolves measuring the covariance between the
pressure and the radial velocity fluctuations.

Considerable progress has been made in describing the structure of
the jet turbulence in terms of the stat%stical properties of the velocity
fluctuations measured with a hot wire2,%,7 However, very little
information exists concerning the pressure fluctuations associated with the
turbulence, chiefly due to the practical difficulties of measuring the
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pressure fluctuations. This seems to be the chief experimental problem

in making measurements that will yield the source strepgth distributions
directly, using Morfey's theory. A preliminary survey“~ provided enough
experimental evidence to suggest that the problem of pressure measurement

in high speed flow might be resolved, for the jet at least, More evidence is
presented here which supports this conclusiorn.

The method is based on the well established fact that the hot wire
measures the instantaneous local mass flux (pv) This means that the
fluctuating hot wire signal consists of two comporents, one from density and
ore from velocity fluctuations. At the moderate mean flow Mach numbers of
most of the measurements, it has been justly argued that density fluctuations
must be negligible compared with those in velocity, so one is justified in
ignoring the contribution from the density perturbations. Such an
assumption, however, ignores the strong local acceleratiors produced by
interactions within the eddies and the potential field produced by the
vorticity fluctuations. Within the turbulence, the local density
fluctuations would still be relatively small, but it is shown later that it is
not reasonable to ignore them altogether.

It is convenient to consider the problem in terms of the known
structure of the jet. This provides three natural divisions, the high speed
potential core where the velocity fluctuations are small, the turbulent
mixing region where velocity fluctuations are dominant and the external
entrainment region where the velocity is low enough to permit the use of a
microphone for the measurements., Evidence will also be presented linking
the measurements in these regions, demonstrating they describe a continuous
field,

2rt from the results reported here, other near field
measurements®>92510 have been made with a microphone Jjust outside the jet.
Unfortunately most of the results are confined to directivity patterns and
spectra and do not include intensity measurements. The spectra all

exhibit a pronounced peak and sbout 90% of the signal energy is contained
within the band one octave each side of the peak frequency f. In addition,
most of the published measurements of Strouhal number fD/Uo where D is the

jet dismeter and Uo the jet velocity are in fair agreement with each other.

If we take a typical measurement, we find the value of the
Strouhal number just outside the jet, two diameters downstream say, is about
O.4. The width of the turbulent mixing region & is about 0.5D at this
point. The wavelength A of the near field will be of the order of c/f,
where ¢ is the local speed of sound. Herce the ratio of the wavelength of
the pressure field to the width of the mixing region is given by

A 5

o |
=
o

where M is the jet Mack number., It is easily shown that, in fact this

ratio remains constant for the first five diameters of the jet flow, since
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the Strouhal number measured at the jet is inversely prorortional to the
distance downstream, while the width of the mixing regior is directly
proportional to this distance. We can expect therefore that the fluctuating
pressure field will remain correlated over much greater distances than the

velocity fluctuations.

Similar cold air jets one and two inches in diameter were used for
the measurements, with flow speeds up to a Mach number of O.C. The new
measurements include spectra, cross—correlations and intensity of the hot
wire and microphone signals. Measurements in the potential core are reported
first and the near field measurements appear last. Analysis of the results
is concerned mainly with describing the characteristics of the pressure field
within and surrounding the jet.

A diagram of the two jets appears in Fig. 1. The settling chambers
include acoustic treatment to minimise standing waves and absorb the noise
gererated by the flow control valves. The accustic treatment was efficient
enough to suppress standing waves in the jet flow, These were most aprarent
with an untreated expansiori chamber just downstream of the jet exit where the
existence of discrete tones has beer reported by some observers. These mey
be related to broad vortex rings at the jet orifice that appear in Schlieren
pictures reported in Ref. 6 or as local waves in the level of the velocity
fluctuations’?. However, careful measurements by Wilkinson'? show that any
measurable initial vortex pattern is probably related to accustic conditions
in the stilling chamber, and does not exist wher the upstream influence is
removed. The effects, if present, are most readily discerned at low jet
flow speeds.

