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FOREWORD

Jet noise has been a major problem for aircraft for nearly 50 years. There has been considerable research
performed around the world aimed at identifying ways to reduce jet noise. This work was first intended for
turbojet aircraft and later extended to low bypass ratio turbofans. Many of the people who performed this
pioneering research have retired or are no longer active in aeroacoustics. After so many years of work in jet
noise, it is a challenge to piece together the history of its development through existing publications due to
the large volume of documents. It is possible to forget important developments from the past as new
researchers tackle similar problems. Therefore, a jet noise workshop was organized by the AeroAcoustics
Research Consortium (AARC) with the intent of reviewing research that has been done by experts
throughout the world. The forum provided a unique opportunity for current researchers to hear the diverse
views from world experts on issues related to jet noise modeling and interpretation of experimental data.

Ninety-five workshop participants heard presentations and discussion based on answers to specific
questions posed by the workshop organizers. The workshop was divided into four sessions: (1) jet mixing
noise sources, (2) source identification techniques, (3) suppression methods, and (4) computational
aeroacoustics for jet noise. Each session included invited speakers or panelists, and an opportunity for
people from the audience to present prepared statements on the subject during an “open podium.” There
were specific questions posed for each session that the speakers and audience participants were asked to
address.

It is hoped that these proceedings will serve as a focal point for references and viewpoints deemed to be
important by jet noise experts. An attempt has been made to capture the important points from speakers,
panelists, and discussion. It was never the intent of the workshop to reach consensus and draw conclusions
from the presentation material. This is left for the reader and subsequent publications regarding jet noise
research.
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JET NOISE WORKSHOP AGENDA

Tuesday, November 7, 2000

Registration (OAI lobby)

Welcome Address—Gerald Barna, NASA GRC
Technical Address—Marvin Goldstein, NASA GRC
AARC Introduction/Workshop Overview—Dennis Huff, NASA GRC

Session 1: Jet Noise Sources
Invited presentations:

G.M. Lilley (University of Southampton)—Review of the Acoustic Analogies

P. Morris (Pennsylvania State University)—Review Noise from Large Turbulence
Structures/Instability Waves

C. Tam (Florida State University)—Review Noise Data and Recent Advances

Lunch (Sunroom)

Panel presentation:

Discuss mechanisms for jet mixing noise and give evidence (data and/or theory) to
support specific mechanism(s).

Invited panelists:

M.E. Goldstein (NASA GRC)

J.M. Seiner (University of Mississippi)

K.K. Ahuja (Georgia Institute of Technology)
U. Michel (DLR)

C. Morfey (University of Southampton)

General discussion:
Is acoustic analogy really valid? Show evidence that the theory is correct/incorrect.
Same discussion on large turbulence structure noise.

What are some alternate approaches?

Dinner

Wednesday, November 8, 2000

Session 2:  Source Identification and Location Techniques
Invited presentations:

S. Glegg (Florida Atlantic University)

D. Weir (Honeywell)

T. Bhat (Boeing)

Xi



General discussion:
Accuracy of technique and effect of nozzle geometry and jet operating conditions
on source location.

12:00 p.m. Lunch (Sunroom)
12:45 p.m. Group photo in lobby
1:00 p.m. Session 3:  Physics of Jet Noise Suppression

Panel presentation and discussion:
Give evidence where theory has correctly predicted jet noise trends with
suppression devices.

Invited Panelists:

W. Lord (P&W)

P. Gliebe (GE)

T. Bhat (Boeing)

A. Kempton (Rolls-Royce)
K.K. Ahuja (GTRI)

M. Harper-Bourne (DERA)

Thursday, November 9, 2000

8:30 a.m. Session 4:  Role for CAA for Jet Noise Physics
Invited presentations:
S. Lele (Stanford University)
C. Bailly (Ecole Centrale de Lyon)
R. Mankbadi (Embry-Riddle Aeronautical University)

General discussion:
Suppose the entire flow field is known both in space and time, what would we do

with it to better understand jet noise sources?

11:15 am. Summary of workshop
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OPENING REMARKS

The Jet Noise Workshop was opened by Gerald Barna, Acting Deputy Director, NASA Glenn Research
Center. He welcomed all participants to this first Jet Noise Workshop sponsored by the AeroAcoustics
Research Consortium (AARC). The NASA Glenn Research Center supports long-term research in both
aeronautics and space. It is classified as a Center of Excellence for aircraft propulsion and is engaged in the
new NASA “Quiet Aircraft Technology” Program.

Marvin Goldstein, Chief Scientist of the NASA Glenn Research Center, added his welcome to all
participants and especially to his many friends and colleagues who were in attendance. He pointed out that
this Jet Noise Workshop grew out of a suggestion by Chris Tam and the result is that we have here today
nearly 100 participants from government research laboratories, industry, and universities to discuss the
state of the art in understanding, prediction, and reduction of jet noise. He also noted that the demand to
decrease jet noise continues to grow, in spite of the enormous effort that has been made to reduce it since
Lighthill first introduced the Acoustic Analogy nearly 50 years ago. Progress continues to be hampered by
the largely empirical nature of the prediction methods. Jet noise prediction, like the prediction of turbulence
from which it is generated, remains an unsolved problem.

Dr. Goldstein noted that there is a need to further decrease the noise of civil commercial transport aircraft,
and hence the noise of the current turbofan engine in spite of the overall reduction in fleet noise level
resulting from the recent Stage 2 phaseout. This is primarily due to a greater awareness of noise in the
community and to the greater annoyance resulting from the increased number of operations. The success of
past noise-reduction efforts has led to an expectation that progress would continue if sufficient pressure
could be exerted on the industry. It should therefore not be surprising that noise restrictions and curfews
continue to grow at local airports.

Over the past 10 years, the emphasis has been on reducing fan noise but it is now realized that further
reduction in fan noise will be ineffective unless the jet noise can be reduced as well. An additional reason
for continuing jet noise research is to ensure that the necessary noise-reduction technology will be in place
to meet the challenge of any future supersonic transport requirement. The recent High Speed Civil
Transport (HSCT) program relied on a rather large and heavy mixer-ejector nozzle concept to achieve the
required noise reduction. Future propulsion systems will have to be much lighter and still produce much
lower noise levels in order to meet the required noise certification goals.

Dr. Goldstein reminded the audience that current jet noise prediction methods are largely empirical and are
only completely satisfactory for round jets. They are incapable of predicting the changes in the sound field
resulting from detailed changes in the flow and are therefore unable to account for the effects of complex
nozzle geometry. He suggested that hybrid analytical/numerical approaches such as Large Eddy Simulation
(LES) might play a major role in the development of improved prediction methods that capture the true
physics of the source. He hoped the Jet Noise Workshop would contribute towards the development of such
methods. He pointed out that the subject of aeroacoustics has been highly contentious over the years even
though, from a fundamental point of view, the physics of the sound-generation process is quite simple:
pressure fluctuations must occur in the flow in order to balance the fluctuations in momentum and as long
as the medium is compressible, pressure will propagate away as sound. The controversy arises because only
a small fraction of those energetic fluctuations actually radiate as sound, which makes the identification of
the noise-generating structures very difficult. There is also considerable controversy about how these noise
sources should be modeled. Can they be treated as acoustically compact convecting quadrupoles, as
envisioned by Lighthill, or can they be better represented by an instability wave model for the large-scale
structures? This workshop has been structured to address these issues in the presentations from the invited
speakers and panelists.

Mr. Dennis Huff, Chief of the Acoustics Branch at the NASA Glenn Research Center, reported on the
formation of the AARC with its current membership including Boeing, General Electric, Honeywell,
NASA Glenn Research Center, and the Ohio Aerospace Institute. Mr. Huff believed the establishment of
the AARC was timely for many engineers and scientists who had pioneered the research and development
of jet noise and its impact on the design of modern turbofan aircraft propulsion engines and who are now

NASA/CP—2001-211152 1



being lost through retirement. It was important that their contributions and expertise should not be lost, and
the work of the AARC was devoted to ensure the new generation of workers in this field would be able to
build on the achievements of the past. The aim of the AARC is to attract experts from all around the world
and for them to discuss and advise on current and future research. Such interaction should assist in the
generation of a better scientific understanding of fan, core, and jet noise problems, their noise prediction
based on sound physical principles, and their noise reduction. Of these, jet noise remains an important
research area and one deserving urgent attention.

The current membership of the AARC Peer Review Panel is Dave Reed (Boeing), Philip Gliebe (GE),
David Ross (Honeywell), Marvin Goldstein and Dennis Huff (NASA Glenn), and Ann Heyward and
Christina Klamer (OAI).

The aim of this Jet Noise Workshop is to review the approaches to modeling and defining jet noise sources

and report on progress toward using jet noise prediction methods to properly guide noise-suppression
methods.

NASA/CP—2001-211152 2
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SESSION 1: JET NOISE SOURCES

Summary by Geoffrey Lilley, University of Southampton

This session was devoted to three invited presentations, five invited panel
presentations and open podium presentations. Discussion followed each
presentation.

INVITED PRESENTATIONS

The Acoustic Analogy - A review by Geoffrey M. Lilley, University of
Southampton

(a) The inclusion of external sources.

Professor Lilley noted that a major discussion point at this workshop was on the
usefulness of acoustic analogies in the prediction of jet noise. It appeared that many
of the participants were unfamiliar with the precise definition of an acoustic
analogy. Lilley suggested that it would be helpful to refer all participants to the
‘Dictionary of Acoustics’ by C. L. Morfey recently published by the Academic Press
(2000).

He indicated that a commonly used definition of ACOUSTIC ANALOGIES is:

‘An acoustic analogy is an exact rearrangement of the Navier-Stokes or Euler
equations which leads to an equation for the propagation of acoustic waves in a
medium at rest or in a defined motion, with an equivalent source term wherein the
sources of sound may move relative to the given mean motion of the medium.’

Lilley stressed that the medium is at rest in Lighthill's Acoustic Analogy. The
strength and distribution of the equivalent acoustic sources must be determined
from experiments, solutions of the exact Navier-Stokes equations or by some sort of
modeling. Thus in Lighthill's Acoustic Analogy the Lighthill stress tensor, Tij,
should include all fluid fluctuations including the sound generated by the flow and
its interaction with the flow. The propagation is along the straight line from source
to observer. As stressed by Lighthill, in this acoustic analogy, there is no fluid flow,
and the medium is everywhere at rest. The fluid flow is replaced by the equivalent
acoustic sources and these may move but not the medium.

In Lighthill’'s Acoustic Analogy the equivalent acoustic sources are defined for the
given flow field and their strength must fall sufficiently rapidly with increase in
distance from what is defined as the boundaries of the unsteady flow. In such cases
it can be shown that the far-field noise reaching an observer will be found from a
weighted volume integration of the distribution of acoustic sources. This holds
exactly for a compact source distribution, especially at low Mach numbers where
the ratio of the characteristic length scale of the source region is negligible
compared with the typical acoustic wavelength. At higher Mach numbers the

NASA/CP—2001-211152 9



acoustic source becomes non-compact with the result that flow-acoustic interaction
occurs within the flow.

If the observer is placed in a uniform flow it is appropriate to replace Lighthill’s
equation by the convected wave equation in which the operator, following the flow,
refers to the given mean motion. The source terms given in terms of Tj; then include
only the quadratic fluctuations. If the given mean motion is an arbitrary transverse
shear flow the resulting acoustic analogy becomes Lilley’'s third-order convected
wave equation where the equivalent acoustic sources are closely related to those
given in Lighthill's acoustic analogy.

Lilley said that one criticism of Lighthill’s acoustic analogy was that it was strictly
an integro-differential equation since the density appeared both in the lefthand-side
wave operator and in the acoustic source distribution on the righthand-side.
However he did not believe this to be a major problem since he expected the effect of
density fluctuations to be very small inside the flow.

Lilley said that in the Lighthill stress tensor only the quadratic fluctuating source
terms are associated with noise generation and radiate to the far field. He argued
that the linear fluctuating source terms do not radiate acoustic energy to the far
field and referred to them as “the dominant part of the flow field fluctuations”, since
by comparison the fluctuations inside the flow due to the non-linear terms were
very small. The Lilley convected wave equation for a given mean flow clearly shows
the role played by acoustic — flow interaction, since its left hand-side becomes the
Pridmore-Brown wave operator for the refraction of acoustic waves propagating in
the presence of a mean shear. The right hand-side relates to the equivalent acoustic
sources, which involve only quadratic flow fluctuations. A discussion of the
properties of these sources and of the refraction of acoustic waves in the presence of
a mean shear can be found in ‘Aeroacoustics’ by Goldstein (1976), in Goldstein
(1984) and in the recent paper by Lele et al. (2000) presented at the AIAA
Aeroacoustics Meeting at Hawaii.

Lilley noted that there are a number of other acoustic analogies details of which
were not discussed in this presentation. He also described some of his work on the
prediction of jet noise. He noted that in this analogy, the farfield noise intensity was
related to the volume integral of the two-point space-retarded time covariance of the
component of the Lighthill stress tensor in the direction from source to observer.
Lilley referred to its local value, when non-dimensionalized with respect to the local
kinetic energy, as the ‘Lighthill filter function’, or the acoustic efficiency, since this
term, including its second time derivatives, expresses just that fraction of the flow’s
turbulent kinetic energy that is radiated to the farfield as noise. Lilley(1993,1996)
used the DNS results for isotropic turbulence, obtained by Sarkar and
Hussaini(1993), Dubois(1993) and Witowska and Juve(1993), to find an
approximation for the space-retarded time properties of the ‘Lighthill filter
function’, which could be assumed constant throughout a turbulent jet. The total
acoustic power generated by a jet over a wide range of jet exit speeds and
temperatures was therefore obtained approximately, from a knowledge of the mean
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turbulent kinetic energy distribution over the entire jet, together with similar
results for the mean of the stagnation enthalpy fluctuations. Both sets of
fluctuations were found from RANS calculations and measurements. The
comparison was shown to give agreement with a wide range of experimental data
for the cold jet provided a correction was applied to allow for refraction. Similar
agreement was found for the hot jet data. In the case of the hot jet it was shown
that the noise generated was due to two source terms:

1. The source function for the cold jet, proportional to v8, but with its
convection speed along the divided streamline chosen to allow for
changes in jet speed and temperature.

2. The additional source term derived from (p - pci), which was dipole in
character, and had a velocity dependence at low Mach numbers of vb.

The hot jet results included the sum of the two source terms. When the results for
the hot jet were plotted for a constant jet stagnation enthalpy ratio with respect to
the ambient enthalpy, it was shown that the agreement with the experimental hot
jet data was satisfactory. This confirmed that low Mach number hot jets of large
stagnation enthalpy ratio, radiated as vé, and were therefore noisier than cold jets,
whereas at high Mach numbers the opposite occurred. In all cases a simple
approximate allowance was made for the effects of refraction. An important result
was found for all hot jets. For a given jet stagnation enthalpy there exists a
maximum jet velocity associated with the isentropic expansion from the given
stagnation enthalpy to a near vacuum. Thus the plotted results do not show the
anticipated asymptotic approach to v3, since the higher values of V,/C_ are

unattainable. (Typical plots of acoustic power in the literature show results for a
wide range of jet exit temperatures all plotted on the same diagram with an
averaged line drawn through all results. The result is that a v3 law appears to be a
good fit at high values of the ‘acoustic Mach number’, V,/C.).

Prof. Lilley also provided a historical perspective on the development of the Acoustic
Analogy (see Appendix A).

Comments by Farassat: Farassat noted that Lilley had not discussed the solution to
Lighthill’s equation for bounded and unbounded flows as given by Ffowcs Williams
and Hawkings(1969), and which has been used extensively in the work of Farassat
and Brentner on deriving the radiated noise from helicopters. This methodology
clearly has applications to jet noise when hybrid methods are used to derive the
farfield noise, and a compressible time-accurate flow field database is available from
a flow solver using LES or URANS. The Ffowcs Williams-Hawkings surface must
enclose all the dominant sources in the flow field, but unlike a Kirchhoff method the
flow quantities do not have to be acoustic terms but may include weak vortical effects
and the jet entrainment flow. There is reason to believe that this method will capture
the far-field radiation and filter out the non-radiated components, performing a
similar role to that of the ‘Lighthill filter function’. It also captures effects, such as
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refraction and reflection from surfaces exposed to the radiated sound, provided they
lie within the Ffowcs Williams-Hawkings surface.

(b) Turbulence modeling for Unsteady Reynolds-Averaged Navier-Stokes (URANYS)

Lilley discussed his current experience using URANS for obtaining the time
accurate flow database for jets at high Reynolds numbers for incorporation into a
hybrid scheme involving the Ffowcs Williams-Hawkings form of Lighthill’s acoustic
analogy for the calculation of the far-field noise. The method is currently being
used for airframe noise calculations. He noted that the efficient calculation of the
equivalent steady flow, corresponding to a given complex turbulent flow using
RANS, has been the subject of an enormous scientific effort in the past 20 years and
discussed the use of the Boussinesq type turbulence models in this approach. He
gave arguments to show that the use of turbulence models in URANS is restricted
to modeling the unresolved turbulent motion, just as in sub-grid scale models for
LES and noted that, when the simple Boussinesq model is used as in steady RANS,
it is found that the large damping provided by the eddy viscosity effectively
dampens unsteady motion of the ‘large scale structures’. This occurs before they can
develop their full nonlinear distortion and stretching, and which the unsteady Euler
equations could provide if this strong damping were excluded. He suggested that
there are two important guidelines to be implemented when using URANS. Firstly
the value of the dissipation rate must have a value in URANS almost equal to its
value in RANS, since it is related to the viscous dissipation governed by the
Kolmogoroff scales in the true high Reynolds number flow field. It is this value that
governs the lossless transfer of energy up the frequency and wavenumber ranges
including eddies of the size of the Taylor micro-scale. In URANS this range of eddy
scales will form part of the unresolved motion. The second condition relates to
introducing the unresolved turbulent motion into the unsteady Euler equations as
equivalent body force terms, which only provide damping of the “large scale motion’
through nonlinear interaction. They thus replace the strong damping introduced by
the eddy viscosity model. This approach appears to be further justified by noting
that eddy viscosity is a poor descriptor for describing the physical process due to the
gradient of the fluctuation of the Reynolds stress. Eddy viscosity can be better
described as large eddy circulation, which immediately reflects its role in
establishing the turbulent vortex force and the dynamics of its interaction with the
“large scale flow structures’.

In using the Lighthill acoustic analogy for the prediction of jet noise it is necessary
to use a time accurate flow solver from which the Txx space-retarded time
covariance can be calculated in the direction from source to the selected observer. At
low Reynolds number this can be obtained from DNS but at higher Reynolds
number this information can be obtained from LES or URANS. Lilley argued that
the Txx covariance must depend on the anisotropic properties of the turbulence,
which control the spectrum and the directivity of the radiated noise. The total
acoustic power from a jet appears to be predicted satisfactorily assuming the
‘Lighthill filter function’ is based on a DNS isotropic turbulence simulation, but this
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model as described above cannot be used for predicting the far-field sound spectrum
and directivity.

The turbulent structure in the center of a jet-mixing region appears to contain long
skewed cylindrical-like structures in which the integral scale in the radial direction
Is about 1/5 of its value in the axial direction. Thus the resolved turbulence
intensities and turbulent length scales required for the amplitude and length scale
of Txx in the different directions of the far-field observer suggest the mixing-region
turbulence radiates very differently in directions along the jet axis than, say,
normal to the jet axis. In directions near 90" the small radial integral scale would be
responsible for radiating noise of higher frequency than in other directions relative
to the jet axis. This is in line with Tam et al.(1996) findings from their compilation
of the large experimental databank of the radiated noise spectrum in different
directions in the far-field. Townsend(1956, 1975) comments on this small radial
integral scale in the jet and mixing region and suggests this arises from a
compression of the energy containing eddies due to the transverse rate of strain
between the opposing entrainment and radial diffusion of the jet core flow. (See
Open Podium discussion by Khavaran.)

Lilley argued that the experimentally observed universality of the mean properties
of the fully developed turbulent jet at all Reynolds numbers indicates that the
characteristics of the large-scale structures and the energy containing eddies should
be independent of Reynolds number. He also indicated that these eddies are likely
to generate the largest contribution to the radiated jet noise. Thus a low Reynolds
number DNS (in which all length scales are resolved according to the Reynolds
number of the calculation) actually captures the same characteristics for the large
and the energy containing eddies as found at much higher Reynolds numbers. He
suggested that the problem is therefore one of establishing a fully developed
turbulent flow and of avoiding the transition problem, from laminar to turbulent
flow, say, downstream of the nozzle exit, as is frequently encountered in many
experiments on jets. He noted that he referred to this problem in the Westley-Lilley
jet noise studies and that Freund(1999) and Lele et al(2000) have discussed this
problem in DNS and LES studies on the jet. He hoped that in the near future, he
would see a comparison between the dominant energy containing structures they
find in their DNS studies and those found in experiments at much higher Reynolds
numbers. In all the available computational methods there remains the problem of
computing the full high frequency spectrum up to the frequencies typical of those
measured on the full-scale aircraft. (A possible resolution of this problem is given in
the following panel discussion by Goldstein.)

