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ABSTRACT

The thesis describes two techniques for investigating
experimentally the generation of noise by turbulent jets using a
recently developed method of cross correlation (Siddon, 7th ICA,
Budapest 1971). The work is motivated by the need to reduce
further the exhaﬁst noise of modern jet fransport, aircraft., The
aim is to provide new information on noise generation mechanisms,
to stimulate future theoretical research by finding the
distributioﬂ and character of noise sources, and to provide
diagnostic tools for making noise surveys of turbulent flows in
general.'Experiments were cdnducted in én anechoic chamber using

a cold model air jet at a Mach number of about 0.32,

‘The first method used, the image technique, cross correlates
the pressure on a surface close to the jet with the radiated
sound in the far field. This enables the deducticn of the
acoustic source strength per unit surface area which in turn
'gives an indication of the appgoximate location of the sound
sources 1in the Jjet. The method is shown to be self consistent.

‘The technigue can be used in the investi@ation of supersonic jets

as well; this is where its real power may lie.

- The second method‘directly cross correlates the hydrodynamic.
pressure fluctuation in the turbulent jet flow with the far field
sound allowing the deduction of the local acoustic source
strength per unit volume and the associated power spectral
density. A specially designed foil type sensor is used to measure
tﬁe pressure fluctuations. A distribution of source strength 6ver

the jet for radiation at 45° to the jet axis is obtained, and is,
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not unexpectedly, similar to the distribution of mean velocity
shear. The axial distribution from a "slice" of the jet results
by radially integrating the source strengths; it is in
gqualitative agreement with the results of other researchers.
However, difficulties are encountered in making the method 'self
consistent, i.e., the radiated sound as predicted by integrating
over all the sources in the jet differs widély from the directly

measured sound. Reasons for this discrepancy are given and

solutions to overcome it are proposed.

»

A Fourier transform technique allows the deduction of the
contribution to the spectrum of the radiated pressure from a unit
volume of turbulence. Thus, the spectral character of the sound
sources in the jet is obtained, although the above difficulties

are reflected here as well.

The number of independent acoustic sources in the jet was
estimated by calculating the average correlationvolume. The
number turns out to be of the order of 100 to 200; this lies
between two widely different estimates of about 3 and about 2500

given by other researchers.
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NOTATION

(Special notations of the appendices are not included)

axial flow error coefficient
croés flow error coefficient
ambient speed of sound

. @8
static pressure error coefficient
Cp for u-component only
probe contamination rati&

nozzle diameter

decibels

~distance jet axis to surface S

~integral length scale

unit vector perpendicular to surface S

meters

millimeters
Mach number
nunber of incoherent sources in the jet

total static pressure (subscripts have same meaning as
below for lower case p's) -

fluctuating part of static pressure

ambient pressure

"pseudosound" pressure -
acoustically propagating part of the pressure p
measured pressure

true pfessure

surface pfessure

static pressure at jet exit
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r=|x-yl; or radial distance from jet center line

root mean square = /73

-surface

imaging surface

source strength per unit area

source strength per unit volume

tine

retarded time

Lighthill's §£ress tensor

component of velocity in axial direction
velocity vector |

nozzle exit velocity

mean velocity

volume of source region

corréiaﬁion volume

volune of sound préducing jet turbuience
components of velocity perpendicular to axis of probe
X=I£i | |

space coordinate (often indicating the point of sound
detection in the far field)

distance from nozzle exit to far field microphone

space coordinate (usually used in the source region
and/or as integration variable) '

Kronecker Delta
angle between jet axis and far field direction
frequency

density

"amnbient density

time delay

retarded time delay
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The jet

vi

viscous stress tensor
space separation vector (€P£é€3)
56/ a%/ 2

ayF or axi

a dot on.a quantity indicates derivation with respect to
real time.

an overbar denotes time averaging

replace in the expression within the brackets t by t=t-
r/Cos O T by t=T+r/c,, uwhichever is appropriate.

‘Strouhal number is defined by‘uD/U°
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I. FOREWORD AND HISTORICAL BACKGROUXND

In this section, a brief reviéw of aerodynamic noise research
with emphasis on subsonic jet noise will lead up to the present
work. Section II will say more on why the pregent work was
undertaken and establish its proper place in the overall reseafch
effort. As with most disciplines of science, theory and
experiments go hand in hand. Here, for reasons of clarity in the

historical development, they are separated.

It was primarily the advent of new, very noisy propulsion
methods at the end of World Wwar II - the Jjet engine and the
rocket - that stimulated the development of a new discipline, the
study of sound generated aerodynamically. In his book "Acoustics
of a Nonhomogeneoﬁs Moving Medium,"™ Blokhintsev = (1946) gave Aa
thorough account of the intertelationship between acoustic. and
aerodynamic motions of a fluid. Refefences to this work are rare
in the English literature; probabiy because it was translated
into English only 10 "years after it was first published 1in
Russian. Lighthill (1952) combined the basic equations of fluid
dynamics (conservation of mass and momentum) in such a way as to
show how to formulate an inhomogeneous form of the wave equation -

for the case of fluids disturbed by 1larger than acoustic

perturbations:
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2 2 0°T .. :
0% _ .29% J
’_2 CO 2 - (1.1)
where:
p = density, t=time, c¢,=speed of sound, xi=spéce variable,
T+ = a tensor representing externally applied stresses

J

(external from the point of view of the acoustician).

The solution to Eq.(1.1) 1is in the form of retarded
potentials [ see Eq. (1.2) ). Lighthill himself and then many other
workers applied, enlarged and simplified the“theory: Lightﬁill
found that the sound 1intensity from a free aerodynamic flow
should vary with the eighfh power of some éharacteristic velocity
and the séuare, of some characteristic dimension (U8D2-Law). He
considered turbulence as a source of noise and suégested a model
for Jjet noise in terms of convected acoustic gquadrupoles,
replacing the stresses in the fluid, in an ambient fluid at rest
(Lighthill 1954). Proudman. (1952) estimated the properties of
noise generated by isotropic turbulence, mainly assuming Gaussian
models for the stochastic processes. Thié is, however, an
oversimplified nodel for subsonic. jet noise because the
turbulence in‘the»mixing region, far from being isotropic (seé
for instance Ribner 1965 or Fuchs 1972), is characterized by a
large ﬁean velocity gradient. Proudman was also the first to show
that the far field noise from any flow can be viewed as being
generated by the components of £he velocity fluctuations in the
direction of observation. Curle (1955) included the effect of 

surfaces in the flbu; such surfaces could be real or just



‘hypothetical (e.g., so as to exclude an uninterésting or
excessively complicated reqgion from the field). He obtained the

rost general solution of Eq. (1.1):

_ dpu; dS(X) '
P(K)T) “Po 4'_”_(:3 fll[ dt ] r +
I d __qp4ds(y
" ar & 9x ézj[puiuj+ it t”] 7
| a2 dviy) | _
+ - = {1.2
47”:3 0 %; 0%, {[Tu] r | (1.2)
wherg:

X points to the point of observation, p =anmbient density,
S=surface, Xi=vector perpendicular to S at y, z=spacé
variable in the source region, r=|1x~-¥1l, ui=velocity,
p=pressure, Tijzviscous stress tensor, V=volume of sound
generating flow, {...] means replace time t by the earlier

time t-r/c,.

‘Many aerodynamic sound problems can be solved approximately
by straightforward application of Eq. (1.2) if simplifying
assumptions are admissible. Such may be: the receiver is many
typical wavelengths away from the source; the receiver 1is npany
typical source dimensions away; the motions at thé source are
ncoherentv, i.e{, the particles move in unison over a certain
region; heat conduction and viscosity are negligible; the flow is
quasi incompressible. 1In the general case, however, Eq. (1.2) is

an integral equation which has not been solved ‘in closed forn.

2dditional difficulties arise from the indeterministic, randon



character of turbulence,

Powell (1964) suggested a diffefent‘ modei for aerodynamic
noise generation: A vortex flow agd an acoustic dipole have a
similar streamline pattern. He replaces the flow field by an
equivalent dipolé field. Although this theory seems attractive in
view of Taylor's interacting vortices model of turbulent transfer
mechanisms (Tennekes & Lumley 1972, section 3.3), it has not had

4

a significant impact on jet noise research.

Perhaps fhé simplesticoncept of flow noise was developed by
Ribner (1962), at first in 1958, elaborating on ideas also
arrived at independentlypmeecham_a Ford (1958): The flow field is
regarded as an-array of dilating and compressing eddies bumping
into each other. The pressure is separated into three parts, the
first fepréééntiﬁg the.ambient preésuréuihdépéndent of time, fhé
second the hydrodynamic pressure fluctuation (or the
"pseudosound"), the third the pressure disturbance due to

acoustic waves traveling through the fluid. Ribner shows that:

p(a,ﬂ'%—'- | 'f[gcm]ﬂ(l) (1.3)

where p 1is the far field radiated sound and §<°> is the second
time derivative of the pseudosound pressure. Although it nmay not
be evident at first siqht, this theory of'"Sound from Fluid
Dilatations" is consistent with the quadrupole <concept  and has
been acknowledged as such (Appendix B of Lighthill 1963). A
monopole type of source neceésariiy changes its volume Qhen
radiating soand, é quadrupole does not. In a free turbulent flow

the net change in volume of all monopoles combined is zero, the



net radiation is not. Thus, four neighbouring monopoles can

be thought of as making up a quadrupole.

At moderate subsonic Mach numbers the pseudosound is very
well approximated by the static pressure fluctuations within the
turbulence. If the latter could be measured, Eg. (1.3) could be

evaluated. Section IV of this paper describes such an attenmpt.

Lighthill's U0®&D2-Law has been eiperimentally confirmed for
turbulent jets over a wide range of'sﬁbsonic ttach numbers. Other
semi—empifical laws dealing with jet noise (Ribner 1958; Lilley 1958;
Povell 1958) were derived using the self preservation properties
of the turbulence in _the mixing region (the first 4 to 5
diameters downsfream of the nozzle) and of the fully developed
flow further downstream, (The extent of the transition between
these two regions is ﬁot yet clearly defined). Thus it was
predicted that the power spectral density of the far field-
pressure should first increase with the square and then decrease
with the 1inverse square of frequency; measured spectra show a
similar shape and locate the peak Strouhal number (based on exit
velocity, exit diameter and frequency) between 0.2 and 0.3
(Mollb-christensen, Kolpin & Martucelli 1963, section S),
depending on the direction of radiation. With respect to the
spatial distribution of sound sources it was predicted that the
acoustic _séurce sfrength of "slices" of the Jjet remains
approximately constant in the mixing region and falls off very
rapidly with the inverse seventh power of axial distance in the
fully - developed region. Although there is sone supporting
evidence, ({see discussion in section 1IV) conclusive experimental

confirmation is lacking. The present research not only attenmpts



to make this confirmation but will go one step further and show a
way to measure the local acoustic source strength distribution

over the jet volume.

" In the experimental field! efforts concentrated  first on
surveying the rédiated sound field from turbulent jets. It was
found that »lower frequency sound is radiated more or less
omnidirectionally and that higher frequencies follow a heart

P
shaped pattern with the dip on the downstream axis - the higher
the frequency the more bronounced the dip of the heart. Parallel
to that, the properties of the jet turbulence were studied in
detail, such as mean velocities, furbulence intensities, and
correlation lengths, with the. aim of predicting the noise
-radiation from this data. The properties of self preservation
mentioned . above were discovered, but a quantitative noise
prediction was not possible to an acceptable degree of

confidence.

Althoughl theoretical formalisms relating the turbulence
properties to the radiated sound abound, very few experimenters.
have tried to verify those theories. Chu's (1966) work was
pioneering. Using the third integral of Eq.(1.2) he was able to
convert it into a form such that the mean square@ radiated
pressure in the far field depended on_the fourth derivative of a

velocity space-time correlation. He measured this correlation at

1 A list of references of early experimental and theoretical work
can be found in Lighthill (1962) or Ribner (1964). The list of
references of the present paper attempts to include many of the
experimental papers published since 1963 1in the open English
literature; the citations are preceeded by a "*", A more recent
list of references of theoretical -work can be found in Doak
(1972). :



a point 4 diameters downstream for differént angles of sound
radiation and estimated the overall mean squared acoustic
pressure; the agreement vwas reasonable but not totally satisfying
for two reasons: 1) It would have been prohibitively tinme
consuring to survey the complete jet (modern multi channel
cbrrelators were not available at the time); 2) taking the fourth
derivative of an experimentally obtained function was Subject' to
a considerable degree of uncertainty, as the results varied with

the method of curve fitting used.

More recently, Siddon has introduced a means for tying
together the far field and turbulence properties by implementing
the "causality correlation technique™ (Siddon 1970, 1971b). Any
source fiuctuation appearing in Eq. (1.2) or (1.3) can be viewed
as the basic sound generator. If it can be measured and the
résulting sound in the far field is monitored simultaneously, the:
two signals may be cross correlated; in this manner, the acoustic
strength of the sources can be déduced quantitatively. The word
"causalityv" is used because the process of the cause (the source
fluctuation) giving rise to the effect (the radiated sound)
provides the basis for the measurement. Tﬁe technique has Dbeen
applied to the acoustic radiation from small airfoils embedded iﬁ
a flow (Clarke & Ribner 1969; siddon 1970, 1973a) and to jet
noise by Lee (197{) and the present work (see furthé discussion

in section II}.