The major features of jet structure are illustrated in Fig. 2. The
boundaries of the potential core and mixing region are not sharply defined as
suggested in the figure but exhibit a high degree of intermittency. This
gives rise, as far as time averaged measurements are corcerned, to a gradual
merging from one region to another. The details of the structure are similar
for both jets and represent universal jet behaviour. Many statistical
properties of the velocity field exhibit strong similarity, provided their
radial distribution is presented in space co-ordinates centred on the cylinder
defined by the axial extension of the jet outlet. The results will therefore
be presented in radial co-ordinates m, which is the tangent of the angle of
the ray through the point subtemled from the jet lip, i.e., m = (Y - D/2)/X.

2.1 Hot wire measurements

Typical power spectral dersity distributions of the hot wire signals
appear in Fig. 3. The peaked spectrum was invariably found in the potertial
core or for the whole region where the value of the co-ordinste 1 is less
than -0.1., The flat-topped spectra are typical of the signals obtained
throughout the turbulent mixing region, over the range of co-crdinates
-0.1 < M > 0.25. The rms value of the hot wire singles rises fairly rapidly
over the first two diameters axially from the jet exit but then remains
constant along lines of constant 7.

Considering first the more peaked spectra, one can easily establish

that more than 90% of the signral energy is corcentrated around the peak
frequency f. 1In the potential ccre of both jets it was found that, at constant
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Mach number, the Strouhal number based on this peak frequency remained almost
constant beyond the first two diameters and its value was about the same for
both jets. Towards the jet exit, where both the relative strength of the peak
and the overall signal strergth fell, the Strouhal number rose to another
constant value about 20% higher than the downstream one. This behaviour is
illustrated in Fig. 4. On the other hand, there does seem to be a slow
systematic increase in Strouhal number with Mach number in subsonic flow and
this is illustrated in Fig. 5.

It is now well known that the propagation of disturbances in the
turbulent mixing region is dispersive 3, and that high frequency comporents
appear to travel faster than low frequency ones. Measurements of the
convection speed of the disturbances in the potential core show that they
are much less dispersive, (i.e., the cross-correlation decays slowly) than
those in the mixing region. This result is probably not surprising since
most of the energy is concentrated in a relatively narrow band of frequencies.
The radial distribution of the axial corvection speed appears in Fig. 6 and
includes measurements made in both Jets Ey some six different observers at
Southamptor and measurements by Bradshaw Although there is a fair degree
of scatter among the measurements, the trend is fairly well established by
the mean curve.

If one now measures the convection speed of a % octave component
of the signal centred at the peak of the potential core spectrum, one finds
that the convection speed remains constant from the axis to the centre of the
mixing region. The scatter of the individual measurements is now much
smaller than those on Fig. 6, (i.e., is not more than 1 or 2%). This suggests
that there is a coherent set of disturbances stretching right across the Jjet and
running at the same speed as the strongest turbulence.

This evidence taken with the spectrum measurements all suggests
that the hot wire signals do represent the combination of two comporents. A
study of the probability distributions of the signals supports this view.
Those in the potential core are Gaussian, while elsewhere the signals are
not! 227, Furthermore, if one examines the hot wire signals from the potential
core and interprets them as velocity fluctuations, they always exceed 0.95 Uo’

which is far higher than their group velocity or the convection speed observed
there. 1In fact they represent a disturbance travelling at the same speed as
the most intense turbulence near m = 0. It seems plausible to assume that
most of the signal energy in the potential core arises from the potential
field of that part of the intense turbulence in the mixing region which also
produces the external pressure field and the comporents of the radiated noise
fie ldo

The fact that this field stretches right across the jet from the
potential core to the pressure field outside the Jjet is also indicated by
cross—correlation measurements between a hot wire on the axis and one moved
radially outwards. Typical measurements for one radial plane appear on
Figs. 7 and 8. Again the behaviour observed was similar for both jets at
corresponding axial positions down the jet. Within the potential core, up to the

inner/
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inner edge of the mixing region the disturbances propagate radially with a
phase velocity close to the local speed of sound. These regions are
indicated by the cross hatching on Fig. 2. The signals just outside the
mixing region are also quite well correlated with those in the potential
core which suggests they also represent the same field. This provides
further support to the suggestion that the signals in the potential core
are density and velocity fluctuatiors associated with a "pressure" field
threading right through the jet from the source regiors in the turbulence.