Lilley drew attention to the prediction of the noise from complex multiple jet
configurations as well as the interference effects on jets as installed on the aircraft.
He stated that the problem of airframe-engine integration for optimum performance
and low noise involves many flow features that are absent when the jet is
considered in isolation. He described some of his recent work on airframe noise
prediction and noise reduction which shows that the presence of potential scattering
surfaces close to the convected turbulence can increase the radiated noise.
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Finally Lilley reported that when questioned on whether a lower bound existed for
the noise radiated from a ‘clean’ aircraft the answer was it depends on the engine.
But it appeared that the airframe component of all airplanes flying in the ‘clean’
condition with flaps, slats, and undercarriage stowed, and including gliders and all
birds, excluding the owl, generate noise in their far-field according to a universal
law depending on their mass and speed. The exception is the owl, which not only is
the quietest of all birds and flying objects above a mass of about 1kg, but also flies
silently in the range of frequencies above 2kHz. All other flying objects, including
aircraft, gliders, and birds (apart from the owl), have a broadband noise spectrum
extending beyond 10kHz. It is by this silent flight above 2kHz that the owl has been
able to survive for 20 million years, since this is the lower frequency of noise
detection by its prey. It is well known that this frequency range between 2kHz and
10kHz, which is the human speech interference range, causes the greatest
annoyance to people exposed continuously to aircraft noise. Now that ‘owl’s silent
flight technology’ is better understood, it appears that we should in jet noise
research consider schemes for noise reduction in which an effort should be made to
provide a large reduction in noise is this range of frequencies above 2kHz. In many
current jet noise reduction schemes the noise is reduced in the low frequencies at
the expense of an increase in the higher frequencies. Nature solved the problem by
providing the owl with fine ‘down’ feathers on its wings and legs through which the
pseudo-turbulent boundary layer flows and all noise greater than 2kHz is absorbed.
Can we invent some device to add to the airplane and engine that can generate a
guiet airplane above 2kHz?

In reply to a question regarding the effect of refraction on the total acoustic power of
supersonic jets, Lilley agreed that the calculations included certain assumptions
and possibly other (unknown) flow interference effects could have been present to
explain the good agreement between the measured and calculated results.
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Abstract

Ladies and gentlemen you do me a great honor in asking me to present the first
paper at this ‘Jet Noise Workshop’. I had been invited to NACA Lewis for the first
time in 1955 following the Second Jet Noise Conference at NACA Langley Field which
I had attended as an invited delegate from England. After the Langley Meeting I went
first to Wright-Patterson Laboratories at Dayton. On my way to Cleveland the car,
which was driving me to Columbus for the short flight to Cleveland, was hit by a truck
and I finished up in hospital in Springfield, Ohio suffering from concussion, a fractured
skull and my face smashed up. So I never saw NACA Lewis on that occaison and it
was 2 long years before I was able to resume my researches into jet noise and Aircraft
Noise Reduction. Dr. Marvin Goldstein invited me to NASA Lewis sometime after
the publication of his textbook on Aeroacoustics. Marvin kindly included in that book
much of the unpublished work I had written while a consultant in the early 1970’s for
Lockheed at Marietta, where the endeavour was to provide a sound database for hot
jet noise at subsonic and supersonic speeds. An additional aim was to establish an
improved prediction method for jet noise at subsonic and supersonic speeds. Some of
this work is reported in the Harvey Hubbard volumes on Aircraft Noise.

During my slow recuperation after the 1955 motor accident I returned to my theoret-
ical work on jet noise. By that time a good database had been established from model
jet and engine measurements using improved instrumentation over what was available
to Westley and myself, when we performed one of the first experimental attacks on the
jet noise problem in 1949-1951. Our work was completed before Lighthill’s theory was
announced in 1951 and published in 1952. In 1957 I attempted a comprehensive mod-
elling of the unsteady flow in a jet at subsonic and supersonic speeds. Independently
Ribner at Toronto was attempting a similar model of the sources of jet noise.
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In retrospect, after Lighthill had announced his theory of the Noise from Turbulent
Flow, I argued that the more important problem was that of generation rather than
the concentration on propagation as presented in Lighthill’s theory. I spent long hours
with my research student Peduzzi, studying the true convected wave equation for pres-
sure in the flow in a bid to get closer to a model for the unsteady fluctuations of the
Lighthill stress tensor which were undoubtedly the source of noise in a jet. Without
the computational support we have today we reluctantly abandoned this effort since the
complexity of the space-timme turbulent correlation functions could neither be calculated
or measured. At that time we had little confidence in model approximations.

In my later studies at Cranfield in 1956-7 I used the description of the turbulent
structure of a jet introduced by Alan Townsend, in which all turbulent shear flows were
described as having a large scale, of order the flow dimensions, and a smaller scale
structure containing the bulk of the kinetic energy, but still very large at high Reynolds
numbers compared with the eddies responsible for the dissipation of energy. It appeared
from Lighthill’s theory that the covariance based on the second retarded-time derivative
of T;; would, in the frequency domain, peak at a frequency slightly greater than that
corresponding to the peak in the energy spectrum. Proudman’s work on the noise from
isotropic turbulence had arrived at the same conclusion. This had already been an
observation in the experimental work of Westley and Lilley and Hubbard and Lassiter
at Langley Field. When in turbulence we refer to small scale structures or eddies we
refer to eddies slightly smaller than those containing most of the energy but much
larger than the so-called Taylor microscale eddies which are close to the lower end of
the inertial subrange which are also close to the start of the Kolmogorov dissipating
range.
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Thus the term fine-scale in the recent excellent work of Chris Tam is I believe a poor

descriptor and one which will mislead many in the aeroacoustics world. To many ‘fine’
appears as very thin, or threadlike and may be confused with eddies in the Kolmogorov
range. We need a simple descriptor, such as ‘energy containing eddies’. In particular
we are dealing with eddies of macroscopic scales not microscopic scales. There are many
length scales of energy containing eddies in a turbulent jet associated with the growth
of the mixing region from the nozzle exit, where the energy containing eddies are very
small to far downstream where they are very large.
Returning to my earlier description of the dominant acoustic sources in a jet, it is now
clear I made a very great error when I followed Lighthill in labelling the main sources
of jet noise as associated with the mean-shear turbulent interaction, or the amplifying
effect of mean shear, and the turbulent-turbulent interaction. The former relates to
linear fluctuating terms while the latter concerns the quadratic fluctuating terms in
T;;. Independently Ribner had derived an almost similar model of jet noise based on
Lighthill’s Acoustic Analogy. Although my work had been accepted for publication,
and Lighthill was one of the referees I realised whilst reading the proofs that although
the dominant source of pressure fluctuations in the flow field was this mean shear-
turbulent interaction this was not the only source of dominant noise radiation in the
lower frequencies. This term in Lighthill’s equation was equal to a non-linear acoustic
source term multiplied by the mean shear plus a propagation term involving refraction.
Without further careful investigation it appeared essential for it to be regarded as a
propagation term, which when integrated over the entire acoustic field it would make
zero contribution to the radiated noise. Later I was able to show that in the convected
wave equation there were two major groups of acoustic source terms, which could be
described as above, but now the contribution to the generation from the mean-shear
interaction term would involve quadratic velocity fluctuations only.
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Lighthill’s inspired work on The Theory of Aerodynamic Noise in (1952), laid the foun-
dation for all subsequent theoretical work in this field. It is a foundation on which we
can all build. It concerns the noise generated from turbulent flows. But, even today,
the theory of turbulence remains one of the most incomplete problems in the whole
of mathematical physics. Many modeling techniques have been introduced to solve
specific problems in turbulent flows, but in the theory of aerodynamic noise, where
the radiated noise energy is miniscule compared with the energy of the turbulent flow,
we have to admit our modeling remains incomplete. As Lighthill had pointed out the
theory of Aerodynamic Noise requires a marrying together of Acoustics with Unsteady
Aerodynamics, such as expressed in the field of Aeroacoustics. Without doubt I believe
that few will disagree with the statement, ‘... that modeling the acoustic source terms
in jet noise demands full mathematical and physical understanding of the time accurate
nature of the unsteady fluid dynamics in the complex turbulent flow in a jet’. Once
the complex fluid dynamics of a turbulent jet are known to a high degree of accuracy,
the estimation of the characteristics of the radiated noise, including the sound inten-
sity, directivity, and spectrum, which I will refer to as the propagation problem, will be
possible using the reliable techniques we possess today. The major challenge then will
be to improve the speed of computation of these complex unsteady and turbulent flow
fields for a wide range of simple and complex nozzle geometries, so that we can not
only explore the prediction of jet noise for a given geometry, but also have the ability
to optimise that nozzle geometry to produce acceptable noise reductions for almost no
loss in performance, such as the nozzle thrust.
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In much of this work we will still have to rely on good experimental data, and indeed
the inspiration for new ideas relating to jet noise reduction is more likely to come from
the dedicated experimentalist rather than the theoretician. The theoretical modeling
has an equally important role to play in helping to uncover the underlying physics of
time accurate unsteady flow knowledge, providing a continuing updating of models and
assessing what are the dominant parameters which determine the bulk of the noise, and
providing a means to rapidly optimise possible break-throughs in jet noise reduction
technology. The marriage between dedicated experimental jet noise groups and those
concerned with the theory and computation of jet noise is important not only today
but for many years to come. I cannot envisage a time in the future when we will with
confidence, on theory alone, hand a nozzle design to an engine manufacturer with a
guaranteed jet noise prediction for all operating conditions of the engine.

Before I close this introduction I wish to emphasize that the prediction of jet noise
from a satisfactory knowledge of its time-accurate unsteady turbulent flow in the jet is
not the only problem of interest to the engine and aircraft designer. One major problem
concerns the effects of non-uniformity of the jet flow in respect of both velocity and
temperature upstream of the nozzle exit, as well as the efficient mixing of the separate jet
flows as in the core and bypass jet streams. Another major problem concerns installation
effects on an aircraft. Now the concerns in Aircraft Noise Reduction relate not only
to Engine Noise but also to Airframe Noise. In the latter case we find the possibility
of enhanced noise from Installation Effects is very much related to the proximity of
jets with the trailing edge of the wings and other potential scattering surfaces. Wind
tunnel tests on model jet exhausts alone is clearly unacceptable and the need is to
extend the tests to include all relevant surfaces of the aeroplane, including flaps at
approach settings. Similar considerations concern the theoretical and computational
work. I believe strongly that one of main goals of all theoretical and computational
work on jet noise should be the establishment of the lower bounds of the far-field noise
under ideal flow conditions. These goals provide the targets for work on noise reduction.
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INTRODUCTION
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T.; = pvjv; — 7;; + 6;j(p — c2p)

e /;; is the Lighthill stress tensor, where v, 7 , p, and p are
absolute values. 7;; must be known throughout the flow
field and must include all interactions between the flow
and the acoustic wave motion generated by the flow.

e In Lighthill’s acoustic analogy, 7;;, which replaces the en-
tire flow field, i1s the equivalent distribution of acoustic

sources 1n a uniform medium at rest. Qutside the flow
T;; = 0.
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INTRODUCTION-(cont)

e The fluctuating part of 7;; contains linear and quadratic
velocity fluctuations as well as pressure, density and tem-
perature fluctuations.

e In general we attach a mean convective Mach number to
each point in the flow. 7;; includes effects of convective
amplification and consequent Doppler changes in frequency
between source and observer.

e At low flow Mach numbers the typical flow dimensions,
L < A\, where, ) is the acoustic wavelength, and the source
region is compact.

e At higher Mach numbers and higher frequencies much of
the source region is non-compact. Acoustic disturbances
suffer refraction and diffraction by mean velocity and tem-
perature gradients, and scattering by turbulence within
the flow. The Pridmore-Brown equation describes refrac-
tion of acoustic waves exposed to a uniform shear flow.
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THE LIGHTHILL ACOUSTIC ANALOGY

e Lighthill’s fluctuating stress tensor (T;Qj =T, — Tm), where

T,. is of the order 2/3 times the local turbulent kinetic
energy. It is anisotropic and its value differs along the
different lines between the source and various far-field
observers. It contains linear and quadratic velocity fluc-
tuations. The linear velocity terms are associated with
PROPAGATION effects, whereas quadratic velocity fluc-
tuations provide GENERATION. Lighthill’s solution pro-
vides, in effect, an energy efliciency, which we may call
the ‘Lighthill acoustic filter factor’, between the fluctuat-
ing kinetic energy in the flow and the radiated acoustic
energy. In low speed flows the small fraction of flow tur-
bulent kinetic energy escaping as radiation is of order 107*.

0= ool )= [ o

— 4
4dres,

Txx (y7 7_)) dyS
|z —y |
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THE FAR-FIELD SOUND INTENSITY

e The farfield sound intensity, | =< (p — px)? > . /pso, is

given by

1 , ok
](CB) — 167—‘_2pooc§>o /(< (Txx)2 >)2(y) /% (Rxx,xx(y7 577_)) d53 dys

where R,...(y,d,7) is the two-point, two-time retarded

space-time correlation coefficient as a function of flow lo-
cation, y, and moving coordinate space and retarded-time
separation, 4, and 7 respectively. It is aligned in the di-
rection between source and observer.

The ‘Lighthill acoustic filter factor’ comprises the integral
involving integration with respect to the two-point sep-
aration distance 4. A good working approximation is to
assume in certain flows that its non-dimensional form is a
constant throughout the flow.

e The sound intensity, and the total acoustic power, are

found from the ‘weighted’ integral of the mean square of
the fluctuations in 7,, taken over the entire flow field.
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GENERATION AND PROPAGATION

e Lighthill derived the acoustic analogy for acoustic waves

emerging from a flow into a medium at rest. Where there
is FLOW-ACOUSTIC INTERACTION we need to con-
sider a transformation of Lighthill’s equation into a con-
vected wave equation pertinent to the flow.

To differentiate between PROPAGATION AND GENER-
ATION effects we first consider the simple case where a
bounded turbulent flow is embedded in a uniform mean
flow, V. = (V4,0,0). The turbulent velocity is v. We now
define a new Lighthill stress tensor,

T =pvv — 7+ (p— pc )T
which retains only quadratic fluctuations in velocity. This

is the dominant generation function in an unbounded tur-
bulent flow. Propagation is governed by the linear veloc-
ity terms and transforms the wave equation at rest into a
convected wave equation.
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THE LIGHTHILL CONVECTED WAVE EQUATION

e The mean flow convective operator is

Dy 0
= V.-V
Dt ot

where (V.=V ).
® The resulting convected wave equation is

D(Q) 2 2 2

where inside the turbulent flow both sides of the ‘con-

vected’ wave equation are of equal order of magnitude.
Solutions are required inside the flow in order to study

FLOW-ACOUSTIC INTERACTION.

® The second order convected wave equation is exact and is
used extensively in problems of aerocoustics. As was to be
expected the source term contains only quadratic velocity
fluctuations.
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CONVECTED WAVE AMPLIFICATION

e Lighthill obtained a simple solution to the problem of the
convection of acoustic sources relative to a distant ob-
server. Instead of using the convection equation Lighthill
argued that the sound generated by a source travelling
at constant velocity, V., relative to an observer at rest
could be obtained by using a Galilean transformation in
the acoustic analogy integral.

e Thus defining the moving axis transformation ( M, =
V./cx)
N=Y—cxxM.T

1

/327';,;
dred x| 1 — M.cosf |?

372x0L70dn3

p(T,t) — poc ~

e This is the Lighthill-Ffowcs Williams convective amplifi-
cation formula for M, cosf < 1.
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PRESSURE WAVE EQUATION

e The convected wave equation for the pressure is

1 D(Q) 2 2 (v —1) D(Q) , Do (hs — ho)
e N v 2 R v, _ .
(cgo D2 )p PP e D' T Dt B

where v 1s the turbulent velocity and we adopt a spe-

cial form of the ‘stagnation enthalpy’, h, = h +v?/2, which
includes only quadratic fluctuations in the velocity, and
excludes the square of the mean velocity.

e Morkovin(1964) and Bradshaw(1977) suggest

|Q’|N16\/ﬁ(hj—hoo)
h] o v] (hj+hoo)

showing that fluctuations in (h;—h.)/h~ are of order h;/h,

which is proportional to T,;/T...
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THE EFFECT OF NON-UNIFORM MEAN FLOW

® The acoustic source terms in Lighthill’s Acoustic Analogy
are complicated by the presence of the density, p. This
can be eliminated by using logarithmic thermodynamic
quantities

r=InpY i x=lnp: A=lnh:7=¢

® When the thermodynamic processes in a turbulent flow
are assumed to be isentropic we find 7= x : A = (y — 1)m,
since from the equation of state, ym =y + A.

@ The conservation equations are

where ¢ = \/yp/p ¢ is the local speed of sound.



CSITIC-100C—dD/VSVN

€¢

THE EFFECT OF NON-UNIFORM MEAN FLOW (cont)

e The convected wave equation can be written is

D27T 0 ( 287r) B 82}1- 82)]-

DtQ B 8:1:]- c 87517] B &cj&cl

D _ 9 |
where, 5. = 5 + v,

0

5., and 1s the exact convected wave
J

equation for 7. It was originally due to Phillips(1960).
e It can also be written

D?r 5 2
— V=V vV
D2 cvoT vV +(7_1)

(VA
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LILLEY’S ACOUSTIC ANALOGY

e The general THIRD-ORDER convected wave equation is

exact but of little practical use. We require a convected
wave equation for a known mean flow field, in which the
mean enthalpy and mean velocity distibution are prescribed.
Let us consider the simple case of a flow of constant mean
pressure, py, and enthalpy, hAy. The mean velocity is V =
(Vi(x2),0,0). Thus, in this case, V-V = (0. We assume the
fluctuating flow is isentropic.

The conservations equations reduce to

Dyr! Dyv' ,dVj v—1
Dt _|_9/ — _’UI°V7T/ . Dt +Cov +v2d—:€2’lz —

where the non-linear terms are arranged on the RHS.

QV( )2

e We eliminate Dy0'/Dt by Dy/Dt of the former minus V- of

the latter.
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LILLEY’S ACOUSTIC ANALOGY (cont.)

e The THIRD-ORDER equation for a constant mean shear
and enthalpy gradient leads to

L(n') = F(x, 1)
where the operator
L=—|—5—c V 2
Dt (DtQ Coc i COOdCCQ 8517185132

e The GENERATION source distribution equals

o Dy Dy / / ( ! , v —1 2 ! 2))
j:_Dt( Dt(v V' )+ V.- |v - Vo + 5 cz. V(')
ddoDo( ) o Y= 1, a(W’)Q)
Uit PR v/
dfCQ Dt (’U 2 i 2 Coc 85132

dv() 0 / / g —1 2 aQ(W/)Q)
dfCQ (8:1:1(v vv2)+ 2 Coo&cl&cg
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THE EFFECT OF UNIFORM MEAN SHEAR FLOW

e The generalised convective wave equation for a uniform

mean shear, dV;/dz, is THIRD-ORDER, giving

Lip) = F(a,1)

e The LHS is the Pridmore-Brown operator.

Dt DtQ dfCQ 8517185132

—c VQ) -+ 20

® The true generation terms, which are all quadratic in the
fluctuations, are on the RHS.

r_ Dy °Ti; QdV1 O Taj
DtOx;0x; dxs 0x107

where 7;; = pvjv; + 6;;(p — ¢%.p), when viscous effects are

neglected.
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THE PROPAGATION OF SOUND IN 1-D

e The 1-D conservation equations for the propagation of
isentropic disturbances in a compressible inviscid flow are

a_P_|_ a_P_|_ 8_%_0
ot Yor TCar T

8u+ 8P+ 8_u_0
ot “or  Yor

where dP = dp/pc = cdp/p. By adding and subtracting

s, s,
E(P:I:u)nL(c:I:u)%(P:I:u):O

having the solutions P+u = A and P—u = B, where A and

B are constants along the characteristics dx/dt = v + ¢ and
dr/dt = u — ¢ respectively. It is from these equations that
we develop Burgers equation for the nonlinear convective
distortion of disturbances generated in a flow. These have
been discussed by Lighthill(1994) in his theory of bunching
and by Punekar et al.(1998).
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PROPAGATION OF SOUND WITH REFRACTION

e The wave equation in 1-D is given by the 1-D form of
Lighthill’s equation, namely
32p ) 32p 82

P _ 2 2
== i+ (p — X))

e In recent work on modeling compressible turbulence Ris-
torcelli(1998) at turbulent Mach numbers, M; < 0.25, has
shown using a two-time analysis that there is a fast-time
for the propagation of acoustic disturbances and a slow
time for the convection of turbulence. The convective
wave equation for the acoustic disturbances is third-order
and is similar to Lilley’s Acoustic Analogy. The acoustic
mode develops on the fast scale and suffers refraction due
to the mean shear.
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THE REFRACTION PROBLEM

e Pridmore-Brown(1958), Goldstein(1976), Morfey et al. (1978),
Lilley(1996), Lele et al.(2000) and others have investigated
the effects of flow-acoustic interaction and thus refraction
of the sound generated by the flow. It is an effect impor-
tant at all jet Mach numbers.

e Outside a flow the acoustic equations are hyperbolic, but
inside the flow the equations are mainly elliptic and only
weakly hyperbolic.
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TURBULENCE MODELING

® Turbulent jet flow at very large Reynolds numbers may

be divided into a mean motion, V', a large scale turbulent
motion, v, and a small scale turbulent motion, v”, which
is almost independent of the large scale motion. The small
scale turbulent motion at this large Reynolds number is in
almost universal equilibrium. In a time dependent RANS
calculation, v”, would be the unresolved motion.

We write for all variables, such as v =V +v' +v".