Although the mathematical theories have not been able to
give clear cut guidance for designing quiet jet ehgines,
substantial noise reductions have been achieved, mainly by

applying the U®D2-Law. Reductions of the jet exit velocity with



correspénding increase of the nozzle diameter and.mass flow led
' to the evolution of high bypass ratio fan engines. Significant
noise reductions vith incpeased efficiency of performﬁnce'
resulted. A very large number of paséive noise suppression
devices were proposed and tried out. In many cases the.insertion
of a suppressor decreased the noise from the jet gurbulence but
not the overall noise. The interaction of‘thé flow with the
device genérated additional dipole noise such that minimal net
noise reduction resulted. Only two suppressor configurations were
found to be acceptable, in terms of their acoustic benefit/
aerodynamic penalty ratio. These are the corrugated nozzle and
the multitube nozzle. Even these, however, produce less than the
expected noise reduction, 1if one defines noise 1in terms of
subjectively weighted indiées such as PNdb or dbA. They are
designed with the nbﬁion of feduéing ﬁﬁé intensity of tufﬁulencé
or the amount of velocity shear, i.e., to make the mixing procésé
smoofher, mainly by éntraining air not only on‘the outside but
also on the‘iﬁside thereby breaking up the mixing region. Their
exact functioning 1is still subject to speculation. It is felt
that refractive shielding may play a significant role 1in their
acoustical behaviour' as well. The two mefhods presented in this
paper may be used as tools both to fufther our understanding‘ of
the noise generation process and as aids 1in the design and

improvement of such noise suppression devices. -



Although the noise from commercial Jjet transport aircraft
has been reduced by slightly more than 20 PNdb in the past two
decades people continue to be annoyed in the vicinity of airports
as the number of flyovets increases. We can expect this increase

to continue and therefore cannot stop trying to reduce-jet noise.
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II. PRESENT TRENDS AND

INTRODUCTIGON TO SECTIONS IXII AND IV.

Present theoretical efforts seem to be guided by the findings
of the .Aerodynamic Noise Symposium at Loughborough in September
1970 (Fisher & Lowson 1971; Lowson 1971). Effects of convection
of the sources on the radiated sound field are adequétely
understood and can be cast into mathematical form. Effects of
refraction are more difficuxt to deal with: We have to try to
- understand the mechanisms of sound generation and propagation in
and through a shear layer. The reader is referred to Doak's
excellent review article (1972) in which new approaches are
suggested: He infers vthat. Lighthill's theory was a big step
forward, but ".,. vas specifically designed to deliberately avoid
all questions of the interdependencies among acoustic, turbulent
and thermal types of motion ...'" Recent theories by Crow, Doak
and Lilley (among others) are discussed that go back +to the
origins of acoustics and aerodynamics, i.e., the works of Stokes,
Kirchhoff and Rayleigh. In Doak's opinion, a combination of these

theories will take us another big step forward.

The Loﬁghborbugh Symposium also concluded "... it appears
that the existence of a significant degree of order in djet
turbulence is confirmed ..." (Fisher & Lowson 1971, p. 594). This
statement was based on experimental evidence presented at the
Meeting by Lau, Fisher & Fuchs, and by Crow & Champagne. However,

opinions still diverge widely on this subject. The supporters of
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the ordefly structure hypothesis are making a strong case for
their view by publishing substantial anounts of existential
evidence (Crow & Champagne 1971; Davis 1971; Lau, Fisher & Fuchs
1972; Fuchs 1972; Fuchs ¢ Michalke 1971). | Visualization'
techniques and space correlations indeed seem to indicate that
coherent large scale structures convect vfor many diameters
downstream in the Jjet before 1losing their identities. This
éoherence is easily recognizable at small Reynolds numbers (after
transition from the laminar shear layer); it 1is not so weli
recognizable as the Reynolds number increases but shows also for
Reynolds numbers over 2%105% which is of the order of the Reynolds

number in the experiments described in this paper.

By analogy, one may consider the turbulence structure in a
wake behind a bluff cylinder: At moderate Reynoids numbers‘the,
Karmann Vortex Street develops, resulting in a strong periodic
contribution to the spectrum. When +the Reynolds number is
increased this periodicity gets buried in a broad band spectrun,
characteristic of a wide range of turbulence scales. The
turbulence in a jet mwmay behave similarly; the shape of the
pressure spectrum (Fig.4-27) does not .show a discrete periodic

component, but a broadly peaked energy distribution is evident.

Even though. there may exist an orderly structure in jet
turbulence it is not necessarily of direct consequence to the
radiated noise. It 1is well established that it is the rate of
decay of the convecting velocity structure (whether turbulent or
periodic) that controls the noise enmission. In fact, the
radiation depends on the second time derivative of the source

fluctuation quantity and 1is thereby biased to higher frequency
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content than the turbulence proper. 1In Lée's (1971) and the
present work, for low speed jets,b not only was no evidence
discovered of an orderly structure pertinent to the jet noise
radiation, but the results point to a contrary hypothesis of a

large nunber of independently radiating sources.

A "Simple Pressure Source Model of Jet Noise" has been put
forward by Scharion & White (1972); While the idea of more or
less independent sources is retained the paper also draws somne
support from the orderly structure‘hypothesis by postulating a
small number of large scale pressure sources (of the order of 3).
These are presumed to develop close to the nozzle exit, then
fluctuate and éonvect downstream. The present author feels that
the resulting empirical model may be suited for prediction of the
overall jet noise radiation, but that it does not provide
detailed information on the noise generating mechanisms. A more

thorough critique can be found in section 1IV.

The causality correlation technique as implemented by Lee
(1971, also Lee & Ribner 1972) uses the velocity fluctuations as
the basic emitter of sound. The velocity was measured with a hot
film anemometer whose frequency depéndent phase response was
suspected to be quite different from that of the microphone
measuring the sounpd in the far field. It was therefore necessary
to perform the <cross cbrrelations in narrow frequency bands
instead of in a broad band covering all frequencies of interest,
thus increasing substantially the amount of experimental work.
Citing from the abstract of Lee & Ribner (1972): (Their work)
"... yielded the relative intensity and spectrum of the noise

originating from unit volume of a jet (35 locatiods) and received
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at a far field point (r=96D, §=409); this in turn led to the
relative emission of successive "slices"™ of a jet versus axial
distance x over the measurement range (1D<x<7D). Qualitative
agreement was found with Ribner's x0-Law, and the spectral peaks
for each slice were located in frequency essentially as predicted
by Powell (1959)." It was also reported that the total effective
nunber of uncorrelated noise-producing eddies is on the order of
2500, in sharp contrast to the number 3 reported by Scharton
& White (1972). In section IV of the present paper the number of
incoherent sources is estimated to be on the order of 100 to 200.
There, it is also discussed how extraneous acoustic or electronic
noise and bandwidth can substantially increase or decrease the

apparent value of this number, introducing a source of ambiguity.

Little recent progress has been made in the area of noise
suppression devices. Arndt (Barefoot & Arndt 1972) 1is
experimenting with screens perturbing the jet and Scharton
& White (1972) have tested .a suppressor consisting of five
staggered concentric tubes filling the potential core of the jet.
In both cases some noise reduction is reported, however, the
associated performance penalty (e.g. thrust reduction)>is not

Wwell documented, and indeed is expected to be rather high.

The techniques presented here do not have as their objective
noise reduction as such. Rathef, the aim is on the one hand to
increase the knowledge of noise generating mechanisms in
turbulent flows and maybe provide some stimulation for future
theoretical woik; on the other hand the techniques developed can
bz used as diagnostic tools in surveying wmore complicated flow

noise phenomena and in designing and optimizing noise
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SUppressors.

The image technique described in section IIT cross
correlates the pressure on a surface close to the jet with the
far field noise allowing the deduction of the surface source
strength distribution. This in éurn gives an indication of the
approximaté location of the acouétical sources in the Jjet, at
least in an axial sense. The advantage of having the flow
undisturbed by a probe is traded off against a 1loss of spatial
resolution. The technique is shown to be self consistent and may
have applications as a quick and easy to use tool in the design
of noise suppressors. Also, it is not limited to cold, subsonic
flows and can be wused in the investigation of hot and/or
supersonic flows where it is quite difficult if not impossible to

insert a probe.

The ‘causality correlation technique described in section IV
forms the main body of this thesis. It vcomplements and extends
Lee's (1971) work. Instead of the turbulent velocity fluctuations
the fluctuating turbulent pressures are taken as the basic noise
enitters. Pressure, being_a nondirectional scalar guantity, is in
principle more attractive to the experimenter than velocity.
Difficulties arise when one tries to measure turbulent pressure
fluctuations as the 1local velocity  field produces additional
pressures at the probe, thus creating a pressure error. The
development of a unique airfoil type pressure sensor as a means
of avoiding those errors is reported. The sensor is then used to
perform the pressufe causality correlations by scanning the jet
radially at different downstrean locaiions. Thus the local source

strength per wunit volume and the associated power spectral
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density are deduced. The correlations are done in broad band as
both transducers are condenser miérophones with matched phase
characteristics. Difficulties are encountered in making the
technique self consistent, alﬁhough‘results agree qualitatively

with the results-of Lee (1971) and other workers.

The thesis hopes to establish that the two methods presented
have experimental advantages alluded to above and are worthwhile

to be further developed.
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I1I. IMAGE TECHNIQUE

- — o — 2 S 25— —

This technique was born from a desire to avoid inserting
probes of any kind into the flow. Instead, a rigid plane surface
is placed in the near field of the flow. It will be shown that
the sound reflected from the surface is exactly equivalent to thé
noise radiatiqn from an identical "image" flow behind the surface
if this surface were removed. The derivation follows the ideas of
A. Powell (1960) who developed the 1imaging principle with
boundary layer noise in mind. Here, it is applied to jet noise.
In addition, the present work employs the causality principle by
Cross cpr;glatiqg the radiated sound in the far field with the
pressure oh the ibaging surfacé. This pressure is fhought of as a
“cause" or source of the sound in the sense that it is
representaiive of a certain limited region in the jet flow, the
extent of which will be discussed. The acoustic source strength
per unit surface area will be deduced. Looking at the "acoustic"
footprint® the flow leaves on the surface allows some conclusion
on the distribution of noise sources in the image flow behind the

surface.

3.1 Imaging System. We start with Lighthill's (1952)

equation for aerodynamic noise [Egqg. (1.1) rewritten]:
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| 9%p | -
V% - —5 —%5 = - (3. 1)
P Cf 42 Cf ayiaw
where le = pu; Uj - T ij - + (p“C:P) 3 ij
Using the isentropic assumption
P(x) = (p(xX)-p,)c2 (3.-2)

(which is good in the acoustic far field and in the source regioh
as well, if entropic fluctuations are not present) and neglecting
at the surface all but the pressure stresses, the solution for

the radiated sound becomes:

2
sroan = g [ L[l ¢ % [k [oles o

where thé bfacketé indicate evaluafion.at the.earlier time
t - |x-Yl/c,

The firs£ intéjtal is the direct contribution from the jet; the
second integrél represents the sound reflected from the surface.

Pg is the surface pressure. »fi is the outward normal to the
surface S, (Fig.3-1). If S, were vibrating or translating a third
integral would appear .tas indicated 1in the more general
Eq. (1.2) ]}, but this 1is not the case for thé rigid wall assumed

here.

—

In order to establish the image system we add a jet which is

the exact instantaneous mirror image of the first jet (Fig.3-1).

The surface S is the plane of symmetry. Whether 5, is a real
rigid surface or a hypothetical plane does not matter because the

adding of the instantaneous mirror image with S, removed will
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ptoduce exactly the same boundary conditions by symmetry, as with
S, in place as a real rigid boundarf. Therefore the sound field
radiated from the image jet is exactly eggal to the vsound field
reflected from S;. With the quantities associated withithe image

system denoted by primes we can write:
[k Do = iy [ ]
—_ _ = — —_ L 3.4
ax 4.4 S = Fxiong o LTl Y (3.4)
S,
If x is large (far field approximation) terms like
_Q_- 'J~ [...] - are replaced b --———0[ [ ] (3.5)

(see Lighthill 1952 or Ribner 1964)

Eg. (3.3) becoues:

2T X; dp o
Awp(x,t) = ;———‘— 60[ —2]d% - co;zéf‘[ﬁ]ds (3.6)

where we can say that the second integral represents either the
sound reflected from the surface S|; or [ by Eq. (3.4) ] the sound
radiated from the image jet. In wvhat foilgws it is shown how
infofmation on the noise sources in the image jet (approximate
spatial distribution and spectral character) can be obtained.
Since the image Jjet is an instantaneous mirror image the same
information is good for the real jet. However the results may not
be identically valid for a single isélated jet radiating in£o
unbounded space as the insertion of the surface S, may slightly
change the structure of the jet (see second paragraph of section

3.3).
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3.2 Cross Correlation Fbrmalism. Equation {(3.6) is

rultiplied by fhe far field sound pressure p at a different time
t', and then a time average is performed. Under the assumption of
statistical stationarity the result will be independent of the
absolute time and depend only on the time delay v=t-t' (Crandall

& Mark 1963, section 1.5). The overbar denotes a time average:

ar 55 = SN [T g3y

DALY [aps]p ds 3.7
Vo

where, again, the second integral could be replaced by

W[ 15810 oy

the contribution from the 1image. This 1is the part we are

interested in:

— cos 8 . d —
pp () image only Wé[_ﬁ psp] dS (3.9)
|
where xi[i =‘—xc059 (Fig.3-1). Use 1is npade of the fact. that

differentiation with respect to time under the time average can
be converted into differentiation with respect to time delay 1if
the processes are statistically stationary (Crandall & Mark,
1963, section 1.6)~ The brackets now mean evaluation at the
retarded time delay (Siddon 19f3a) _

T= T= jxyi/e, | | (3.10)

where y indicates the point where Py is detected.

