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SECTION 1.0

BACKGROUND

With the advent of larger and more powerful military and commercial air-
craft propulsion systems, it was increasingly apparent to government and in-
dustry that major efforts had to be undertaken to improve the general commu-
nity environment affected by these systems. With the initiation of the
American SST Progam and its subsequent cancellation, it was evident that
major research efforts were necessary to further investigate the mechanisms
of jet noise generation and reduction. Over the last three decades a con-
siderable effort has been directed toward enhancing our understanding and
technology. Both scientist and engineer have exerted their talents and
experience to solve and mitigate the aeroacoustic aspects of high-velocity
exhaust jets-noise. The problem of noise reduction is illustrated by the
fact that the acoustic power is but one-millionth of the total flow power.
The problem of extracting basic understanding is underscored by the fact that
theoreticians are still probing for the more exact theoretical acoustic
formulations for jet noise generation and acceptable approximations for their
solution, In addition to these complications, considerable energy is being
spent developing the instrumentation capable of supporting the theoretician

and engineer.

The overall objective of this joint Air Force and Department of Trans-
portation Supersonic Jet Exhaust Noise Investigation was to develop a com-
prehensive mathematical model capable of providing aeroacoustic design data
to develop future supersonic jet exhaust noise suppressors. Because of a
lack of a clear understanding and a detailed mathematical specification of
the noise-producing sources for even the most simple nozzles, the inves-
tigations for this program centered on developing techniques which would
contribute to a fuller understanding of noise source generation of simple

jets.



The Air Force Aero Propulsion Laboratory supported an initial one-vear
exploratory research program in 1971. Three contracts were awarded: General
Electric Company; Lockheed Aircraft Company; and Bolt, Beranele, and Newman

Company (see Reference 1 for General Electric's'Phase I Final Report).

As a result of this initial exploratory program, two two-year contracts
were awarded, one to the General Electric Company, and one to the Lockheed
Aircraft Company under the joint sponsorship of the Air Force and the Depart-

ment of Transportation.

At the time of the initial phase of work, a thorough review of various
competing mathematical models used to explain supersonic jet noise generation
processes was performed. Additionally, work was begun to develop the type of
instrumentation necessary to measure the detailed in-jet flow properties of

heated supersonic jets.

One result of General Electric's initial theoretical efforts was the
establishment of a comprehensive turbulent mixing aeroacoustic model capable
of computing detailed aerodynamic flow properties - velocity (mean and turbu-
lent), pressure, temperature, density, and length scale of turbulence, as
well as being capable of computing all the main acoustic properties - overall
sound power level, power spectra, overall sound pressure level, sound
pressure level spectra, and jet directivity. The method was additionally
applied toward predictions of axial power distributions of subsonic and super-
sonic jets, acoustic peak frequency distribution, and the effects of initial
turbulence intensity on jet noise. This computational scheme was so designed
as to enable the acoustic predictions to be based on aerodynamic input which
could be predicted or measured, thus allowing the scheme to be compatible with
exhaust nozzle suppressor investigations where the detailed properties cannot

yet be predicted.

To complement the theoretical developments the General Electric Company
developed a unique in-jet, noncontact-type probe, capable of velocity measure-
ments in high temperature jets - General Electric's laser velocimeter. The
development work performed in this area clearly marked the laser velocimeter

as the measurement tool for the future.



It was found during the first phase of effort that the models which
yielded the greatest information where indeed the more classical turbulent
mixing noise theories of Lighthill, Ribner, and Ffowcs-Williams. In spite of
the success demonstrated with these models, limitations were found. Two
examples which illustrate the limitations of the classical theories are:

1) jet noise does not obey a density squared (02) power law except at high
acoustic Mach numbers (Mo > 1.50); 2) the refraction or convection/refraction

coupling was not adequately represented in these theories.

In this time period investigators were becoming increasingly concerned
with experimental findings which suggested that jets were highly ordered.
Essentially, implying that the basic assumption of source compactness of the
Lighthill class of turbulent mixing theories was invalid. Advocates for the
"orderly structure" of jets claimed that the dominant noise source for jets

was the orderly structure models.

With the initiation of the follow-on contract, our approach was to main-
tain the close relationship of the aerodynamic nature of the supersonic jets,
to identify what acoustic characteristics needed better specification and
theoretical definition; to continue with the development and application of
our laser velocimeter - particularly for flows commensurate with industrial
application; and, to examine the feasibility of using the laser velocimeter

for direct point source location application.

The method of approach that the GE team elected was to model the problems
as simply as possible (conceptually and theoretically), with the aim of clari-
fying the physics of the problems rather than creating further complications.
The goal was to shed "new light'", and to give direction by which suppressor
technology could be influenced and improved.

An illustration of the General Electric aeroacoustic approach is
schematically shown in Figure 1. The idea that is portrayed is to develop a
"coupled aeroacoustic approach for predicting the essential features of jet
noise. The aerodynamic input is to be computed or measured. The acoustic
model is linked to the aerodynamics to predict the acoustic spectral char-

acteristics at all observation stations. The aerodynamic input should
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provide mean flow and turbulent flow characteristics and should be capable of

computing subsonic as well as supersonic jet exhaust information.

As is true with any investigation, certain ventures were successful, and
others were less successful. The following discussion represents summaries
of the major accomplishments of the contract effort. This volume (which is
the summary volume) is complemented by three additional volumes which re-
present the final report. Volume II contains detailed discussions of the
theoretical and experimental work efforts performed during the second year of
the contract. It extends the work reported in Reference 2 which was an
iterim technical report. Volume III is a computer user's manual which
describes the aeroacoustic computational methods developed. Volume IV is

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



SECTION 2.0

REVIEW OF THE THEORETICAL DEVELOPMENTS OF THE AERODYNAMICS OF SUPER-
SONIC JETS

There are two distinct techniques which have been used to analyze the
aerodynamic flow field in a supersonic jet. In the first approach, the jet is
treated as a viscous, boundary-layer flow. The resulting flow field is of
the type depicted in Figure 2. According to the usual boundary layer
approximations, the radial velocity components are assumed small in compari-
son tec their axial counterparts, and, in addition, the pressure is taken
to be constant throughout the whole flow field. These approximations im-
plicity assume that the static pressure at the jet exit plane is identical
to the ambient pressure and that Prandtl-Meyer expansions and/or shock
waves are not present in the flow field. Consequently, this viscous
boundary layer analysis can only be applied to subsonic jets, or to super-

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

In contrast to this viscous analysis, the second traditional technique
for analyzing supersonic jets completely ignores the effects of turbulent
mixing. In this second (inviscid) analysis, the full two-dimensional
equations of motion are used, and strong radial and axial pressure gradients
can occur. These pressure gradients have their origin at the nozzle exit
plane where the static pressure is generally significantly different from
the ambient pressure. In adjusting to the ambient pressure, the flow field
generally develops a series of shock waves and Prandtl-Meyer expansions
in a nearly periodic, cell-like fashion. A schematic description of the
qualitative features of a jet described by this two-dimensional analysis is

shown on Figure 3.

As indicated above, both of these approximate models are applicable to
the analysis of a certain class of supersonic jet. However, as might be
expected, neither model applies to all supersonic jets. Thus, for example,

the effects of friction can never be entirely removed from the jet. Further,
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supersonic jets are seldom uniform, parallel ideally expanded jets. Con-
sequently, in order to obtain an acoustic prediction technique which is
applicable to both ideally expanded and non-ideally expanded jets, the
aerodynamic model must include both two-dimensional effects and viscous

mixing effects.

Exhaust nozzles of most contemporary gas turbine engines generally
operate near their ideal expansion ratios. In view of this, General Electric's
initial efforts at the prediction of the sound field of a supersonic jet
relied on an aerodynamic analysis which included only the effects of tur-
bulent mixing. Specifically, this aerodynamic model was of the viscous,
boundary layer type described above. The computerized version of this
analysis 1is referred to as the JETMIX computer program. This computer
program solves the time-averaged turbulent boundary layer equations using
boundary conditions which are appropriate for free jets. The turbulent
Reynold's stresses are included by means of a turbulence model which is
based on turbulent kinetic energy concept. This turbulence model is based

(3), Glushko(4) and Spalding(s). The details of

on those developed by Rotta
this turbulence aerodynamic model have been fully documented in References
6 and 7 with the analyses - as well as extensive comparisons - of the pre-
dictions with experimental data. Volume III of this final report contains
the computer documentation of this work. To predict nonideally expanded
jet flow fields, the basic viscous analysis was extended by coupling a two-

dimensional inviscid analysis.

The method used was to include the two-dimensional effects which occur in
nonideally expanded jets by dividing the jet into an inner region and an
outer region as shown in Figure 4. The outer region of the jet contains that
part of the jet in which the effects of turbulent mixing are significant.