A long time average, is denoted by an overbar, and a short
time average of the large scale motion, but long compared

with the characteristic time of the small scale motion, is
denoted by tilde. We combine V and v’ and write

V-Viv=V+v

noting v’ = 0, whereas the large scale fluctuation v’ is

non-zero.
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TURBULENCE MODELING (cont.)

e We assume that the unresolved density fluctuations, p’ <
0, and the unresolved fluctuations in the viscous shear
stress, 7" K T.

e We introduce the stagnation pressure, h, and the vortex
force, f given by

U2

h=[dp/p+

f=plvxw)

e Short-time average values are

)
. P o L _
H:/d[5 +‘; +h:F=p(VxQ+v xw

where the kinetic energy of the very small scale turbulent

motion is written as k& = (v/)2/2. In LES this equals the
subgrid scale contribution to the turbulent kinetic energy.
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TURBULENCE MODELING (cont.)

e We assume the small scale motion is uncorrelated with
that of the larger scale motion, and there is ‘adequate’
separation between these scales The short-time average

of the total kinetic energy is V /2 + k, noting V = V2 +

oV v’ + (v')2. Clearly k < V /2 even when £ may be a
non-negligible fraction of (v')?/2.

e The rate of dissipation of the small scale motion is ap-
proximately pé = pv(w")?, where (w”)?> is the enstrophy of
the small-scale motion.

d p// N B
p

h//:/

and similarly

f'=5 (V x w' +v" x Q+ (v" x W' — 0" Qw”))
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TURBULENCE MODELING (cont.)

e Splitting turbulence into large(resolved) and small(unresolved)

structures captures the time-accurate structure of the en-
ergy containing scales and the non-linear cascade devel-
opment beyond the ‘peak frequency’.

This 1s the resolved turbulence structure that controls
the 7., space-retarded time covariance. A model for this
fourth-order (two-point, two-time)covariance is available
for isotropic turbulence. Currently a model has not been
derived for shear flow turbulence.

The estimation of the acoustic power from unheated isotropic

turbulence per unit volume is, following Lighthill, p, =

2 8

Py v

(87 .
Ppoo 2L

Assuming ap = const in the flow, and given the distribution
of £ and L the total acoustic power was derived by simple
quadrature. The paper in 1996 includes the contribution
from heated turbulence. The agreement with experiments
on cold and heated jets is satisfactory provided we include
refraction at Mach numbers greater than unity.
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TURBULENCE MODELING (cont.)

e Both 7" and f” represent the time dependent contribu-
tions with zero mean from the small scale turbulence.
They both generate large fluctuations about the mean
and such fluctuations arise from linear perturbations. The
strongest interaction between the mean and turbulent mo-
tion( and that between the large and small eddy motion)
is generated by linear fluctuations. Such fluctuations are
missing entirely from the equivalent mean flow equations,

such as steady RANS.

® The short time averaged flow equations of continuity and
motion for the resolved large scale motion become

dp
ot

)%
—+VH

+V-pV =0:p 5

—F=V-7
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TURBULENCE MODELING (cont.)

e The divergence of the Reynolds stress tensor for the small
scale motion, 1s a vector quantity, and is given by the
identity, assuming V - v" =0,

V - v = (V/% — v’ Qw”)

® We note the influence of the small unresolved structures
of the turbulent motion on the large eddy structure is
through the divergence of the Reynolds stress tensor, where
the latter has six independent components. But the diver-
gence, being a force, has only three components. These
are derived from the four independent quantities compris-
ing k, and v x w'.

e Similarly the time accurate flow equations for the small
scale motion are

8//
V-v”:O:ﬁ(;+Vh")— "=V.7"
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TURBULENCE MODELING (cont.)

® The energy equation for the small scale turbulent motion
is the short time average of the scalar product of v" with
the equation of motion for the small scales,
_(0k

il + V- (VT — v 0" X W) |+ PV 0 X W = —pé

where we have used the approximation ¢ = v(w")?.

~

Vo = (VE— v X W) = R
where R has three components R;, R>, R3, and R?> = (R;)>.

o If & = v'"v", the self-conjugate dyadic, representing the
small scale turbulent Reynolds stress, then

v.(q>.R)—q>:vR:R2

showing the relationship between R and the Reynolds

stress tensor.
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TURBULENCE MODELING (cont.)

e The fundamental property of the turbulent flow, relating
to the production of small scale turbulent energy from the
large scale motion is,

~ ~ ~

v.(cb.f/)—cbzvvzv.R

e This important identity is between (i) the redistribution
of energy, V- (CD : V), (ii) the turbulent energy production,
—P V}N/, and (iii) the work done against the turbulent
force, V - R.

® For the large scale motion

—vy" . VV =V - (V : (j/% — v%”)) — Vv X W
where I is the idemfactor. Thus the integrated turbulent

energy production equals the integrated work done against
the vortex force.
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DYNAMIC EFFECTS OF THE VORTEX FORCE

e The dynamic effects of the vortex force may be contrasted

with the ‘passive’ role played by the components of the
Reynolds stress tensor. In the case of the jet mixing region
the Reynolds stress at a distance, y, from the nozzle lip
line is obtained either from an integral across y = —oc0 to
y, of the vortex force in the outer low speed mixing layer
or from the corresponding integral from y to y = oo, across
the inner high speed mixing layer. These two integrals are
equal even though the vortex force components in the two
regions are highly variable and fluctuate temporally with
extremely high amplitudes at very different frequencies
in the two distinct regions and irrespective of the exact
location of the observation position, v.
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USE OF EDDY VISCOSITY IN URANS

e In steady RANS the ‘linear’ k£ - ¢ turbulence model re-

places the Reynolds stress tensor by an eddy viscosity
model thus replacing the ‘dynamics’ of the turbulence
on average as a ‘passive’ diffusion effect. In unbounded
shear layers such as the outer region of the boundary
layer and the mixing region of a jet it has long been
known that the mean velocity distribution in incompress-
ible and compressible flow can be obtained by replacing
the Reynolds stress tensor by an eddy viscosity, vr pro-
portional to k?/e. Physically eddy viscosity has the same
dimensions as circulation and thus it is more appropriate
to refer to ‘LARGE EDDY CIRCULATION’ than ‘eddy
viscosity. For the properties of the time averaged flow the
words ‘dynamic’ or ‘passive’ have no meaning since we are
solving for an equivalent mean or averaged flow.
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USE OF EDDY VISCOSITY IN URANS (cont.)

e A ‘good’ approximation to the mean flow field is found

for streamwise growing shear layers is to assume the eddy
viscosity is a function of downstream distance only. Using
such approximate methods one can find the mean velocity
and temperature profiles in a mixing region and jet as a
function of Mach number. Such flows may be assumed
self-preserving and their properties remain similar over
all Mach numbers. However some solutions are singular
near the origin of the shear layer and the correct solution
can only be found using DNS locally and matching it with
the self-preserving solution downstream.

But when we require a time accurate flow solver it is
important that each term in the conservation equations
retains its full physical properties. Thus to include the
effects of turbulence on the large scale structures in the
flow-field by modeling the Reynolds stresses as diffusion
effects provides an un-natural damping on the entire flow.
Moreover since one of the objectives of URANS is to pro-
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vide information regarding the properties of the nonlinear
acoustic source terms for use in Lighthill Acoustic Anal-
ogy, with frequencies in the range beyond the energy con-
taining range, any excess damping will prevent the proper
evolution of these important structures. At high Reynolds
most of the turbulent structures in the inertial range de-
velop as near-inviscid structures.

All RANS and URANS solutions are very sensitive to ini-
tial and boundary conditions. The large eddy structures
need to be ‘kicked’ into shape to enable them to quickly
develop their local self-generating turbulent role.
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DISCUSSION

® The second-order convected wave equation for a uniform
flow and the third-order equation for a uniform shear flow
are exact and involve extensions to Lighthill’s acoustic
analogy. The acoustic sources are derived from Lighthill’s
stress tensor but include only quadratic velocity fluctua-
tions.

® The solutions to the third-order equation are greatly sim-
plified when Fourier transforms are taken with respect to
time and in the plane perpendicular to the mean shear.

e The problem of acoustic propagation across a shear layer
in aeroacoustics has many similarities with the work of
Brekhovskih in underwater acoustics in wave propagation
in non-uniform layered media.

® The refraction of sound propagating through velocity and
temperature shear layers shows the complexity of the com-
bined generation and propagation problem in aeroacous-
tics. It is a field of continuing research.
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CONCLUSIONS

® This lecture prepared in honour of Sir James Lighthill pays
tribute to his pioneering work on Aerodynamic Noise be-
gun nearly half a century ago. His impact on the World
of Science in his lifetime was immense but the work he
started will continue to blossom and to branch out into
directions even Sir James had never contemplated. But
on reflection he would not have been surprised. Our debt
to him is in recognition of how beautiful was the mathe-
matics he taught us and the depth of understanding that
we learnt from him to further our work in Acoustics and

Waves in Fluids.
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WHAT IS KNOWN ABOUT JET NOISE?

e 1. A fully turbulent jet into ambient fluid has a mean

axial velocity distribution almost independent of Reynolds
number. The transverse velocity component is small in
comparison. It is associated with the entrainment. The
width of the jet is a linear function of x. The mean velocity
distribution is clearly a function of external velocity/jet
velocity ratio.

2. The width is a function of the mean temperature ratio,
(inverse of density ratio) and jet Mach number. Mix-
ing region growth is an important function in jet noise
prediction. It is also an important function varying with
temperature ratio and Mach number.

3. Boundary layer effects in the nozzle, such as transition
upstream or downstream of the nozzle exit can be a func-
tion of model Reynolds number, but are not normally an
issue with full scale measurements.
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WHAT IS KNOWN ABOUT JET NOISE? (cont.)

® 4. Pressure fluctuations measured in jet flows include ef-
fects of turbulence and sound waves and their interference
with the flow. In the flow there is flow-acoustic interac-
tion. This is an important phenomenon.

e 5. Convective amplification is important in its contribu-
tion to directivity and intensity at both subsonic and su-
personic Mach numbers.

e 6. The turbulent Mach number, vr/c., is subsonic in most
of the work referred to in this workshop. This covers
subsonic and supersonic jet speeds.

e 7. Far-field noise measurements show proportionality with

6 8 . . .
V> and V7 for the hot jet and cold jet respectively. The

hot jet is noisier than the cold jet at low Mach numbers.
The cold jet is noisier at high Mach numbers.
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WHAT IS KNOWN ABOUT JET NOISE? (cont.)

e 8. The exact equations for turbulent flow are the Navier-

Stokes equations, and exact solutions can be obtained
from DNS. Even low Reynolds number calculations for
subsonic and supersonic jets for hot and cold fully tur-
bulent flow provide important information on flow struc-
ture its physics and development. V,/V;(z,y,2) is an al-
most universal function. The mean properties change lit-
tle with Reynolds number if we can avoid all problems
associated with transition. Even though DNS misses the
large separation of scales between energy containing and
Kolmogoroff scales. This does not affect the low frequency
development of the turbulence and in much of the inertial
range, provided there is reasonable separation between en-
ergy containing and cut-off, dependent on grid size, scales.
Measurements show only small scale effect on turbulent
intensity and length scale in jets.
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WHAT IS KNOWN ABOUT JET NOISE?(cont.)

e 9. I label energy containing eddies of scale, {;, and ampli-

tude, 1y, with the Reynolds number of these eddies equal

to, Ry = ugly/v. If the Kolmogorov range is labelled, ¢, and
ug, then Ry =u,l,/v =1. We find

to _ gyt g
U 0

10. In growing shear layers the energy containing eddies
are physically small near the origin of the shear layer. The
dissipating eddies, in the same region are smaller. Further
downstream the energy containing eddies are larger. The
noise generated by these ‘small’ energy containing eddies
will be of high frequency, while the ‘large’ eddies down-
stream will be of lower frequency. I prefer to discuss the
scales of turbulence generating the greatest contribution
to the radiated noise as ‘scales slightly smaller than the
energy-containing range’. The characteristic frequency,
Wy ~ U()/f().



CSITIC-100C—dD/VSVN

WHAT IS KNOWN ABOUT JET NOISE?(cont.)

e 11. The noise radiation from a jet is made up of a ‘peak’ to
‘low’ frequency contribution from downstream of the po-
tential core, and a ‘peak’ to ‘high’ frequency contribution
from the nozzle exit to the end of the potential core. To
obtain the radiated spectrum of the noise we do not have
to resolve, in any flow calculation, frequencies approaching
the Kolmogorov range.

@ 12. The rate of dissipation

uy _uy o w
€ — p— p—
EO gs gc

where 1. and /. are the characteristic scales at ‘cut-off.
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WHAT IS KNOWN ABOUT JET NOISE? (cont.)

e 13. The noise radiated from turbulence is a small per-
centage of the turbulent kinetic energy. The largest con-
tribution comes from the central region of the mixing re-
gion. I call this quantity the ‘Lighthill filter function’. In
Lighthill’s acoustic analogy it is the non-dimensional two-
point, two-time 7;; space-retarded time covariance. Some
measurements of this quantity have been attempted but
the most complete evidence has come from DNS calcula-
tions in isotropic turbulence.

@ 14. The existing results gave the characteristics of this
function but clearly results are needed at higher Reynolds
numbers such as 512° and 1024° for forced stationary tur-
bulence. We then need to explore if this function changes
significantly across say a mixing region.
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WHAT IS KNOWN ABOUT JET NOISE? (cont.)

e 15. Lilley(1996) assumed a constant value for this func-

tion over fully expanding jet plumes at subsonic and su-
personic, hot and cold jets. I selected the available kinetic
energy and length scale distribution throughout a jet. The
acoustic power plots show the fit is satisfactory and much
better than would have been anticipated from such a crude
model.

16. The overall characteristics of turbulent flow are highly
non-linear. The large eddies are generated randomly from
a background of smaller scale turbulent motion. These ed-
dies have characteristics pertaining to the most unstable
eigen-values and eigen functions of the local flow. Sta-
bility theory plays a large part in uncovering the large
eddy structure in the jet. The growth-saturation-decay
cycle, with the modes increasing in scale downstream, is
part of the overall local self-generation cycle of the tur-
bulence. The ‘history’ of the turbulence plays a relatively
unimportant role in the jet.
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WHAT IS KNOWN ABOUT JET NOISE? (cont.)

e 17. However linear stability theory can at best only pro-

vide an amplitude ratio and cannot predict an absolute
magnitude for the eddies containing most of the energy.
Hence a calibration is needed whch relies on experimental
data. This applies also to the noise calculated from linear
instability models. The noise generated arises from the
non-linear distortion with the peak in the noise spectrum
at a frequency greater than that of the energy containing

eddies.

18. The instability models provide the physical struc-
ture of the turbulent flow and provide clues as to what
is needed to reduce noise.
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WHAT IS KNOWN ABOUT JET NOISE? (cont.)

e 19. A simple approach to noise reduction comes from
the simple modeling discussed above. The most impor-
tant dimension in the structure of the subsonic jet is the
length of the potential core. If this can be reduced with-
out changing the jet thrust a large reduction is noise is
achieved. The ‘peak’ in the noise spectrum is lowered as
well as the frequency at the peak. The mechanisms to
produce this normally use some form of vortex generator
and these have the disadvantage of increasing the noise at
higher frequencies.

e 20. In airframe noise the spectrum is nominally broad-
band covering frequencies from about 20Hz to 10kHz, and
this includes all aircraft, gliders and birds. The excep-
tion is the ‘owl’ that has special feathers which cancel the
noise at all frequencies greater than 2k H 2. Interest is being
shown into the possibility of introducing ‘owl technology’
to effectively reduce the noise of aircraft in this critical
frequency range above 2kH 2.



G. M. Lilley References

1. Bebber, van. (2000) “Numerical investigation concerning the non-stationary Kutta
condition.” DLR Rep. No., 2000-23.

2. Brekhovskikh, L.M. (1969) “Waves in layered Media” Academic Press. New York.

3. Brown, G.L. and Roshko, A. (1974) “On density effects and large structures in
turbulent mixing layers.” J. Fluid. Mech, 64,pp.775-8I6.

4. Doak, P.E. (1971) “The generation and radiation of supersonic jet noise: vol. 1V” ed.
Plumblee, H.E. AFAPL TR-72.53 US Air Force (Available from DTIC as 749 139.)

5. Ffowcs Williams, J.E. (1963) ‘The noise from turbulence convected at high speed. ”
Phil. Trans. Roy. Soc. (A) 255, pp.469-503.

6. Ffowcs Williams, J.E. and Hawkings, D.L. (1969) “Sound generated by turbulence
and surfaces in arbitra Phil. Trans.Roy.Soc. (A) 264, pp.321-342.

7. Goldstein, M. E. (1976) “Aeroacoustics” Mc Graw-Hill(New York).

8. Goldstein, M.E. (1984) The Aeroacoustics of Turbulent Shear Flows, Annual Review
of Fluid Mechanics Vol. 16 pp. 236-286.

9. Howe, M.S. (1998) “Acoustics of fluid-structure interactions.” C.U.P.

10. Howe, M.S. (1975) “Contributions to the theory of aerodynamic sound, with
applications to excess jet theory of the flute.” J. Fluid. Mech, 71, pp.625-673.

11. Lassiter, L.W. and Hubbard, H.H. (1952) “Experimental studies of noise from
subsonic jets in still air” NACA TN., 2757.

12. Lighthill, M.J. (1952) “On sound generated aerodynamically: 1. General Theory.”
Proc. Roy. Soc(A) 211, pp.564-587.

13. Lighthill, M.J. (1954) “On sound generated aerodynamically: 2. Turbulence as a
source of sound.” Proc. Roy. Soc (A) 214, pp.1-32.

14. Lighthill, M.J. (1962) “Sound generated aerodynamically: the Bakerian Lecture.”
Proc.J-Roy.Soc (‘A) 267, pp.147-182.

15. Lighthill, M.J. (1993) “The Final Panel Discussion - Computational Aeroacoustics,
ed. Hardin, J.C. and Springer- Verlag.

16. Lilley, G.M. (1971) “Sound generation in shear flow turbulence” Fluid Dyn, Trans.
(Poland) 6.405-420.

17. Lilley, G.M. (1996) “The radiated noise from isotropic turbulence with applications
to the theory of jet Jour. Sound and Vibr 190, pp.463-476.

NASA/CP—2001-211152 63



18. Lilley, G.M. (1973) “ On the noise from air jets.” (In Noise Mechanisms.) AGARD CP
131, pp.13.1-13.12.

19. Lilley, G.M. (1991) “Jet noise Classical theory and experiments.” Aeroacoustics of
Flight Vehicles: Theory and practice. Vol.1 ed. Hubbard, H.H., pp.211-289.

20. Morfey, C. (1973) “Amplification of aerodynamic noise by convected homogeneities.”
J. Sound and Vibration. 31. pp. 391-397.

21. Morfey, C.L. and Tester, B.J. (1978) “Noise measurements in a free jet flight
simulation facility; Shear layer refraction and facility to flight correction.” J. Sound and
Vibration, 54, pp. 83-106.

22. Morkovin, M.V. (1964) “Effects of compressibility on turbulent flows - The
mechanics of turbulence” Gordon and Breach Scient. Pub. Inc pp.367-380.

23. Morris, P.J., Giridharen, M.G. and Lilley, G.M. (1990) “On the turbulent mixing if
free shear layers.’ Proc. Roy. Soc. (A), 431,pp.219-2LI13.

24. Phillips, O.M. (1960) “On the generation of sound by supersonic shear layers.” J.
Fluid. Mech, 9,pp. 1-28.

25. Pridmore-Brown (1957) “Sound propagating in a fluid flowing through an
attenuating duct.” J. Fluid. Mech.

26. Punekar, Morfey, Ball and Lilley, G.M. (1998).
27. Rayleigh, Lord. (1896) “Theory of sound(2 vols).” Macmillan.

28. Suzuki, T. and Lele, S and (2001) “Refracted arrival waves in zone of silence from a
finite thickness mixing layer.” Jacoust. Soc. Am. (submitted).

29. Tam, C.K.W. and Auriault, L. (1999) “Jet mixing noise from fine-scale turbulence.”
Jour. AIAA, 37, pp.145-153.

30. Tam, C.K.W., Golebiowski, M. and Seiner, J.M. (1996) “On the two components of
turbulent mixing noise from supersonic jets.” AIAA, 96-1716.

31. Tam, C.K.W. (1991) “Jet noise generated by large scale coherent motion.”
Aeroacoustics of Flight Vehicles: Theory and practice. Vol.1 ed. Hubbard, H.H.,
pp.311-390.

32. Tester, B.J., and Morfey (1976) “Developments in jet noise modeling: Theoretical
predictions with measured data.” J. Sound and Vibration. 46. pp. 79-103.

33. Westley, R. and Lilley, G.M. (1952) “An investigation of the noise from a small jet
and methods for its re College of Aeronautics, Report, Cranfield. 53.

NASA/CP—2001-211152 64



Noise From Large-Scale
Turbulent
Structures/Instability
Waves

Philip J. Morris
Penn State University

NASA/CP—2001-211152 65






Noise From Large-Scale Turbulent Structures/Instability Waves -
Philip J. Morris, Penn State University as summarized by Geoffrey Lilley.