Notice that the Lighthill stress tensor T”

Its complicated structure does not concern us here.

has disappeared.
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writing Eq. (3.9) in differential form and setting T=0:

dp® _ —cosf [ )
S dmex Lo

- Dsp]rz% (3.11)

£g. (3.11) gives the portion of the fadiation from the‘imagé jet
associated with a unit area of the surface S, at the point where
ps 1s detected. We can regard this as a measure of the "local"
acoustic source strength in the image Jjet. Section IV will
describe a method of determining the actual distribution of
source strength in the flow by measuring an approximation of Ty -
Here we are content with a loss of spatial resolution but gain

three advantages:

1) It is not necessary to insert a probing device into the

flow, a simple measurement of surface pressure pg is sufficient.

2) Only one time derivative 1is involved in Eq. (3.11);
Eg. {3.7) indicates two time derivatives and the work of Chu
(1966) required taking a fourth derivative of a correlation.
Numerical errors 1increase with the order of the derivative
whether the differentiation is done by analog circuitry before

the correlating process or afterward by digital methods.

%

3) No further assumptions havevbeen made about the nature of
the fiow, the {sentropic aSsumption {(3.2) pertains only to the
radiated sound in the far field. The method could therefore be
used for instance in the investigation of noise from hot and/or
supersonic jets. At higher than low subsonic Mach numbefs or with
large differences between the densities of the source fluid and

the ambient air, the far field microphone would have to be placed
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such that the sound reflected from the surface towards the.
microphone would not pass again through the flow field where it
would be refracted or even shielded, as could be the case with

supersonic jets,

3.3 Experiments. The experiments vwere conducted in an

anechoic room. The setup was as, shown in Fig.3-1. The jet
diameter was 38.1 mm (1.5 inches), the Mach number at the nozzle
exit >about 0.32.'Fig.3—2 shows spectra of the acoustic pressure
in the far field at §=45° to the jet axis; one for the jet alone
"(a), the other with the wall igstalled behind the jet (b). They
peak at a Strouhal number of about 0.2 (corresponding to about
700 Hertz). The "bumpy" nature of (a) is thought to be due to the
room not being completely anechoic at all freéquencies. (b) is of
course larger as it represents both the direét and the reflected
jet noise. That (b) contains more than one pronounced peak is
expected as the direct and the reflected sound waves will -
.depending on their frequency - tend to enhance or cancel each
other. This is a well known difficulty arising when jet engines

are tested near a hard ground plane.

The distance from the jet center line to the surface was a
compromise between conflicting requirements: On the one hand the
surface should be <close to the flow in order to increase the
spatial resolution. On the other hand the surface has to be far
enough awvay f:om the flow in order to avoid the Coanda effect;
i.e., the tendency of the Jjet +to attach fo nearby surfaces
bacause the fluid between the jet and the surface is being

dragged along by entrainment, decreasing the pressure and thereby
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drawing the jet towards the surface. A verj close surface may
also interfere with the entrainment of air into the jet so that
its developed structure may differ substantiallj from that of a
single 1isolated jet. Furthermore, direct interaction of the flow
with the surface must be avoided; this would introduce unwanted
noise by violating the assumption that surface shear stresses are
unimportant [this assumptioﬁ is 1implicit 1in Eq.(3.3) ]. In
recognition of tﬁese limiting factors the distance between the
surface and the jet center line was chosen té be 197 mm (little-

more than 5 nozzle diameters).

Most of the surface S, coansisted of a 0.5 inch thick sheet
of plexiglass. The surface pressure pg was measured using a Bruel
& Kjaer 1/4-inch microphone (type 4136) connected to the surface
by a short 0.020 inch diameter hole (Fig.3-3). The resonant
frequency of the Helmholtz resonatof formed by the hole and the
small cavity in front of the microphone diaphragm was
sufficiently high above the frequencies of interest in the jet

noise.

The far field nicrophone was placed for most of the
experiments at 45° to the jet axis at a distance of about 1.9
neters from the jet orifice. Some data vwas also obtained at 60°

and 90°, .

The surface pressure p, was neasured at many points on the

surface and cross correlated with the signal from the far field.
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The signal processing equipment and the anechoic room were the.

same as will be described in section h,u.

Fig.3-4 shows an example of a correlation function pgp (7).
Eq.(3.11) requirgs taking the derivative of this function at the
delay time tv=(x-Yl/c, which was éone on a digital computer. The
curve also’exhibits a "precdrsoi" the existence of which is

explained as follows: .

The flovw noise fadiates in all directions, including to the
point where the field microphone is located and to the point on
the wall where pg is measured; in the vicinity of the time delay
correépbnding to the difference in sound travel times from the
source flow to these two points the signals arersomewhat coherent
and a secondary correlation "blip" results. In order to separate
this precufsor from the part of the correlation function we are
interested in (the vicinity around T=|x-yl/c,) one must not put
the Surfacé S, too close to the flow; the further the surface is
from the flow the smaller the difference in sound travel tinmes,
and the more the precursor is moved to the left on the time delay’
axis. However, the presence of the precursor does not violate the

theory and, in principle, can be ignored.

3.4 Nondimensionalization. (See also Appendix B) In order to

make the results independent of the pérticular éxperimental setup
chosen and to make them comparable with the results of other
workers the measured quantities are nondimensionalized using
characteristic lengths, density, and velocities. It is well
established.(Lighthill 1952) that the far field acoustic pressure

of a subsonic air : jet 1issuing into a medium of identical gas
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properties obeys the following dimensional similarity:

p & pUsDcT2x~1 (3.12)
Therefore the acoustic pressure p was nondimensionalized by
2(0.5pU02) 12D/ X (3.13)

M is the jet exit Mach number, x.is the distance to the field point.

P, is a near field pressure ‘at the plane surface; its
variation with U, was determined by experiment. AApoint six jet
diameters downstream from the intersection of the exit plane with
the rigid surface was chosen as representative. In Fig.3-5 H is
the dynanmic heéd at the nozzle exit in meters of water. H is
proportional to U2. At the chosen location it turned out that' Pg
varied as H? or U}, i.e. it obeyed the same.similarity relation
given in Eq. (3.12) as does p. Thereforé pg was nondimensionaiized
by the same quantity (3.13) except that x was replaced by h, the
distance of the surface from the jet center line. Time was
nondimensionalized by D/U,. More details are to be found in

Appendix B.

3.5 Results. Fig.3-6 shows the nondimensional source

strength distribution on the rigid surface. The actual quantity

plotted is: (for rationale see Appendix B)

0 —

s - — cos 45° [E PPl -2
uaA™= -
{2(05pu2)M?} %—"%%—

T

(3.14)

The strongest sources appear to be concentrated in an area U
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to 14 diameters downstream of the nozzle exit. It would be-
convenient to be able to wuse the :eflectibn principle fron
aéoustic ray theory, as indicated in Fig.3-9, ih order to tracé
back. where the sound has emanateé from the Jjet. Strictly
speaking, the reflection principle can only be applied if the
reflecting, surface is much larger than a typical wavelength, if
it is truly rigid, and if thF incident acoustic disturbance has
far field character (i.e., if the wa:e fronts are approximatelf
plane). The first ﬁwo requirements are well fulfilled by the
present experimental setup. The third is not so well fulfilled as
the surface pressures pg are measured in the transition region
between. near field and far field. (Fig.4-18 shows how the
pressure fluctuations vafy with distance from the Jjet center
line; h~5D 1is in an area where the near field changes into the
far field.j At 6 diameters, Py behaves quite 1like .a far field

pressure, as mentioned before (Fig.3-5), but there is sone

scatter in the data.

Fig.é-? and Fig.3-8 show equal source strength contours for
angles 8 (far field direction to jet axis) of 90° and 60°. This
data was taken early in the research before certain refinements
in the electronics vere introduced. It is however useful in a
qualitative way supporting the ray acoustic argument: The
location of the strongest sourcesv apparentiy moves frqm 2
diameters to 12 diameters as 0 goes from 90° to 60°, Such a shift

is what would be expected if ray theory were applicable.

It appears therefore that one can "borrow" the ray acoustics
argument when discussing the problems of spatial resolution

~afforded by the image method. Fig.3-9 illustrates the
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hypothetical "zone of influence": the region of the jet that will
predominantly contribute to the source strength on the surface
where p_. 1is measured. The zone of influence is cone shaped; the
angle of aperture of the cone is however left io speculation. The
angle will.bé smaller for higher frequenéies since the reflection
argument becomes more and more valid as the wavelehgth decreases.
This pertains both to the reflection mechanism itself and fo the
far field condition;. The jet noise spectrum peaks at about 700
Hertz. This corresponds ﬁo a wavelength of about 0.5m which is
larger thén h=0.197m. For this fréquency one could therefore not
expect a very narrow angle of aperture. Supersonic flous
generally produce much higher frequencies. There, the reflection

argument should be much more applicable.

Using the reflection argument regardless of whéther it 1is
strictly applicable or not, the actual sound producing region
will be found to be 2 to 8 diameters downstrean of the exit
plane. This is consistent with the findings of other researchers
(Ribner 1958, Lee 1971, Dyer 1959, Powell 1959, Lilley 1958, et
al.). This statement does not, however, add much new insight into
the character of noise production from turbulent jets. The method
described here 1is presented in order to show its feasibility in
the study of flow noise. In particular, as already mentioned
above, the derivation of the image system does not contain any
assumption about #ach number except an implicit disregard of
refractive effects due to temperature or velocity gradients along
the path of the sound. The method could therefore be used to
study tﬁe noise generation from supersonic flows where it 1is

still more difficult if not impossible' to locate the noise
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sources by probing'the jet itself.

Maestrello & McDaid (1970) have advanced a different image -
technique for determining jét noise characteristics. There, a
means is shown of 1locating sound sources by deterrining the
directions where sound waves are coming from by a complex Fourier
analysis of two point space-time-correlations !of the surface
pressure on a rigid surface in the wvicinity of the jet. The
theory is. qdite complicated, and so are the computations to
process the data. Some results are presented but not enough to
enable a conclusion on _the distribution of sound sources. The
paper reads as if the authors first expected to obtain detailed
information on sound source distribution in the jet but later
encountered problems of spatial resolution similar to the ones in
the present work. The following"quote” from the Maestrello &
McDaid paper (1970) equally applies to the technique developgd
" here: "...'SOund undergoes convection and scattering between the
time it is generated and the timé it leaves the turbulence of the
jet. Thus the point of generation could be farther upstreanm ..."
Only a technique probing the flow [such as Chu (1966), Lee
(1971), section IV of the present paper] can shed more light on
this problem. All an image technique can determine at the most is

the direction from where the sound waves are cowming when they

impingé on the reflecting surface.

An advantage of Maestrello G'McDaid's {(1970) approach is
that spectral information is not only obtained very easily, but
is implicit 1in the method. However, in order to gain some
significant insight, the amount of experiméntal vork required .is

quite 1large. 1In the present approach one would think it is easy
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to obtain spectral information by computing the Fourier transform.
of Eg.(3.9) resulting in the contribution to the overall power
spectral density from a unit surfade area at the>point where thé
surface pressure 1is measured. Unfértunately, the precursor
(discussed in sec¢tion 3.3 and shown in Fig.3-4) superposes itself
on the crossvcorrelation function and makes the Fourier transfo;m
difficult to interpret: Eq.(3.11) gives the contribution from the
image only. The precursor does not affect significantly thé
derivative of_ﬁ?}(r) at T=r/c, because it lies far enough to the
left on theb tinme delay axis. The operation of Fourier
transforming involves the complete record of 5:511), including
the precursor. Attempts to perform this Fourier operation showed
‘that the transform became negative for some frequency ranges.

This ~occurs because of the _constructiye and _destructive
interferenée effects at certain frequencies as already discussed

in section 3.3, In view of this ambigqguity ways of obtaining
quantitative spectral information were not further explored in

the image technique.

Nevertheless, some gqualitative spectral information can be
‘obtained by inspecting the cross correlations: Fig.3-10 shows how
they change in shape as one moves downstream in the jet. It can
be seen that the characteristic frequencies are higher closer to
the nozzle exit (the correlation has high curvatures at the peaks
and the distance between zero crossings 1is small) and becomes
lower further downstream (lower curvature and larger distance
between zero crossings). This behaviour is of course expected as

the turbulence scales grow in the downstream direction.

Fig.3-11 shows the distribution of the root mean squared
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near field pressure over the surface. It shbws a peak in the same
area as Fig.3-6, but the tails decrease much less rapidly, both
in the direction of the jet flow and perpendicular to it. An
attempt to identify sound sources that way would be nuch less
successful. The zone of influence on pg alone is the whole
hemisphere and not the narrow cone shaped region of the 1inage
cross correlation technique (which sort of "points" to the source

of sound).

When the source strength per unit area is integrated over
transverse "gtrips" of the surface, i.e., in the direction
perpendicular to the Jjet axis at each axial locétion, Fig.3-12
results., It has a pronounced peak. Using the reflection argument,
by tracing back from the peak 1location of 10 diameters, the
strongest acoustic sources would be located between 4 and 5
diameters from the nozzle exit. This is in close agreement with

other results (e.g. Ribner 1958, 1962; Dyer 1959).