One can estimate the phase velocity in the potential core since
the signals there are mainly from one coherent field. It is not, however,
possible to make this estimate with remainder of the results in Figs. 6
and 7 since strong signals from the turbulent velocity fluctuations are
also present, and phase separation of the two components is no longer
possible.

The above measurements do however provide enough information
to make an estimate of the local strength of the potential field throughout
the whole of the jet and its surroundings, and this will be performed in 83,
Before doing so we shall examine the results of measurements of the near
field just outside the mixing region.

2.2 Microphone measurements

The remainder of the experimental work reported here consisted of
measurenments of the field just outside the mixing region. The inner edge of
this region was taken as a cone making an angle of 410° with the cylinder
1n = 0, and corresponds to a radial co-ordinate 1 = 0.173. Although the
velocity here was small enough to pérmit the use of a microphonre some
precautions were necessary since its presence can disturb both the pressure
field and the local flow, Initial measurements were therefore made with
% and 1 in, Bruel and Kjaer microphores at points just outside the jet
boundary., Careful comparison of the two sets of readings showed that both
instruments gave the same output within 0.5 dB up to 10C0 hertz and beyond
this the spectra were almost exactly similar in shape but the output from
the smaller microphore was 4 or 2 dB greater. Since microrhone calibrations
are not normally reliable to better than 0.5 dB, it was decided that
measurements with the I in, microphone would probsbly be as reliable as
those with the special probe attachments, and that field interference effects
were not serious.

The measured strength of the pressure field outside the jet appears
in Fig. 9. It can be seen that there is little evidence of field distortions
or standing waves in the measurements outside the majority of the jet. The
radial plane containing the jet origin was, however, a reflecting surface
(see Fig, 1) and although this was acoustically treated some distortion of the
field close to it is present in the results,

The power spectra of the pressure field were all peaked, and very
similar in shape. The Strouhal numter of the pressure fluctuations was
independent of jet Mach number over the speed range investigated. This can
be seen in the typical normalised spectra plotted in Fige. 10. The increase in
relative peak level indicated at the lower velocities vanished as the
distance from the jet boundary increased.

The/
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The value of the Strouhal number depends strongly on both the
radial distance from the jet and the axial positior. The axial variation
along the ray 1 = 0.173 is illustrated in Fig. 11, where the dotted line
has a slope ~lL. Despite the scatter, the trends are clear and the results
appear to form two groups dividing between 1 < X/D < 2 as was found in
the potential core. The radial variation of Strouhal number is plotted on
Fig. 12+ The interpretation of these results is difficult because they
include the variation with axial displacement as well, However sets of
measurements at constant axial distance can be distinguished and all show
that the Strouhal number falls off radially, and the rate of fall tends
to remain constant as one moves downstream. Careful analysis of individual
runs suggests that the rate of fall-off is about half that in the axial
direction. The rgsults reported here compare fairly well with those from
other observer56’9’1o

Direct comparison between the potential core field and the estimated
field on a Strouhal number basis is hardly practicable since they exhibit
such differing distributions in space. This is clearly because a point
pressure measurement represents the summation from the complex source
distribution given by the whole jet, and this must necessarily be taken
account of in any comparison.

3 Estimates of the pressure field strength from the measurements

(a) From spectrum measurements

The energy in any part of the turbulence spectrum can be calculated
by subdividing it into a number of sections, where for any section we can
represent the spectral density Ff by °

Fo = P_(£/t)".

Then the energy component of the entire spectrum lying between the two
frequencies fo and f, 1s given by

1
£ .
B =/ FO<-—->d.f
fO

f
o

Ff
(n+1;J <f—o> —1]

provided n does not have the value -1, If this is so the energy will become
Fofo in fl/fo° Furthermore, provided n is less than -1, the energy for the

part of & spectrum extending towards infinite frequencies is always finite.
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The spectra measured in the potential core have a prcnounced peak.
The proportion of the energy contained in this peak can be found by finding
the total spectral energy which is normally available as a direct measurement,
and subtracting from it the energy of a flattened spectrum which excludes the
peak, With reasonable care, the accuracy of the estimate of the proportion
in the peak will be within 1 or 2% of its true value.