Professor Morris recounted that the experiments of Brown and Roshko(1974) at a
moderate Reynolds number had exhibited large-eddy structures having the
appearance of a quasi-periodic train of traveling wave-like structures. Previous to
this work it had been assumed that the large eddy structures in turbulent shear
flow were randomly produced and contained only a small fraction of the turbulent
kinetic energy. Similar pictures were obtained by Lepicovsky et al.(1986), and
Martens et al.(1994) at higher Mach numbers. It was concluded that large coherent
structures exist in a wide variety of turbulent shear flows in high Reynolds number
flows at varying Mach numbers. Normally such large structures in two-dimensional
mean flows are coupled to streamwise vortices and in three-dimensional mean
flows, such as the jet, to helical and axisymmetric structures. Morris suggested that
their physical behavior could be modeled by using a linear wave model having a
slowly varying wavelength in the streamwise direction. The work of Gaster et
al.(1985) showed that the amplitude and phase for a weak disturbance in a flow
could be followed downstream exactly as predicted by linear theory. One weakness
of the linear theory was that it could not predict amplitude, but only amplitude
ratio. Morris discussed finite amplitude effects and receptivity, and gave examples
due to Tam and Morris(1985) relative to tone excited jets, all showing good
agreement with theory.

Morris discussed the justification for using the linearized model to describe the
dominant features of a turbulent shear flow. He showed, using the momentum
equations that the velocity, vorticity, and pressure fluctuations in the flow were all
controlled by the linear terms, and the influence of the non-linear terms was
relatively small. Morris showed how the large-scale structures in a turbulent shear
flow could be modeled as a collection of near-inviscid instability waves, by solving
the Rayleigh equation for given mean velocity and density distributions across the
shear layer. The results for the axial growth of the shear layer and the axial
variation of the instability amplitude with velocity, temperature or density ratio
and Mach number were shown to be in good agreement with experiment. A
convincing demonstration of the validity of the linearized instability model to
predict the large-scale structure of a two-dimensional mixing layer was shown by a
comparison of the computed streak-line simulation with the measured schlieren
pictures obtained by Brown and Roshko, and discussed previously. It should be
noted that the computation does not include the effects of the non-linear cascade
energy transfer in the inertial and sub-inertial ranges towards dissipation.
Nevertheless it captures, in this two-dimensional mixing region simulation, the
evolution of the large-scale eddy motion containing a very large fraction of the
turbulent kinetic energy for all fully turbulent flows at high Reynolds number.
Later experimental work, not discussed here by Morris, has shown that in
corresponding three-dimensional flows similar ‘coherent’ structures are present, and
dominate the large-scale motion in the shear flow turbulence. However, there is in
addition to the transverse large-scale motion, a strong pattern of longitudinal, or
streamwise, vortices. The conclusion is drawn that the large scale mixing in many
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turbulent shear flows is governed by the large-scale, ‘coherent’, structures derived
from linearized stability theory.

Morris then turned to the application of the linearized stability theory to the
prediction of jet noise in both the near and far-fields of circular and non-circular jets
at subsonic and supersonic speeds. In this presentation Morris concentrated on
applications to single supersonic jets. He discussed the matching problem between
the near field instability wave calculation for a supersonic phase speed and the far-
field acoustic radiation. The results of Dahl (1994) for an unheated jet at M; = 2
showed fair agreement with the experimental results of Seiner and Ponton(1985).
Morris also showed the comparison between the linear stability calculations of Tam
and Burton(1984) and the experimental results of Troutt and McLaughlin(1982).

Morris stressed the direct link between the large-scale structures as modeled by the
linearized instability model for the unsteady turbulent flow and the radiated noise.
The method provides data on the length and time scales in the turbulent flow.
However the one weakness of this approach is that it does not provide information
on the amplitude of the far-field noise, since in the flow field it is only the amplitude
ratio that is predicted. The method is complex even for a single circular jet and
becomes even more complex for non-circular nozzles. Morris showed some further
details of the comparison between the results of Dahl and Morris (1997) for the
unheated jet at M; = 2, with the experimental results of Seiner and Ponton(1985) for
the directivity of the radiated noise at peak amplitude. The theoretical calculations
showed good agreement with experiment from the jet boundary to about 45" to the
downstream jet axis. This comparison suggested that another noise source was
responsible for the radiated noise at angles from 45 to 180 to the downstream jet
axis.

A further example discussed by Morris was that related to shock associated
broadband noise and jet screech. The comparison between the stability results of
Tam(1987) and the experimental results of broadband shock associated noise were
shown to be in good agreement especially for directivities greater than 90" to the
downstream jet axis. Similarly the results of Tam and Tanna(1982) for a circular jet
screech frequency were in good agreement with experimental data. This was also
true of the calculated jet screech for a rectangular jet given by Morris et al.(1989).
Morris also showed the comparison of the noise directivity associated with different
azimuthal mode numbers as obtained by Seiner et al.(1994). Further results were
discussed for non-circular jets involving multiple instability modes involving
varicose, flapping and wagging. Morris noted that for the elliptic supersonic jets the
predictions of Morris and Bhat (1991) could only suggest trends.

Finally Morris referred to work using Computational AeroAcoustics (CAA) which
encompassed the earlier work using linearized instability theory. He discussed the
resolution requirements and some comparisons of recent results with a range of
experimental data, showing that the CAA results followed similar trends. He also
noted the narrow band experimental data of Seiner et al (1994) showing the large
changes in the far-field directivity for a given Strouhal number for a hot jet with
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M;j = 2. This showed the peak in the spectrum at about a Strouhal number of 0.1
and a directivity of 45. He compared this with the recent compilation of the
experimental spectral data of Tam et al (1996), suggesting that the current version
of CAA was giving acceptable results in the lower frequencies and close to the peak.
However, the current results could not predict the high frequency part of the noise
spectrum due to limits imposed on the resolution requirements.

In a short discussion following the paper Morris reported that his analysis had
focused on supersonic jets since clearly these were the strong candidates for the
noise arising from the mixing due to large-scale structures. Their contribution at
subsonic speeds was far weaker, arising from the smaller region in frequency-wave-
number space supporting supersonic phase speeds. Morris also stressed the
linearized stability approach gave answers for amplitude ratio only. In all
comparisons with experiment it was essential to calibrate against a selected
experimental data point. He also agreed that the present work was closely related
to that of Mankbadi and Liu (1984)

The principles, advantages, and restrictions of hybrid methods were summarized.
Features of the hybrid method are:

e Separation of sound generation and propagation
e Three steps to obtain the acoustic field

o Determination of the aerodynamic field

e Calculation of source terms

e Calculation of acoustic field

Advantages of the hybrid method include the ability to use the most appropriate
computation method at each step and the use of conventional CFD codes to study
complex geometries. Restrictions on the use of hybrid methods include the loss of
information about flow-acoustic interactions and ambiguity in the definition of
acoustic source terms.
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Linear Models
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Finite Amplitude Effects

Tam and Morris, J. Sound Vib. Vol. 102, 1985
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Finite Amplitude Effects

Tam and Morris, J. Sound Vib. Vol. 102, 1985
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Linearized Analysis

Momentumequation

%:f—Vh—VVX(D
ot

where

f=qx® and h:p+%q2

The perturbaton equationsare

Jq =f'-Vh'-9V X ®'
ot

with

Vih'=V.-f

(0/0t — W2 =V xf
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Linearized Analysis

f'=Q X o'+q*<XQ2 + q<Xo'-q<Xo'

Now, in the turbulent kinetic energy equation the source terms include

qf'= q'.(Q X @'+ + q'xc)'—q'xc)')
So that

qf'=-Q- gxo’

Since

q.(q'xQ)=q".(q%0")=0
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Instability Wave Model

» Large scale structures modeled as instability
waves

» Satisfy Rayleigh equation locally
* Mean flow development

— taken from experiments

— predicted from energy exchange between large
scale structures and mean flow
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Instability Wave Model
Integral Approach

Assume shape functions for the mean flow
u=f(:R)=R+({1-R)h{n)

p=g(;R,s)
n:y_yo(x)
S(x)
R=L_i—2 and S:@
U P1
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Instability Wave Model

p'(x,y,t)= %{A(x)ﬁ( y)exp[i(ox — wt)] + complex conjugate }
Rayleigh equation (two - dimensional, isothermal)

d*p ,_ 200 dUdp
dyz (w—aU) dy dy

Boundary conditions (two - dimensional)

—[a® —(w—-oU)*M?*1p=0

p(v) decays or outgoing wave as y — too

Boundary conditions (axisymmetric case)

p(r) decays or outgoing wave as 7 — oo

p(r) finite asr — 0

This is a boundary value problem with dispersion relationship
o, +io; =o(w)
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Axial Evolution Equations

Axial variation of shear layer thickness

dé 48| 4 o

dx  (1-R)[RI;+(1-R),]

Axial variation of 1nstability wave amplitude

d‘A‘z — _‘A‘Z{zﬁ + lﬁ}

dx 0 O dx
For "broadband model"
@ _ 40

dc  (1-RY[RI,+(1-R)L,];

— 00

J.da) J.dﬁ{a’ ®. ) A (0 ﬁ)}
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Shear Layer Growth
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Effects of Mach Number
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Streakline Simulation
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Application to Jet Noise

General procedure

Near and far field predictions
Non-circular jets

Excited jets

Shock-associated noise and screech
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General Procedure

Instability wave growth
p'(x,y,t)= p(y)expli(ox + n6 — ot)]

Rayleigh equation (isotherma )
2 ~ n
d’p , {1 ,_ 20 dU } dp

dr? r (w—aU) dr

2
+(@—alU)*M* —n——az]fa:O

dr r2
Boundary conditions (axisymmet ric case)

p(r)decays or outgoing wave as r — oo
p(r) finite asr — 0

This is a boundary v alue problem with dispersion relationsh ip
o, tio, =o(w)

Growth rate =—¢;

Phase velocity =w /o
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Wave Properties
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Amplitude and Phase Evolution
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Wavenumber Spectrum
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Matching to Acoustic Solution

L6

Outer BC

QOuter Region Sound - ¢

r=c¢cf

E=¢c X

Instability Wave - &,

AVaY=

Voo s

1
. TRl B BT o mrares s B s e el § A e E el e e e TR Al e —

Inner HE X

PENNSTATE

&




Computational Process
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Local Stability Far Field
Mean Flow
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Example Solution: Single Jet

Experiment : M ; = 2,unheated, Seiner & Ponton (1985)
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Example Solution: Single Jet

M ; = 2,unheated, Seiner & Ponton (1985)
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Example Solution: Single Jet
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Example Solution: Single Jet

M ; = 2,unheated, Seiner & Ponton (1985)
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Effects of Enhanced Mixing

Dahl and Morris, J. Fluids Engineering, Vol. 120, 1998.
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Shock-Associated Noise
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Shock-Associated Noise
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Shock cell structure
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n=0

Instability waves
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Shock-Associated Noise

For broadband shock - associated noise

@ cos 6
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This gives a far field frequency variation
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Shock-Associated Noise
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Screech: Circular Jet
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Screech: Rectangular Jet

Morris, Bhat and Chen, J.
Sound Vib. Vol. 132 (1989)
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Effect of Mode Number
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Instability Waves in
Non-Circular Jets

e Multiple instability modes
— Varicose, flapping and wagging

— Have nearly equal growth rates (flapping mode
1s more dominant at high aspect ratios)

— Calculations for elliptic supersonic jets have

shown trends: but not good predictions (Morris
& Bhat, AGARD CP-512 (1992)

 Role for CAA
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Relation to CAA Simulations

* Computational Requirements
* Present Capabilities

 Future Directions
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Noise From Large-Scale
Turbulent Structures

Tam, Golebiowski &
Seiner, AIAA 96-1716
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Instantaneous Pressure Contours
Circular Jet, M=2.1
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CAA Simulations
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Resolution Requirements
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Summary

Large
Provid

Turbul

Provid

Scale Structures/Instability Wave Models
e A Direct Link Between the Unsteady
ent Flow and The Radiated Noise

e Information and Time and Length Scales

of Turbulent Flow

Jets

Does Not Predict Amplitude (Only Relative
Levels)

Increased Analytic Complexity for Non-Circular

Replacement by Direct Calculation Already
Achieved
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Review Of Noise Data and Recent Advances - Christopher Tam, Florida
State University as summarized by Geoffrey Lilley.

In Part 1 of this presentation Professor Tam presented a number of examples from
a wide range of experiments which suggest that turbulent shear flows, including
jets, can be described in terms of a large-scale, coherent-like structure, and a small-
scale motion, which he proposed should be labeled ‘fine-scale’. He also showed
Schlieren photographs where the sound radiation in the near field appeared to be
generated by both sets of turbulent scales in motion along a jet. Tam also showed
from the far-field radiated noise experimental databank of Seiner et al (1985), that
the sound of greatest intensity for a Mach 2 jet at 500K was in the downstream arc
between the jet boundary and 50 degrees to the jet axis. He then drew the
conclusion that this radiation was the result of Mach wave radiation generated by
the large-scale structures moving supersonically with respect to the medium at rest
outside the jet, while the fine-scale motion was responsible for the dominant
radiation in the sideline and upstream directions.

Tam also presented data to support the view that, for the relatively high Reynolds
number of the fully developed turbulent jet experiments of Seiner et al (1985), the
radiated acoustic spectra at fixed angles to the jet axis were all self-similar and
thus independent of Reynolds number. From the examination of some 1900 data
sets relating to the far-field jet noise narrow band spectra from circular convergent
and convergent-divergent, rectangular and elliptic jets, all scaled to a distance of
100 nozzle diameters from the nozzle exit, and covering Mj = 1.37 to 2.24 and jet
stagnation temperature to ambient temperature ratios of 1.0 to 4.9, Tam showed
that the far-field spectra could be represented as a superposition of two universal
spectra he associated one of these with the large-scale structures, and the other a
with the fine-scale structures. These results were communicated in Tam et al
(1996). The fit of each data set with these two universal curves were shown to be
broadly in agreement around the peaks in the spectrum although some differences
occurred especially at higher frequencies. Comparisons were also shown with other
experimental data sets obtained by Norum and Brown(1993), Papamoschou(1990)
for supersonic jets, and the subsonic data of Ahuja(1973), Lush(1971), Norum and
Brown(1993) and Boeing(unpublished). Tam presented a mechanism, based on the
growth and decay of the large turbulence structures, which allows subsonic jets to
generate supersonic traveling wave components and hence noise radiation.
However, as pointed out in the presentation by Morris, this mechanism appears to
be very inefficient at subsonic speeds and the resulting sound field is therefore very
weak. Tam also noted that there was no experimental evidence presented to confirm
the existence of Mach waves in a subsonic jet.

Tam showed evidence that similar turbulent flow mechanisms were responsible for
the generation of noise in subsonic and supersonic jets. Tam cited the classical
acoustic Analogy results of Lighthill and Ffowcs Williams that the overall sound
power is proportional to Vj& at subsonic jet speeds and proportional to V;3 at
supersonic speeds. Although some old data have been presented in the past to
support the validity of the theoretical results, if jet temperature variation is taken
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into consideration, then both early as well as the more recent Seiner data show no
indication of V3 dependence even at relatively high supersonic Mach numbers.

Comments from Lilley: This information was taken from results presented by von
Gierke(1960), and takes no account of the differences in jet stagnation temperature of
the various data sets. In the presentation of Lilley similar experimental data sets
were used and showed that cold jets followed a Vj8 law at speeds less than Vj/c. < 2
but hot jets showed that the velocity power law was a complex function of both Vj Zc.
and Ts /T. . Since Vj cannot increase without limit for a given stagnation
temperature ratio it is impossible to draw the conclusion that all jets follow a V;3 law
at supersonic speeds. However the overall conclusion that the source of noise in
supersonic jets is similar to that in subsonic jets appears to be correct for cold jets.
The view expressed by Lilley is that an additional source exists for all hot jets
associated with the temperature fluctuations in the jet mixing region and this noise is
additional to that associated with the velocity fluctuations alone as in a cold jet.
Some of the differences in the spectra shown by Tam may relate to the changes
imposed by the temperature fluctuations and their dependence on a velocity power
law of V5. The conclusion to Part 1, expressed by Tam, that the V;j3 law is not
supported by experiment for supersonic jets is also a conclusion from Lilley’'s work
but for different reasons. The plots shown in Figs. 8 and 9 (of Tam’s presentation),
which show similar velocity power laws for hot and cold jets for the large-scale and
fine-scale eddies respectively differs from the interpretation given by Lilley for the
same sets of data.

The conclusion reached by Tam, from the compilation of the jet noise spectra and
directivity from experimental data by Seiner and his colleagues at NASA Langley
Research Center, is that there is evidence for two independent classes of sources
responsible for the radiation from large-scale and fine-scale turbulence respectively,
with different amplitudes and different directivities.

Comments from Lilley: Lilley noted that in an earlier period of jet noise research this
same conclusion was drawn by both Lilley and Ribner, but the experimental data
available at that time was insufficient to define universal spectra to the accuracy
given by Tam.

Part 2 of the presentation by Tam related to the theory of jet noise from ‘fine-scale’
turbulence as published by Tam and Auriault(1999). Tam stated that this theory
relates to the sources of noise in the jet that radiate in the direction normal to the
jet and in the upstream arc relative to the jet axis. The theory includes the effects of
refraction and convective amplification. The theory can be extended to include
forward flight effects and to include nozzles of arbitrary geometry. Tam stated that
this new theory is unrelated to the acoustic analogy. Tam describes it as a semi-
empirical theory, which is based on turbulence information obtained by the k-¢
turbulence model. The theory has three empirical constants which were determined
by best fit to the noise data. Tam followed gas kinetic theory and derived, using a
very simplified model of turbulent flow, a relationship between the average value of
the local pressure fluctuations in the mixing region to the kinetic energy of the
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turbulent velocity fluctuations. Tam then argued that the source of sound in a
turbulent shear flow is Dqs/Dt, where gs = (2/3) p ks, and this equals the turbulent
pressure fluctuations. Tam then linearized the Reynolds Average Navier-Stokes
(RANS) equations and retained only the derivatives of gs as the noise source terms.

Comments from Lilley: Tam showed that gs is related to an isotropic model of the
turbulence so that <p v2> = (2/3) p ks where v is local component of turbulence in

any direction. Thus in the formulation of his model there is little difference between
the Tam model and the acoustic analogy model in which the corresponding source
term is Txx, as derived from an isotropic turbulence model, and where the viscous
terms are neglected. As stated Tam’s linearized Euler equations are exact and include
all flow-acoustic interaction effects such as refraction. Tam solves this set of
equations rather than the equations of mass and momentum as previous
investigators did using Lighthill's equations. Tam also omits the density fluctuations
in the flow.

In a shear flow with V =(V, (x,),0,0) and writing D,/ Dt =0/dt+V V we
find D,p/Dt + Vepo = 0:D, pv/Dt + Vp= -Vpvv-i pv,dV,/dx,.

The stagnation energy equation, for an isentropic flow, when combined with the
equation of continuity gives,

(1/c.2)Do (p - c.2p)/Dt = - (y-1)/2¢c.2 Do pVv2/Dt - V-pv(hs - h.)/h. - ((y~1)/c.2)
p vavz dVi/Zdxz.

We see that the ‘second’ term in Lighthill's acoustic analogy is related to quadratic
fluctuations in velocity and in the flux of stagnation enthalpy fluctuations. Note that
the divergence of the mean velocity is zero, v is the turbulent velocity fluctuation, h is
the local enthalpy and hs is the stagnation enthalpy, equal to h + v2/2. These
equations can easily be written in the form of an acoustic analogy, but are displayed
here to show they are identical with Tam’s linearized Euler equations, where the
source terms replace the nonlinear terms. A major difference is that the nonlinear
source terms in the acoustic analogy have to be obtained from a time accurate flow-
field solution and must include both the large and the fine scale contribution to the
turbulent pressure. Tam states that by splitting up the far-field noise into its separate
large and fine scale components it is possible to split the corresponding contributions
to the turbulent pressure. In the earlier work of Lilley and Ribner this split of the
turbulent pressure in the turbulent flow formed a dominant component in their
attempt to derive the Txx covariance. As defined by Tam qgs is proportional to the
kinetic energy of the fine scale turbulence, and is defined as a function of (xz, t). In
the Lighthill acoustic analogy the source term equal to the double divergence of Tij in
the moving frame contributes to the acoustic far-field radiation (1/c.2) & Txx/Jt2 =
(1/c.2) Do?2 Txx/Dt2. The similarity with Tam’s model is striking except that the
second time derivative in Lighthill’'s model, is replaced by a single time-derivative.
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Tam explained that if the source function could be modeled, the solution to the
inhomogeneous linearized Euler equations could be solved by quadrature once the
Green’s function had been calculated. The unique method used by Tam involved the
calculation of the adjoint Green'’s function. Finally Tam described the determination
of the pressure autocorrelation function for a point in the acoustic far-field. This
involved introducing a model for the space-time correlation function in the nozzle
fixed frame. Tam assumed this could be modeled similar to the measurements of
Davies et al.(1963) for the two-point axial velocity covariance. The resulting
spectral density contained terms arising from the turbulent kinetic energy, and the
length and time scales of the turbulence in the nozzle fixed frame. Tam introduced
empirical constants to allow the fine-scale components to be derived from the
integral scales found by the k-& turbulence model. Extensive comparisons with
measured spectra at a number of angles between 6 = 60 degrees to 120 degrees to
the downstream jet axis were made. The comparisons extended to simulated
forward flight and to non-axisymmetric jets.

Comments by Lilley: Overall, the details of the new method and the range of the
comparisons with experiment, present an impressive effort in modeling that part of
the turbulent fluctuations in the jet that the author claimed were responsible for the
sound radiation, in directions around a normal to the jet and in the directions
upstream of the nozzle exit. The claim made that the method introduced by the
author is independent of Lighthill's acoustic analogy is correct, but the claim that it
is unrelated to the Lighthill and other acoustic analogies is still being debated. The
techniques used in solving the linearized RANS equations will certainly be used by
future workers in this field. Tam'’s realization that the far-field noise spectrum is the
sum of two universal spectra, each having different amplitudes and frequencies at
their peaks is an important contribution to the development of any jet noise
prediction scheme. However this enormous effort of Tam in no way reduces the
further effort needed in seeking a greater physical understanding of the jet noise
problem, its prediction and its reduction.