— ———

3.6 Check. Eg.{3.9) <can be used as a check of the method:
When the "stripwise" source strength of Fig.3-12 1is integréted
along the axis, the surface integral of Eq. (3.9) can be
evaluated, for v=0. The left hand side 1is calculated from a
direct measurement of the jet noise without the reflecting
surface. In order to represent the radiation fronm the image jet a
correction was made for the difference in distance to the far
field nmicrophone between the real and the image jet. The
integration od the right hand side was carried out graphically.
%ith the nondimensionalization done as indicated in section 3.4
and in Appendix B, the directly measured value (left hand side)

1

becomes
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p2

2(0.5p U2 .}
{ U2)M2D/x }

0.177x107° ©(3.15)

and the integrated value (right band side) is 0.147%10-5. This
corresponds to a difference of only 0.8 db. Apart from numerical
errors in the computation of the correlation functions and their
derivatives, sources of uncertainty are the finite extent of the
surface and its imperfect rigidity (recalling that most of the
surface consists of a 0.5 inch thick sheet of plexiglass). This
check on internal consistenéy lends furthei confidence in the use
of causality correlaﬁion techniques to spatially resolve complex

source distributions (see also Siddon 1973a).
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IV. CAUSALITY CORRELATION TECHNIQUE

4.1 Introduction-

This"technique was developéd in order to probe the jet flow
in such a way as to obtain the spatial distribution and
characteristics of the elementary acoustic sources. Use is made
of a recently developed causality correlation technique (Siddon
1966, 1970, 1971b, 1973a; Clarke & Ribner 1969; Lee 1971; Lee &
Ribner 1972; Siddon & Rackl 1971; Rackl 1972b). As mentioned 1in
section I the fluctuating pressures are taken as the basic noise
"emitters. By computing the <cross correlation between these
pressures and the radiated acoustic pressure in the far field
quantitative information on the acoustic source distribution can

be obtained.

Section 4.2 summarizes the underlying theory and treats the
concept of causality correlations, spectrum from a unit volume, -

and correlation volume.

The experimgntal setup was as shown in Fig.4-1: As in
section III, a cold, circular (1.5 inch diameter), subsonicv jet-
(Machnumber about 0.32) discharged into an anechoic room. The
turbulent pressures were measured by a specially .deveioped
airfoil type pressure sensor (described in detail in section
4.,3). The far field pressure was monitored by a 1/2-inch
microphone. The cross correlations of the two signals were

computed on a hybrid signal correlator. Typical correlation
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functions are shown in Fig.4-22a. More details will be found in

section 4.4.

The remaining sections after 4.4 show how the data was
raduced and discuss the results, Combarisons are made with
results.of other researchers. At least qualitative agreement is
achieved. Difficulties are encountered in trying to make the
method quantitatively self consistent. Possible explanations are
given, Once the viability of the method has been demonstrated it
becomes a diagnostic tool for theAinvestigation of other flows.

It could, for instance, be used in the study of the effectiveness

th

of various jet quietening devices.

4.2 Theory

4,2.1 Fluid Dilatations, The theory is based on Ribner's

(1962) ideas on viewing the turbulent flow as an array of
acoustic monopoles gJenerated by a quasi-incompressible and
isentropic flow. For subsonic flows, Lighthill's wave equation

(1.1) can be re-written in the approximate form:

2 . | 02 pu.u.
—Lg 0 2 — v = P (4 1)

The right hand side of Eq. (4.1) may be regarded as a forcing
tern of the wave equation for p. Acoustically, it represents a

distribution of acoustic quadrupoles embedded in a medium at
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rest. It can be converted into a corresponding monopole field

("dilatations") by splitting the pressure disturbance into two

parts:
p — p = 00+ i 4.2)
where:
P = instantaneous static pressure
p_ = local time average static pressure

<]

p¢o’ is defined by

azpuiui
dy; 9y

It has been shown that p¢(9) is the actual perturbation pressure
within an exactly incompressible flow and is a good approximation

- for M2<K1 (see Kraichnan 1956 and Ribner 1962).

p€(1) is the part of the pressure associated with the
propagation (not the generation) of acoustic waves. The
relationship of pt¢0) and p€¢1) is expressed in the "dilatation
equation" which .results after cqmbining Eg. (4.1), Eg.(4.2),

Eq. (4.3):

| aZDCO)

e 0%p” v2pt = -
c? 912 cZ o9t

o [}

(t.4)

The right hand side of Eq. (4.4) can be regarded és the forcing
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term of the wave equation for the acoustic pressure p(1), The:
solution for the radiated sound in terms of Kirchhoff's retarded

potentials becomes:

| 2 _CO
oD (x,1) = — '2 f ' [a P (LTq a3y (4.5)
Vv

wvhere, again, the brackets indicate evaluation at the earlier
time

"N

t=t-1x-yl/c,

(See Fig.U-2 for geometry).

In the geometric far field, and if the origin is chosen in
or close to the source region, the term 1/1x-v| may bhe

"approximated as 1/x = 1/|x{. Then:

02 pCO)(

| 1
PP (x,1) = - — L] a3y (4.6)

4 clx dt2 P=

. In the acoustic far field-(many typical wavelengths away), p¢1)?
approximates the total pressure fluctuation p(x,t). Fig.u4-18
shows the typical variation of the ‘pressure fluctuation with
distance from the jet. Starting at a position on the centerline 4
diameters downstream of the nozzle and moving at right angles to
the center line, the far field condition of a 6 db drop in the
rms pressure per doubling of distance is reached at about 10

diameters (the cross correlation measurements were made about 50



35

diameters away) .

The straight line indicating the 6 db drop per doubling of -
distance represents the variation of p(1) alone. If the 1line |is
extended backwagd into the source region one can estimate the
magnitude of an equivalent point sourde representing the
radiation of the whole Jjet. As shown on Fig;U-{S its pressure
field would be about 20 to 40 db weaker than the actual measured
jet pressure; i.e., the approximation of p¢0), In fact, the jet
is composed of many incoherent sources each of which will of
cdurse be weaker than the single equivalent point source. In the
source region therefore p(1) is very much smaller than p¢90), This
means that we do not expect the sound to have any significant
back reaction on the flow or to disturb the measurement of p(o)
which arises purely fron ‘incompreSSible turbulent momentum

exchanges.

In order to obtain the mean squared radiated pressure Ribner
proceeds to square and time average Eq. (4.6), involving a space-
time correlation of p€o) under a double integral with four time
derivatives. This operation is similar td ;he one employed by Chu

(1966) .

4.,2.2 Causality Correlation. In the present formalism, we
obtain the mean squared radiated pressure by wmultiplying both'
sides of Eq.(4.6) by its left hand side, evaluated at a new time

t+t. After time averaging:
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[ 5(y,0)]_ plx,t+e) ddy w7

| .
(x,1) px,t+7) = - ———
a PRI 47rc°2x { - 4 -

p(x,t+t) can be taken uhder the ihtegral sign because it ié
independent of y. Also, in this case time averaging and
integration over V are interchangeable operations. Under the
assumption of statistical stationarity the left hand side is a

function of T only; similarly on the right hand side:

— - | ~<0> 3
PRlxT) =~ ,{1[0 >(y) p.(z)]f_ y (4.8)

where fT=t+r-T=t+r-t+|x-yl/C,=T+|x~yl/C,
p2 is obtained by settin§ T=0. The 1integrand in Eq. (4.8)
establishes the causative relationship between the source

fluctuation and the radiated sound.

According to a property of stationary random variables
(crandall & Mark 1963) this integrand can be written in different

ways:
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, | ,
plr) = __0_ bm)p _ 0 oo (4.9)

ﬁCO)
The second form turned out to be .the most convenient in most of
the experipents described herein., Fig.4-22a shows typical <cross
correlations 5?375. Their shape is very close to antisymmetric.
Appendix C treats an extension of the theory that allows thé
prediction o£ the Shape of the correlation functions; good

agreement is achieved with actual measured functions.

Note that only one probe has to be inserted into the flow
(Fig.4-1) instead of two as have been normally employed in the
‘'more classical approach; only a single integral 1is to be

evaluated; only two time derivatives are involved.

b.2.3 Local Source Strength and Spectrum. Writing Eq. (4.8)

———— —— ——— e . et ay s o s e

in differential form gives the radiation from unit volume:

dpplx,7) | [_ 4 -co ] (4.10)
T

oV G €2 X

Again, the contribution to the total mean squared pressure from

the point where p(0) is detected is obtained by setting 7=0.

The contribution to the spectrum ®(v) of p(x,t) from the
point of p¢o)-detection is obtained by taking the real part of

the Fourier Transform of Eq. (4.10):
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where 3;{...} means Fourier Sine Transform. (See Appendix A for a

more detailed derivation.)

4.2.4 Correlation Volunme.

. The correlation volume 1is defined by analogy to the integral

length scale in turbulence. The latter is definead by

00)

L(x) = —__I—z_— fu(ﬁ)u(§+§) d&é - (4.12)
u= o

. where u is a velocity component and § is ‘a space separation
vector. Fig.4-3 shows that the integrand will contribute to the
integral only_ove: a certain distance, the correldtion length L.
L gives an indication of the typical lengths involved in the
turbulent energy exchange. Similarly, we would iike to define a-
correlation volume giving an indication of the typical sizes of
volumes or.eddies associated with the radiation of sound. To this

end vwe follow, for a moment, the more common method of squaring

and time averaging Eq. (4.6):
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i
where t'=t-|x-y'l/c, and t"=t-|x-y"|/c_+T. The integrand will
contribute significantly to the inner 1integral only over the

correlation volume V.. Thus V. is defined by

'Vc _ 6(1»2 \7/- [ijcm]y

. [ p<® ]y" d% | (4. 14)

where y"=y'+& and the time delay 7 is set to zero. Therefore,
~differentiating Eq. (4.13) with respect to volume results in the

rean squared pressure from unit volume:

ap%(x) V.  er? |

By a consideration similar to the one in Eq. (4#.9) we can write

down the alternative foras

{ aTZ =0 R 61—4 =0 ( )

and use whichever form 1is the most convenient. Combining

Eq. (4.15) and Eq. (4.10) and using Egq. (4.16) we get
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(4.17)

The usefulness of this corgelation volume V. sdffers
slightly in that it is dependent upon the choice of the direction
of x, the location of detection of the radiated sound p. It
indicates the average size of an eddy radiatihg 'in the x-

direction.

The jet is often thought of being composed by a number of
incohe;ent sourqes,‘ip essence turbulent.eddies, cdmpressing and
dilating as they bump into each other. If V; is» evaluated at a
point such that it represents the average size of all sound
producing éddiesbin the jet, then a rough estimate of the number
of eddies in the whole jet can be obtained from the quotient
“=Wet/vc' where Vo, is the volume occupied by the jet turbulence-
contributing significantly to the noise. Substituting Eq. (4.14)

into Eq. (4.13), with T=0 and V.=const, gives:

- .

6r2ctx? Llor 7=0 ¢ ¢

on the other hand, from Eq. (4.8), the following approximation

results:
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(4.19)

Py | [aa 5% |

\V2
a et
4WCfX T T=ng

Therefore, combining Egq. (4.18) and Eq. (4.19) gives, as a rough

estimate:
2 3% oI <O .
v pz {_4 pc0)pc0)}
jet ~ loks :
n = v i — > (4.20)
¢ [L -COd ]
gt P P

Here, n is a coarse measure of the number of incoherent sources
in the jet. If the spectra are peaky [as they are for jet pressure
(see Fig.4-27)Jdifferentiation with respect to time t or time delay
T can be approximated by wmultiplying by a characteristic

fregquency 2wv:

Pt 55 () -
(27012 pp]° PrrnsPrims | |

BEg. (4.21) shows that n‘can be roughly estimated by calculatingthe

inverse square of the correlation coefficient.
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In order to evaluate experimentally Eqg. (4.10) it is necessary to
measure p¢09), As mentioned in section 4.2.1 p¢0) approximates the
actual total perturbation pressure in the flow for M2<<1. In the
present experimehts the Mach number at the exit uas-.about 0.32,
The Mach numbers of the convecting eddies will be smaller; of the
order of 0.2. Therefore the condition M2<<1 appears to be well
satisfied. The difficulties inherent in the accurate neasurement
of pressure fluctuations in turbulence are well recognized. For a
probe of the classical cylindrical configuration (Fig.u-4) the
measured instantaneous pressure p_ is generally 1lower than the
- true instantaneous pressure p. (i.e. for no probe .in the flow) hy
an amount which depends on the fluctuating components v and w of
cross flow normal to the axis of the probe (Siddon 1969). The
empirical equétion,
pm-ptﬁ—Bp(v2+w2--v—2-ﬁ) _ (4.22)
- where B = 0.5

gives a good approximation to the instantaneous error. Siddon
(1971a) estimated that the rms value of this instantaneous error
can be quite 1large. In a turbulent jet (vhere turbulence
intensities are typically of the order ofv 0.2) this rms
instantaneous error 1is approximately 0.025 or higher «when
nondinmensionalized by the dynamic pressure of the flow  0.5p02;
the instantaneous error uiil be 1arger, maybe of the order of.

0.04., Although the rms value of the instantaneous error can be

large, the difference between the rms values of the true and the
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méasured pressures often turns out to be nmuch .smaller. In the
present application where cross éorrelation techniques are
employed it is the instantaneous error we are concerned with. It
will be necessary to substaﬁtially reduce it as the measured
pressure fluctuation in a turbulent jet attains maximum values of
about 0.05 when nondimensionalized by 0.5pUZ2. Therefqre, using a

conventional cylindrichl probe the instantaneous error could bé

of the same magnitude as the pressure fluctuation itself.
[}

Siddon (1969) also showed a way of building an error
compensating probe by measuring simultaneously the pressure p.,
and the velocity components v and w, and instantaneously
evaluating Egq. (4#.22) thereby co:recting the measured pressure and

arriving at the true pressure p,.

Even if the accuracy could be improved in this way another
problem appears. During the early part of the research it was
found that cylindrical probes interacting with the turbulence
generate significant extraneous noise as indicated in Fig.4-5.
Imagine a patch of turbulence convecting past the probe.
Interacting with the nose of the probe a 16¢alized fluctuating
side force 1is induced, sending a dipole pulse to the field
microphone. A short time 1later the same patch of turbulence
interacts with the stem of the probe sending off another dipole
pulée.‘These dipole pulses are coherent with the basic source
fluctuation and therefore make an extraneous contribution to the
correlation pCoJ)p, Because these pulses leave the probe. earlier
and later than the true signal, the result is a tendency for the
correlation to be broadened in a rather peculiar way near the

correct value of  acoustic travel time |x-yj/c_,. Shortening the
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nose makes the three contributing effects even less:

distinguishable as shown by the dashed line on Fig.4-5.