Near the nozzle exit, the outer region is composed of a narrow annular portion
of the flow field on the outer edge of the jet; downstream of the exit plane,
the thickness of the outer region increases until it eventually includes the
entire jet. In the analysis, the outer region is computed by the original
viscous, boundary layer computer program. MNow, whereas the outer region of

the jet is dominated by the effects of viscous mixing, the inner region of
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Figure 4. Subdivision of the Jet into Inner and Outer Regions
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the jet is dominated by the familiar Prantl-Meyer expansions and shock waves
which characterize two-dimensional supersonic flow fields. Complete de-

scriptions of this shock flow analysis are given in References 8 and 9.

As indicated in Figure 4, the two separate parts of the flow field are
matched along the sonic line. Thus, the inner portion of the flow field is
supersonic, while the outer flow is subsonic. However, it must be noted that
the sonic line appears in the jet because viscous effects have reduced the
Mach number of the formerly supersonic flow., This indicates that the outer
edge of the supersonic region has experienced considerable viscous effects.
Thus, in order to include the two-dimensional effects in as large a region as
possible, and in order to enforce as smooth a match as possible between the
inner and outer solutions, the effects of the viscous mixing are included in
the inner analysis as known 'right-hand-side'" terms. The magnitude of the
"“right-hand-side" terms is estimated from the viscous analysis. This match-
ing technique allows the total pressure to vary continuously from the outer
edge of the jet (where the flow is essentially stagnated) through the sonic
line and all the way to the jet centerline (where the flow is supersonic).
Then, by matching the static pressure at the sonic line, it is ensured that
all flow properties are continuous at the matching line. The equations
expressing this model, as well as the methods for matching the inner and
outer solutions and shock reflections, are well described in the mentioned

references.

To illustrate the capability of the techniques described, Figures 5 and
6 are shown. Figure 5 corresponds to flow from a convergent nozzle with

sonic velocity at the exit. The pressure ratio is PJ,/Pa w 2els. 'This

figure shows radial variations of both total and static :iessures at each of
two axial locations (X/R = 1.9 and X/R = 2.65). The rate at which the mixing
region spreads with distance from the nozzle exit can be seen, as can the
increasing total-pressure loss due to shocks. Relatively large levels of
static pressure variation also are observed, even though the underexpansion

is still mild.

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

pressure ratio P /pamb = 2.1). The top portion of the figure shows a super-

i
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position of the predicted shock structure on a Schlieren photograph of a jet
at the same conditions. The agreement for the first shock cell is seen to
be excellent; however, at the second location, the predicted solutions do
deviate from the observed locations. The bottom portion of Figure 6 shows
the predicted axial distribution of mean velocity and turbulent velocity on
the jet's outer line. The open symbols were from data measurements using
General Electric's laser velocimeter. As can be seen, the theory data com-

parisons are certainly reasonable.

The discussion given above described the most recent improvements
obtained in General Electric's development of predictive procedures for
supersonic jet exhaust plumes. We have found that the techniques developed
are very tractable and can be used with reasonable confidence for studying
the aerodynamic flow field of high velocity and high temperature jets.

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

fully described in Volume III of this final report.

A key aspect of all the aerodynamic programs is that the turbulent
kinetic energy is computed. As was indicated by Figure 1, any of the tur-
bulent mixing noise models depend on this input. Thus, the acoustic radiation
from an off-design jet can be computed directly as was done for ideally
expanded jets (see references 1, 10). This type of calculation automatically
takes into account the indirect effect of shock structure on jet noise. That
is, the local turbulence level is increased by the shock and so the local
acoustic source term is similarly affected. Nevertheless, the presence of
shock waves in nonideally expanded jets will not necessarily lead to a
higher predicted level of noise (as compared to the corresponding ideally
expanded jet). The reason is that with the increase in turbulence there
exists a corresponding change in the mean velocity which could tend to

off-set the generation of turbulence by the shocks.
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SECTION 3.0

REVIEW OF RECENT THEORETICAL ACOUSTIC MODEL DEVELOPMENTS

In the Background section it was indicated that, although the classical
turbulent mixing theories were quite successful, they also had limitations.
A list of constraints, which was drawn up as the criterion for jet noise

theories, follows:

Directivity

Density and temperature characteristics
3 Source distribution information
Influence of initial turbulence

Shock effects

N o W e

. Calculations must be based on an aerodynamic input, either
calculated or measured profiles

Classical Lighthill/Ffowcs-Williams/Ribner turbulent mixing theories
will predict (for subsonic jets) peak noise along the jet axis for all
frequency bands. Acoustic experiments clearly show that the zero angle
peak noise prediction for all frequencies is incorrect and overpredicts the
noise, and that the jet noise directivity is a function of frequency. 'The
acoustic engineer has recognized this fact for many years. In most instances
the jet noise "dip'" was associated with the refractive properties of the jet.
Ribner(ll-l7) and his team at the University of Toronto have investigated
this problem extensively and have shed a great deal of light on this problem
and on methods of jet noise modeling to incorporate refractive phenomena.
Much of the concern, however, centered on the higher frequencies. An en-

(18)

lightening precentation of experimental jet noise tests by Lush pointed
to the low frequencies. There it was shown that, in contrast to the high
frequency jet noise, jet noise convection amplification was greater than
classical theory at the low frequency.

(19)

Hock, Puponchel, Crocking, and Bryce illustrated characteristics of

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

14
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jet noise theory predicted a density-squared power law (Ibcz....). The re-
sults, illustrated in Figure 7a, show a clear velocity dependence on the
density exponent. The classical square of the jet density only occurs at the
higher velocity points. Jet temperature also was shown to influence jet noise
by shifting the spectra shape as shown in Figure 7b. Increasing temperature
enhanced the low frequency noise over the ambient jet, while it mitigated the

high frequency components of the noise.

To draw on a theory for future jet noise suppression work, the theory
should be indicative of the noise source location. Similarly the models
developed should provide insight toward the relative importance of the roles
between the turbulence-turbulence interaction fields and turbulence-shear
interaction field (commonly called self-noise and shear-noise). The aspect
of the location of the sources would provide the guidance and insight relative
to developing and analyzing results from noise source location instruments.
The identification/qualification of self-noise and shear-noise help in selec-

ting the proper aerodynamic parameters of interest.

It has been found that, by significantly increasing the exit plan turbu-
lence levels of the jet, the noise level would correspondingly be increased.
These results were first predicted using our aeroacoustic prediction methods
and further verified by experiments. Figure 8 shows these results. Informa-

tion such as this has direct bearing on the aerodynamic nature of jet noise.

The influence of shock noise is certainly an issue that far too few
people have addressed. For cold jets, the resonant phenomenon, or shock
screech, has been known for some time, but the influence of shock noise on

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

The jet noise modeling problem may be considered in two parts: the
purely acoustic part (dealing with the propagational, convective, and re-
fractive portions of the problem) and the aerodynamic nature of the problem.
Both parts of the problem are important for understanding the full aspects of
the problem. The approach taken has been to make reasonably sure that the
aerodynamics of the problem are intimately connected to the acoustics of the
problem. The name of the jet noise problem is aerodynamic or turbulent mixing
noise, and we should have assurance thaot we understand the aerodynamic/acoustic

coupling.
15
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To improve our modeling and understanding of jet noise, the list given
above served to focus attention as to what should be attempted as further
clarification. In order to put the problem into perspective, Mani(zo) con-
sidered three problems of the sound power and power spectrum of moving sources.
The studies were all motivated by one notion, namely, that Lighthill's origi-
nal idea of ascribing jet noise to convected sources radiating freely to the
ambient needed revision to allow for mean flow "shrouding" effects. In his

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

Consider Lighthill's equation for aerodynamic noise for an inviscid gas

in the absence of mass, force, or energy sources:
Ol W S - o b P (1)

2 "
where T.,. = pu,u.+(p-a "p)§,,. A feature worth noting is that if u, = u ' +
23 L] o ij 1 1
U(Sij where U is uniform and steady, then we may show rigorously (using the

continuity equation) that p satisfies:

" A 2 2 2
[2+U021 p-a’v =2o 1
dt ax Q. g 3% 9%j ij

J (2)

2
- ' ' X L : e :
where Tij o ui uj 4 (o a ol i he simplicity of the stationary

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

vected-wave operator in equation (2), but an advantage has been gained in

that the velocity-dependent part of T;j is now p ui uj. Since the u{ differ
from u, by the subtraction out of a steady uniform part, U ¢
plausible that the approximation of (p ui u}) by (pO u;

1i® it becomes

ug) may be valid for

much higher Mach numbers than the replacement of (p uy uj) by (pO uy
The jet noise problem is complicated by the fact that U itself varies (par-

T i
3

ticularly in the transverse direction), but the transformation of equation
(1) into equation (2) does serve to illustrate one of the motivations that

(Zl)] to describe the aero-

has led investigators [most notably O.M. Phillips
dynamic sound generation problem in terms of a convected-wave equation cather
than a stationary medium-wave equation. For example, the starting point of

Reference (21) is equation (2.8) of Reference (2'), wherein a convected-wave

18




equation is obtained for log(p/po) with a source term on the right-hand side

involving only velocity fluctuations.