This presentation was followed by a brief discussion concerning Tam’s assertion
that the small angle spectra was primarily associated with the large scale coherent
motion. Goldstein noted that the self-similarity of the spectra suggests that the
sound generation mechanism is the same at subsonic speeds as it is at supersonic
speeds. He also noted that the observed radiated sound levels at slightly subsonic
Mach numbers were not much different from those at slightly supersonic Mach
numbers. In other words, the decrease in the spectral level was no more
rapid in the vicinity of Mach numbers near unity than at any other Mach
numbers. Goldstein asked whether this was inconsistent with the instability wave
theory of large scale structure noise, which predicts that there should be a rapid
decrease in the sound radiated by the instability waves (and therefore the large
structures) when the convection Mach number of the source decreases through
unity.
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Outline

Part 1. Review of Jet Noise Data and Interpretations.

Part 2. New Theory and Comparisons' with Experiments
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Large Turbulence Structures and Fine Scale Turbulence

! 176. Large-scale structure in a turbulent mixing layer. eddies. The streamwise streaks in the plan view (of which

,! Nitrogen above flowing at 1000 cm/s mixes with a helium- half the span is shown) correspond to a system of second-

; argon mixture below at the same density flowing at 380 ary vortex pairs oriented in the streamwise direction.
cm/s under a pressure of 4 atmospheres. Spark shadow Their spacing at the downstream side of the layer is larger
photography shows simultaneous edge and plan views, than near the beginning. Photograph by J. H. Konrad, Ph.D.
demonstrating the spanwise organization of the large thesis, Calif. Inst. of Tech., 1976.
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177. Coherent structure at higher Reynolds number. ture without significantly altering the large-scale structure.
This flow is as above but at twice the pressure. Doubling M. R. Rebollo, Ph.D. thesis, Calif. Inst. of Tech., 1976; Brown
the Reynolds number has produced more small-scale struc- & Roshko 1974

NASA/CP—2001-211152 128



s
2 N2 S

RS AIGAR T I

% 2%

s’s“f&%m@

]

e

o

Figure 1: Visualization of a Mach 1.8 jet
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Figure 1. Measured® noise directivities at selected Strouhal numbers
of a Mach 2 jet at a total temperature of 500°K. (Strouhal number=st).
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DATA BANK OF THE NASA LANGLEY RESERACH CENTER

1900 SPECTRA FROM AXISYMMETRIC JETS
SAMPLE SPECTRA FROM RECTANGULAR AND
ELLIPTIC JETS

DATA USED

IN 122 Hz BAND

SCALED TO R= 100 Dj

CHARACTERISTICS OF THE JET NOZZLES USED IN
THE NASA LANGLEY EXPERIMENTS

M4|D (cm) | Nozzle type .range of M; |range of %:
1.0| 3.952 C! 1.37 to 1.8 | 1.0 to 2.24
1.0 4.267 CD” 1.37t0 1.8 | 1.0 to 2.35
2.0 4.989 CD 1.5 to 2.24 | 1.0 to 2.26
2.0| 9.144 - CD 2.0 1.12 to 4.9

I —convergent, * —convergent-divergent
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SIMILARITY

Nozzle

Mixing layer

NO INTRINSIC LENGTH SCALE AT HIGH REYNOLDS
NUMBER --> FLOW IS SELF-SIMILAR

SIMILARITY IN (a) MEAN FLOW PROFILE
(b) TURBULENCE STATISTICS

SIMILARITY ALSO APPLIED TO RADiATED NOISE

S (U, a5, a4, %X, 1) f)=A F( f/fp)/r2
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n=(rry5)/ x

i{udiul distribution of the normalized axial mean velocity (M, = 06). T,/T, = 0-95
and 2-32 (solid symbols and full line). x/D: Q, 2; 1, 4; A, 8.

J. C. Lau (JFM vol. 105, pp 193-218, 1981)
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SIMILARITY SPECTRA
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A and B are the amplitudes

fr and fp are the peak frequencies

In Decibel scale
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DIRECTIONAL DEPENDENCE
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Run 180 Jet Noise Spectrum Mach exp. : 196

Nb micro HE Temp Ratio : .98
Nb nozzle : 5 Angle : 120.2  deg
P tot : 109.26 PSIA P omb : 14.76 PSIA
T tot : 2863 K T amb : 2911 K
Diam : 196 in R dist : 423 m
Rel Humidit : 36.10 pourcent R/D : 84.82
OASPL volt  : 118.3 dB OASPL integ : 120.2 dB
SPL Mox : 999 dB : ‘Freq(SPL Mox)  : 2075. Hz
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Run 180 Jet Noise Spectrum

Nb micro : 7

Nb nozzle : 5

P tot : 109.26  PSIA

T tot : 286.3 K

Diam : 196 in

Rel Humidit : 36.10 pourcent
OASPL volt . 16.7 dB

SPL Mox : 959 dB

Mach exp.

Temp. Ratio
Angle

P amb

T omb

R dist

R/D

OASPL integ
Freq(SPL Max)

1.96

.98
89.9
14.76
291.1

3.66
73.32
18.7
2197.

deg
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dB
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Run 216 Jet Noise Spectrum Mach exp. : 196

Nb micro : Temp. Ratio : .99
Nb nozzle : 5 "Angle ' : 83.3 deg
P tot : 110.95 PSIA P amb : 1485 PSIA
T tot T 2826 K T amb : 2852 K
Diam ¢ 196 in R dist : 368 m
Rel Humidit : 67.11 pourcent R/D : 73.82
OASPL volt : 115.2 dB OASPL integ P17 dB
SPL Max : 953 dB Freq(SPL Max) : 4272, Hz
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Run 181

Nb micro
Nb nozzle
P tot

T tot

Diam

Rel Humidit
OASPL volt
SPL Max

Jet Noise Spectrum  Mach exp.

.
.

: 109.29

1
5

286.3
1.96
36.11

1141
95.7

Temp. Ratio
Angle
PSIA P amb
K T amb
in R dist
pourcent R/D
dB OASPL integ
dB Freq(SPL Max)

1.96

.98

63.4 deg
14.76  PSIA
2910 K
4089 m
82.02
116.1 dB
4028. Hz

90.0 100.0 110.0 120.0 130.0

80.0
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SPL (dB) normalized at r/D = 100
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Run 219 Jet Noise Spectrum Mach exp. : 196

Nbmicre  : 7 Temp."Ratio : 1.78
Nb nozzle : 5 Angle : 1M0.9 deg
P tot t 110.54 PSIA P omb : 1494 PSIA
T tot ¢ 5134 K ' T amb : 288.6 K
Diam : 196 in R dist t 392 m
Rel Humidit : 71.68 pourcent R/D : 78.50
OASPL volt : 1235 dB OASPL integ : 1255 dB
SPL Max : 102.8 dB Freq(SPL Max) : 3174, Hz
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Run 194 Jet Noise Spectrum

Nb micro
Nb nozzle
P tot

T tot

Diam

Rel Humidit
OASPL volt
SPL Max

PSIA
K
in
pourcent
dB8
dB

Mach exp. :

Temp. Ratio
Angle

P amb

T amb

R dist

R/D

.OASPL integ
Freq(SPL Max)

.

1.96

1.79

80.4 deg
14.93 PSIA
283.0 K
371 m
74.35

121.0 dB
5249. Hz

130.0

= 100

, FLORIDA STATE UNIVERSITY DISSPLA 11 0
SPL (dB) normalized at 1/D

JOB-ngole
0

12.00.27 MON 20 MAR, 1995
60.0

PLOT |
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Run 194 Jet Noise Spectrum Mach exp. : 196

Nbmicro  : 1 Temp. Ratio : 179
Nb nozzle : 5 Angle : 634 deg
P tot . 110.54 PSIA P amb : 14.93 PSIA
T tot : 506.2 K T amb : 2830 K
Diam 196 in R dist : 409 m
Rel Humidit : 40.09 pourcent R/D 1 82.02
OASPL volt : N7.3 dB OASPL integ : 119.2 dB
SPL Max 1 97.8 dB Freq(SPL Max) : 4517. Hz
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Run 35 Jet Noise Spectrum

: Hot Jet
: 8008.75

1

136.5
9.14
72.50
631.1
105.9

hPa

K
cm
pourcent

dB

Mach exp..

Temp. Ratio
Angle

P amb

T amb

R dist

R/D

Jet Velocity
Freq(SPL Max)

2.00

. 4.07

: 838 deg
:1028.01 hPa
: 2789 K

: 368 m
: 40.24

: 9976 m/s
: 3784. Hz
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Run 36 Jet Noise Spectfum

Nb micro : 1

Nb nozzle . Hot Jet

P tot 1 7997.00 hPa

T tot : 1370.4 K
Diam 9.14 cm

Rel Humidit 64.70 pourcent
Tstatic jet 760.6 K

SPL Max 106.8 dB

Angle
P amb
T oamb

R dist
R/D
Jet Velocity

Mach exp.

2.00
Temp. Ratio : 4.89 -
: 83.8 deg
:1028.01 hPa
2805 K
3.68 m
40.24
: 1089.9 m/fs
3784. Hz

Freq(SPL Max)

110.0 120.0

100.0

, FLORIDA STATE LNIVERSITY DISsFLH 11.0

SPL (dB) normalized at r/D = 100
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Run 228 Jet Noise Spectrum ~ Machexp. : 149

Nb micro s 7 " Temp. Ratio : 145
Nb nozzle : 1 Angle : 111.0 deg
P tot : 53.44 PSIA Pamb : 14.84 PSIA
T tot : 4112 K T omb : 283.0 K
Diam : 168 in R dist : 392 m
Rel Humidit : 76.99 pourcent R/D : 9179
OASPL volt : 1146 dB OASPL integ : 116.6 dB
SPLMox  : 957  dB Freq(SPL Mox)  : 3540. Hz
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Run 231 Jet Noise Spectrum

Machexp. : 149
Nbmicro  : 3 Temp. Ratio : 2.35
Nb nozzle : 1 Angle : 929 deg
P tot : 53.68 PSIA P amb : 1498 PSIA
T tot : 6724 K T amb . 286.7 K
Diam : 168 in R dist : 366 m
Rel Humidit : 69.74 pourcent R/D : 85.82
OASPL volt 116.1 dB OASPL integ = : 118.0 dB
SPL Mox 96.5 dB . Freq(SPL Max) : 3784. Hz
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Figure 2. Similarity spectra for the two components of turbulent mixing noise.
large turbulence structures/ instability waves noise;
—— — — fine scale turbulence noise.

independent of Mach number, jet temperature

and direction of radiation
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There are extensive experimental evidence that

jet mixing noise consists of two independent components.

1. Noise from the large turbulence structures

2. Noise from the fine scale turbulence

Mach wave radiation

from the large turbulence
structures o

,—/"——

Noise from the fine
scale turbulence | |
/

Nozzle o \

N

Mixing layer
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DIRECTIONAL DEPENDENCE
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Run 194 Jet Noise Spectrum

Machexp. : 196

Nb micro 17 Temp. Ratio : 1.79 )
Nb nozzle 5 Angle : 129.7 deg
P tot : 110.54 PSIA P amb : 14.93 PSIA
T tot 506.2 K T omb : 283.0 K
Diam 1.96 in R dist : 476 m
Rel Humidit 40.09 pourcent R/D : 95.36
OASPL volt 132.7 dB OASPL integ : 1347  dB
SPL Mox 118.0 dB Freq(SPL Mox) : 2686. Hz
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Run 219 Jet Noise Spectrum Mach exp.

16

: S
: 110.54
: 5134
1.96
71.68
132.2
120.9

dB Freq(SPL Mox)

. 1.96
Temp. Ratio : 1.78
Angle : 138.6 deg
PSIA P oamb : 14.94 PSIA
K T amb : 288.6 K
in R dist : 853 m
pourcent R/D : 110.77
dB OASPL integ : 1342 d8
: 1953. Hz

Nb micro
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P tot
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Run 194 Jet Noise Spectrum

Nb micro
Nb nozzle
P tot

T tot

Diam

Rel Humidit
OASPL volt
SPL Maox

: 110.54

23
S

506.2
1.96
40.09
129.1
17.8

PSIA

K
in
pourcent
dB

dB

Mach exb.

Temp. Ratio
Angle

P amb

T amb

R dist

R/D

OASPL integ
Freq(SPL Moax)

1.96
1.79
145.7 deg
14.93 PSIA
283.0 K

: 516 m

: 103.38

: 131.0 d8B
1099.  Hz

110.0 120.0 130.0
! ]

100.0
el

90.0
|
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TEMPERATURE DEPENDENCE
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Run 31 Jet Noise Spectrum Mach exp. : 2.00

Nb micro : 25 Temp. Ratio : 112

Nb nozzle ¢ Hot Jet Angle : 160.1  deg
P tot : 8038.25 hPa P amb :1027.33 hPa
T tot : 31341 K T omb o 2795 K
Diam i 914 cm R dist : 606 m
Rel Humidit : 63.40 pourcent R/D : 66.30
Tstatic jet : 174.0 K Jet Velocity : 528.8  m/s
SPL Max : 121.6 dB : Freq(SPL Mox) : 488. Hz

100.0 110.0 120.0 130.0
! ! !
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Run 40 Jet Noise Spectrum

Nb micro : 25

Nb nozzle : Hot Jet

P tot . : 8056.177 hPa

T tot . 500.4 K

Diam : 914 cm

Rel Humidit : 79.30 pourcent
Tstatic jet 1 2778 K

SPL Max ¢ 1225 d8

Mach exp. : 2.00
Temp. Ratio @ 1.80 .

Angle 160.1 deg
P amb : 1028.01 hPa
T amb 278.3 K

R dist 6.06 m
R/D 66.30

Jet Velocity : 668.6 m/s

Freq(SPL Mox)  : 610. Hz
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Run 41 Jet Noise Spectrum

Nb micro =

Mach exp.

Temp. Ratio

. 2.00

: 3.28
160.1
1027.33
278.6
6.06
66.30
899.3
. 366.

ee o0 s0 °*°

........

Nb nozzle : Hot Jet Angle
P tot : 8052.30 hPa P amb
T tot : 913.2 K T amb
Diam : cm R dist
Rel Humidit : 78.80 pourcent R/D
Tstatic jet : 506.6 K Jet Velocity
SPL Max : 1247 dB Freq(SPL Max)
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Run 36 Jet Noise Spectrum

" Nb micro
Nb nozzle
P tot
T tot
Diam

Rel Humidit
Tstatic jet

SPL Max

130.0

Mach exp. : 2.00

25 Temp. Ratio : 4.89
: Hot Jet Angle : 160.1 deg
:7997.00 hPa P amb : 1028.01 hPo
: 1370.4 T amb : 2805 K
9.4 cm R dist 6.06 m

64.70 pourcent - R/D : 66.30

760.6 _ Jet Velocity : 1089.9 m/s

1246 dB ’ Freq(SPL Mox) 366. Hz

, FLORIDA STATE UNIVERSITY DISSPLA 11.0

SPL (dB) normalized at 1/D = 100
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MACH NUMBER DEPENDENCE
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Run 225 Jet Noise Spectrum Mach exp. : 149
Nbmicro  : 16 Temp. Ratio : 1.11
Nb nozzle 1 : Angle 138.6 deg
P tot 53.60 . PSIA P amb 14.83 PSIA
T tot 3128 K T omb 282.0 K
Diam 1.68 in R dist : 8553 m
Rel Humidit 73.81 pourcent R/D 1 129.54
OASPL volt 116.2 dB OASPL integ : 118,11 dB
SPL Max 106.5 dB Freq(SPL Max) 2075. Hz
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Run 5 Jet Noise Spectrum Mach exp. : 149

Nb micro : 21 Temp Ratio : 133 -
Nb nozzle : 1 Angle : 1394 deg
P tot : 5255 . PSIA P amb : 14.63 PSIA
T tot : 3934 K T amb : 2965 K
Diam : 168 in R dist : 562 m
Rel Humidit : 55.65 pourcent R/D : 131.70
OASPL volt : 120.8 dB OASPL integ : 1225 d8B
SPL Max : 1101 dB Freq(SPL Mox) @ 1953.  Hz
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Run 228 Jet N_Qis.e Spectrum Mach exp. : 149

Nb micro  : 16 Temp. Ratio : 145
Nb nozzle : 1 Angle : 138.6 deg
P tot : 53.44 PSIA P amb : 14.84 PSIA
T tot : 4112 K T omb : 283.0 K
Diam : 168 in R dist : 553 m
Rel Humidit  : 76.99 pourcent R/D : 129.54
OASPL volt @ 122.8 dB OASPL integq : 124.8 dB
SPL Mox : 1M1.6 dB Freq(SPL Mox) : 2075. Hz
Q
o
)
C). .....
o .
IS o
Q
=
(@]
©
Il o
S O S84
= T
3 )
a O
s ge)
r Ro
-Eh
z &
b= —
w O
< [
PN:
‘S“ m Q
2 I
R
;B
3 o
g <=
> =
= o
(o]
8
4 o
iy (@ 2 PR SO FOE SN . o .
m’mrmm e —— .uun..imu.n.;.. oo : yrrTrTTTT T
3 4
- 10 10 10

Frequency (Hz)

NASA/CP—2001-211152 171



Run 11 Jet Noise Spectrum Mach exp. : 149
Nbmicro @ 21 Temp. Ratio : 2.25 -
Nb nozzle : 1 Angle : 139.4 deg
P tot : 52.04 -PSIA P amb : 14.63 PSIA
T tot : 669.2 K T amb : 297.8 K
Diam : 168 in R dist : 562 m
Rel Humidit : 57.90 pourcent R/D : 131.70
OASPL volt : 1289 dB OASPL integ : 130.7 dB
SPL Maox T 174 dB Freq(SPL Mox)  : 1953. Hz

o .

o

.

Q

o

N

Q

o

100.0

Uludt L biew

SPL (dB) normadlized at r/D = 100

2 Q

3 S

:_, (e)]

3

2

A

z (@)

=1 0

z o

_.?, «©

L]

3

o

: o

8 o
~

w

[*2]

o

=

<

S o

= o

Q ©

jatd

= o

o o
0

- 10

o

-

oo

NASA/CP—2001-211152

Frequency (Hz)

172




Run 231 Jet Noise Spectrum Mach exp. : 149
Nb micro : 16 ‘ Temp Ratio 2.35
Nb nozzle 1 Angle 138.6 deg
P tot 53.68 PSIA P amb 14.98 PSIA
T tot 6724 K T omb 286.7 K
Diam 1.68 in R dist 553 m
Rel Humidit 69.74 pourcent R/D 1 129.54
OASPL volt 128.8 d8 OASPL integ : 130.8 d8
SPL Mox 116.8 dB Freq(SPL Max) 1953. Hz
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Summary of Comparisons Between Empirical

Noise Spectra and Experimental Measurements
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10 dB

Sound Pressure Level, dB, at r = 100 Dj (122 Hz band)

1 L1t ] L1111l ! L1l
010 | 10°
‘Frequency, Hz

2

10

Figure 4. Comparison of the similarity spectrum of fine scale turbulence noise and
measurements.
(a) M; =1.49, T, [Too = 2.35, x = 92.9°, SPLp.x = 96 dB,
(b) M; =2.0,T/Teo =4.89, x = 83.8°, SPLp.x = 107 dB,
(¢) M; =1.96, Ty /Too = 0.99, x = 83.3° SPLpy.x = 95 dB,
(d) M; =1.96, Ty /Too = 0.98, x = 120.2°, SPLpnax = 100 dB.
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10 dB

Sound Pressure Level, dB, at r = 100 Dj (122 Hz band)

! I N ! IJJ.;IIIU ! .1 |4|‘|||L}'
10° 10 10* 10°
Frequency, Hz

Figure 3. Comparison of the similarity spectrum of large turbulence structures/
instability waves noise and measurements.
() Mj =2.0, T /Teo = 4.89, x = 160.1°, SPLp, = 124.7 dB,
(b) M; =2.0,T,/Too =1.12, x = 160.1°, SPLyax = 121.6 dB,
(c) M; =1.96, T; /Too = 1.78, x = 138.6°, SPLp.y = 121.0 dB,
(d) M; =149, T, /To = 1.11, x = 138.6°, SPLp,x = 106.5 dB.
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Angle to inlet axis, x, degree

Figure 1. Measured® noise directivities at selected Strouhal numbers
of a Mach 2 jet at a total temperature of 500°K. (Strouhal number=st).
O st=0.067; o st=0.12; A st=0.20; < st=0.40
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Sound Pressure Level, dB, at r=100 Dj (122 Hz band)

1 10 dB

. 1 L1l 1 Lol ! Lovop ol
2 3 4 5
10 10 10°
| Frequency, Hz
Figure 5. Comparison of the sum of the similarity spectra of both large and fine scale
turbulence noise and measurements at intermediate direction of radiation.
— — — large turbulence structures noise; — — - — — fine scale turbulence
noise; ——— total. :
(a) Mj; =149, T, [T = 2.25, x = 112.6°, SP L.« = 101.5 dB,
(b) M; =1.49, T /Tew = 1.33, x = 126.9°, SPLy.x = 100.5 dB,
(c) Mj =1.96, Tr/Too = 1.79, x = 120.2°, SP Ly, = 107.0 dB.
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Summary

It appéars that all the jet noise data.from the
NASA Langley Research Center Jet Noise Laboratory
can be correlated by two empirical noise spectra
regardless of the jet Mach number, jet temperature

and direction of radiation.
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Other supersonic jet noise data
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RUN NUMBER : 182 NOZZLE TYPE 3

Fully Expanded Mach Number ~ : 1.50 Free Jet Mach Number : .00
Num of Spectral Points : 819 Maximum Frequency  :79.980 khz
Bandwidth :.097656  khz Channal Number :9

Angel From Inlet Axis :110  deg Oaspl :111.2 dB

Norum & Brown
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RUN NUMBER : 182 NOZZLE TYPE 23

Fully Expanded Mach Number ~ : 1.50 Free Jet Mach Number : .00
Num of Spectral Points : 819 Maximum Frequency  :79.980 khz
Bandwidth :.097656  khz Channal Number 112

Angel From Inlet Axis :140 deg Oaspl :119.4 dB
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AAQ0103
M; (primary) = 150 M (coflow) = .00 Gas = Air
T; (static) = 210K T; (static) = 300K 0= 40°
V;= 430 m/s Ve= Om/fs

Dj = 12.7 mm Df = Omm
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_ AA0106
M; (primary) = 1.50 M¢ (coflow) = .00 Gas = Air
T; (static) = 210K T (static) = 300K Q= 70°
Vi= 430 m/s Vi= 0m/s

D;= 127 mm Df= .0mm
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Subsonic jet noise data
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Figure 2. 1/3 octave spectra for nozzle diameter = 2-84 in. Jet velocity values: (a) 1000 ft/s; (b) 800 ftlso;
(c) 700 ft/s; (d) 600 ft[s; (c) 400 ft/s; () 300 fi/s. Values for §: —, 20°; x, 30°5 +,45°;, 0, 60°; &, 90°; O, 120°,

K. K. Ahuja J. Sound & Vib. ,29, 155-168, 1973

NASA/CP—2001-211152 186



40 50 60 70 80

Sound Pressure Level, dB/Hz, at =100D;

30

Pty ral | I N B N B ! ) vl

20

¢ 10 | 10° o)
Frequency, Hz

Figure 20. Comparison of the similarity spectrum of fine scale turbulence noise and
subsonic jet noise measurement of Ahujal®.
MJ = 0.98, X = 900, Tr/Too = 1-0.
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Figure 19. Comparison of the similarity spectrum of large turbulence structures/
instability waves noise and subsonic jet noise measurement of Ahujals.