It must be stressed at this point that, although the overall
noisé in the fqr field increases by only one decibel or so when
inserting the cylindrical probe; the effect on the cross
correlatioh is very prominent because of the discriminatory power
of the method: It singles out the contribution to the overall
noise from a very localized region in the flow which 1is more
appropriately called ‘'correlation volume'. If the overall jet
noise arises from many independent (separately correlated) source
regions, the extraneous dipole effect can contribute
substantially to the apparent radiation from such a localized
'source region, without noticeably altering the overall decibel

value.

4.3.2 Airfoil Probe.

The best prospect for suppressing the dipole radiation rests in
the possibility of reducing the surface area of the pressure
sensor in the direction of the field microphone to something much
smaller than the correlation area of the turbulence. A flat
airfoil-like probe satisfies this requirement. It is inserted
into the flow XSuch that the plane of the foil contains the
direction of the mean flow and of the radiation to the far field
microphone as shown in Fig.4-6. The thin structure ensures- that

dipole radiation in the plane of the foil is virtually

eliminated.

In order to put the above statements on a more guantitative

basis it is helpful to introduce the "P:obe Contamination Ratio"
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C. C gives the ratio between the mean squared acoustic pressure.
due to dipole radiation from the probe surface and the mean
squared acoustic pressure due to quadrupole radiation from thé
eddy or correlation volume surroundiné the probe. O0Of course we
would like to keép C as small as possible. Appendix D shows how C
is definegd mathematically, how it can be estimated, and gives
some estimates of interest in the present problem. It would
appear from these rough estimates that the foil type pressuré
probe built during the present research has a small enough probe

contamination ratio that dipole noise should not be a problen.

By giving the foil a certain shape and strategically
locating the pressure sensing holes the probe can be made
‘insensitive to pressure errors of aerédynamic origin (Fig.4-7).
For example in the subsonic case (Fig.4-8), the pressure
distributions for a thin airfoil suggest that by locating the
pressure sensing holes close to the trailing edge, the probe can
be made almost insensitive to angle of attack fluctuations both
normal to and along the span of the airfoil. This of course
presupposes that the scale of the turbulence structure is large

compared to the characteristic airfoil dimensions.

The correlation plots on Fig.4-9 show that the effects of_
extranéous dipole radiation can be eliminated. Curve "a" 'is a
cross correlation between p(0) (as measured by a foil shaped
probe) and the radiated sound p, while curve "b" was obtained by
using a «cylindrical BE&EK 1/8-inch microphone with a short
nosecone, all other conditions being kept the same as for curve
"a", The microphone was mounted on a B&K type 2618 preanmplifier

via an adaptor type UAO160 modified into a right angle connector.
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The irregularitiés in curve "bY" are attributed' to dipole
radiation from the cylindrical probe,vparticularly tHe nosecone,
and from the probe support. Curve "c" 1is the Fourier Sine
transform of «curve ®#a" or ihe ctoss—spectrum. Curve ngw
represents the ‘cross-spectrum as calculated from curve "b". It
does not have as "niceﬁ a shape as the one calculated from curve
"a", and even becomesvnegative‘for some frequencies. A negativé
going cross-spectral density gunction does not seem possible for
a situation wherein the source distribution consists of a random
array of uncorrelated phenomena: The power spectral density fron
a unit volume of source flow should always be positive. It'is,
however, possible to hypothesize =situations where localized
spectra may exhibit peaks and valleys arising from constructive
and destructiye_interference at c:itical.freguencies if spatially
.separated sources are to some'degree coherent. Such a situation
vas seen 1in the image experiment (section 3.3). For the case of
probe generated dipole noise, the dipole source and the
corresponding turbulent (eddj) source are somewhat coherent. They
radiate at different times, the difference being given by the
convection speed and the distance from the néée of the probe to
the sensing holes. A further investigation of this phenomenon is

left for future work.

Great care was devoted to developing the fdil type Ppressure
sensor. An early type with a sensing hole at the trailing edge of
the wing tip (Siddon & Rackl 1971) did not exhibit satisfactorily
léu sensitivity to angle of.attack fluctuations in the plane of.
the foil and to fluctuations in the chorduise direction. To have

low sensitivity to - angles of attack in the direction normal to
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the plane of the airfoil is desirable but not necessary in the

present application as the following argqument will show:

Remember that the field. microphone is placed in the same
plane that contains the foil probe (Fig.4-6). The far field

pressure in Proudman's (1952) form is

2 62(pu2) 3 ..
(x,t) = —s— —>— d (4.23)
p ) 4_”(:02 X ,\{‘[ atz ]? X

(conf. Fig.u4-10)

This clearly shows that only the velocity component u, in the
direction x of the field microphone contributes to p. Pressure
. Measurement ‘errors are dﬁe " to the' turbulent velocities

interacting with the probe. u, lies in the plane of the foil

X
probe. Errors due to turbulent velocities u,v in this plane are
minimized by the probe design. Errors dependent on the velocity

component - w perpendicular to this plane will not, in principle,

- contribute to the cross correlation p(0)p because w does not

contribute to the radiation of p.

Various confiqurations of foil type pressure probes were tried
out; some typical examples being shown in Fig.4-11. They consist
of a stainless steel tube embedded in balsa wood with an airfoil
type cross section. The end of the tube connects to the iower and
upper surface of the foil. Pressure errors due to changing'
inclination of the onset flow were determined statically in the

potential core of a 1.5 inch diameter jet about 0.5 diameter from
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the gxit plane, using a Pitot static tube as a reference. The
probe configuration that gave the mést satisfactory perfofmance
is the wedge shaped sensor of Fig.4-12. PFig.4-13 gives the
deviations from true static pressure, in the fofm Cp= (P~
g”)/(0.5pug). For angles of attack less than $12° (equivalent to
turbuleﬁce intensities 1less than 0.2) the Cp error in the plane
of the foil (v-component) varies by less than ;008. By way of
comparison, the incidence error fof a cylindrical probe in 20%
turbulence could attain an instantaneous Cp value of about 0.04
(section 4.3.1). The out of plane error curve (w-direction) has a
marked anti-symmetry. This is most probably due to one or both of
2 reasons: 1) the airfoil section and the pressure taps lack
synmetry due to an imperfect manufacturing process; 2) the jet
flow developnent itself was.influencedwby the probe not being on
the centerline at different angles of attack. In order to
‘minimize  the static  pressure measurenent  error due to
fluctuations in the u-component - (direction of mean flow) the
sensing holes are 1located in a dip, immediately forward of the
thickening trailing edge. The resulting pressure recovery offsets
a tendency for negative Cp due to ‘the finite thickness

(Fig.4-14).

The Cp error due to u-component fluctuations can be

estimated from Fig.4-13, We define:
A = (Py=P_)/ (0.5pU2) (4.24)

where P is the measured static pressure for 0° angle of attack,

R; is the static pressure that would occur without the probe in
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the flow. At 0° angle of attack, the deviation from the true
preséure is shown to be Cp =-0.006. ﬁowever, P, was not exactly
known. By varying the configuration of the foil probe and‘ the
reference Pitot static tube in the jét it was found that the
uncertainty of where the Cp=0-line lies is of the order of 0.003.

In the worst case: |

Cp = -0.009 = (Pp-Byg)/(0.5p02) = A (4.25)

If, as discussed in the next paragraph, the static calibration

remains valid in the turbulent flow we can urite (Siddon 1969):

c
i

()= p (1)
p P A2

=~ 2% (-0.009)(
0.5pU2

) (4.26)

1R

Cpu

cl
n
Clle

In 20% turbulence u/U = 0.2. The Cpu -~error will therefore be at

The suggestion that static * incidence calibrations remain
valid in the real, time-varying lflou implies a quasi-steady
assumption. Such an assumption holds if the sensor dimensions are
 small compared with the scales of the approaching flow. In other
words, the ratio vL/0 must be small, where L 1is the
characteristic chord length of the foil. For the present probe
L=10 mm. Thus the wupper limiting 'fréquency will be about -
v, 2U/4L¥2500 Hz in a 100 m/sec flow. This is quite %- severe
restriction. In the zone of maximum‘shear the mean velocity is
evén smaller (about 70 m/set), and we are interested in
frequencies up to about 5 kHz although the_jet noise peaks at 700

Hz (Fig.3-2). We may therefore expect to run into difficulties of
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résolution. This may be one of the reasons th the final check
(section 4.5.2) does not work out. As this is the first pressure
probe of an airfoil type it should be looked upon as a prototype.
It is hoped that further deveiopment will follow, in particular

with regard to miniaturization.

——— o ——— —— o — —

4.3.4 The Complete Pressure Sensor as shown in Fig.4-12 and
Fig.4-15 consists of the foil probe mounted to a BEK 1/8-in¢h
microphone which is connected via an adaptor type UA0160 to a
type 2618 preamplifier. The adaptor was filled with paraffin and
the preamplifier-adaptor combinatioﬁ was coated with paraffin to
eliminate mechanical resonances. The cavity connecting the foil
to the microphone combines with the small pressure sensing holes
to form a Helmholtz resonator. The resulting resonant response at
- about 2500 Hz was damped out with'a'cottbn’insert; Fig.4-16 shous
the resulting frequency response of the pressure sensor. It is
essentially flat at the frequencies contributing predominantly to

the acoustic spectrun.
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The experiments were conducted in an anechoic chamber with
dimensions 2.7m*2.,7m*1.8m (measured-from the tip of the wedges)
withva lower cutoff frequency of about 300 Hz. The jet nozzle was
placed near one corner of the room; the nozzle exit diameter was

38.1mm (1.5 inches).

( Pig.u4-17) A reciprocating compressof was used as the air supply.
It fed into a large recieving tank. The air then flowed through a
flexible hose to the settling chamber. Most of the settling
chamber was packed with loose fibreglass of the type used for
heat and sound insulation. This eliminéted noise propagation from
upstrean, 'especiélly ~from the valve and the entry into the
settling chamber.llmmediately upstream of the nozzle were placed '
a cotton wool filter to retain dust and a set of screens with
diminishing mesh size to ensure a uniform velocity distribution
at the nozzle entry. The nozzle itself was designed such that a
uniform velocity distribution would result at the nozzle exit by
analogy to the magnetic fiux through a ring current (Smith & Wang
1944) . The shape of the nozzle was generéted on a computer. The
mould was produced on a numerical milling wmachine, the nozzlé_
itself being made of fibreglass using gel coat as the first layer

to obtain a smooth inside surface.

A BEK 1/2-inch microphone was used as the field microphone
located at 45° from the jet axis at a distance of about 50

diameters (1.9 meters) from the nozzie exit. That the far field
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condition was met>is shown in Fig.4-18: It presénts the variation
of the rms pressure fluctuation from inside the flow region
across the near field to the far field (the 1latter being
characterized by the 6 db drop for evéry doubling of distance).
The traverse was done perpendicular to the jet axis and starting

at an axial location of 4 diameters from the nozzle exit.

—rr el em i e e =

(Fig.4-19) The signal pCod(t) from the pressure sensor was
amplified, filtered (passband 270 - 22500 Hz), differentiated,
and fed into channel A of a PAR Modél 101 signal Correlator. The
signal p(t) from the far field, measured by a 1/2-inch B&K
microphone, was anmplified, filtered the same way, and fed into
channel B of the correlator. An x-y plotter was uséd to record
. the resulting correlation functions'g?zjgz The raw correlation
functions contained some noise from the signal correlator aﬁd
acoustic contamindtion from reflections off the probe support and
traversing mechanism. The latter manifests itself by weak
secondary peaks occurring some time after the source—reciever
. delay time <tv=r/c,. Some subjective judgement was used in
~eliminating the acoustic contamination in the tails of the
correlation functions. This measure affects only the cross-
spectra resulting from Fourier Transformation of the complete
correlation function. The unfiltered local sourée strength, equal
to the derivative at t=r/c, (vertical 1line in Fig.4-9, curve
"a"), 1is the principal gquantity extracted from the data as
iﬁdicated by Eq. (4.10). 1In order to process the data on a.
computer the plotted correlation funcﬁioﬁs were digitized using a

graphical digitizer. The derivative was calculated by least
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square fitting a polynomial to the correlation function 1in the
vicinity of 7T=r/c,. The Fourier Sine Transform according to
BEq. (4.11) was estimated using a Fourier transform utility package

(Rackl 1972a). (Fig.4-22a and Pig.4-22b).

Keeping the field microphone always at the same location of
459 to the jet axis the pressure sensor was moved around in the
jet on the side opposite to the microphone, in order to minimize
interference of the probe support with the sound field (Fig.4-1).

Radial traverses were done at various downstream locations.

4.5 Data Reduction

The procedure described in the previous section results in the
distribution of source strength per unit volume shown in
Fig.4-20. Nondimensionalization was effected as shown in Appendix

B. The nondimensionalized source strength plotted is:

T=r/c,

[ 5% ()]

S y= (8.27)
UV 2(05pU2)2M2 D/x, (U/D)?

where:

U = nozzle exit velocity,
M =0,/c, = ﬁach number,
D = nozzle exit diameter,

x_= distance nozzle exit - field microphone.
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It is not surprising that the distribution of %N bears some
similarity to the distribution of mean shear in a jet. It has
traditionally been argued that sound generation from turbulent
flows should be strongest in the regions of most intense
turbulence occurring where the gradients of mean velocity are
largest. Thus, over the first few diameters, SUQ is strongest
half a diameter from the jet axis; further downstream the peak
shifts toward the axis and decreases rapidly in amplitude. At
this point it should be emphasized that this distribution does
not indicate the sound power radiated from unit volume, but the’
contribution to the mean squared pressure in the far field at

45° to the jet axis.