Assuming that the peak in this spectrum represents the contribution
from the pressure or potentisl field while the background spectrum represents
the turbulent velocity fluctuations, one can estimate the proportion of the
total signal energy which is due to either disturbance. In the absence of
significant temperature fluctuations, the hot wire signal will represent the
instantaneous mass flux pv. The rms time averaged fluctuating sigral in the
potential core will be the time average value ( < (pv - deo) > )5,
where Uo is the jet exit velocity and Py the undisturbed density., The

intensity I of the signal is defined as the normalised value of this
quantity, or

(<(PV—P£J > )

> U
e G

This can be subdivided into turbulent and pressure field components It and Ip’

making use of the relation

provided the proportion of each component is known from the spectrum analysis.

Estimates of the pressure field intensity Ip at various positions

in the potential core of both jets are given in tatle I. These have first
been calculated from local intensity and spectrur measurements. The results
indicate that the two jets have a different level of intensity in the potential
core over the first two diameters of the flow., However, from this point
downstream the intersity of the fluctuations is the same for both jets.

(b) From cross-correlation measurements

A second estimate of the value of the intersity Ip can be obtained

from the radial cross-correlation measurements illustrated in Figs. 7 and 8.
Within the potential core this should be obtained with good accuracy since we
have already seer that the pressure signal is the dominant ore there.

It has been demonstrated already that the hot wire signals come from
two components in the flow, one due to the local dersity and velocity
fluctuations associated with a pressure field and the other due te loeal
turbulent velocity fluctuations. Furthermore it is possible to distinguish
between these two components since the pressure disturbances will travel at
the local acoustic velocity and this provides a fixed relationship between

their/
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their length-~scale and frequency. The turbulent velocity fluctuations are
however directly associated with the local flow., These will also have a
convection speed which provides a variable relationship between their
length-scales and the frequency spectrum associated with them. -

The comvection speed of the velocity fluctuations increases with
frequency in an apparently linear mamer/>13,” The velocity field appears
to behave in a non-frozen manner, i.e., decays in both space and time, while
the pressure field more closely approximates a frozen one. Thus, although it
is not possible to state definitely that a given element of signal at a given
time is associated with the pressure or velocity field, one can make this
distinction with regard to the time averaged statistical characteristics of
the signal, The process of separating the two contributions is simplified
by the fact that fluctuations due to the velocity field tend to remain
correlated over much smaller distances than those associated with the
pressure field. :

Suppose the fluctuating component of the hot wire signal on the
axis from the pressure field is A, while that from the local velocity
fluctuations is b which is not coherent with A, A nearby radially positioned
hot wire, at an appropriate time delay, will have a comporent of pressure
signal kA, that is coherent with A, and a component B from local velocity
fluctuations, which is not coherent with A., When the pressure field is
dominant, the observed optimum cross-correlation between the signals will be

(A +Db)(kA + B)

TC o L
(A2 F b2+ K82 4 BZ)‘

= 1

R1+wx1+gﬁ]

' 2,2
where o =b"/A" and 2 =A3é7k2A2. Since a is always small, this relation
can be simplified to

1 - a/2
= —————-—’_;.
(1 +8)°

TC

If the hot wire signal representing the mean mass flux poUo is

E, then the intensity of the second hot wire signal I will be given by

(%22 4 B9)

2
I = 5 R
E
2 F 2 .+
while Ip = (< (kA)” >)?/E and I, = (< B” >)*/R, so that
1
I, = (1 +8)°L.
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Noting that, in the potential core o = 3, but alsc that a large enough wire
separation can be obtained to make < ¥ > zero, we can find the value of (1 + )
and o from the peaks of cross-~correlation measurements, Thus we can

determine I . 1In the mixing region where 5 >> 1, the accuracy of the estimates
of I, willPprobably not be high.

The estimates of Ip from the cross-correlation measurements are also
given in table I under the heading I; alongside the estimates of Ip frem the

spectra. The two sets agree quite well., To facilitate ccmparison the
measurements in the potential core are plotted together in Fige. 13. The upper
of the two curves is a good fit to eight of the ten sets of estimates of I_,
while the lower curve fits the other twc. These are consistent with the
systematic variations in signal strength that were noted close to the jet exit.

Since the agreement between the two estimates Ip and Ié in the

potential core are so close it seems reasonable to use the cross-correlation
measurements to obtain a fair approximation to the remainder of the distribution
across the mixing layer. These appear on Fig. 14 with the complete measured
intensity profile., The results show that at n =-0.1 the contributions from
the pressure and the velocity fluctuations are about equal. For larger values
of 17 the velocity signals are the major component, while for smaller values

of n they are the smaller one.