M; = 0.98, x = 160°, T, /Teo = 1.0.
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Jet noise spectra at 8 = 15° and 90° for various jet velocities.

P.A.Lush (Journal of Fluid Mechanics, Vol. 46, 477-500, 1971)
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RUN NUMBER : 105 NOZZLE TYPE : 2

Fully Expanded Mach Number ~ : .40 Free Jet Mach Number : .00 -
Num of Spectral Points : 819 Moximum Frequency  :79.980

Bandwidth :.097656  khz Channal Number : 7

Angel From Inlet Axis :90 deg Oaspl :70.0

Norum & Brown
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RUN NUMBER : 106 NOZZLE TYPE 2

Fully Expanded Mach Number  : .50 Free Jet Mach Number : .00
Num of Spectral Points : 819 Maximum Frequency  :79.980

Bandwidth :.097656 khz Channal Number 17

Angel From Inlet Axis :90 deg Oaspl - 17641

Norum & Brown
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RUN NUMBER : 107 NOZZLE TYPE 1 2

Fully Expanded Mach Number ~ : .60 Free Jet Mach Number: : .00
Num of Spectral Points : 819 Moximum Frequency  :79.980 khz
Bandwidth :.097656  khz Channal Number 27

Angel From Inlet Axis :90 deg Oaspl : 814 dB
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RUN NUMBER : 108 NOZZLE TYPE i 2

Fully Expanded Mach Number : .70 Free Jet Mach Number : .00
Num of Spectral Points : 819 Moximum Frequency :79.980 khz
Bandwidth :.097656  khz Channal Number 17

Angel From Inlet Axis :90 deg Oaspl : 854 dB
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RUN NUMBER - 109 NOZZLE TYPE ~ : 2

Fully Expanded Mach Number : .80 Free Jet Mach Number : .00
Num of Spectral Points : 819 Moximum Frequency :79.980 khz
Bandwidth :.097656 khz Channal Number 17

Angel From Inlet Axis :90 deg Oaspl : 89.8 dB
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RUN NUMBER : 110 NOZZLE TYPE 2

Fully Expanded Mach Number : .90 Free Jet Mach Number : .00
Num of Spectral Points : 819 Moximum Frequency :79.980 khz
Bandwidth :.097656  khz Channal Number 27

Angel From Inlet Axis :90 deg Oaspl 194.3 dB
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RUN NUMBER : 111 NOZZLE TYPE : 2

Fully Expanded Mach Number  : 1.00 Free Jet Mach Number : .00
Num of Spectral Points : 819 Maximum Frequency :79.980 khz
Bandwidth :.097656  khz Channal Number 17

Angel From Inlet Axis :90 deg Oaspl :97.2 dB

Norum & Brown
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RUN NUMBER - 109 NOZZLE TYPE 1 2

Fully Expanded Mach Number  : .80 Free Jet Mach Number : .00
Num of Spectral Points : 819 Moximum Frequency  :79.980 khz
Bandwidth :.097656  khz Channal Number 13

Angel From Inlet Axis 1150 deg Oaspl : 96.9 dB
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RUN NUMBER : 110 NOZZLE TYPE 1 2

Fully Expanded Mach Number ~ : .90 Free Jet Mach Number : .00
Num of Spectral Points : 819 Moximum Frequency  :79.980 khz
Bandwidth :.097656  khz Channal Number 13

Angel From Inlet Axis :150 deg Oaspl :102.1 dB
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RUN NUMBER : 1M NOZZLE TYPE : 2

Fully Expanded Mach Number :1.00 Free Jet Mach Number : .00
Num of Spectral Points : 819 Maximum Frequency  :79.980 khz
Bandwidth :.097656  khz Channal Number 13

Angel From Inlet Axis :150 deg Oaspl :105.8 dB
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How can subsonic jets generate Mach

wave radiation ?
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" GENERATION OF MACH WAVE RADIATION

Mach waves

-
e e
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Wave
amplitude

Spatial distribution of instability wave amplitude
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Are the turbulent mixing noise generation
mechanisms the same for subsonic as well as

for supersonic jets ?
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SCALING LAWS FROM THE ACOUSTIC
ANALOGY THEORY

SUBSONIC JETS

LIGHTHILL T o V3

SUPERSONIC JETS

rfowcs wiLLiamMms I o v3
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Figure 8. Variation of the peak amplitude of the noise spectrum of large turbulence
structures/instability waves at x = 160° with jet velocity and temperature

ratios.
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Figure 9. Variation of the peak amplitude of the noise spectrum of fine scale turbulence
at x = 90° with jet velocity and temperature ratios.
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Conclusions

1. There are ample experimental evidence indicating that
turbulent jet mixing noise is made up of two basic
components. They are the large turbulence structures
noise and the fine scale turbulence noise. The large
turbulence structures noise dominates in the
downstream directions. The fine scale turbulence

noise dominates in the sideline and forward directions.

2. Jet noise appears to fit well by two seemingly universal
empirical spectra regardless of jet Mach number, jet
temperature, direction of radiation and to a great degree

nozzle configuration.

Minor points :

e Noise generation mechanisms are the same for supersonic

and subsonic jets.

e I a V3 scaling law is not supported by experiments
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Part 2. New Theory and Comparisons with Experiments
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JET NOISE PREDICTION THEORY

Tam & Auriault, ' Jet mixing noise from fine-scale

turbulence ', AIAA Jourmnal, vol 37, p.145, 1999.

This theory is based on that the fine-scal.e
turbulence of the jet flow is the source of noise

( for the sideline and the forward directions ).

Theory includes
1. Mean flow refraction effect.
2. Convective amplification due to

noise source in motion.
This theory can be extended to include forward

flight effects and to jets with arbitrary plume

geometry.
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How does fine scale turbulence generate noise ?
Sound is pressure fluctuations.

How does fine scale turbulence produce pressure
|

\

fluctuations 'in a jet ?
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Pressure is a 'macroscopic variable.

Gas Kinetic Theory provides a physical description

of pressure in macroscopic scale.

RONNNC .
O —
S O

Yo P

)

Gas molecules

1 1

p=zmn(v-v) = 2p(v*)
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Fine scale turbulence consists of blobs of locally

~correlated fluid at random motion.

With respect to lengfh scales larger than the blobs
of fine scale turbulence but much less than that of
the mean flow, the fine scale turbulence exerts a

pressure on its surroundings.

@@g;
O~
P g

0

Fine scale turbulence

B

1 2
Dturb = qs = _?_)p<,02> = gpks

NASA/CP—2001-211152 218



Changes in (g4 or k, will lead to unsteady pressure

fluctuations and hence sound.

Expect the source of sound in turbulent flows to be

Dgq,
Dt
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By ignoring the viscous and eddy viscous terms,
and adopting the locally parallel flow

approximation, the acoustic field equations are
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Formal Derivation

Reynolds Averaged Navier-Stokes Equation

_ Ou; ~.a§i _ op 0 T T L=
D (._at_ -I-uJ -é-:-v:-) = 8:1:,' + an ( puqu +7'1])

~ Favre Average ; ~ Reynolds Average

Boussinesq eddy viscosity model

_ 1)
—pué’u;’ = 244 (Sij - §A5ij> — 5 Pksdij

1 du; 0u; . Oug
Sij _.2<8:cj + am,-.)’ A= dxx

- pulul =2pk,
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With respect to a cylindrical coordinate system (r, ¢, z)

centered at the nozzle exit the full set of governing

equations are,

_ ou __ Ou
p[-37+ué;+
ﬂ@+

Plm

[ow

Pl 5

dp  _0Op _[10(vr)

3t+ _c'?—a;_*_’yp[; or

+....

du|  08p  dg,
vdr_+5§__6:c
_Ov]|  Op  Oqg,
oz T T T
__3_12 +l_(2]_9_____18q3
Oz rdp T 8
13w+8u —0
r0p  Oz|

account for the mean flow refraction effect.
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The pressure fields of the three original time harmonic

Green's function are related to the adjoint Green's function by
| Py (%, %1,w) = ta(X1,%X,w)
Pa (%, X1,w) = va(X1,%,w)
B3 (%, X1, w) = wa (X1, %, w).

the pressure field generated by the source terms on the right

side of (10a) to (10d) is formally given by,

= [ st 2

wa(xl,x,w) 0gs(x1,%1)
T 0¢

] et ddt dx .
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By integration by parts and the pressure equation of the
adjoint Green's function, the pressure field produced by the
time fluctuating fine scale turbulence intensity may be

written in the form,

o(x,t) = “////// gs(X1,1) [(——- +7 3%) pae“"“’(t"tl)dw} dt1d>

Finally, by simple integration by parts, we find

p(x,t) = ///// / (x1,%,w)e™ (1) dy Dqs(xl’tl)dt1d>
Dt,

— 0

x outside the jet

D _ & ,=—_98 : . . s
where D = o1, +U 557 Is the convective derivative

noise from fine scale turbulence is generated by the time rate of

change of the turbulence kinetic energy in the moving frame
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The Spectral Density of the Radiated Sound

the autocorrelation function for a point in the acoustic far field

(p(x,t)p(x,t + 7)) =

//ﬁ:/‘/a(xl,X,wl)pa(Xz’x’wz) <D?Sétt’tl) Dqsl(;i,tz)>

. 6—iw.1(t-—tl)—-iwg(t-tg)-—iwgrdwl szsztl dtzdxl dx2 .

( ) is the ensemble average.

The spectral density of the radiated sound, S(x,w) is the Fourie

transform of the autocorrelation function

1 7 |
S(x,w) = o / {(p(x,t)p(x,t + 7))e™“"dr,
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By using [ exp[i(w — w2)7]dT = 276(w — wy),
—o0

it is straightforward to derive

Forr X Dgs(x1,t1) Dgs(x2,22)
S(x’w)..—.:/f-f/q(xl,x,wl)pa(xi’)_x;um)< | Dtll 1 - Dtq

. e—i(w1+w2)t+iw1t1+iw2t25(w — wz)dw]_ duJthldthxl dXs .

To proceed further, we need a mathematical representation of the

Dgq,(X1,t1) Dg,(X2,t2)
Dty Dty

noise source space-time correlation function <
This correlation function has never been measured before,

we propose to adopt a model space-time correlation function

similar to that of the measured two-point space-time correlatic

function of the axial velocity by Davies, Fisher and Barrett?8
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Model Space-Time Noise Source Correlation Function

Let€=m1—a:2,77=y1—y2,C=z1—z2,'r=t1—t2.

<Dqs(xl,t1)Dqs(Xz,t2) _ 4 R (e R T
Dt Dt, c2r2

S

12

1.0

R(&7)
06 0.8

0.4

0.2

0O - 50 ' 100 150 200 250 300 350 400 450 500
Time delay, T, usec

Figure 3. Two-point space-time correlation of the axial velocity component in a
jet. ———— measured data, Davies et al. (1963), -:------ model function.
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Model Space-Time Correlation Function

=21 —22,M=y1— Y2, ( =21 — 22, T =1 — 5.

<DQs(xlat1)DQs(x2;t2) R e (G DYy
Dtl Dt2 CQTE

The three parameters of the model are £,, 7, and (_’ﬁ
£, 1s the characteristic size of the fine scale turbulence
T, is the characteristic decay time. w, is the decay distance.

In the limit §,n,(,7 — 0,

Dgs(x,1) ’ _ a{j
Dt 212’

Thus g, is a measure of the RMS value of the fluctuating kinéti(

energy of the fine scale turbulence and cr, represents a typical

time scale of the fluctuation.
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The k — ¢ model provides only two pieces of information about

the turbulence of the jet flow. But with k and € known, it is

possible to form a length ¢, and a decay time, 7, of the turbulence

wles

k

==
£

) T=E and k

However, the k — € model includes contributions from the large
turbulence structures whereas £; and 7, are those of the fine scal
turbulence alone. - we propose to let,

3
kz k
es - Cge =C—y Ts=CyT = Cy—
€ ‘ E

where ¢y and ¢ are constants to be determined empirically.
: ~2
Also g% — A2 qz
C

Empirical constants determined by best fit to noise data

ce =0.256, ¢, =0.233 and A = 0.755.
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Formula for the Noise Spectrum
On substituting the model two-point space-time noise

source function into the noise spectrum formula, one

obtains

S(x,w) = /‘/.://a‘(xl,x,wl)pa(x%x,wg)C?;2 )

R —I0.2 () — 2= T(t1—12))?+(y1—2) *+(21— 22)]

. e_i(w1+w2)t+iw1t1+iw2t25((1.) — wz)dtl dtzd(dg dwgdxl ng

It turns out all the integrals except a final volume integral

can be carried out step by step. This yields

w2,2

S(x Q)) = 47 (L)% | /qf’eg lpa(XZ,X,w)lze—'tT_ (4 1n 2) A
. , In 2 d)(g .

72 1+ wPr2 (1 — 2% cos O)7]
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Experimental Data for Comparisons with Theory

1. Seiner data (NASA Langley Research Center)

Mj from 1.37 to 2.3

T /T from 1.0 to 4.9
T a

2. Norum and Brown data

M: 0.3 to 2.0
T /T, = 1.0

3. Lockheed ( Tanna ) data

Mj 1.0 to 2.0

T /T, 1.0 to 2.2

4. Rolls Royce ( Ahuja ) data

Mj 0.4 to 0.98

T,/T, 1.0
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Figure 5a. Cold jet noise spectra at © = 60 deg., =1.0..(a) M;=2. 0
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Prediction of Jet Noise with Simulated

Forward Flight
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Forward Flight Experiments

Free Jet Nozzle
(D=12")

o Reference Microphone )

~—10" —*'4.75' -

S

0 o \: 72"
. ~ Model Jet Nozzle

(d=0.75" o
In-flow
Microphones °
o Ym = 160° o
o o
pa e ©
Far-field © 6 o o °

Microphone

‘NASA 'Langley Research Center

Norum & Brown
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Lockheed Forward Flight Experiments
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Prediction of Jet Noise from Non-axisymmetric Jets
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Comparisons with Seiner's Jet Noise Data

Elliptic Jet Aspect ratio 3 Mach 2.0

Rectangular Jet Aspectratio 7.6  Mach 2.0
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Comparisons with Zaman's Subsonic Jet Noise Data

Figure 2 Schematic of the exit geometry of the nozzles. Clockwise from top left are: (1)
circular, (2) circular with four tabs, (3) 8:1 rectangular, (4) six-lobed, (5) 3:1 rectangular and (6)
3:1 elliptic nozzles. Equivalent diameter (D) for all non-axisymmetric nozzles is 0.58 in, that of

the circular nozzle is 0.5 in.
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Conclusions

There is now, at least, one alternative jet noise
Theory ( from fine scale turbulence ) that is not based
on the Acoustic Analogy approach. This semi-empirical

theory has 3 empirical constants.

The noise spectra predicted by the theory agree well
with experiments for subsonic cold jets and for cold and
hot supersonic jets. The predictions of the theory for jets
in simulated forward flight and for n.on-axisymmetric
jets are also in good agreement with experimental

measurements.
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INVITED PANELIST PRESENTATIONS as summarized by Geoffrey Lilley

Dr. Goldstein first commented on a question that was raised about the validity of
Lighthill’'s acoustic analogy. He pointed out that the acoustic analogy had to be
valid since it is based on an exact rearrangement of the Navier-Stokes equations.
He indicated that a more appropriate question might be whether it could actually
be used to calculate jet noise with sufficient accuracy and noted that it could-
provided the flow field was known with sufficient accuracy, which, however, is
usually not the case.

Goldstein also commented on the remarkable self-similarity of spectral shapes that

was first discovered by Olsen (for the spectra at 80 degrees to the downstream jet
axis) and, more recently, by Seiner and Tam for the spectra at small angles to the
jet axis. He pointed out that Tam attributed the small angle spectra to the large
scale coherent structures and the 80 degree spectra to the small scale mixing noise
envisioned by Lighthill. He also pointed out that this assertion is currently
generating considerable controversy.

Goldstein indicated that the most unambiguous way to resolve this as well as other
contentious issues would be to carry out appropriate DNS simulations, but noted
that the capabilities of currently available computers precluded doing this in a cost
effective fashion -especially at the high Reynolds numbers of technological interest.
He recommended using some sort of hybrid numerical / analytical (or modeling)
method such as a Very Large Eddy Simulation (VLES) flow solver with the filtered
Reynolds stresses modeled by using a Boussinesq or some other intermediate
approximation. But he noted that the high frequency sound from full-scale aircraft
engines is audibly very significant and that the Large Eddy Simulations (and
especially the very large eddy simulations) performed to date seem to seriously
under predict the high frequency component of the acoustic spectrum.

Goldstein attributed this to the fact that the current LES and VLES methods do
not account for the sound radiated by the unresolved (or sub-grid) turbulence scales
and proposed a new method for predicting the sound radiated by this component of
the turbulence. In this approach, the sound from the unresolved scales is
determined by an inhomogeneous linearized Euler equation with the linearization
carried out about the (unsteady) large scale (i.e. filtered) velocity field and the
source term primarily determined by fluctuating Reynolds stresses based on the
unresolved scales. As in the usual acoustic analogy approach (in which the
linearization is about the mean flow, see Goldstein 1999 Program and Abstracts of
the 6 th International Congress on Sound and Vibration, Copenhagen “Some Recent
Developments in Jet Noise Modeling ”), this equation is an exact rearrangement of
the Navier-Stokes equations, but the source term is unknown and has to be
computed or modeled. Goldstein showed how this could be done by extending ideas
developed for the Acoustic Analogy approach. He also pointed out that the total
sound field could be calculated by simply adding the mean square pressures
radiated by the resolved and unresolved components of the turbulence, provided an
appropriate filter was used for the Large Eddy Simulation. Finally, Goldstein noted
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that this approach reduces to the usual acoustic analogy approach (formulated in
terms of the linearized Euler equations) in the limit as the filter width becomes
infinite. This material was presented in more detail at the 38th AIAA Aerospace
Sciences Meeting and Exhibit in Reno, Nevada, 2000.

Dr. Seiner quoted a remark of Lumley; ‘The reason | would never work in the field
of aeroacoustics is that its governing equation is not derived from first principles’.
Seiner discussed the derivation of a finite amplitude non-linear wave equation
including viscous damping, and argued that its solution applied to all acoustic
waves propagating in free space, including the linearized solutions applicable for
small amplitude waves. (Acoustic waves by definition are waves of infinitesimal
amplitude. All finite amplitude waves are shock waves. The Lighthill acoustic
analogy is concerned only with the generation and propagation of acoustic waves. If
in a problem the amplitude of an outgoing acoustic wave is found to be large, its
subsequent non-linear development along its ray tube, can be treated, using the
non-linear wave propagation equations. Such a calculation will determine the shock
strength and its attenuation with distance.) It was remarked that for many jet
engines having supersonic jet speeds shock waves have been observed which
propagate towards the far field. Seiner remarked that it was ironic that the theory
based on the acoustic analogy predicted a zone of silence in just the region where
the most sound was observed. Lilley pointed out that this had an easy explanation
since the zone of silence referred to the high frequency noise, which was subjected to
refraction. The low frequency noise was not subjected to refraction effects and hence
propagated in this zone. Seiner also criticized the acoustic analogy in that it could
only predict the total acoustic power from a circular jet. Lilley pointed out that this
was untrue. The acoustic analogy can be used for any complex flow provided an
accurate flow solver has been used to provide a time-accurate picture of the entire
flow. Seiner also referred to the incorporation of flight effects, which can be modeled
satisfactorily. He remarked that flight effects provide excellent sound suppression,
since the turbulent intensity is reduced in proportion to the velocity difference
between the jet and the external flow velocity. He commented on the reduced
acoustic efficiency of rectangular nozzles as opposed to circular nozzles at subsonic
and supersonic speeds. No explanation was offered for this observation.