For each downstream location the radial distribution was
integrated resulting in the distribution of source strength from

a "slice" of the jet:

08 ' .
r=0

Fig. 4-21 shows the present result and éompares it
qualitatively only with results of other workers (Lee & Ribner
1972; Ribner 1958, 1962; Dyer 1959; Jones 1968; see also Chu,
Laufer & Kao 1972). The present and H.K. Lee's works use similar
techniques (causality correlations) ; Lee;s data were taken for a
far field location of 40° to the jet axis and at a Mach number"
of about 0.3. The other curves are not experimental data; théy
are based on semi-empirical techniques and indicate the sound
power radiated from a slice, without consideration of direction-

ality. It is known that higher frequencies are radiated more
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preferentially in directions in thé vicinity of 45°, this being dﬁe to source
convection and refraction by the shear layer affecting the higher
frequencies more than the 1lower ones. Higher frequencies are
generated closer to the exit than lower frequencies: One might
therefore expect the axial source distribution for 459 radiation
to peak earlier (i.e. between 2 and 3 diameters downstream) than
would be expected for the overall power distribution. The
restrictions discussed in section 4.3.3 must however be born in
mind. The general trend is to support Ribner's prediction from
similarity considerations except very close to the nozzle exit
where the flow has to readjust very rapidly from a boundary layer
inside the nozzle to a freely growing shear layer. One must also
point out that it is not known accurately where the-assumptidnsr
of similarity become valid downstream of the potential core,
i.e. the axial location where the x-7-Law takes over is

uncertain.

Further integration of Sgj., along the jet axis should recover
the p2 as measured directly at x, according to Eq. (4.8). This
provides a check of the procedure. However, the 53 as obtained by
integration is nearly 10 times as large as the measured one. The
possibility of a numerical mistake ‘is ruled out as the
calculations were Ehecked many times, also by different persons.
Numerous possibilities explaining - this discrepancy were
considered and many were discarded. Among the latter were: Vortex
shedding from the probe trailing edge (the shedding frequency 1is
of the order of 14 Kilohertz), mechanical shaking of the

microphone. Possibly valid explanations are:
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1) The derivative of p¢(o)p is to be evaluated according to.

Eq. (4.10) at 7T=r/c,, the ¢time delay that corresponds to the

travel time of the sound from the source to the far field
microphone. This "geometrical" time délay is in fact not equal to
the real sound travel time as the . probe is inserted from the far
side of the jet (Fig.4-1) and the sound must travel through the
jet flow wvhere it is accelerated and refracted. The "effectiye"
time delay is therefore slightly smaller. The typical E?Esg.showh
in Fig.u-zuA_is quite antisymmetrical. According to the
geometrical timé delay the derivative would have to be calculated
at a point slightly to the right of the point of symmetry (here
called the “"center"), but still on the portion with positive
'slope. The effective time delay would move this point toward the
center whe:g the_slope_is steepest. Experimental evidence was
collected .shouiné that the‘ effective time delay should be

shorter:

Some experiments were performed with the pressure sensor
inserted from the near side. 1In this case the geometric tinme
delay was very close to the "center" as one would expect since
the sound does not travel through the jet exhaust strezam. In
anothér set of experiments, a point source with a diameter of
about 0.1 inches was placed immediately under the pressure probe’
(inserted from the far side) and driven by random noise and by
pure tones. The <cross correlation was computed in the qual
manner with and without the jet flow. In the latter case a peak
in the correlation function was observed - very close to the
calculated geometrical time delay. When the jet flow was turned

on this peak shifted to the left toward a shorter time delay.
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This shift varied somewhat for random noise and for pure tones of:
different frequency; it was impossible  to deiermine the exact
sﬂift with the simple setup -used. A third .experiment vas
performedvon the computer only: The Féurier Sine transform was
calculated for 'a selected- 57375 "centered" at a varying T,
i.e. the amount of otigin shift. on the t-axis {indicated in

Eq. (4.11) by [...]f} before FPourier transforming was varied in

the vicinity of t=T=r/c,. AS Rmay be‘ expected, when pCOdp was
centered on the point of symmetry a sine transform resulted that
remained positive for all frequencies. If centered before or
after the point of symmetry the transform showed negative going
parts, which does not seem possible as already mentioned in
section 4.3.2. It was therefore decided to assume that the
effective time delay is given by the point of steepest slope.
This deciéion may not ‘have been the best. The slope at the

geometrical time delay is smaller and would result in a smaller

integrated .EE, but the change would fall far short of accounting

for the total observed discrepancy.

2) The calculations in Appendix D indicate that dipole noise
should not be a problem with the present pressure sensor.
However, Appendix D deais only with gross turbulence properties
for x/D=4. Maybe one should give more consideration to the
smaller turbulence scales especiallj vhen thej are of the grder
of the probe size. This will be the case <closer to the exit

plane; there, dipole noise could indeed become dominant.

3) The insertion of the probe into the flow will, of course,
change the flow. The smaller the probe. the less this disturbance.

The discussion of section 4.3.3 shows that the probe may indeed
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be too large to adequately resolve the turbulent pressure at a.
point in the present jet, especially further upstream (closer
than about 2 diameters from the exit) where scales are small and
frequencies are high. The quasisteady”assumption for the pressure

error would no longer be valid.

4) It was pointed out to the author that there is a strong
mean velocity gradient across the sucface of the probe when it'is
inserted from the far side as shown in Fig.4-1., This may lead to
an additional flqw distortion and pressure error. However, vwhen
the probe was inserted at a point 1/2 a diameter directly above
the axis (not behind as in Fig.4-1) where there would hardly be
any velocity gradient across the probe, the correlation 5737;'was

‘not significantly different.

5) The dynamic calibration of the pressure sensor was done
acoustically only. It may be that flow over the pressure sensing

‘holes substantially alters the frequency response of the probe.

4.5.3 Spectra. The upper part of Fig.4-9 shows a typicél
pair of cross-functions: 9a the experimentally obtained cross
correlation function in the time domain, 9¢ the <cross spectrun
function in the freqnency domain calculated from 9a according to
Eq. (4.11), i.e., the spectral density of the source strength per
unit volunme. Fig.U4-22b shows some typical cross spectrun
functions for various douwnstream 1locations. Again intégréting
radially one obtains - the spectra from slices of the jet. Their
peak frequencies are plotted against downstream distance from the
nozzle exit in Fig.4-23 (full circles) together with other

.results available. (Lee & Ribner 1972; Chu, Laufer and Kao 1972).
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The empty squares of Fig.4-23 were arrived at by a very sinmple-
argument: We know that the radiated sound depehds on the second
derivative of the source fluctuation. Bearing this in mind, thé
spectral density of p¢(0) as measured uwith the stationary foil
probe (Fig.4-27) was multiplied.by the square of frequency and
the peak frequencies éntered into Fig.4-23. Although this does
not account for directionality and is not amenable to
quantitative analysis of source streﬂgth the curves fall closé

together.

It 1is interesting to note that none of the curves in Fig.U4-
23 attains the value of about 0.2 which corresponds to the peak
Stroubhal number of the overall noise at 45° from the jet axis.
‘Lee (1971) has commented that this is ".,. due to the omitted
contribution of that part of the jet extending bevond X=7D, which
must dominate the low frequency sound emission." In the present
case the measurements were done as far downstream as 10
diameters; the curve still does not show much tendency to bend
down to lower Strouhal numbers. This can be 1interpreted in_

different ways:

1) The low frequency sound is emitted still further
downstream. Looking at Fig.4-21 however, all available data_
suggests that there is hardly any sizable contribution to the jet

noise from regions beyond 10 diameters.

2) The low frequency sound is generated upstream of the exit
plane, i.e. in the nozzle and the settling chamber acting as
acoustic resonators. If this were true one may expect to see 1in

the spectrum a low frequency hunmp above the jet noise which would
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vary markedly from one jet to another; but this is not the case.

3) Some of the points discussed in section 4.5.2 will, of
course, be reflected in the spectra. In particular point 2): The
smaller turbulence scales are associated with higher frequencies.
Therefore, 1if dipole <contamination were a problem it would
enhance the high freguency contents and thus make the spectra
peak at higher Strouhal numbers. In addition, far downstreanm,
whére scales are large, interéction of the flow with the stem of
the probe may produce a signal‘“ thch ‘is coherent with the
measured pressure signal and again contaminate the Cross

correlation.

The directly measured sound spectrum in the far field at 45°
.from the jet axis and the one that results by integrating éll
elamentary spectra over the jet volume should, theoretically, be
the same [Eg. (4.11) integrated over volume]; As for the mean
squared pressure this check does not work out. Fig.4-28 compares
the directly measured and the integrated nondimensionalized
spectra. The reconstructed spectrum apparently iﬁcludes an excess

of high frequency energy.

The correlation coefficient of Eq. (4.21) at a location 3
diameters downstr;am and 1/2 a diameter frém the jef axis turned
outvto be approximately 0.08. Therefore, a rough estimate of the
number of incoherent sources in the jet n is

n~ (0.08)-2 = 150

It would appear reasonable to infer from this number that n is of

the order of 100 to 200. One must however investigate what
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external influences may increase or decrease the correlation

coefficient:

1) Dipole noise off the probe can significantly increase the
magnitude of the correlation function and of the correlation
coefficient: In Eg. (4.21) both pCodp and pyms 4ill be affected by
the dipole radiation, However, 573?5 will increase much more than
Prms because p,ﬁs is the noise coming from the whole jet, whiie
5?375 represents the ébntribution from the small volume where the
probe is inserted. (This was already discussed in section 4.3.1).
Thus n may be considerably underestimated. The low value of n>3
given by Scharton and White (1972) was arrived at using a 1/8-
inch microphone in a 5/8-inch diameter jet with Mach number equal

to one. The probe contamination ratio (Appendix D) for this

th
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-configuration 1is o e crder ~ of 1.8, This high value would

indicate that dipole noise from the probe not only plays a

significant role, but that it is dominant.

2) Filtering may haveAan influence on the magnitude of the
correlation coefficient if a significant amount of the energy of
one or both of the two signals being correlafed is filtered out.
In the present case, for instance, one may wish to 1increase the
signal to noise ratio by using an octave band filter centred oﬁ
the.peak frequency of the Jjet noise spectrum. If pCoO)(t) is

reasured at a point in the jet where the spectrum of p(9) peaks

in the same octave band, the correlation ptodp may be left
essentially uninfluenced by fiitering. On the other hand, p(t)
contains a significant amount of energy outside this octave band
which 1is contributgd from other parts of the jet. Therefore the

filtered pymg will be smaller than the wunfiltered one, again
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increasing the correlation coefficient and 1leading to an
underestimation of n [octave band filtering was employed bj
Scharton & White (1972) which may have contributed to their 1low

value of n™3].

3) External acoustic noise can significantly decrease the
correlation coefficient (but 1leaving the corrélation function
unaffected): In Eq. (4.21), the acoustic pressure p,;mg Can contain
other signals than 'the one radiated from the jet. This would
decrease the correlation coefficient and thereby overestimate m.
Care must therefore be taken to elihinate external noise sources.
In the present work for instance, low frequency noise from the
compressor supplying the air had to be filtered out by a Uth

order high pass filter with a cutoff frequency of about 270 Hz.

L) Electronic noise mdy also substantially decrease the
correlation coefficient by superposing itself on tﬁe peod (t) aﬁd
p(t) signals thereby increasing p,,s and p(93. . in Eq. (4.21).
Again, n gould be overestimated. Electronic noise has high
frequency character and can usually be eliminated by a suitable

lov pass filter.

Lee & Ribner (1972, p. 1289) roughly estimated n to be of
the order of 2500. Although this may come close to the truth it
is not known if it may have been overestimated Vas described in

points 3) and 4) above.
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V. SUMMARY CONCLUSIONS, RECOMMENDATIONS.

Two experiméntal technigues were developed with the aim of
learning more about the distribution of sound sources 1in a
turbulent jet. They both use the caﬁsality principle in that thej
measure a source fluctuation and relate it to the radiated sound

by a cross correlatioh method.

In the image technique a rigid‘surface is put close to the
jet. The pressure on the surface 1is taken as a fluctuation
representative of a certain 1limited region of the Jjet. The
resulting distribution of source strength over the surface allows
. some conclusion on the noise SOurces.in the jet using the ray
acoustics reflection principle. For the low speed subsonic jet
used the strongést sources aépear to be located between 4 and 6

diameters downstrean.

If this technique 1is enployed in Ithe future it would
probably be of advantage to replace thé' rigid surface by a
hypothetical plane as the presence of the real surface ;nfluences
the development of the flow (Siddon 1973b). It may, however, be
necessary to measure both velocity and pressure, as the boundary
conéition of no normal velocity on the surface would then
disappear [terms containing u; 1in the surface integrals of
Eq. (1.2) would not vanish, but may be negligibly small .in some

cases ).

In the direct ‘turbulence piobing technique the fluctuating



64

ptessure is measutéd by an airfoil type sensor and is cross
correlated with the faf field radiated sound. Using Ribner's
(1962) dilatation theory 1leads to a volume distribution of
acoustic source strength in the jet which looks somewhat similar
to the distribution of mean velocity shear. Radial integration
gives the acoustic strength from "slices" of the jet; this is in
qualitative agreement with results of other researchers. However,
an attempt to regain the total radiétéd pressure by integrating
ovef. all sources in the jet failed. Reasons for this failure are

given. From these the following recommendations result:

1) To further develop the pressure sensor: the shape of the
present sSensor was arrived at by '"educated guessing". &
theoretical investigation in the pressure distribution over the
foil surface wusing a three dimensional theory [ for instance
Smith's method (Smith & Hess 1967) ] should lead to an optimum
foil shape which also takes into account the presence of the
probe suppott; The analysis could even be <carried further to
include time varying incident flow. However, the computing time
required using a modified Smith's method would be very 1large. -
Miniaturization of the pressure sensor is very desirable both
from the point of view of dipole noise contamination and of flow
disturbance. The feasibility of using transducers other fhan
condenser microphones should be exploréd.‘Such could be of the
piezoelectric type of Kulite semiconductors which could be
embedded directlf into the airfoil surface. -~ The dynanic
calibration should be done iﬁ a known unsteady flow such as an
inclined rotating nozzle which generates a flow with sinusoidally

varying angle of attack.
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2) The larger the jet and the smaller the probe, the less.
problems will arise from extraneous disturbancés. Also, tests run
at higher Mach numbers would not only be more reaiistic models of
jets. used in modern aircraft but teéuce the probe contamination

ratio in proportion to M-2 as shown in Appendix D, Eq. (D.12).