The difficulty with the convected-wave equation of the general type as
developed by Phillips is that it is very difficult to obtain general solutions
to it. Studies with the Phillips' equation as a starting point generally
employ an asymptotic, high frequency analysis thus rendering the analysis
Most suitable for high velocity jets. Mani's study was motivated by the
need to develop solutions pertinent to lower frequencies (and, hence, lower
jet velocities). For such lower frequencies, it seems permissible to approxi-
mate the true jet velocity profile by a slug flow or top-hat-type velocity

profile jet.

There are two aspects of the presence of a mean flow that do receive
explicit recognition in Lighthill's work. One is the recognition that trans-
verse gradients of the mean flow couple with gradients of the fluctuating
flow to produce 'shear noise." The other, more subtle effect of the flow
(in view of the largely solenoidal nature of the u!), is that the noise gene-
ration process is best ascribed to moving sources. It may be said that as
important as Lighthill's recognition of the quadrupole order of jet noise
was, his recognition that the sources must be viewed in a convected frame of
reference in order to preserve source compactness and in order not to arti-
ficially inflate the time rate of change of the turbulence was even more
important (a frozen, subsonically convected pattern of turbulence radiates no
sound). Peculiarly, however, this very insistence on use of convected sources
led to a major difficulty of the theory, because the effect of motion on the
acoustic output of a source is to enhance its output, an effect described as

"convective amplification."

This led to a prediction that jet noise power
could exhibit a higher-than-eighth-power dependence on jet exhaust velocity,

a result never observed experimentally. Jet noise data show a very good
eighth~power dependence over a wide velocity range up to jet exit Mach numbers

of L.

Three good explanations have been given for the tenacity of the observed
eighth~power dependence. First (as proposed by Lighthill himself), it is

experimentally observed that turbulence intensity (RMS turbulence level

19




jet mean velocity) drops off somewhat as jet exit Mach numbers are raised.
Second, the finite eddy life time correction to Lighthill's moving source

2) (23)

= 2 : roaip)
solutions of Ffowas-Willlams( and Ribner tends to reduce the radiative

efficiency of the quadrupoles at higher jet velocities (and associated

4 25
higher frequencies). Finally, as pointed out by Ribner(2 ), Powell( )), and

Csanady(26)

, the fact that the moving quadrupoles are embedded in fast moving
fluid (with respect to which they are not moving at all) indicates that only
limited convective amplification will occur (in fact, at very high frequen-~

cies, no convective amplification will occur).

The last explanation is probably the most pertinent one. The reduction
of turbulence intensity with increasing jet speed is experimentally found to
be too small to effectively counterbalance the theoretically predicted
convective amplification. Measurements by Davies, Fisher, and Barratt(zy)
have shown that the finite eddy life time correction of Ribner and Ffowcs-
Williams cannot be significant for subsonic jet Mach numbers. Most impor-

tantly, recent careful jet noise experiments by Lush(ls)

lend strong support
to the third explanation. Lush analyzed jet noise spectra at various angular
positions in terms of a source frequency parameter (which corrects out the
Doppler shift effect). He found that for off-axis locations and for low
enough values of the source frequency parameter, the predicted convective
amplification does indeed occur. It is at shallow angles to the jet axis

and for high values of the source frequency parameter that the convective
amplification fails to occur. Such a detailed picture of jet noise can be

shown to be fully compatitle with the idea that the shrouding of a moving

source by a fast-moving fluid inhibits convective amplification.

Mani initially considered jets to be characterized by a slug flow mean
velocity profile. The sources were simple harmonic in their own frame of
reference and were assumed to convect with the same velocity as the jet. Three
problems were considered in Reference 20. The first problem was the case of
a simple monopole convecting along the axis of a round jet. The second
problem considered the need to understand off-axis lines of convection. The

third problem considered the jet density issues.

20




From the first model problem, Mani analytically showed a couple of key
features: (1) the incorporation of fluid shrouding confirmed the frequency-
dependent nature of convection amplification, (2) at low frequencies there
exists greater-than-classical convection amplification, while at high
frequencies, there is less convection amplification, and (3) the intrinsic
source strengths follow Strouhal scaling with respect to velocity. Figures

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

Figure 9 expresses the total power emitted by a source nondimension-
alized by the classical convective amplification power. Corrections of
> 0 dB are indicative of underestimates of classical convection amplification.
The figure clearly shows that the moving source model includes the frequency-

dependent nature of convective amplification.

Figure 10 is a starting point to consider the implications with regard
to Strouhal scaling of the results shown in Figure 9. Shown under the curve

(18)

labelled M = 0.3, one-third octave intensities obtained by Lush for a jet
Mach number of 0.37 at 90° are shown. This curve is chosen as a baseline
because, at that low Mach number of 0.37 and location (90° to jet axis), we
expect little convective amplification effects. The abcissae are shown in
Strouhal numbers, St = (2fa/M.), and the ordinates are only relative decibel

levels.

An intensity spectrum at 90° was chosen because, in addition to lack of
convective amplification effects, the 90° location also provides a very good
and clean measure of the intrinsic strength of the sources (their frequency
distribution). This is because that location is largely characterized by

"self noise." A basic assumption of the process used in deriving Figure 11
is that the frequency distribution of the "intrinsic source strengths' does
follow Strouhal scaling with respect to velocity. The basic argument of
what follows is to point out that the radiative efficiency of the sources is
frequency-dependent and, being higher for the low frequencies than for the
high frequencies, causes peak frequencies of the sound power spectrum to
scale with velocity much slower than a first power (as is assumed in conven-

tional Strouhal scaling). The particular low Mach number datum used to

establish this result (taken in this case as the 90° intensity spectrum of
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(18)

Lush ) is not the main issue - a different datum would lead to the same

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

separately the '"shear-noise'" and 'self-noise" portions of the power spectra.

Mani's second problem considered the acoustic output of a line of
acoustic sources. This allowed the sources to be developed from the jet
centerline. The result of the study indicated that, as far as power
estimates were concerned, the notion of the sources moving along the center-
line could be retained. Thus considerable simplicity was saved for future

work.

The third problem considered the heated jet. This problem was treated
similarly to the first problem with the restriction that pjaj2 =P, B but
pj # Py aj # a. Figures 12 and 13 are typical examples from this exercise.
Figure 12 illustrates the frequency-dependent nature of the density experi-

ment, and Figure 13 illustrates its velocity dependence.

In summary, all three models were pursued with a notion that there may
be purely acoustical explanations for several features of jet noise, provided
it is recognized that the sources do not radiate freely to the ambient but

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

The success enjoyed by the above method of approach encouraged further
work along these lines. With the simple model studies, particular success was
achieved in explaining aspects of jet noise data not explainable by the Light-
hill acoustic analogy approach. However, the aspect of the noise sources
being a distribution of compact sources has been retained. The new work in
this area considered the sound field produced by a convected point quadrupole
embedded in and moving along the axis of a round slug flow jet. Both the
unheated and the heated jets were considered. The new work is described in

detail by Mani in Volume T1I, Chapter 1, Section 1.0 of this final report.