Seiner noted that in turbulent jets having complex geometry the number of modes
required, having supersonic phase speeds, was very large especially for hot jets. A
requirement was to consider causality and the initial specification of wave
amplitude. He reminded us that the sound generated by the turbulence is a low
frequency phenomenon that occurs in the moving frame of the source. Current
instrumentation, such as the UM/NCPA PIV system, was ideally suited to
investigate the details of the noise generation process. The recent PIV
measurements of Bridges shown at the meeting (Appendix B), was a good example
of the resolution that can be obtained today. He showed detailed measurements of
mean velocity distributions, turbulence intensities and two-point space-time
correlations of Tij, which could be used as data for comparison with DNS and LES
calculations. Finally, Seiner showed a comparison of the change in source
correlation when water was injected into a supersonic jet.
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In the discussion that followed Lilley noted that the urgent need was the
development of fast time-accurate flow solvers having adequate resolution to deal
with complex nozzle geometries. The acoustic analogy was a robust tool for jet noise
prediction, but its usefulness depended on the accuracy of the available flow solvers.
The use of DNS, in spite of its low Reynolds number, remained a powerful
computational tool that can assist in the provision of a physics based source
description in jet noise prediction schemes and as a guide towards attacking jet
noise reduction schemes.

Dr. Ahuja referred to a recent publication that was highly critical of the Lighthill
acoustic analogy. (Some discussion ensued which suggested that until any new
strategy was developed for jet noise prediction there was no reason to replace the
acoustic analogy especially as it had a proven track record in predicting the noise of
helicopters and in many aspects of aircraft noise technology.) He then presented
various sets of experimental data that showed the departure from Strouhal scaling,
and which could be explained as the result of flow-acoustic interaction. He also
discussed a wide variety of data relating to the long slit nozzle, instability waves in
excited jets, and the effects of forward flight. He also discussed the role of large
eddies in subsonic flight. Ahuja gave details of work reported first in 1976 on the
cross-correlation and coherence of jet noise as measured in the far-field. He finally
presented work on noise measurements related to inverted velocity profiles and
some simple ideas to explain the noise reductions achieved.

Dr. Michel agreed that the acoustic analogy was valid but this presupposed that
time-accurate data was available for the turbulent flow in order to determine Txx.
He mentioned a number of features in which the simple application of the acoustic
analogy agreed with experimental data and in other cases there was disagreement.
These cases included the case of hot jets at low Mach numbers and problems
associated with flow-acoustic interaction. Michel argued that the proper coordinate
system to use for the description of acoustic sources was coordinates at rest rather
than the moving axis system recommended by Lighthill. Michel described the
complete description of the source model used by Michalke and Michel(1979). The
cases of the static jet and the jet in flight were considered together with the effects
of the large-scale motion, Mach wave radiation and screech. A very detailed
description of the work of Michel is enclosed below.

Dr. Morfey introduced certain fundamental problems he had investigated in
aeroacoustics. The first centered on the noise radiated from the rate of change of the
dissipation with time. This was a monopole source which vanished when the ratio of
the specific heats, v = 5/3. The existence of this monopole source had been noted by
Kambe(1984) but so far has not been observed, but there were cases where it would
need to be investigated. Confidence in the Lighthill acoustic analogy could be
established by the experimental results of Grosche et al. (1975) comparing the
OASPL measurements from different gases at the same jet Mach numbers and the
results of Hubbard and Lassiter(1952) comparing measurements using Freon-12
and air. Both sets of results confirmed that Lighthill’s source function behaved as
expected in terms of gas density and in terms of the velocity exponent with change
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in jet Mach number. He noted that the cold jet radiated noise proportional to
V8 whereas at low Mach numbers the hot jet had an additional source proportional
to Vie.

He noted the experiments of Brown and Roshko(1974) showed the importance of the
two dominant structures in the mixing region, namely the large roller-like eddies
and the much smaller structures which became more numerous as the Reynolds
number was increased. Thus the major problem in using the Lighthill acoustic
analogy is that it remains unclear as to the exact physical process which is taking
place in the turbulence that is responsible for the creation of the radiated noise. The
input of an exact value for Tjj into Lighthill's equation does not in itself describe the
physical process in the mixing region where only a small fraction of the kinetic
energy escapes as noise. But Tjj is rarely completely known and in almost all
practical cases the important problem of flow-acoustic interaction needs to be
considered separately. One of the advantages of the acoustic analogy in the form of
the Lilley-Goldstein convected wave equation is that it deals directly with acoustic
refraction due to a given mean velocity distribution across a shear layer. Morfey
drew attention to the three source terms in this convected wave equation and the
sensitivity of these terms. Errors can easily be introduced since there are strong
cancellation effects, which can be missed if arbitrary approximations are
introduced. The source terms must include the quadrupole term, otherwise it would
suggest the dominant source was dipole and hence would be in conflict with
Lighthill’s acoustic analogy. Morfey stressed that arbitrary distributions of dipoles
and quadrupoles in acoustic analogy models can give misleading results. (Farassat
interposed with the comment that when a quadrupole is divided up into separate
parts it is essential to retain all components.) The different types of sources were
classified by Morfey and added in tabular form to his presentation.
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Narrow Band Jet Noise Spectra At 90° And Small Angles To Jet Axis

From Tam, Golebiowski & Seiner {1996)
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V-Large Eddy Simulation

Filtered N.S. Egs. (Favre-averaged)
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Equation for Small Scale (Unresolved) Components

Vi = V; + Vi, p=p+p’, s=S+¢,
velocity pressure entropy

Inhomogenous Linearized Euler Equation

. X ot
Linear operator . )
(depends onfiltered vel.) source terms
ij=12,...5

Up=vj,i=123 ug =p’,ug =5’

T", is quadratic in unresolved quantities (unresolved Reynolds stress)
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Formal Solution for Pressure
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T

p’= lim ” Gy (XXt —1;1,06)Sy (x’,t')dx’dt’

Toe

(p’(t+7,x)p’(7,X)) = pressure auto correlation function

(%, 4%, X", 1)(Sk (X', +7)S 4 (X”,7)) + Ty (X, tix ", X7, 1)

(e)= lim

T—eo

(ft+1)g'(1)) =0

(X t’ +‘C)Sg

T
[ o dt=time average

T

For tophat filter (in Fourier space)

Idx/dx//

CD-00-80847
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Question 1

Is Acoustic Analogy Really Valid?

Jack:
The reason I would never work in the field of

Aeroacoustics is that it’s governing equation is

not derived from first principles.
John L. Lumley, 1970
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Question 1 Observations

 First Principles Derivation of Free-Space
Acoustic Wave Equation 1s Non-linear and
Viscous. Works well when linearzed for
small amplitude waves.

* Original Analogy Approach Only Cast for
Small Amplitude Waves — Not Valid for
Free-Space Propagation from Mach Wave
Emission or Shock Noise.



UNDEREXPANDED SONIC JET
(Mj = 1.80)

NASA/CP—2001-211152 298



CSITIC-100C—dD/VSVN

66C

Question 2 Comments

 Total Acoustic Power Predicted For Jets
with Round Geometry Only.

* Theory Predicts Zone of Silence Where
Most Sound 1s Observed.

* Flight Effects Well Represented. (Note
flight effect 1s best sound suppression
method ever seen)
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1072

1073

107*

ACOUSTIC BENEFIT OF RECTANGULAR NOZZLES

(DECREASED ACOUSTIC EFFICIENCY)

 REAR_QUADRANT DATA

® AXISYMMETRIC (SHOCK-FREE DESIGN)
= REC_TANGULAR (SHOCKS MINIMIZED)

L} IR REL

L i lll!lll

i lllllll]

JlIlll,llll'J.llllllIllll]llljl||_lllllljll

-.1 : S & X A 2
log(Vj/a,)
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Question 3 Observations

Requires Waves with Supersonic Phase Speed
Relative to Co-Flow Velocity & Sound Speed.

Very Complex Application to Turbulent Flows
With Extreme Geometry.

Requires Initial Specification of Wave
Amplitude.

Large Number of Modes Required for Hot
Flows.
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Spatial Structure of Jet Screech

Axisymmetric Mode Helical Mode

Mj=1.11; Te /Tq=0.83 Mj=1.22; Tg /Tq=0.83
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Jet Noise Source Components

130
I M,=2.0, Mj=1'5
- y=30°

110~ P/ P,=0.47

-— Screech

-~ Broadband
component

Jet noise

I

PSD (dB/Hz)
(o]
o

~
o

1 1 l i I I 1 ! 1

501 SRR ! Lol 1

(=)
@

K 1 3
St=fD/Vj



Relative
amplitude

Relative
amplitude

Sound
pressure, Pa

(@) Re =7.9 x 10%; M = 2.1.

0 =23°

R/D = 30.5

—

0 = 23°

i R/D = 30.5

. (b) Re=7.0x10%; M=2.1.

] 1 1 ]

0 =30°
R/D =40

(c) Re = 5.2 x 106; M = 2.0.
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SUPERSONIC JET NOISE PREDICTION
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Question 4 Comment

Requirement Exists to Address Issue of Causality —
We need to know what drives those particular
turbulent flow events that lead to the time
dependent production of sound.
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UM / NCPA P1V System Schematic

Workstation

IDT Flex Controller

Dual Resonator Nd-Yag Lasers

* &

Digital Camera
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Turbulence Velocity Correlations Across Jet

Correlation Coefficient at X/R=2.0176 & Y/R=1.0344 Correlation Coefficient at X/R=10.2546 & Y/R=1.2217
M,=0.85,T,=313°%K M,=D.85,T =313°%K

Y/R
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Effect of Water Injection On Source Correlations

Baseline Jet

-0.90 -0.71 -0.52 . ]

B=17130"

Krothpalli, Venkatatakrishnan, Elavarasan, & Lourenco, AIAA Paper 2000-2025

Normal jet
] — — — — Water {atm) infected at exit (5% )
504 ——e — Water fatm) injected Pot. core(§%)
b Water (non-atm) infected at exit (10% )
73 T 15000 : ; Ts50000 ’ ; B
Frequency (Hz)
140 Esnessticnyonvm] ¢nonste ey
135+
-
)
5
g
>
N ]
E130‘
8 q
N
=~ L
?é |
S .
1253 ——e—— Normal jet
i — —O— — Atomized; m=5%,; X/h=12
] ——8—— Non-atomized, m=10%; at exit
| —-—&—-— Atomized at exit m=5%
E — —O— — Kinzie and McLaughlin, 1999
]2-:9 = odoT T t0T T 0T T30 a0 T

Angle from Inlet centerline (deg)

0o
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Optimization of Noise Reduction Concepts

Development of Suitable Physics Based Algorithm
Relating Noise Reduction to Turbulence Dynamics.

Measure and Prediction of Two-Point Turbulence
Statistics.

Application of Data Compression Scheme: POD.

Construction of Dynamics Systems Model For
Operation With Non-Linear Closed Loop Controller.

Development of Robust Actuators and Sensors.
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where p,, is the density in the jet mixing region
and p, is the density of the ambient air.
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1o 2 A |4
OASPL — 10logyo pj2p0 0 ) i versus logio (-—3)
Pisa \fisa/ R 4y

at each angle, where

p; = fully expanded jet density,
pisa = density of air at International Standard Atmospheric conditions,

t, = temperature of the ambient air,
15, = temperature of the air at LS.A. conditions,
Ay = nozzle exit area.
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1/3 octave spectra for nozzle diameter = 2:84 in. Jet velocity values: (a) 1000 ft/s; (b) 800 ft/s;

(c) 700 ft;s; (d) 600 ft/s; (e) 400 ft/s; (f) 300 ft/s. Values for 8: —, 20°; x, 30°; +, 45°; OJ, 60°; A, 90°; O, 120°.
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Theory V§[(1 + MH/(1 - M 2)‘*]

120

Ho

OAPWL (dB)

60 | | 1 1 Il
23 24 25 26 27 28 29 30
logyo Y|
— | ! ! 1 1 | | J
200 . 400 600 800 1000
300 500 700 900
Vj{ft/s)

Velocity dependence of OAPWL’s (normalized with respect to nozzle diameter = 2-4 in).
A, D=284i in; 0, D =2-40in; O, D = 1-52 in. —, Theory V§[(1 + M?)/(1 — M3)*].
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I/3 octave SPL (dB)
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Clean jet noise spectra at 8 = 20° (to jet axis). Nozzle diameter = 2-84 inch.
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Side View
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h ~0.040, w=14.75", test 092700_2
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e Compare spectra for similar conditions
— Same width (w)
— Same height (h)

 h varies with velocity
— Plenum pressure pushes nozzle walls out slightly

— Must carefully find two conditions with same h
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Note: w, =w,, h; =h,

To Generate a Point for

80 RS LA RS AR RS Velocity Scaling plot :
-V =1116 ft/s V=688ft/s|
~ 70
a e~ 30" hi=0045 f 1.) Identify peak for each curve
o 60 \
= 50 \h 2.) Pick SPL value off curve
N 5 SPL, =72 dB
s 40} : SPL, =57 dB
o ; :
- 30 F ]
%) : \ ‘ : 3.) Subtract to make
20 ¢ ] ASPL = SPL, - SPL,
10:,,,,””“”_“.““”””““”-. ASPLpeak=15dB
0 1 2 3 4 5 6 7 8
b,V 4.) Take 10Log(V,/V,)
HARN acoustic tests in the free flight facility.© =90 ° , r = 9ft., 10Log(V,/V,) =2.10
Af =64 Hz
harn 67, harn85

This produces one point on the
velocity scaling plot
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HARN acoustic tests in the free flight facility. Velocity variation comparison.

©=90°,r=09ft.
Af = 64 Hz
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The V® proportionality for quadrupole
sources in diverse flows was revealed by
Blokhinitsev—{ Blokhinitsev long before Lighthill using

simple dimensional analysis without recourse

to any plausible theory of sound generation.

“--one should not regard the rough
approximation I =~ kM3 that may be well
Fedorchenko ——tObtained on the basis of dimensional
analysis, as a triumph of Lighthill’s Acoustic
analogy.”
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LEE

ehlieren photagraphs of

W

Photographic averaging of
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Jet Noise Beaming Concept
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* See
1. Pao, S.P. and Maestrello, L.
“Evidence of the Beam Pattern Concept on
Subsonic Jet Noise Emission,” NASA TN D-
8104, 1976.

eve

2. Maestrello, L
“Two-Point Correlations of Sound Pressure in
the Far-Field of a Jet: Experiment,” NASA
T™ X-72835, 1976

3.Ribner, H.S.,”Theory of Two-Point
Correlations of Jet Noise,” NASA TN D-8330,
1976.
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Coherence As a Function of
Microphone Separation
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U. Michel *

Is Acoustic Analogy really valid?

Are large turbulent structures important?

Evidence will be given in this presentation that

e the acoustic analogy is really valid and

e that large coherent structures in the jet turbulence are important for jet noise emission.

This will be demonstrated by comparing experimental data with scaling laws based on the acoustic
analogy.

It will be shown that the following observations can be explained with the acoustic analogy:

1.
2. limitation of the radiation efficiency for jets with very high jet speeds Uj,

3.

4. frequency of broadband shock noise and width of peak in frequency spectrum including the effect

0.

U;} and Uj6 power laws for subsonic static jets,

independence of frequency on emission angle 8y over a wide angle range for static jets,

of flight speed,
screech frequency including the effect of flight speed.

Ttems 2, 4, and 5 require that the retarded time differences within the large coherent structures in the
jet’s turbulence are properly considered which demonstrates the importance of these structures.

Jet mixing noise was the first application of Lighthill’s acoustic analogy (Lighthill [7, 8]). He introduced
a source model based on acoustically compact moving sources (see Fig. 1).

A few of his results agree with experimental data:

e Sound power is proportional to the eighth power of the jet’s speed (agreement only for jets with

uniform density).

¢ Sound pressure level is larger in the rear arc (in the direction of the jet’s mean velocity vector) than

in the forward arc.

o Mach-wave radiation occurs for supersonic convection speeds.

*DLR, Institute of Propulsion Technology, Turbulence Research Section, Miiller-Breslau-Str. 8, 10623 Berlin, Germany,
Email: Ulf.Michel@dlr.de, Tel. +49 30 310006-26, Fax +49 30 310006-39
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Figure 1: Moving sources (convected downstream within the shear layer with a convection speed of U,)
were assumed by Lighthill (1954) [8] and others.

However, there are many experimental results that cannot be explained with Lighthill’s assumptions and
this often leads to the conclusion that the acoustic analogy is not valid:

e Frequencies in the rear arc are not higher than in the forward arc (higher frequencies would be
expected in the rear arc from moving sources). Experimental data for the forward arc are shown
in Fig. 2 and for the rear arc in Fig. 3.

e Frequencies in flight are higher (Doppler shifted) in the forward arc which is incompatible with
sources moving to the rear.

e Sound power of subsonic hot jets is only proportional to the sixth power of jet speed.
e Sound pressure levels in flight are unexpectedly high in forward arc.

¢ Sound power of supersonic jets increases much less than with the eighth or sixth power of jet speed
(see Fig. 4).

e Supersonic jets exhibit broadband shock noise.

¢ Supersonic jets may generate screech.
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FIGURE. 57 DIFFERENCE SPECTRA. - VARIATION WITH EMISSION ANGLE -
UPSTREAM ARC - Urfa. = 0.71; T;/T, = 1.0

Figure 2: Normalized frequency spectra for various emission angles in the forward arc (angle is defined rel.
to the downstream axis). The acoustic Mach number U;/ap = 0.71 and temperature ratio T;/Tp = 1.0
(Lush and Burrin (1972) [9]). The frequency spectra are almost independent of emission angle.
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Figure 3: Normalized frequency spectra for various emission angles in the rear arc (angle is defined rel.
to the downstream axis). The frequency spectra change for small angles rel. to the jet axis. (Lush
and Burrin (1972) [9]). The frequencies become lower for smaller angles rather than higher as would be
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expected from convected sources.

Figure 4: Sound power increascs only with U]:-3 for very high jet speeds. (Figure taken from Smith (1989)

[23])

All these experimental findings can be explained and described with the acoustic analogy provided the
proper coordinate system and source model are chosen. The proper model is denoted WAVE MODEL in
the following and is compared with the EDDY MODEL (see Fig. 5).
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Figure 5: The coordinate system is fixed to the nozzle in the WAVE MODEL (left side) while it is fixed
to the moving sources in the EDDY MODEL (right side). Consequently, the nozzle is moving in the
EDDY MODEL. f; is the frequency of the source in the frame of the chosen coordinate system, Uy, U;

and U, are flight speed, jet speed, and convection speed of the turbulence, respectively.

WAVE MODEL

Coordinate system is fixed on the nozzle. (First
proposed by Ribner (1959) [22], always used by
Michalke (1970,1972) [11, 12].)

Flow is stationary random and boundaries of
turbulent flow field are stationary. Condition
for validity of integral (e.g., Eq. (6)) over source
volume is satisfied.

Turbulence length scales are not limited
(Michalke (1972) [12]) and large scales can be
considered, easily.

EDDY MODEL

Coordinate system is fixed to the "moving sour-
ces”. (Introduced by Lighthill (1954)[8] and
used by Ffowes Williams (1963) [3] and many
others.)

Flow field is not stationary random and bound-
aries are changing with time. Condition for va-
lidity of integral over source volume (”Lighthill
integral”) is not satisfied.

Sound sources are generally assumed to be com-
pact.

CONVECTIVE WAVE EQUATION

The wave model requires use of the convective Lighthill equation which is given for the pressure (see

Michalke and Michel (1979) [16]) by

1[0 81?2 Pq;; Og;
s U2 _vpP _ ij i 1
a2 [at + ’axi] P~ 522~ Omiox; | O’ M)
where
Paig  _ Quadrupole source function (2)
356‘,'3:6]' B P ’
dg; _ . .
—— = Dipole source function. (3)
aib'i

Equation (1) describes the propagation of acoustic waves in a medium with sound speed a¢ and uniform
flow velocity U; if the right hand side of the equation is zero. This is approximately the case outside the
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jet flow where the right hand side is quadratically small in the pressure fluctuations. The right hand side
is nonzero within the flow region of a jet and is then causal for the sound field in the far field. Therefore,
the two terms are denoted source terms although they also describe propagation effects.

SOURCE TERMS

The source terms, Eqgs. (2) and (3), can be derived (see Michalke & Michel [16]) with the assumption
that the entropy remains constant along particle pathlines (Morfey [20]) which means:

¢ The influence of the viscous stress on the sound sources is neglegted.

¢ The influence of heat conduction on the sound sources is neglected.

The additional assumption: [p'|/(kpy) < 1 (pressure fluctuation p’ within the flow are small in comparison
to the ambient pressure pg) yields

P’ po) ,
i = g (14 2—) = (1=-2) s, 4
qij pouuj( +/$p0) ( P) D 945 ()
0
% = V5 (—p()), ()
z; \ p

where k is the ratio of the specific heat capacities. The derivation can be found in Michalke & Michel
(1979).