3) The uncertainty regarding the correct time delay of the
ncenter® of the causality correlatigon function should be reduced
[ section 4.5.2, point 1) J: The exact sound travel time from the
transducer measuring the source fluctuation to the far field
microphone has to be measured or calculated in some way. For
instance, a point source of sound in the jet could be used at the
‘location of the transducer, without the latter in place. Since it
'is next to impossible to build a strong point source with a
uniform phase response, this phase response nmust "at least be

known and corrected for later.

The .thesis established the feasibility of exploiting
Ribner's pressure source model of flow noise using the causality
correlation technique. The difficulties inherent in the method
were uncovéred; some were'solved, for others viable solutions
were ~proposed. Since the correlations can be performed in the
broad band it is an efficient method; In its present state it‘
.gives a good picture of the relative source distribution. If the
above recomnendations are implemented highly accurate
quantitative measurements of the source distribution should be

possible.
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Appendix A

Mathematical Details Concerning Eg. (4.7) Through Eg.(4.11).

Eq. {(4.7) is repeated:

pplite) = -—— [ [§]. plt+e) a3y (a.1)
4mcgx vy 3
where [...]? means: Replace the argumenf (t) by argument-|x-yl|/c,
(t-|5—x|/c°). p(t) can be taken under the integral sign because
it is indepepdent of y. Time averaging and integration over V are
independent, 1interchangeable operations. Under the assumption of
statistical stationarity the time averages are functions of the
time delay T only. The left hand side of Eq. (4.7) becomes the
autocorrelation of the far field sound pp(r). The right hana side
can be put into a more convenient form:
Consider: "‘% = 5‘@}" —dﬁ‘

dr
Put: t'=t+7 > =—=-1
dt

[iz—%%()—:m]?_P(Hr) = [ b‘o’(t'—r)]?. p(th) =
_ 5@; [b(O):, p (=) — _(—3@; [p(O)]p =
_ - [23? bCO)D]f. SR | ‘ (2. 2)

wvhere [...]3 égain‘-means: replace " the arqgument (T) by
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argument+|x-y|/c, (T=T+|x-Y|/C,). Eq.(4.7) therefore becomes in-

differential form:

d pp () | d <oy
_ 2.3
oV T 4mc? 57 20l (#-3)

Now take the Fourier Transformn
00 ' ’
f eVl = '3’{ } (A.4)
-0 . . :

of Eq.(A.3). The right hand side becomes:

@ - |
_ | 0 o, 2Tyt
R -é[ 5= 8 Op ], 2T dr (2.5)

chs = Z2me o] gemrg o6
(e8]

By definition, the real part of the Fourier transform of the
autocorrelation dpp(r)/av is the power spectral density.
.Therefore, taking the real part on both sides results in the

spectral density of p per unit volunme:

W B - 2 el e

wvhere F{...} = Fl-.--} + 13';{...},

3;: cosine transform, 3;= sine transform.

When the Fourier transform 1is. estimated by a numerical

method it 1is usually necessary to correct the result
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("smoothing") 5ecause a numerical integration cannot be extended.
to infinity. In the ©present case, _houevet; the correlatiop
fﬂnctions 57375 decrease sufficiently rapidly to-zero within thé
length of the record available so tha£ such a correction was not

made,
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Appendix B

¢

There are two reasons for nondimensionalizing data:
1) Fluctuations in ambient conditions. will have less degradating
effect on the final data. 2) Results are more general and easier

to compare with results of other workers.

Lengths are measured 'in general in meters [(m], sometimes in
inches [in], pressures in N/m2 (N=Newton), time in milliseconds

[msec], and voltagés in Volts [V].

—— e —— s =

The signal flow is showﬁ in Fig.4-19, The correlator
computes §K§E(T), where e, and eg are the voltages applied to the
two 1input channels; the dimension of §yeég is [V2]. The output
Ce (T) of the correlator consists of voltages the values of which
are numerically identical to the values of EKE“. The sensitivity

B
S, of the correlator is therefore S ,=1[1/V].

What we are interested in is "p¢olrp., Tracing through the

electronics we get:

i

ey (t) RC Ggp Gya Sa PO (t)
eg(t) = Geg Gyg Sg P(Y)
where:

RC = time constant of the differentiator [ msec],
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Ge = input gain of correlator,
Gy = gain of measuring amplifier,
S = microphone sensitivity [V/N/m2].
‘>Cc(r) is ‘recorded on an x-y-plotter (sensitivity Sxy

[V/in]), the plotted function C(T) is measured in inches. Then:

Syy C(T) =8 eg S,

Syy C ()
RC G, )(Sg Gyg Geg) S

p©p(r)

(S, Gya

Nondimensionalization is effected by dividing the far field
acouétié pressure by
2(0.5pU2) ¥2D/x, ,
the hydrpdynamic‘pressure fluctuation by
| O;SPUg,

time and time delay by D/U,.

Using the second form of Eg4.(4.9), Eq. (4.8) is

nondimensionalized:

pp (<)
{2(05p02 M2 O/}

. p(O)
2 . 0 .2 '
B (U,/D) f[ 9 035pU; p ] 3
" 47c?x2M2D ) 5 2y M2 S
TS %, /%,y Solg) dltuyo) {2(05002) M2 D/x,}

The nondimensional integrand [...]}3 is extracted from the

measured cross correlation data.
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B.2 Image Technigue

The signal flow is nearly the same as in Fig.4-19; ve
substitute a quarter inch microphone for the foil pressure sensor

and omit the differentiator., Then:

_— ij C(T)

p.plr) =
s Sp GuaCca S Cua Ccs Sc

Since it was determined that p scales much the same way as p, Ps

is nondimensionalized by the same guantity A(3.13) except that x,

is replaced by h, the distance of the surface from the jet axis.

Equation (3.10) becones:

p2

_- {2(055U2) M2 D/x, }2

cos 6 (U,/D)
47rC°X h/x,

[a Ps p ]

Oeuw/D) 2(05pUSMPD/h  2(0.50UBM? D/x,, £

e

n—

M = 0.325 (typical), & = 55°, h/D = 5.17. (See Fig.B-1.)

The nondimensional integrand [...]p vas extracted from the
measured cross correlation data by a computer progran. The

integration was done by hand.



77

Appendix C

Prediction Of The Shape Of The Cross Correlation Function.

The procedure is similar to the one outlined by Siddon

(1970, 1973a). Eg. (4.6) is rewritten: .

—m41rcl:°2x choa(y',f'—r'/co) d®y' | (€. 1)
Egq. (4.7) was obtained by multiplying becth sides of Eq. (4.6) by
p{x,t). Here, we are interested in predicting the shape of the
function E?ETE(T), so we multiply Eq. (C.1) by p¢°(y,t-r/c_ ) and
time average. On the right hand side the factor can be taken

under the 1integral sign because the integration is with respéct

to y':

pCOJ(Z,T—r/Co)D(}E,T') =

(C.2)

= —ﬁ;‘ fpm)('y,f—r/co) p<O 2y t'=rc) o'
™ ° V' - - 4 —

Retarded time differences due to r#r' can be neglected in 1low
speed flows, since the acoustic wavelengths are generally large

compared with correlation scales (Lighthill 1962), i.e., we set

r=r'.

Assuming that all variables are stationary random functions

and with tv=t'-t we get:
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pPy,t=r/c,) p(x,t) = pPp (x,y,t+r/c,) (C.3)
_ | ,

pCO)(X,T—r/co) (OD(X -r/c,) = -5?_2— p<© p@ (_5,2,7) (C. 1)

where §=y'-y
‘Hence
Vo (r+ire) = - g7 2 f p¢® COJI(_{:X‘E) d% (c.s)
T . = .
We sele ect a functional form for thé' Correlafion pC0IpCo)?

which exhibits the property of convecting decay as space

separation and time delay are increased:

o> o> 2 -
pPp @ = g% {(e_UT)/L,E, Ly, &/ Ly T/ T) (.6)

(the 1-direction is the direction of motion for the turbtulence

structure with convection velocity U ). The function f has the

properties:
(1 £(€=0, v=0) =1
(2) ,ag‘:g—a 0 for arg —> @, sufficiently rapidly for

all integrals to converge.
(3) | £(arg=0) |21 £ (larg(>0) |

(4) f(arg) = f(-arg)
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of
0 org

where arg stands for any of the 4 arguments of f. Now put

(5). f and are continuous,
X = {/Li, t=1/T, a=U,T/L;. T is some suitable time scale of no
further concern here. 't is a nondimensional time delay, not the

real time. Eg.(C.6) beconmes:

| 2 ~ ~
pc0)pco> = p© £(x,—aT, Xy, %g, T)

(C.7)

The convection of the turbulence is allowed for in the x|~
direction which 1is parallel to the jet axis. There is also sone
convection in the xpo= and i3—directions due to spreading of the

jet; this effect is very small and neglected here.

Now consider:

o _ o df _ 1 8 .8
ot 0T dt T ot
0% <0y <o I 02 82 o v
3.2 PP = Tz P 77 f(x,—at, x5, x4, 1) (€.9)
: d )
Put x? =X, - at. In what follows ———— means partial
d arg _

differentiation with respect to one of the 4 argqguments of f, the

others being held constant. Then:



q
ai _ af .di' +df di,z N af di; N o’i _
91 ax; di dx, df dxy d1 a?
= -ag-f; TRCAR (C.10)
ax, at ,
02§ d df ,df d df ,df
=7 = == — (- T
T2 ol T Yot T “axt ot
a?f a®f d%f
2
= - 24— + = C.11
Y oxE T Yaxan dT? (e-1
It is mathematically convenient to assume that £ is separable:
f = fl(x') fz(xz) f3(x3) f4('r) o (ca12y
and define:
0 .
-0 . . '

Then:.
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o2l bl3 B K
4 c2x T

pPp (r+rkc) = -p X

2¢ 42
X{a fdxjf",_ X, ~2a df;‘ f(;:_: X, degff } (C.14)

The first integral is zero by propérty (2) and (5). Because of

property (4) the second integral vanishes. With dx|=dx? finally

pco>2 LiLoLaFFoFs  df4 (€. 15)

p (r+r/c,) = -
PopiTTIEl = 4rcZx T2 dY2

p¢9)p 1is independent of convection for any f satisfying
properties V(J)—(S).' It depends very st;ongly on T and the
'function f4.which togethervdescribe the decay properties of the
turbulence. For a nondecaying frozen convected pattern f4 is a
constant; ho sQuna would be radiated. Fcr a flow to produce
acoustic output it is necessary that patterns are generated and

then decay.

If we make the rather special assumption of a convected

Gaussian for f:

= - -gt) 2 -g2 -x2 -F2y}°
f = exp{- (x| -df) x2 -x2 T2} ) (C.'16)
(00) (00 00) :
ff d = ffzdx2 = ffs.dx?) = (C.17)
- -0
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| I AL :
m(r+r/c°) _ _«/2ip<0)2_lLL_2_L_3.z e(T){Iv-— 2<;Ir__)2} | (C. 18)

c?xT?

[]

2 e . .
The total area under e—'T (1-2t2) is zero. This means there

is no dc-componentlin pC9)p as one might expect since p 1is an
acoustic pressure. This is truye for any f,; satisfying properties

(M-().

The shape of the cross correlation p¢(®)p can now 'easily te

predicted:
) 4 oo, _ 0 Too-df
PP = "5 PP = "¢ P Py T
T o2 Lilals 2, 2% o3 |
= —— —— 2 e (3t —21°) (C.19)
2 P co2 x T3 : '

Fig.4-24 shows a typical measured cross correlation p¢¢)p and

fitted to it by least squares a function cf the type
o) - 2y
A e {3(_T_>_2(T) } , - (C.20)

It appears that the convected Gaussian for f is a good assumption
as the agrecement is.good. Knowing the appropriate ccefficients.
from the fitted function one coula empirically estimate the
radiation from unit volume. The Fourier transform (equal to the
cross spectral density) could be 6btained in closed form without

recourse to numerical transform techniques.

b4
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Appendix C

Prote Contamination Ratio

#hen a probe 1is inserted into a _turbulent flow the
interaction of the flow with the probe surface creates noise of a
dipole nature. It sSuperposes itself on the quadrupole sound
radiated from the flow itself. For the <cross correlation
measurements using the causality principle it is necessary to
pinimize this dibole radiation. The reader .méy recall that
dipoles are more efficient emitters than quéarupoles of similar
strength, i.e., even a small probe surface may be able to
considerably distort acoustic measuresents. The prdbe
contamination ratio C to be defined here is a number by which the
acoustical performance of a probe in a turbulent flow with 'given

properties can be evaluated.