In the new analysis for unheated and heated jets, the Lilley(zs) and

Goldstein(zg) formulation of equations is now used. There are several points

which should be brought to light. Consider the following two equations:
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Lighthill's Equation

2
2 _ o Vzp = 3~ff::£iLi (3)
dtz inRXj
Lilley's Equation
D3rl dvl 3 [2 Brl D d =2 9r
. : dx, ox ax, |~ Dt ox ax
Dt 2 1L 2 i i
= By . Laie VLe T e ge [u' u'] (4)
dxz axlaxk 1 2k Dt axiaxj i j

From this point of view Lilley's equation needs interpretation. The
quantity r', for small values of p' compared to the ambient pressure Pp» may
be shown to be equal to (p'/pA). The ui on the right-hand side of equation
(4) are regarded as the known, solenoidal, turbulent velocity fluctuations
and equation (4) then provides the required correct inhomogeneous wave
equation for (p'/pp) driven by the turbulent velocity field. The improvement
of equation (4) over equation (3) or even Phillips' equation (1960) is that
the source term is clearly in the form of a quadratic function of the fluc-
tuating velocities. The operator %; in equation (4) stands for [—i Y, = ]

at 1 Oxl i
Mani's study dealt primarily with the noise produced by the source term:

B i
¥ Dt axjoxy [ il

Both Lilley's equation (4) and Lighthill's equation (3) exhibit "self-noise"

and "shear-noise' source terms. However, the relationship of the self-noise
G 2

term in Lilley's equation namely E— LLSE s [u' us] to the shear-noise term

Bt ax; oxy |"i
in Lilley's equation, i.e.:




~

dxldxj i

is quite different from that for Lighthill's equation where the analogous
2 d L du)}
= L} Al et g —— . : 1 .
(ug uj) and dx2 8xl' Lighthill's equation (3)

suggests the following three notions concerning 'shear-'

terms would be as 3;T~5;3

' and "self-" noise.
First of all, it appears that shear noise might be much more important than
self noise since shear noise in only linear in the turbulent velocities while
self noise is quadratic in the turbulent velocities. This is what Lighthill
(1952, 1954) had in mind when he referred to the "amplifying" effect of mean
flow gradients on jet noise. Secondly, it appears that the shear noise may be
responsible for the low frequency sound with the self noise accounting for

the high frequency sound. Related to this is the observation by Jones(30)
that shear noise should have a convection factor of (1 - M cos€1)-3 as opposed
to the (1 - M, cose)-S factor for self noise. Finally, unlike self noise
which has an isotropic or omnidirectional character, the shear-noise term
appears to have a preferred axial directionality. In Lilley's formulation,
neither of fhe first two notions is true, while the third notion still carries
over (in a somewhat weaker form). Since the shear-noise term of Lilley's
equation is quadratic in the fluctuating velocities, as is the self-noise
term, it is neither more important than the self-noise term nor is it respon-
sible for lower frequency radiation as compared to the self-noise term. In
fact, the two terms in Lilley's equation are qualitatively very similar, since

the operator 2 operating on the self-noise term ————— [u!
= Ix ij i

Dt i
effects a multiplication of it by w,, where w, is a frequency of the self-noise

ui] essentially

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

(27)

dv z
Fisher, and Barrat has shown that w, v 1, and, thus, there exists a

(E;~4

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

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

52

[u! u'] associated with the shear-noise term in Lilley's equation has

X, 9% u2 k

S
a mildly preferred axial orientation as compared to the isotropic function

L)2

[u! u!] associated with the self-noise term. This aspect is ignored

in Mani's study. Only with solutions to equation (4) with a source term of
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L e —a_—-'
Dt 9%, 3xj

[u}

type u3] were considered. One further point worth noting

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

pressure, a2 can be written as Yy PA/p(xz). Then for r' depending on X, t as

exp[j(a X, - wt)] and for small r', the homogeneous portion of equation (4)
[i.e., equation (4) with the right-hand side set equal to zero] yields that

across a8 thin shear layer the quantity:

1 'y
S(XZ) [w—aVl(xz)]2 3x2

must be continuous. This is of course equivalent to the usual kinematic
condition that the transverse acoustic particle displacement across the
shear layer be continuous. The reason for pointing out this feature of the
homogeneous form of Lilley's equation (4) is that the homogeneous form of
Phillips'(ZI) equation fails to yield the correct kinematic condition when

examined in the limit for a vanishingly thin shear layer.

As a first case which serves to illustrate the differences in solution,
the case of the x-x quadrupole is given. Mani's solution for the far-field

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

L o Qxx o Cos 6 eJ(w 4 kOR)

2n2R a_ (l—M Cos9) [(9 a) Jo(g +a) Ho(z)(a+a)

- (u+a) (1-M Cose)2 Ho(z)(a+a) Jo (q+a)] (5)

The corresponding Lighthill expression (with Vy; > 0, but V., = C, M.) is:

2
e Pa Qxx o Cos 8 ej(wot =Kok (6)

4mR a (1-M Cose)
o c

P

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

of equation (5), the far-field directivity is completely frequency-dependent.
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The relevant nondimensional parameters governing the directivity are now M
and (kpa). For 0 < © icoz:‘."1 (1/1 + M) (the so-called 'zone of silence") and
high (k,a), the exponential nature of the I functions is a manifestation of
refraction of the sound by the jet. Also for nonzero (koa), p' > 0 loga-
rithmically as 6 » 0 or » m. [Gottlieb(31) refers to this as the '"Lloyd's
mirror" effect.] A most interesting result is obtained by examining equation

(3) as (kgpa) > 0 (low frequency result) we find that p' tends to:

(o] 2
! Po Lx %5 Cosze ej(m°t_k°R)
P " (7)

4 aiR (1-M Cose)5

(If the problem had been worked with V1 # V., the expression (1 - M cose)5
in the denominator of equation (7) would be modified to (1 - M¢ cose)3

1M cose)2 where M. = V./c, and My = Vj/cy). In other words, equation (6)
is not a valid low frequency limit. Such a feature of low frequency noise

emission was first noticed experimentally by Mollo-Christenson and Narasimha(32)

and qualitatively ascribed by them to the influence of jet flow. Berman(33)
has also drawn attention to it, pointing out that it is not an instability
effect but rather that '"the noise generation process is enhanced by a fully

stable resonance phenomenon."

Equations (7) and (5), to some extent, explain why an expression of the
type found in equation (6) by Lighthill has seemingly worked well in the past
at least for the noise of cold jets. It turns out, roughly speaking, that
equation (6) underestimates the variation of p' with respect to 6 at low
frequencies [when compared to equation (5)] as indicated by equation (7),

while‘overestimating it at high frequencies. The overestimation arises

I8,36) o001y (39 (36)

, and Csanady

]

essentially because [as pointed by Ribner
at high frequencies, the radiation of the eddy is primarily governed by its
own immediate environment (namely the jet flow) with respect to which it is
not convecting at all. Regardless of how high (kja) may be, both (a+a) and
(g+a) or (gfa) approach zero as 6 > 0 or m and 6 + cos™ ' (1/1 + M). Because
of this, it was not possible to extract a high frequency limit of equation
(5). Besides, a plug flow model of the jet flow is obviously a poor model at

high frequencies. In any event, this feature of underestimation of noise
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generation at low frequencies by equation (6) and overestimation at high fre-
quencies is apparently the reason why expressions of type found in equation
(6) essentially succeeded in explaining jet noise directivity in the past
when such directivities were measured for the overall sound pressure (i.e.,
the integral of the pressure spectrum over all of the frequencies). To con-
clude this portion of the discussion of equation (5), it is emphasized that
it is an expression that exhibits simultaneously the combined convection-
refraction effect which is so crucial to the determination of jet noise
directivity. It also emphasizes the need to plot all jet noise directivity
data at constant source frequencies, as this is the only directivity plot
that can be checked directly against an acoustic theory. It is the only
manner in which we can bypass our current inability to predict the turbulence

source spectrum in detail.

(349 study

Application of Mani's work proceeded with the aid of Ribner's
of how various quadrupoles can be employed to derive the axially symmetric
sound field of a round jet. By and large, six basic quadrupoles (x-x, x-y,
x-z, y-z, y-y, and z-z) are considered to contribute independently, but with

various derived weights. The noise contribution was evaluated by the formula:
(far-field intensity)
(mean square pressure of x-x quadrupole) +
4 x (circumferential average of mean square pressure of x-y
or x-z quadrupoles)

+ 2 x (circumferential average of mean square pressure
of y-y or z~z quadrupoles) + 2 x (circumferential
average of mean square pressure y-z

quadrupole). . .

The only difference from the above formula and that of Ribner is in the
neglect of the weak cross quadrupole contributions (i.e., of the xx-yy, xx-zz
and yy-zz types). Both the above formula and Ribner's more exact result yield
a basic omnidirectional pattern for the self noise for Lighthill's equation

excepting for the (1 - Mc cose)—S convection effect.
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Figure 14 illustrates a resultant prediction using this technique. The

agreement between theory and experiment appears to be very good.

For the heated jet, the convected-wave equation approach based on Lilley's
equation was again used. It was found that excess pure jet noise mechanisms
scaled as M6 and Ma are found to result from the density gradients of the
mean flow. Mani's solution for the far-field pressure fluctuation for the
X-X quadrupole for a heated jet becomes:

(o]

; 2
p' 3 Py Qxx Yo eJ(wot ieglt) Cosze

2 g 2), + + . .+
21"R (1-M, Cos6) a_ [ﬁo( )(a a) Ié (2 a) (2 a) po/pl

(2)

= @' P @t 1 @ty au Cose)z] (8)

1

+ + .
(ci/cy, + M) ° where a = k_ sin8/(L - M, cos8) and g is

for 0 < © i_cos—

-1
the positive square root ki - az with o = ko cos6/(1 - Mj cosp), For cos

+ +
[1/(al/ao + MO)] < 6 < m, the same expression applies with a replaced by a ,

which is the positive square root 4&2 - k%, and the I functions are replaced
by the J functions.