(c) Comparison with the external pressure field

The cross-correlation measurements extend to the region covered by
the pressure measurements made with a microphone. For comparison, we need
first to convert the pressure levels to equivalert hot wire intensity values.
If we define the density and velocity fluctuations produced by the pressure
field as p' and v' we have

(pv>p = (po + o) (U + v

i

T 1 177
poL + v+ U,

when we ignore second order quantities. Here U is the local mean velocity.
For the fluctuating parts of the signal, we have, for plane waves,

pl pI
'—9U+—'
c C

177 1
p'U + pov

where p' is the fluctuating pressure and 1 is the local lach number U/C.
However

2
< (P o s

? s
N
(e U,

oIS
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so that the‘root mean pressure fluctuation is given by

]
2 z
}
(<p*>) . ;PpoUoc
P, (1 + M)p,
Tyt
_ _p’o

(1 + W)

where Yy 1is the ratio of the specific heats. Thus we can estimate Ip from

the measured pressure level if the plane wave approximation for v' is valid.
The isobars in Fig. 9 suggest that this assumption will not be toc seriously
in error. The estimates of Ip from the pressure field measurements appear

low by a factor of about 3/2 in Fig. 1L, so the agreement is reasonable. It
represents a difference of about 2 dB in the pressure measurements.

3.1 Space correlation measurements

There is some further experimental evidence which supports the
pressure intensity distribution on Fig. 14. Space correlations along lines
of constant m should also provide some evidence of the coherent wave motion
at large wire separations but the correlations will be very small. This is
equivalent to using space separation as a filter to minimise the velocity
fluctuations in comparison with the pressure field. With a new accurate and
sensitive correlator it was possible to recover the very weak coherent signals
at large separations and typical results appear in Fige. 15. These can then be
easily transformed to spectra since the velocity is constant along lines of
constant ne The result of doing so appears on Fig, 16. The spectrum near
N = 0 should be compared with the spectrum at Y/D = 0.5 on Fig. 2. The
reappearance of the peak in the spectrum is quite dramatic. The fact that
it does not seem possible to recover the peak at larger values of T can be
explained by the reduction of the strength of the pressure field and the
limiting sensitivity of the correlator.

Discussion

The measurements have shown that a coherent pressure field, with a
wavelength long compared with the thickness of the shear layers, extends
from the jet axis to the near field outside the jet. The strength of this
field is given to a fair approximation in Fig., 17. This provides a means of
obtaining a direct indication of the fluctuating pressure within the mixing
layer by using a hot wire placed on or near the jet axis and delaying the
signal by an appropriate time.

.

This suggestion is now being used to estimate the strength of the
noise sources in the jet by correlating this signal with the local radial
velocity fluctuations. The measurements will be subject to give uncertainty
as far as the absolute level of the convariance is concerned.

Since/
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Since the pressure level estimates are probably close to the
ccrrect order of magnitude, the results can also be used to provide a
standard of comparison for checking the performance of pressure transducers
developed for use in high speed flow.

The results also suggest that the poterntial core and the highly
sheared region surrounding it appear to behave like a broadly tuned accustic
resonator. At low flow speeds discrete frequencies have been associated with
Jjet flow, however, it is likely that such discrete tones are associated with
flow conditions in the stilling chamber upstream of the jet or with conditions
at the jet lip.

The existence of two relatively uncorrelated signals near the inner
edge of the mixing region provides an explanation for the discrepancy between
the comvection velocity observed there and that deduced from the skewness of
the hot wire signals and the velocity there'’. The skewness of these signals
did account satisfactorily for the difference between the convection and
mean velocity in the outer half of the mixing region. However, only about
half the difference between mean and convection velocity at say M = =0.1 could
be accounted for by skewness. The relative intensities of the pressure and
velocity signals in this region has been plotted in Fig, 17, and it can be
seen that they are almost equal. Since the axial convection velocity of the
pressure field is just over 0.6 U ,half the signal energy must be travelling
at this speed.s This will then regolve the discrepancy noted above,
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Fig. 4. Strouhal number of the hot wire signals in the potential core.
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