V. (no probe in the flow). It follows from Eq.(u.15)' and

Eq. (4.23) that:

—_— ap2
2
ch = JV Ve o=
2 2 2 2
_ VC ..(0)2 — vc {a (IDUX)}2 .(E 1)
6rlc x2 " 672 ¢ x2 L 912 '

C.2 Probe Interaction Hoise. Assuming that the probe does
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not move and that shear stresses radiate negligible sound (see
section D.5), and using Eq.(3.2) and Eq.(3.5), only the second

integral of Eg.(1.2) is left. It becomes in the far field:

Py = '7%% ”£ [bs] dS (D.2)

.where the subscript "d" indicates dipole type radiation, 8 is the
angle between the normal to the surfafe S and the directicn bf
radiation, and Py is the surface normal pressure. After squaring
and time averaging, and setting cos[3=1 for the worst case,

Eg. (D.2) becomes:

N

;d— = |67r2(i°2 2 {[bs]ds £[bs]|d8' ' (C. 3)

If the prbcess is statistically staticnary and the surface is
small compared with a typical wavelength, the brackets {[...]
indicating evaluation at retarded time can be dropped in this

case.

Assuming that p, is well correlated cver the surface of the
probe (i.e. it 1is at least contained in a correlaticn volume),
the iﬁtegrals in Eq. (D.3) represent nothing else Lut the mean
squared derivative of the fluctuating lift force exerted on the
?robe. We can use unsteady airfoil theory to estimate the 1lift L
if the disturbance velocities are small ccmpared to the méan flow
U, and if the probe shape comes close to a slender body shape.
The requirements-ape not too stringent as fhe prote contamination
ratio is only a rough estimate designed to gain some feeling for

the amount of dipole “poisoning". 'C; is the unsteady 1lift
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coefficient, a is the instantaneous angle of attack:

~ ~ ~ dC . .
L(@) = 0.5pu2spC = O.SPUZSp—aaLa(t) , | (L.4)
It is well known that the 1lift curve slope -%%F- depends on the
wavenumber of the incident disturbance [ Sears (1941) function,
see also Liepmann 1952, p. 796; and. see Fig.4-25). Most ©rprobes

can be generally regarded as low aspect ratio finite wings for

dC_
da

e
moderate, as indicated typically by the dashed line in Fig.4-25,

which the wvariation of

with the wave number 1is only

A value of 2 is therefére used for the 1lift curve slope 1in the
subsequent calculations, With
a(t) = v(t)/U (C.5)
(v is tﬁe component of the velocity disturbance perpendicular to
U in the plane that contains the directicn of radiation) Eqg. (D.U)
becomes after differentiating with respect to time, squaring, and
time averaging: |
| L? = (pU?)?S? Ul'z (%}[’—)2 (C.6)

which is an estimate of the product of the two 1integrals in
E4. (D.3). Therefore:

— 2

Y
d 16 72 ¢ x?

N
¢

(0.7)

——— i . . o o o —— e —— T e s et —— — —— ———— — ————— ——

the probe contamination ratio as the ratio between the nmean
squared acoustic pressure due to dipole type radiation from the
probe surface to the mean squared acoustic pressure due to-

quadrupole type radiation from the adjacent eddy of fluid:

C = pI/PZ (0.8)
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Combining Eq. (D.1), Eg. (D.6), and Eq. (D.7):

' U2 7 pclSpy2 2 _
C = (co) ( ch). Toi? (5.9)

For 1low speéd flows the density p can be regarded constant and

then cancels out in Eq. {(D.9).

[4

D.4 Estimates for a Low Speed Turbulent Jet. The point 4
diameters downstreas and half a diaweter from the axis is chosen
as representative., There, the mean velocity U is abqut 0.6U0,,
where U, is the exit velocity. It is assumed that Yems = Yrms =
0.15U°, and that differentiation with respect to time can be
replaced by multiplying by 27y = 270.2U/L;, where L. is the
correlation length, and is given by L, = 0.13x (x is measured in
diameters from the exit) (from Laurence 1957). 1If the correlation

volume 1is° imagihed as an ellipsoid with minor axes 1/3 of the

major then Vcﬁmg. Therefore Eq. (D.9) becomes:

—

0.6U,+2 S22 (2wv)? v?
c = ( = °) co! = W4__ (D. 10)
° L. (27v)* v4
Also (from Siddon 1969): ve = 2y2 _ | (D.11)
(note that for a Gaussian: v® = 3v2 )
S2 cd B
C = (O.GM)Z g > 2 =
Le (2702 06U,/L.)" 2(0i5U)
14 Sp 2 .
= 8 ( 2 ) (D.12)
M L2

If we desire that C be less than 0.1 for good accuracy, we nwust
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require that

Sp ¥ 2
(f%) < IXO

c

For x=4D, L :D/z. Then.we need
| Sp < D2M/48
In the experiments described in this thesis: D=38.1 mm, M=0.32:
Sp < 9.7 un? (C.13)
For cylindrical‘probes Sp can be replaced by an "effective" area
because the pressure fluctuations due to the turbulent cross
velocitiés are concentrated near the nose of the proke as shown

in Fig.4-26. Assuming that S, is equal to 2d2 (where d is the

p
diameter of the probe)id would have to be 2.2 mm or less, a very
small size for a dynamic pressure sensor. In addition, the 900

bend downstream of the sensing elements would create additional

noise by flow separation and vortex shedding.

The pressure probe described in section IV of this thesis
has a <cross sectional area of about 10 @wmm2, thus Larely
satisfying Eq. (D.13). However, the calculations here are done for
x=UD..Closer to the jet‘ exit the requirements Lecome more
stringent and the present probe may be radiating a significant

amount of dipole noise.

D.5 Is the Skin Friction Indeed Unimportant for the Foil
obtained by considerations sipilar to the ones arriving at

Eq. (D.3):
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7 i (LIS 0TS e

[from the third term in the second integral of Eg.(1.2)] Under
the same assumptions as for the lift force case the 2 integrals
result in W2, the mean square derivative of the drag force W. The
Reynolds number Re is based on the cﬁord length of the p:obei
b=9.85 mm, the mean velocitle=O.600= 66 m/sec, and the kinematic

viscosity of the air at 209C v=14.9*%10—-6 m2/3ec:
Re = bU/v = 4.36%10% < 5%105 = Re,, (L. 15)

where Rey, 1s the Réynolds number for transition, i.e. the
boundary layer is laminar. For a rough estimate of “the quasi

steady drag fluctuation we use Blasius' Law for the laminar skin
friction coefficient c,, although it is strictly applicable only

to a flat plate:

cy = 1.328/4/Re _ {(D.16)

then, the instantaneous drag force becones:

- ,._ 1328 '
W3¢, S 0,5p(U+u) 2= = S 0.5p(U2+20u+~0) (D.17

wp e P Re P P ,17)
where Spf is now the wupper surface area of the foil; u is the
velocity fluctuation in the mean flow direction. Eq. (D.17)

becomes after differentiating, squaring, and time averaging:
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_— (1.328 S, pU2 | |
w2 = ald u? (C. 18)
Re .

We now define the probe contamination ratio for skin friction
fluctuations by analogy to Eq. {(D.8):
¢, = F /7%, ©.19)
¢

Combining Eq. (D.19) and Eq. (D.1):

' U2 pciSy 2 "3
r ('LCJ_) (P V. pf) (_;u_:)—z l.géi | (L. 20)
X

Cy

-— ——

Assuming 42 & ¥2, using Egq. (D.9), and putting Sp 2IOSpfor the

f
present probe:

. . o : _
Cfr = -ll‘i%— C (D.21)
Eq. (D.21) shows that the probe contamination ratio for skin
friction is very much smaller than the cne for souqd radiated due
to forces normal to the surface., Shear stresses are therefore
unimportant in the dipqle noise calculations affecting the
present foil type pressure sensor. Since Ce, is about 2 orders of
magnitude smaller than C, dipole noise due to shear stresses is
probably hardly ever of any importance in low speed turbulent air

flows.
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Real Jet

,;{\ |
) /s
far field % -0 —

px)”

Fig.3-1  Image geometry
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Fig.3-2 Nondimensional spectrum of jet noise at 459 to jet

axis. (a) isolated jet, (b) with surface S; behind
the jet. (computer plot)
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Fig.3-3 Microphone mounting. 1: %-inch Bruel & Kjaer micro-
phone, 2: brass sleeve, 3: %-inch thick plexiglass
panel, '
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N
\ / v \ T time delay T

Fig.3-4 Typical cross correlation function between surface
pressure p_ and far field pressure p. Derivative to |
be evaluatdd at t=r/cy. Notice precursor to the left.
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Fig.3-5 Relationship between surface pressure p. and exit velocity Uo'

H = settling chamber pressure in meters of water..
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Fig.3-6

Distribution of source strength over surface Sq-
Reflection path. :
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Fig.3-7 Equa1 source strength contours - for 6=90°,
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Fig.3-8 Equal source strehgth contours for 8=60°
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Fig.3-9
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far field
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Zone of Influence. Angle of aperture of the dashed
cone not known.
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x=14.5D

Fig.3-10 3 typical 5;3(1) at different downstream positions x.
‘Distance jet axis to surface S1 is 5.17D. Pe measured -
directly opposite of jet axis. p measured in far field
at 45° to jet axis. (computer plot)



Fig.3-11

Distribution of root mean squared surface pressure over
the surface S1
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Fig.3-12 "Slicewise" i’ntegrated source strength for 9=45°

Diameters
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Fig.4-1 Experimental setun of causali
Pressure sensor measyres p(0)

_ ), microphone in the
far field measures oll)(t). U

o exit velocity.

%y correlation technique.-
t
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origin

Fig.4-2- Geometry
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o A
)

1 — equal areas
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L space separation §
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Fig.4-3 Definition of correlation length L
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=24 \\ o /’ . after Siddon
\ ,/ (/1969)

Fig.4-4 Classical cylindrical probe configuration. Upper part:
pressure distribution due to cross flow, full line:
40 < Reynolds number < 40000, dashed 1ine: potential
flow. Lower part: V instantaneous velocity vector,
'Va axial component, Vn cross flow component.
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p(t)

Fig.4-5 Typical cros? Sorrelation between fluctuating pressure
‘ in the jet p\0/) and acoustic pressure p, contaminated
by dipole noise: Turbulence induces a fluctuating 1ift
on the nose of the cylindrical probe sending off a di-
pole pulse. Dashed line: effect of shortening nose
piece.



Fig.4-6 Principle of arranging foil probe in the flow (distances and sizes not
proportionate): Plane of foil contains mean flow direction and direction
of radiation toward far field microphone (right).

90T
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7 \\
/ \
o
_ V.
u > 0
| U «
Fig.4-7 Locations of pressure sensing holes on airfoil:

(a) supersonic, (b) subsonic. The measured pressure
is the average between the pressures on the upper
and the lower surface.
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1+

Fig.4-8 Subsonic airfoil. Upper pért: foil cross section
"~ and distribution of pressure coefficient cp due to

thickness. Lower part: cp due to thickness and angle

of attack. c_  : upper surface, cp]: lower surface.

pu’



Fig.4-9

Contaminated

transforms.
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%OU

)

r

p
ie

(plo)

?nd uncontaminated correlations and their Four&er_
p 0) detected at x=3D, r=0.4D; p measured at 45~ to

jet axis, Curve a: 8(0)p (p{0) measured by foil type sensor), curve bf

measured by 1/8-inch microphone

v transform of a, curve d: F.T. of b.

v

60T

with short nose piece, Curve c:
T time delay, vfrequency.
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Fig.4-10  Velocity vectors on airfoil probe



Fig.4-11

Probe shapes tried out but discarded
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l inch

Fig.4-12 Detailed drawing of foil type pressure sensor.
1 balsa leading edge section, 2 sensing hole,
3 stainless steel tubing, 4 cotton wool, 5 teflon
connector, 6 1/8-inch Bruel & Kjaer microphone.
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Fig.4-13 Static pressure calibrations of foil type pressure
sensor shown in Fig.4-12. c, * (Pm - Pt)/(O.SpUé).

v-component: angle of attack a in the plane of the

foil. w-component: a perpendicular to plane of foil.
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pressure tap

Fig.4-14  Estimated pressure distribution over foil with
dip near thickening trailing edge.
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Fig.4-15 Complete foil type pressure sensor
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Fig.4-16 Frequency response of foil type pressure sensor,
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Fig.4-17 Schematic of auxiliary equipment
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Fig.4-18 Variation of pressure fluctuation with distance from jet, starting at 4 diameters
) downstream in the jet and proceeding at right angles to the jet axis.
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Fig.4-19 Signal flow




Fig.4-20

Distribution of nondimensionalized source strength per
in subsonic jet for radiation at 450 to jet axis.

unit volume
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Fig.4-21 "Slicewise" distribution of sourc?_strength eis integrated from Fig.4-20.
Comparison with other results qualitative only. |
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Fig.4-22a Some typ1ca1 nondimensionalized causality correlation

functions p' ’p at % diameter from the jet axis, down-
stream position x vary1ng Plotted % inch above is
fitted 7th order polynomial. (computerplot)
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Fig.4-22b Some typical cross spectra (Sine transform of functions

sqowg in Fig.4-22a, multiplied by frequency) (computer
plot



124

124
Chu (1972)
M=1
Z -
\ A Lee (1971)
8 7 : M=.3

o] p,ese:,\\ AN

work

| M=.33\u:\o \

4 » “\\D\\D‘"BL?D‘*E
A
N
2=
0 ] T i ] Pt
0 2 ‘ 6 8 0 D

Fig.4-23 Peak freauencies versus downstream nosition.
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Fig.4-24 Measured causality correlation p‘ ’p (crosses) and
fitted to it the predicted function.
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Fig.4-26 _Effective chordlength on cylindrical probe,
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Fig.4-27 Nondimensional spectra]_density of the "pseudosound”

p(o) at 4D downstream, 4D from jet axis, as measured
with foil type sensor. '
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(from Fig.-3-2a)
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-
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Fig.4-28 Y rectly measured and integrated spectrum at 45°
in the far field. Comparison by shape only.
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Fig.B-1 ‘Image geometry to scale-