The additional solutions that need to be worked out correspond to:

(a) An axial dipole solution, i.e. with a source term of type:
2 [s(x - ve) 8(y) 6(2)1,
ax
(b) A radial dipole term of type:
ap (60 = Ve) 6(y) 8(2)], and

(¢) A pressure source term of type:
6(x - Vt) 8(y) 6(2).

These solutions are just as easy to derive as the quadrupole solution and,
hence, only the broad outlines will be sketched. The solution to (a) is very

2 2
similar to equation (8) with the multiplier w%/[a;(l - M cose)z] (ot o )
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Figure 14, Comparison with Data of Lush at Mi = 0,878 and 0,57,
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replaced by just wgy cos8/[ay(l - i cosd)] (or a). Tne solution to (b) is
similar to that for (a) with a replaced by w+ or ;+ in the numerator and the
bessel functions of order O replaced by those of order 1. Tinally, the
solution to (c¢) is identical to that of (a) except that no term o appears in

the numerator.

At least three distinct mechanisms affecting jet noise can be identified
as influencing the radiation by quadrupoles in a hot jet. Firstly, for the
transverse quadrupoles (as for the unheated jet), the phase cancellation or
Stokes'-effect mechanisms are now governed by the flow properties within the
jet. Since the speed of sound is higher within the jet than outside it, the
Stokes' effect tends to diminish the radiative efficiency of the transverse
quadrupoles as the jet temperature is increased. Secondly, especially at low
frequencies, there is a transmission or dynamic-density effect tending to
enhance the radiation by a factor (p,/pj). Ribner (1964) alludes to this by
considering the problem of a monopole source of strength (Q, e j""Ot) embedded
in a sphere of gas of density pj, a) (and of radius a) with the ambient at a

density and speed of sound of p, a In the limit of (wya/ag) » 0, the source

(o,
appears to the ambient as if it were of strength (Q, p,/p;). Equation (8)
manifests this same result because, in the limit of (kga - 0), p' is propor-
tional to p, even though the strength of the x-x quadrupole was taken as
proportional to p. Finally, Lilley's equation shows that, while the strength
of the quadrupoles themselves varies as pj (and hence diminishes as the jet
temperature increases), there are associated with the transverse singularities

additional dipole and source-like mechanisms related to the density gradients

of the mean flow which increase with increasing jet temperature.

It is worthy of note that the Lighthill expression (Equation 6) is not
now identifiable as any valid limit whether at low Mach numbers, low fre-
quencies, or even at 6 = 90°. At the 90° point, jet flow shrouding effects
are present for hot jets simply because a temperature inhomogeneity is a
scalar inhomogeneity unlike a velocity inhomogeneity so that there is no
question of there not being a component at 6 = 90°. Besides, the 90° radia-
tion is dominated by the transverse singularities which generate the addi-

tional source-like and dipole-like terms not accountei for by Lighthill's
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expression. Indeed, of the various agencies identified as governing the
radiation by quadrupoles in a hot jet, the Lighthill expression picks up only

one effect (namely, the variation of the quadrupole strength as aj).

For a full description of the above to jet noise data, the reader is
referred to the detailed account in Volume II, Chapter 1, Section 1.2 by
Mani. Figures 15, 16, and 17 are given as examples of the resultant pre-

dictions.

Taken together, the results of the work for unheated and heated jets
have given considerable guidance to the better understanding of jet noise
generation. The prob]em of heated jet noise is one in which Lighthill's
analysis of jet noise offers very little guidance. However, the physical
picture of jet noise being compact eddies convecting and decaying with the

flow still carries over.

One particular aspect of the discussion of the theoretical work de-
scribed above conccrns the characterization of shear noise. As was indicated
earlier, the classical approaches for turbulent mixing noise should indicate
that there should be an octave shift between shear noise and self noise, and
that the shear noise may even dominate the noise spectrum. The logical
analysis from the Lilley-type of equations indicates that this octave shift
does not occur and that the self-noise and shear-noise source terms are
essentially equivalent. Ribner and Nosseir (Section 2.0 of Chapter 1 of
Volume II of this final report) have attempted to formulate classical theory

is such a way that tests for this hypothesis could be examined.
The model for their analysis is as follows:

For a narrow frequency band Af centered at f, and for direction 8 with

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

4 2
P(') (cs) = [a(CS)+b(CS) M] C"/*

! 9
where,

C = [(1—MC Cos())2 + GZHCZ]l/Z

S =

fD/Vj observed Strouhal number
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self-noise source term

"

a(Cs)

shear-noise source term

b(CS)

such that:

~ = ] '[‘
a8} =~ Boow (68) Copo (10)
cg Bg (cs) ~ cgoo Egoo (Cs)
b(CS) = 3 (11)

(Cosae + Cos 6)/2

Classical theory predicts that shear-noise and self-noise spectra
have similar shapes, and that the self-noise spectrum is shifted an octave
as compared to shear noise. Therefore:

b(CS) = B a(Cs) (12)

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

after the octave shift, but with a vertical scale factor 8. Thus, the scale
factor B (as well as "a" and '"b") can be written explicitly in terms of

experimentally measured parameters:

ed Peesy « . B 4t

s P
gk 2§gg§) 3 ci o (zcs?O (Cos> + Coa’) /2 e
90° Pgo ‘<% g %89

The similarly between self noise and shear noise is illustrated in

Figure 18. The data used in these comparisons are from several independent

sources. The predicted constancy of R is largely confirmed (over much of

the CS range); the variation does not exceed 1 dB in most cases.

The shift in frequency between self noise and shear noise is illustrated

in Figures 19a and 19b. Figure 19a shows self- and shear-noise spectra

&
extracted from Ahujn(3)) data using the approximate theory described above.

The self-noise spectra is seen to be roughly half the amplitude of the shear

noise spectrum and peaks approximately an octave higher - these are both

features of the classical theory. Figure 19b shows self-noise and shear-
noise spectra derived from cross correlations of a far-field microphone
signal with hot-wire signals (these results were obtained at the University

of Toronto by Dr. Philip Morris). The spectral curves shown in Figure 19b

are similar to those found in Figure 19a.
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Figure 18, Comparison of Normalized Self-Noise and Shear-Noise Spectra
(the Self-Noise Has Been Down Shifted One Octave),
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Another feature of the approximate theory given above is the predictive
capability. From the theory, the prediction of the mean square sound pressure
p° is given by three quantities: the filtered sound pressure in direction
90° at two frequencies (f and 2f) and the parameter £ (can be taken as an

empirical constant). The prediction equation becomes:

p. (€S o - 52 s (268 Coa® + Gos’

Ky VERES D NG o290 6 )

= RSt P i (14)
Pggo (cs)y ¢ Pgge (CS)

Figure 20 illustrates such a prediction. The predicted directional
patterns fit the general trend of the experimental data in the middle range

of Strouhal numbers.

These results are at some variance with the results given earlier when
the fluid shrouding effects of Mani were discussed. It should be recalled
that the above predicted directivity results were given for unheated jets.
Therefore, as discussed earlier, it is expected that not too great a variance
will exist between the classical theory and the newer theory (which includes
fluid shrouding). The effects of fluid shrouding in Mani's model would
certainly improve the classical turbulent mixing noise model of Ribner,

particularly after the refractive dip.

llowever, the spectral shift between self noise and shear noise observed
above is at variance with the basic Lilley equations which insist that the
source terms are all quadratic in the turbulent velocity. In terms of noise
source location, identification, and quantification, this issue is of impor-

tance and warrants further clarification.

In addition to the above studies, a review of analytical modeling for a
jet's orderly structure was performed (see Section 3.0 of Chapter 1, Volume
Il of this final report). The work performed in this area reviewed the aero-
dynamic and acoustic methods of leading contenders for formulating the jet
as an orderly structure. Particular care was directed to the formulation
of the problem and its theoretical basis for high velocity jets. Although

this work does give credibility toward understanding aerodynamic disturbances
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which can be effected by the jet's flow, the results of these studies did not
indicate that such an approach could lead to any further insights toward
explaining key features of jet noise. The most which can be said is that jets
are inherently unstable, the instabilities produce turbulence, and the turbu-

lence produces the noise. All of our experience to date still suggests that

compact eddies, radiating through a mean flow, provide a clearer insight to
jet noise phenomenon. The review of the instability analysis does suggest in
fact that the aerodynamic analysis could be incorporated into an eigensolu-
tion for local acoustic sources, analogous to the General Electric turbulent

mixing acoustic models.

Of the acoustic models considered during this program the model selected
tor further development and for preliminary predictive purposes is the slug-
flow fluid shielding model by R. Mani, and discussed in detail in Volume II,
Section 1 of this final report. This model was chosen because of its sound
theoretical basis and because it was found to represent, in a closed non-
empirical form, most of the key and heretofore puzzling features of unheated
and heated jet noise. Because of time limitations on this contract, the
slug-flow fluid shielding model was not computationally lined with computer
programs discussed in Volume III of this final report. However, this model
is being used and improved upon on a DOT/FAA Contract (DOT 0S-30034) for
investigating jet noise suppression concepts. To illustrate the predictive
capability of the slug-flow model for unheated and heated jets developed on
this program, a series of aeroacoustic predictions was performed using the
models of the DOT program and compared with available unheated NASA-Lewis
data and heated jet noise data obtained under this contract. The aerodynamic
source intensity spectrum used with the fluid shielding model is the basic
Lighthill/Ribner formulation. The aerodynamic program used to predict the
turbulent mixing source noise is an aerodynamic prediction method similar to
the JETMIX computer program given in Volume III, but of a much simpler form
to enhance computational speed. The source intensity spectrum served as the
anchor point for the predictions at 6 = 90°. The slug-flow shielding anal-

ysis provided the change in spectrum shape and level at all other angles.




As a first illustration of the prediction model, a cold round subsonic
jet case was computed corresponding to data supplied by Dr. W.A. Olsen ol the
NASA-Lewis Research Center. This case, a 3.0-inch-diameter jet run at
985 fps, had a nozzle exit Mach number of M = 0.969. The comparison of the
aeroacoustic predictions with the experimental measurements is shown in
Figure 2la. It can be seen from these results that the slug-flow shielding
model quite well predicts the observed spectral characteristics of a cold
subsonic jet. The only major discrepancy occurs at 6; = 160°, where the
slug-flow approximation overpredicts the shielding effect at high frequen-
cies. This over-rediction of the SPL at 6; = 160° is reflected also in the
somewhat higher PWL prediction in the 2000 Hz region.

A similar computation was made for a heated subsonic jet case, and the
data/theory comparisons are shown in Figure 21b. This case corresponds to
Reading 3, Point 7 of the 4.31-inch-diameter thin-lip conical nozzle test
given in Volume IV. The nozzle exit Mach number for this case is M = 0.9,
while the jet exit stagnation temperature is 2.72 time ambient. The pre-
dicted spectral characteristics are seen to agree well with the data for
6j < 130°. For observer angles close to the jet axis, however, several areas
of deficiency can be seen. First, the previously noted overprediction of the
shielding (underprediction of SPL) at high frequencies and angles close to
the jet axis is even more pronounced for the heated jet case. Secondly, the
low-frequency peak noise is underpredicted at shallow angles (84 » 130°), and
this results in an underprediction of the PWL spectrum peak and the peak

OASPL.

In an attempt to understand the high frequency shallow-angle discrep-
ancy, the measured shallow-angle directivity [SPL(8j) - SPL(90°)] was com-
pared with predicted directivity, and the general trend of these comparisons

is shown qualitatively in the following sketch.
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It was apparent f[rom these results that the slug-{low approximation provides

too much shielding at high frequencies. It therefore seemed logical to
devise an empirical "cutoff" frequency, based on a representative value of
stroughal number (kya) beyond which the shielding remains constant. From a
ﬁreliminury trial-and-crror process, a cutoff limit of kga = 2,0 was se-
lected, and the computations were repeated. The results obtained are shown
as dashed lines in Figure 21b. Note that the high frequency noise prediction
is improved, although éhe spectrum shape possesses a rather unrealistic
"wavy'" characteristic. It is apparent that, by devising a "cutoff" limit
which is gradual rather than abrupt and which also depends on observer angle,
a4 satisfactory agreement at high frequencies could be obtained. Although
beyend the scope of the present study, optimization of the "cutoff" concept

would be a fruitful path to pursue in future development of the basic slug-

f low model.

As o demonstration of predicting supersonic shock-free jet noise, pre-
dictions were made for a converging-~diverging nozzle test point at My = 1.55,
corresponding to Reading 13, Point 20, gilven in Volume IV. Both predictions,
i ¢., with and without "cutoff", are shown in Figure 2lc. In general, the
relative agreement with the measured data 1Is similar to that in Figure 21b
for the subsonic case. One exception ig the 64 = 50° (Fprwnrd-arc) spectrum,
vhoere the prediction is 3 vto 4 dB low through)ut most of the frequency range.

The reason for this underprediction at 50° is not known.
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A final point to be made 1is the necessity for including lower-order
source terms (dipole and monopole) which depend on the jet mean densfty
pradient and sccond-derivative used in the slug-flow fluid shielding model.
Shown in Figures 21b and 21lc are 90° SPL spectra predictions with these
additional noise sources removed, shown as dash-dot lines. It {s seen that
the Mj = 0.9 spectrum would be underpredicted by 5~6 dB without these heated-
jet additional noise terms. Their effect 1is much less for the My = 1.55
cage, however, due to their sixth and fourth power velocity dependence, and

the nilghi velocity case vecoutie aocince: o) Ly #ho coods L,ole turbulence sources.,
& p; t

The results of these theory data comparisons have indicated some defi-
ciencies which sould be corrected. Work in this area currently is being
pursued under Contract DOT 05-30034. On that contract, the basic essence of
the fluid shielding model is be%ng maintained, but with improvements to
account for the influence of off—axis source location, variation in velocity
and temperature profiles, and improvements in the theory for the high fre-

quency noise which the current slug-flow fluid model does not include.
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SECTION 4.0

LASER VELOCIMETER DEVELOPMENTS FOR NOISE SOURCE LOCATION

During the course of this program a considerable amount of energy was
directed toward developing instrumentation capable of examining the detailed
characteristics of turbulent jet plumes. In the first phase of study, ad-
vanced pressure probe developments (See Reference 36) were pursued as were
initial demonstrations using a General-Electric-developed laser velocimeter
(LV) on heated supersonic jets. It became clear that the laser velocimeter
was the measurement tool for the future. The LV offered a means of measuring
the flow properties of high velocity/high temperature jets without disturbing
the flow. The LV also offered a conceptually easy and accurate method of
measurement not only of rms mean velocity and turbulent velocity distributions,
but also of spectral and cross-correlation type of information; for direct
noise source location type of information the cross-correlation tvpe is very

important.

To be discussed below are the major results obtained in GE's studies.
References 37 through 40 contain the background descriptions of General Flec-
tric's laser velocimeter system and test results. Section 1.0 of Chapter 111
in Volume I1 of this report contains extensive test results of flow measure-
ments for heated high velocity jets and of LV-to-far-field cross-correlation

experiments,

4.1 BASIC IDEAL FOR LV RMS MEASUREMENTS

The concept of laser velocimeter measurement for routine mean velocity
and turbulent velocity may be described in the following simple fashion. Two
beams of monochromatic light intersect at a point in space and set up a
fringe pattern of known spacing (See Fipure 22). The flow is seeded with
small particles which pass through the measuring volume. The light scattered
from the particles is collected, and the laser signal processor measures the
time it takes for the particles to pass through each frinpe. Knowing the

fringe space and traverse time for each validated particle enables the con-
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struction of a histogram (See insert on TFigure 22). Then, by statistical tech-
niques, the mean values and standard deviations are constructed (the mean
velocity and turbulent velocity, respectively). Although the principle of
measurement is easy, the practical aspects of designing an electronic process-
ing unit to monitor valid particles is of no small consequence. Investigators
have nad great difficulty performing measurements in low velocity jets, let

alone measurements in heated supersonic jets.

Figures 23 and 24 shown typical mean and turbulent velocity measurements
for an ambient subsonic and a heated high velocity supersonic shock-free jet.
The existence of the extended potential core and the difference in the tur-~

bulence distributions between the cases are evident.

Figure 25 shows comparisons of LV-measured radial mean velocity profiles
between a shock-free nozzle flow and a shocked-nozzle flow, while Figure 26
shows LV-measured radial turbulence velocity profiles for the shock-free high
temperature test condition. Figure 27 shows the influence of jet-exit-plane
turbulence over a wide range of velocities (500 - 3500 fps) and temperatures
(ambient - 2500° R). Measurements of the type shown are first-of-a-kind tvpe
measurements. Of particular note is the last figure. It refutes the argu-
ment that turbulence velocity drops off with jet velocity so that lower
velocity power laws occur (an argument proposed by Lighthill). Additionally,
Figure 28 shows measured mean and turbulent velocity measurements along the
axis of a high-temperature, high-velocity, shocked-flow jet. These results
show the capability of the LV for defining the shock structure of high-

velocity jets.

4.2 LV-MEASURED TURBULENCE SPECTRA

To construct turbulence spectra from the LV device presents a difficulty
not encountered with continuous-type measurement instrumentation. Conven-
tional spectra estimation techniques assume that all values of the input
signal are known in the analysis interval. Such knowledge is not available
at the LV output. Using the direct time signal in order to construct the
turbulence signal results in excessively high sampling noise levels in the

estimated spectra. To overcome this problem, it is necessary to recpnstruct
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the autocorrelation function of the velocity signal, then obtain the spectrum

W\,«\,\

a model for the output of the t

as its Fourier transform.

v(t)

To illustrate this process,

LV, v(t), may be constructed as

the product of a sampling se- &

quence s(t) (consisting of im- @ ? ? I

pulses at the particle-arrival : s
times), and v(t), the actual ve- e,

locity signal. TFor v(t) and s(t) EE

statistically independent: L ‘ t

Model for Sampling Process for
¥ (£) = 8 (&) v (£) LV Spectra.

and:

Ryy (1) = RSS(I) RW(I)

where R (1)'s are the appropriate autocorrelation functions.
Then, if Rss(x) # 0
L %yh)ﬂ%sh)
where both of the terms on the right-hand side are measurable. Thus va &9,

may be reconstructed and the velocity spectrum va (w) obtained by the

Weiner relation:

SVV(m) = f RVV(I) e‘iw( dt

As was the case for the measurement of rms velocity, the principle for

estimating an LV turbulence spectrum is straightforward. The success one

has in reconstructing the velocity spectrum depends a great deal on the accuracy
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of the timing of the sampling and output signals, and upon the proper appli-
cation of error analyses of estimating autocorrelation functions on finite

time grids.

Figure 29 shows measurements of the axial component of turbulent velocity
spectra for an ambient subsonic jet, as well as a sonic heated jet. The
reconstruction of these spectra were indeed quite encouraging. Although a
great deal of success was obtained from these demonstration spectral experi-
ments one limiting item which hampered further measurements was the lack of
computer speed and LV data rate. In these experiments, the PDP-8 Digital
Equipment Corporation mini computer system was used. Performing the necessary
arithmetic in a reasonable amount of time with this system was not practical.
Any future work in this area should include the use of a much faster system.
For future GE work, a PDP 1145 has been selected. Below is a discussion of
how the LV/PDP 1145 was used for performing injet-to-far-field cross-

correlation measurements.

4,3 LV MEASUREMENTS FOR NOISE SOURCE LOCATION

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

Proudman formulation of the Lighthill equation:

[} P 2 2
o e N (16)
i 4mRa at
o)
Lee~Ribner(41) and Siddon(az) further extended this result as: ’

Y =p 2 »

dp'p(r) _ o B 0 a0+ Bl ) (17)

dv % 0 R 0

anao ot

Therefore, the contribution to the farfield pressure autocorrelation function,
from a volume element of jet, is proportional to the second derivative with
respect to the retarded time of the cross correlation between the in-jet
velocity squared and the far-field pressure evaluated at the retarded time.

The problem at hand is to measure the right-hand side of equation (17).
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As was the case for the turbulent spectra measurements, the LV output
for the cross correlation consists of particles randomly arriving at the
probe volume. The velocity information is available as point estimates at
random times. Thus, a special estimator is required to construct the cross-
correlation function (the detailed description of the cross-correlation func-
tion and the variance of the estimator is described in Chapter 3, Section 2.0
of Volume Il of this final report). 1In addition to constructing the cross
correlation from LV measurements, methods for constructing its second deriv-

ative are also important to performing the total measurement.

As a demonstration experiment, tests were performed at General Electric's
outdoor test site. Measurements were taken on a 4-5/8 inch diameter conical
nozzle. The LV measuring volume was at X/D = 4 and r/ro = 1. The flow con-
ditions were TT ~ 700° R, V_~ 600 fps. The LV velocity vector was pointed
at a far-field microphone ag 30° to the jet axis, 50 diameters awav. To
avoid phase shift problems, a BK 4136 microphone was used wvith the end grid
removed. Performing the test series outdoors complicated the measurement.
Temperature changes occurred during the test period, there were periods of
"wind-pusting" (these data records had to be eliminated), and there existed

ground reflections.

Data were collected in six 20,000 product pair ensembles. Thus, the
cross correlation was based on 120,000 averaped product pairs. Figures 30
and 31 show the LV-measured cross-correlation function with ground reflec-
tions and an estimate corrected for ground reflections. These results show
what would be considered a very realistic cross-correlation curve. The peak

amplitude of 0.1 was most encouraging.

Analysis of the data has also shown that ground reflections effect both

the cross-correlation function and the cross spectra.

Additionally, estimates of the second derivative were found to be unusable,

due to an insufficient number of data records. Several techniques were tried,

but satisfactory results were not obtained.
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The techniques developed for obtaining cross correlation between LV in-
jet measured velocity and far-field microphone acoustic pressure measurements
have been demonstrated, while estimates for the second derivative were not as
successful. To improve on the second derivative estimators, more data are
necessary. Improvements toward this end are certainly feasible. Fstimates
are that more efficient data collection procedure would increase the data
taken by a factor of 6-8. Additionally, improved seeding techniques would

also increase the amount of data available.
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SECTION 5.0

SOME INTERESTING INSiGHTS FROM ACOUSTIC EXPERIMENTS

In addition to the work described in the first four sections, several
experiments were performed which have served to stimulate interest and
suggest some new insights regarding jet noise. These experiments dealt with
the influence of upstream aerodynamic disturbances and the influence on jet
noise (upstream swirl, and combustion roughness effects, jet refraction, and

shock noise).

5.1 UPSTREAIH SWIRL

To study the influence of jet swirl on jet noise generation, a swirl
vane system was designed as shown in Figure 32. The system consisted of a
set of 16 swirl vanes designed for a 30° swirl angle with 89/ mass flow
penetration. Three conditions were tested: Mach number of 0.8 at ambient
and 1500° R, and My = 1.0 at 1500° R. It was found that, for the heated jet
conditions, power~level reductions did occur. At peak jet noise angles on
an arc considerable noise reduction also was observed (see Figures 33 and 34).
Although the spectral results show reductions over a rather wi.e band of
frequencies, for small jet angles, on a PNL basis the results were found to
be different. Figure 35 shows a PUL directivity of the same swirl data shown
in Figures 33 and 34, but now on a 300-foot sideline. lierc the subjective
noise due to swirl was found to actually increase. This was due to the fact
that, on a sideline basis, the peak angle noise shifts to the larger jet
angles. As can be observed from Figure 33, at the larger angles, the OASPL
is also greater for swirl than without swirl. Thus, although our work
indicated that swirl can lead to noise reduction in terms of OAPIL (and even
OASPL and SPL at particular angles and frequencies), and results show a

general increase in PNdB levels.

Estimates of performance losses for swirl were also performed. It was
found that, for the ambient jet case, a 10% specific thrust loss due to the
30° swirl was measured. Such a high level of thrust loss is certainly

unacceptable from a practical standpoint.
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The results from this series of tests are certainly limited - and

(43)

somewhat pessimistic. Recent engine tests at NASA-Ames showed somewhat
similiar swirl jet characteristics except at the larger angles. The NASA-
Ames results indicated that a noise reduction could be obtained even at the
very large jet angies. The reasons for this discrepancy are not fully under-
scood. However, the NASA-Ames tests were for engine scale, and the amount of

swirl was somewhat less than the model scale test series discussed above.

One item which needs clarification is how much swirl is necessary to
yield the on-set of swirl noise reduction. It is possible that, if the swirl
is slight (so that the thrust loss is minimal) but suppression character-
istics are similar to those given above, it would be feasible to enjoy a

modest PNdB and EPNdB reduction with a modest thrust loss.

There are indications that such a swirl condition may be feasible and
that further exploratory work may be warranted especially regarding its
application toward small business jet suppression techniques. For the
small business jet, only mcdest noise reductions are required. For high
velocity jet noise reductions, where much larger reductions are desirable,
it does not appear that jet swirl by itself would be of benefit. It is
possible, however, that controlled swirl experiments, coupled with orderly
structure concepts, may lead to some novel insights with regard to turbulent

mixing noise and other suppression concepts.

5.2 SHOCK NOISE

In the second interim report for this contract, a series of shock noise
tests was reported. At that time, it was concluded that shock noise would
be influential only at large jet angles. Since then, new findings have

emerged regarding shock noise and its impact on full-size engines.

Figures 36 and 37 illustrate what may be considered the influence of
shock noise for full-size engines. Each figure compares a C/D shock-free
jet with a corresponding shocked conic nozzle at the same flow conditions.
The inner two curves on the polar plot r.present the broadband SPL from a
10-Hz narrowband. The solid curve reprisents the shock screech fundmental.

When the 10-hertz narrowband is convert:d to 1/3-0.B. SPL, the dashed-dot
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curve (or the outermost curve) results. When this curve is compared to the
screech fundamental, it can be seen that, at or near the peak jet noise angles,
the screech is buried in the broadband noise except at the large jet angles,
However, if we are considering a full-size engine rather than the model scalc
tests discussed and if it is assumed that the same level of noise exists
between the screech tone and the 10-Hz broadband, then, when the broadband
noise is scaled to a 1/3-0.B. SPL (but now at f ~ 160 Hz rather than f -

1300 Hz for model size) the dashed curve directly in the middle of the other
four curves results. Comparing this curve with the solid screech tone curve
indicates that the shock screech for a full-size engine would be rcadily
observable at all jet angles. Thus, although model scale test may not
indicate a shock screech problem, full-size engine tests may. The full
consequences of shock effects on jet noise need a fuller evaluation. Further
experimental and theoretical work should be directed in this area, partic-
ularly with regard to engine size application and the influence of external

flow on shock noise.

5.3 JET REFRACTION

An effort which was pursued to better model and understand jet noise
directivity was a series of refraction experiments. The objective of the
work was to extend the work of Ribner for application to higher speed and
temperature jets. Although our experiments confirmed low Mach number refrac-
tion results reported in the literature, the work revealed that for the
higher velocity and temperatures considered in this program the Ribner re-
fraction technique was inappropriate. However some very interesting results
concerning a jet's amplifying effect on tones or upstream noise sources were
revealed. The details of the test series and data analysis are completely

discussed in Chapter 3, Section 2 of Volume II of this Final Report.

The idea of the experiments was to place a high-intensity sound source
in the jet core region and to measure the refractive effect due to velocity
and temperature changes in the jet plume. Figure 38 shows the experimental
test arrangement. The tone source used was a high-intensity siren, driven

by a synchronous motor of high accuracy. An example of the influence of jet
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flow on the tone directivity for a Mj = .5 ambient jet is shown in Figure 39.
The relative levels between the tone SPL and the jet-alone SPL at 783 Hosis

quite large.

Figure 40 shows SPL reduction of the tone due to jet flow for ambicnt
subsonic jets. The results are in agreement with MacGregor, Ribner, and Lam's
results. At higher velocities and for heated jets the picture of the simple
refractive dip no longer appeared. At the smaller jet angles, an amplyfing
effect was observed as the velocity increased. Figures 41 and 42 illustrate

these results.

To study these effects closer predictions of the directivity patterns
were carried out using mini-directional point singularities in a slug flow.
A question which was sought was what type of source is most appropriate for
performing predictions (displacement source, velocity source, pressure source)
To account for the observed amplifying effects, a model was designed (after
Crow) to reflect the notion that the tone can excite columnar, travelling
instability waves. This was obtained by applying a (1-M. Cos‘?)"3 factor to
the previous solutions. Figure 39 shows this modification using a displace-
ment source, while Figure 40 uses a velocity source. The conclusions drawn
from the study were that:

® At Mach numbers less than about 0.7, the injected sound sources

in jets yield straightforward refraction patterns in good agrec-

ment with classical acoustics. It was found that, for Mach numbers
of 0.5 and 0.7, the displacement source worked best,

® Above Mach numbers of 0.9, the suggestion by Crow that jets can act
as amplifiers of injected or internally generated low frequency
tones appears to be true. The mechanism appears to be the develop-
ment of columnar-travelling instability waves whose strength and
frequency are determined by the source strength and frequency, but
whose speed of convection is some fraction of the jet velocity.

® No evidence was found that such tones can have any major impact on
the externally generated turbulence jet noise. In all of the work
performed, there was no evidence of the broadband jet-noise itself
being modified by the tone.

® Although the technique used was successful for obtaining refraction
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Greens Function experimentally for high speed (V1/a > 0.9) jets
does not appear possible. e

) Such experiments do appear relevant as to the role of jets as
amplifiers of upstream-generated low frequency tones (such as com-
bustion noise). It is very desirable to perform closer in-jet
measurements of the source to determine the nature of the source
and how it is modified by the presence of the flow.

S.4 COMBUSTION ROUGHNESS EXPERIMENTS

A small series of experiments was performed to study if increased
combustion roughness would cause increased turbulence and, thus, increased
turbulence mixing noise. The study was aimed at simulating more realistic
engine burning processes, and to see if an additional noise level, because

of these processes, would be encountered.

The combustion roughness was controlled by adjusting the level of tectal
temperature for the model scale jet noise facility between a preburner (PB)
and an afterburner system (see sketch).

Preburner

Afterburner

Jet
Nozzle

\—«/___//

Flow .P

Each system was operated with JP-4 fuel. The level of combustion roughness
was monitored with pressure transducer measurements at each of the burner
stacions. By varying the level of burning at each of the stations in differ-
ent combinations, the total temperature could be maintained but at different
levels of burning. Two test cases were run, !5 = 1.55, ip = 1500° F (shock-
free C/D nozzle) and My - 0.3, Ty = 1650° R.
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Table 1 summarizes the overall test results. For the supersonic casc,
three conditions werc run. Preburner alone, preburner with low afterburner,
and an even split between thc¢ preburner and afterburner charging stations.
For the subsonic tests, there was a case where combustion resonance existed
in the preburner section, a second case was run just off-resonance (listed
as rough burning), and a smooth burning case. (For details see Chapter 3,
Section 1 of Volume II of this final report). Table 1 shows that, for the
three levels of combustion roughness (also see Figure 43 for a comparison of
combustion roughness vs. acoustic efficiency for these tests) for the shock-
free supersonic jet case, there was essentially no difference in OAPWL and
OASPL levels. The turbulence level at the exit plane could only be raised
from 2% to 4.5%. Figure 44 shows a comparison of the measured OASPL direc-
tivities for these cases. The item which may be of significance is the low
frequenciy data; for the afterburner with low preburner (the rougher combus-
tion roughness case), the noise was somewhat increased (3-5 dB at 40° and
90° microphone locations - (see Figure 45). This is noted since this noise
may be jet-flow-amplified combustion noise as was pointed out in the refrac-

tion experiments.

The low Mach number jet combustion roughness results indicated that the
resonant combustion case dominated. But the results do indicate that at
low velocities increased combustion roughness does lead to increased noise
levels. Based on a velocity 8th power law, the smooth combustion case, which
was at a higher velocity, should have been 2.5 dB louder than the rough com-
bution case. But the rough combustion case was measured to be 1.8 dB louder
(roughly 4.3 dB louder on an equal velocity basis). The increased noise is
likely due to an increase in turbulence throughout the jet plume. Unfortu-
nately LV measurements were not possible for these cases. The operation at
high temperatures and rough combustion at the low velocities did not permit
any extended test time without possible facility damage.
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SECTION 6.0

RECOMMENDATIONS FOR FUTURE WORK

Based on the studies conducted during the contract effort, the following

items warrant future investigation:

k.

Application of fluid shrouding theoretical modeling techniques

toward formulation of aeroacoustic model equations for application

in noise source location techniques. Currently all key analyses

for noise source location depend on the Lighthill/Proudman formula-
tions. These formulations do not incorporate fluid shrouding effects.
Hew analyses should be performed to examine how the aerodynamic
source terms are influenced by fluid shrouding and should assess

the results toward determining the more exact type of measurement
which must be performed for noise-source location.

Additional LV development work should be performed. More work is
necessary in developing the random data techniques for performing
second derivatives of cross-correlation products. More efficient
techniques should be developed for utilizing the LV output signal
in performing cross correlation between in-jet to far-field micro-
phone measurements. Analytical/experimental feasibility studies
should be performed to demonstrate the LV for two-point space-time
correlations. Determination of error analysis for setting statis-
tical criterion for performing accurate turbulent spectra, in-jet
to far-field cross correlations, and in-jet/in-jet correlations
should also be performed. Noise source assessment techniques
should be evaluated for static and relative flow (simulated flight)
environments.

Further experimental work is warranted to better understand the
aeroacoustic nature of swirling flows. The areas of concentration
should be toward parametric studies for very moderate amounts of
swirl. Analytical/experimental investigations studying the possible
link of swirling flow with helical modes of noise generation or
reduction also should be considered. Consideration should be given
toward the application of swirling jets to dual-flow systems and
annular plug nozzles.

Further work {s necessary to assess the influences of shock-generated
noise on full-scale engines. Model-scale and full-scale assessments
should be performed. The model-scale assessments should include
wind-on (simulated in-flight) evaluation. Additionally, more efforts
should be directed toward developing analytical methods for under-
standing and estimating the broadband content of shock-related

noise.
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Analytical/experimental investigations should be directed toward
understanding the fluid amplifying effects on low frequency noise.
The areas of concern deal with better understanding as to how the
sources can be modeled, over what velocity and temperature ranpe
does tone amplification occur, and better assessment nf flow/tone
Interaction as related to practical core engine noise technology.
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