FAR-FIELD SOLUTION

The big advantage of the acoustic analogy is that closed form solutions can be derived for the sound
radiation of a turbulent flow. These solutions can be used to derive scaling laws.

The far-ficld solution for the power-spectral density of the sound pressure of a free jet can be written in

form of a double integral as follows (Michel and Michalke (1981) [18], derivation can be found in Michel
and Michalke (1981) [19])

1

kool = Gmrgan

/ Wit / \/ Woso/Wos1 13, B {i (s +60)} dVelys + 1) dV() - (6)

strength Ve

rel. strength mherence 1nterference

(. v
~

determines directivity

integral over coherence volume

~

integral over source volume

Wes1 and Wi are the power-spectral densities of the source function S(y;,t) (Eq. (8)) in the two volume
elements dV (y;) and dV,(y; +n;) which are separated by the separation vector 7;. Wse1 and W describe
the (time averaged) strength of the sources. The randomness of the sources is considered by the coherence
12 between the two source positions. The phase difference 15 describes the source motion and the phase
difference 1), the retarded time difference between the two source positions.
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The equation includes the influence of flight speed. Flight speed tends to increase the noise emission in
the forward arc due to the presence of the Doppler factor Dy,

D¢ =1— M;ycosbo, (7)

where 6 is the (wave normal) emission angle relative to the flight direction and My = U /ao is the flight
Mach number.

The source function S(y;, t) is given by

1 9%q,(yi,t) + 9aa(vit)

The quadrupole source term ¢, and the dipole source term g4 are defined by

/
p Po
w = oo, (1+2) - (1-2) . ©)

Kpo

()
_ ! 7)) 10
qd P o\ (10)

where 79 is the wave-normal distance, u,, the component of the relative velocity u; = ¢; — U; (U; is
introduced in Eq. (1) and ¢; is the fluctuation velocity in the nozzle-fixed coordinate system) in the
direction 8y, 3/yy, the gradient in the wave-normal direction 6.

It is interesting to note that the two source functions in Eq. (8) are differently affected by flight speed
(expressed in terms of Doppler factor D). Therefore, the flight effects of a hot jet should be different
from a cold jet.

WAVE-NORMAL COORDINATES

The wave-normal emission angle #y and the wave-normal radiation distance rg are defined in Fig. 6.
The choice of these emission coordinates (rg, 8y) rather than observer coordinates (r,8) is causal for the
compact form of equation (6). The observer coordinates can be transformed to emission coordinates by

1
ro=r1/ [(1 - Mfzsin2 0)2 — My cos&] (11)

and

M

cosBy =cos® |(1— M?sin?0)> — Mycosf| + M;. (12)
! f !

POWER LAWS IN TERMS OF ACOUSTICAL JET MACH NUMBER

It was shown by Michalke and Michel (1979) [16] that the source term g, yields a (U;/ao)® dependence
of the sound intensity in the far field for an emission angle #; = 90 degrees while the term ¢, yields a
(Uj/a0)® dependency. Engine jets show a (U;/a)® dependence indicating that the density fluctuation
source term ¢y dominates.

DIRECTIVITY

e The directivity of jet mixing noise is determined by the integrand of the inner integral in Eq. (6),
primarily by the product of coherence function and interference function v12 exp {7 (s + )} -

¢ No directivity of the sources (power-spectral density Wy, of source term S defined by Eq. (8) is
required to explain the directivity of the sound emission into the far field.
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source point

M¢ =Ut/a, o , :
, emission point Mr, observer point

Figure 6: Relation between observer angle 6, observer distance r, emission (wave-normal) angle 6, and
wave-normal distance rg for a source in a moving strcam. While the sound propagates over the distance
7o from the source point toward the emission point (rg, 6p) it is convected downstream by the flow over
the distance My 7o to reach the observer point (r,8).

The coherence term vi2(f,y;,n;) describes the decay of the coherence between the two source volume
elements dV and dV, in the integral of Eq. (6) for a given position y; of the volume element dV (y;) with
increasing separation vector 7).

The interference term exp{i(ys + 1)} describes the phase relationship between contributions from dif-
ferent source positions, where

P is the influence of the (source) propagation of the fluctuations within the flowR, and
Py is the retarded time difference between the two source positions y; and y; + ;.

INTERFERENCE WITH ONE-DIMENSIONAL JET MODEL

The interference term exp{i(%s + 1)} in Eq. (6) shall now be discussed with a one-dimensional simpli-
fication in which the jet is concentrated on its axis.

The fluctuations in the flow are governed by the equations of motion which result in instability waves,
whose phase variation in the axial 7;-direction may be described by

s = 277.}03—_;- (13)

where 71 is the axial component of the separation vector 7; between the two source positions, and U, is
the phase (convection) speed of the considered frequency component, U, ~ U + 0.7(U; — Uy) where U;
is the jet speed and Uy is the flight speed.

The retarded time difference between the two volume elements yields a phase difference of

71 cos By
—opfl—— " 14
wr 7Tf a,()D f ( )
The sum of both phase differences is given by
2nfm [ag cosby
_ 15
Vot == (Up+ D, (15)
For a flight Mach number My = 0 and U, = 0.7 U}, we obtain
2nfm { ao
= 0 16
ws + 'wr a0 <0.7 Uj + cos 0) ( )
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s + 1, 1s largest for 6y — 0 (upstream direction) and smallest for 85 — 180 deg.

COHERENCE WITH ONE-DIMENSIONAL JET MODEL

The instability waves loose coherence during their propagation. If the radial extension of the jet is
neglected, again, the coherence function ;2 may be modeled with an axial length scale L. yielding

Y12 = €Xp [—77 (2_;)2] . (17)

This function decays rapidly with increasing 1y if the coherence length scale L. is small.

SOURCE INTERFERENCE WITH ONE-DIMENSIONAL JET MODEL

By combining these two approximations and by neglecting the influence of /W /W, , the integrand
in Eq. (6) is determined by the following product of coherence and interference.

2
1 e {i (s + )} —exp [—w () ] exp [mfa—?j (50 + Df‘))] | 18)

~ ~

coherence interference

DIRECTIVITY FOR SMALL COHERENCE LENGTH SCALE

Eq. (18) is evaluated in Fig. 7 for a small normalized coherence length scale L./A = 0.1. A =ag/f is the
wave length of the acoustic waves. The resulting function is plotted for three different emission angles
for an acoustic convection speed defined by the convection Mach number U,/ap = 0.5, and a flight Mach
number My = 0.

The directivity is the integral of Eq. (18) over 71/A as a function of emission angle 6y. It can be concluded
from Fig. 7 that the influence of the emission angle on the integral (area under the curve) is minimal
for a small coherence length scale within the turbulence. The consequence is an almost omnidirectional
directivity of a jet for this case.

DIRECTIVITY FOR LARGE COHERENCE LENGTH SCALE

Fig. 8 shows the same evaluation for a large normalized coherence length scale L./A = 2. The interference
function is unchanged. The coherence function is shown as the envelope of all curves and extends over
several wave lengths of the interference function. The resulting integral (not shown in the figure) becomes
the smaller the more oscillations of the interference functions occur. The number of zero crossings
increases in the forward arc (60 degrees) and decreases in the rear arc (120 degrees) resulting in smaller
integrals in the forward arc than in the rear arc.

Directivity plots can be obtained by integrating the function plotted in Fig. 8. It has to be concluded
that a considerable coherence length scale is required to explain the rear arc amplification found in the
directivities of static jets. A large coherence length scale means that the turbulence structures do not
change considerably while they are convected over a large distance. The structures itself need not to be
large.

Fig. 9 shows an experimental result integrated over a wide frequency range. The difference between rear
and forward arcs is of the order of 18 dB which requires a considerable length scale L./A. It must be

NASA/CP—2001-211152 362



Yy = 0.S '%"'0

Ge
Coherence * interference, Lec=0.1, Mp=0.5, M{=0.0
1 coharence ———
60 dag ----——-
50 Qo s
120089 ————

Le . Swasll seale|
0.5 T >0 'Ll!!f.\'.b_.“_'lﬂﬂ_‘ﬂ

xAambda

wni{dvie "ob'uc#u-'l«j

Figure 7: Evaluation of Eq. (18) as function of the normalized separation distance 7;/A (denoted
x/lambda in the figure) for a small coherence length scale with L./A = 0.1, a convection Mach number
Up/ag = 0.5 of the turbulent fluctuations, and a flight Mach number M; = 0. The resull is seen Lo be
almost independent of emission angle.
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Figurc 8: Evaluation of Eq. (18) as function of the normalized scparation distance 71 /A (denoted
x/lambda in the figure) for a coherence length scale with L. /A = 2.0, a convection Mach number U, /a¢ =
0.5 of the turbulent fluctuations, and a flight Mach number M = 0. The result is seen to be influenced
considerably by the emission angle.

concluded that jet noise would not have a rear arc amplification without large coherent scales within the
turbulent flow field. The dimple seen close to the jet axis is likely caused by refraction effects as was
experimentally validated by Atvars et al. (1965) [1].
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Figure 9: Directivity of a static jet with an acoustic jet Mach number U;/ag = 1.0 and a temperature
ration of Tj /Ty = 1.0 as measured by Lush and Burrin (1972) [9].

DIRECTIVITY FOR SUPERSONIC PHASE SPEEDS

Eq. (18) shall now be studied for the supersonic convection Mach number U,/ag = 1.5 and a flight Mach
number My = 0.3 for four different normalized length scales L./A = 0.2, 0.5, 1.0, and 2.0.

The result for the smallest length scale is plotted in Fig. 10. It can be seen that the function is almost
independent of the emission angle which means that the radiation is almost independent of emission
angle. This is known to be wrong.

The function of Eq. (18) is then plotted for the larger length scales L./A = 0.5, 1.0, and 2.0 in the Figs.
11, 12, and 13, respectively. The increasing influence of interference can be noted and it can be concluded
that coherence length scales L./A > 1.0 are required for a significant directivity.
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Figure 10: Evaluation of Eq. (18) as function of the normalized separation distance 71 /A (denoted
x/lambda in the figure) for a normalized coherence length scale L./A = 0.2, a convection Mach number
Up/ap = 1.5 of the turbulent fluctuations, and a flight Mach number My = 0.3.
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Figure 11: Evaluation of Eq. (18) as function of the normalized separation distance 7;/A (denoted
x/lambda in the figure) for a normalized coherence length scale L./ = 0.5, a convection Mach number
Up/ao = 1.5 of the turbulent fluctuations, and a flight Mach number My = 0.3.
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Figure 12: Evaluation of Eq. (18) as function of the normalized separation distance 7;/A (denoted
x/lambda in the figure) for a normalized coherence length scale L./A = 1.0, a convection Mach number
Up/ag = 1.5 of the turbulent fluctuations, and a flight Mach number My = 0.3.
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Figure 13: Evaluation of Eq. (18) as function of the normalized separation distance /A (denoted
x/lambda in the figure) for a normalized coherence length scale L./\ = 2.0, a convection Mach number
Up/ag = 1.5 of the turbulent fluctuations, and a flight Mach number My = 0.3.
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MACH-WAVE RADIATION, ONE-DIMENSIONAL JET MODEL

The sound emission is largest when the phase difference ¥ = 5 + 1, given by Eq. (15) for the one-
dimensional model vanishes. This defines the situation of Mach-wave radiation and requires
ag

cos borr = ~ 57, = Up)

(19)

where a relative phase (convection) speed of the turbulent fluctuations of (U, — Uy)/(U; — Uy) = 0.7 is
assumed.

Therefore, Mach-wave radiation is only possible for

Uu,-U

ng > o (20)
This factor reaches very high values for rocket jets,

% ~ 10, (21)
yielding a Mach-wave radiation angle of

Oons = 100 deg. (22)

It might be mentioned that the use of the wave model introduces no singularity in the case of Mach-wave
radiation like it is the case for the eddy model. The width of the peak of the directivity at the Mach-wave
radiation angle depends on the normalized turbulent coherent length scale L./A. The length scale for
a certain frequency could be determined from an experimental determination of the directivity for this
frequency. However, it must be recalled that the one-dimensional model for jet turbulence is very crude.

The frequency at the Mach-wave radiation angle is equal to the source frequency in the wave model while
it has the unphysical result of infinity in the case of the eddy model.

BROADBAND SHOCK NOISE, ONE-DIMENSIONAL JET MODEL

A supersonic jet, not perfectly expanded in a Laval nozzle, exhibits a cell structure shown in Fig. 14.

- — Yy . —

/\/\W

C,Kpumsu'tu cells . SLO«[; cells

Figure 14: Cell structure of a supersonic jet.

This structure can be approximated by a Fourier series in the mean-flow direction y; with wave number
ap, e.g., for the mean pressure p. The following equation can be derived by simplifying Michalke’s
two-dimensional results (Michalke (1992) [14]) for the one-dimensional flow model (sce Michel (1995)

[17]).

p—po =S Pufexpliany:) + exp(—ianyy)]. (23)

n=1

It is now assumed that the source function S given by Eq. (8) is modulated by the cells resulting in:

S=%E.S, (24)
n=0
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where Ey = 1 is the undisturbed contribution. E, is given by
E,, = an(r) expliany1) + bp(r) exp(—iany1). (25)

The cross-spectral density of the source function in Eq. (6) is then given by

Wss = i i En(yz) E,, (yi + ni)Wss- (26)

n=0m=0

The integrand of the double integral in Eq. (6) is then given by:

Wss eXp(“ﬂr) = VWi Wsa Y12 exp[“"ﬂs + ¢r)]
{1+ a1 exp(ia1yr) + by exp(—iciy1)

+ [al exp(iaiy1) + a% exp(i2a1y1) + albl] exp(ia1m1)

+ [bl exp(—ia1y1) + bf exp(—1201y1) + albl] exp(—i01m1)
+ -- } (27)

The first term in the braces (71”) describes the undisturbed solution. The second and third terms combine
the exponential function of the axial separation ry with exp[i(1s + 1, )] to a new interference function,

exp(it)) = exp[i(ths + vy £ dcam)]. (28)

This new term yields a new ”Mach-wave radiation” for the case when the argument of the exponential

function in Eq. (28) is zero. While Mach-wave radiation occurred for a fixed angle in Eq. (19) it now

appears for a number of frequencies which depend on the emission angle and the axial wave numbers «,

in Eq. (25),

I = an AU (0.7 + i—%)(l — My cos 0p)
" orn 1+ 0.7%—3 cos fy

; (29)

where AU = Uj — Uf.

This equation describes the frequency of broadband shock noise. For a flight Mach number My = 0 it
simplifies to
anUj 0.7

2r 14 0.7% cos 00’

fn=

(30)

which agrees with Harper Bourne & Fisher (1973) [6], Ffowcs Williams & Kempton (1978) [4], and Tam
& Burton (1984) [27].

The influence of flight speed contained in Eq. (29) is quite surprising since the equation contains the
Doppler factor in its numerator although this equation is only valid for the wind tunnel case.

The peak frequency of broadband shocknoise depends considerably on the emission angle 6. This depen-
dence is plotted in Fig. 15 for different acoustic convection Mach numbers U, /ay.

The shae of the normalized power-spectral density of broadband shock noise can be calculated by eval-
uating Eq. (27) and is plotted in Figs. 16, 17, and 18 for the emission angles 90, 60, and 30 degrees,
respectively. The spectra are plotted for three normalized coherence length scales L./A = 3.3, 10, and 33
(the annotation reports the inverse of these values.) It can be seen that the width of the spectral peak
depends very much on the normalized length scale and that very large coherence length scales result in
a narrow peak. The width of the peak also depends on the emission angle and is rather small in the
forward arc.

Experimental spectra are shown in Fig. 19. The peak frequencies are indicated in the figure with arrows.
The frequencies scaled on Eq. (29) are indicated with circles (Up/ag = 1.6) and triangle (U, /ag = 1.8).
The normalized turbulent length scale can be deduced from the experimental spectra and appears to be
in the order of L./ = 2.
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Peak frequency of broadband shock noise, Mf=0.8
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Figure 15: Normalized peak frequency of broadband shock noise as function of emission angle rel. to
the flight direction for a flight Mach number of My = 0.8. The peak frequency is normalized with the
frequency observed for an emission angle of 90 degrees. It can be seen that the acoustic convection Mach

number U, /ag has a large influence in the rear arc.
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Figure 16: Normalized power-spectral density of broadband shock noise in flight for an emission angle of
o = 90 degrees. Flight Mach number My = 0.6, acoustic convection Mach number U, /ag = 1.8. Curves
are plotted for three normalized coherence length scales, L./A = 3.3, 10, and 33. (The annotation reports

the inverse of these values.)
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Figure 17: Normalized power-spectral density of broadband shock noise in flight for an emission angle of
6o = 60 degrees. Flight Mach number M; = 0.6, acoustic convection Mach number U,/ag = 1.8. Curves
are plotted for three normalized coherence length scales, L./A = 3.3, 10, and 33. (The annotation reports

the inverse of these values.)
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Figure 18: Normalized power-spectral density of broadband shock noise in flight for an emission angle
of 6y = 30 degrees. Flight Mach number M; = 0.6, acoustic convection Mach number U,/ap = 1.8.
Curves are plotted for three normalized turbulent coherence length scales, L./ = 3.3, 10, and 33. (The
annotation reports the inverse of these values.)
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One-third-octave SPL

Frequency

Figure 19: Frequency spectra containing broadband shock noise of a Tornado combat aircraft for a flight
Mach number M; = 0.8, a fully expanded jet Mach number of M; = 1.29. The arrows indicate the
peak frequencies in the spectra (from Bottcher and Michel (1994) [2].) The peak frequencies according

to Eq. (29) for an acoustic convection Mach number U,/ag = 1.6 are circled. Triangles indicate results
for Up/ap = 1.8.

CONCLUSIONS CONCERNING BROADBAND SHOCK NOISE

¢ Broadband shock noise can be derived by assuming a modulation of the source terms when they
are convected through the shock cells.

¢ Broadband shock noise generation requires large normalized coherence length scales.

e Broadband shock noise is proportional to jet mixing noise.

e Broadband shock noise increases with the shock expansion cell strength.

e The width of the peak in the frequency spectrum is related to the axial coherence length scale.

e The passage of turbulence through shocks is not required for the appearance of broadband shock
noise.
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SCREECH, ONE-DIMENSIONAL JET MODEL

Screech noise is radiated when instability waves are generated at the nozzle lip in a phase locked loop
through flow induced excitation.

If broadband shock noise is the source of excitation, the screech frequency is equal to the radiation
frequency of broadband shock noise toward the nozzle. By assuming a normalized phase (convection)
speed (U, —Uy)/(U; —Uy) = 0.7 (This may be valid for the one-dimensional flow model studied here. In
the case of a radially extended jet, there are a number of possible spinning instability waves with different
axial phase speeds.) we obtain

an AU (0.7 + 2£)(1 — My)

= , 31
=" 140728 (3D
where AU = U; — Uy. For a flight Mach number M; = 0 we obtain
o, U 0.7
fns = ! (32)

U, *
27 14+0.75%

This equation is identical to the literature, e.g., Tam (1991) [26].

This screech frequency is plotted in Fig. 20 in comparison with experimental data of Tam, Seiner, and Yu
(1986) [25]. The shock cell spacing (expressed in terms of a,, ) was computed with the relation derived
by Michalke (1992) [14].
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Figure 20: Normalized screech frequency as function of jet Mach number based on Eq. (32) and using
the shock cell spacing of Michalke (1992) [14].

The screech frequency of Eq. (31) goes to zero when the flight Mach number approaches My = 1. This

is shown in Fig. 21. The low frequencies at high subsonic Mach numbers can be of significance for the
acoustic fatigue of structures in the nozzle region.
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Figure 21: Normalized screech frequency as function of flight Mach number based on Eq. (31). Parameter
is relative jet Mach number (U; — Uy) /ag.

FREQUENCY AS FUNCTION OF EMISSION ANGLE

The source frequency is considered in the nozzle fixed coordinate system in the wave model for the jet
turbulence. Therefore, no Doppler frequency shift has to be applied for the far-field if the observer
position is stationary rel. to the nozzle (static jet or wind-tunnel simulation). The observer frequency is
Doppler shifted in a flyover situation which means that jet noise has a higher pitch in the forward arc.

The frequency spectra in the observer positions according to Eq. (6) would be similar to the source
spectra Wy, if the interferences resulting from Eq. (18) were identical for all frequencies and all angles.
This is not the case which explains that the frequency spectra change with emission angle. Part of the
changes is due to refraction effects that are not included in the theory of this presentation.

RADIATION EFFICIENCY FOR HIGHLY SUPERSONIC JETS

Michalke (1977) [13] investigated the influence of spatial source coherence on the radiation of jet noise
with the acoustic analogy. He included a model for the source intensity defined by a source length scale
L,. Fig. 22 is a result of this study and shows the acoustic power efficiency of a jet as function of the
acoustic convection Mach number U,/ay. Parameter is the ratio of L./Ls between coherence and source
length scales.

It can be seen that the power efficiency has a maximum near a convection Mach number slightly above
Uc/ayp = 1.0 and decreases for higher convection speeds. This may explain why the sound emission of a
highly supersonic jet is proportional to (U;/ag)™ with an exponent n = 3 rather than six or eight as seen
for subsonic jets (compare Fig. 4).

That these results are true can be deduced from experimental data obtained with rocket jets. The sound
radiation of a jet as function of axial position in a rocket jet is shown in Fig. 23. The position with peak
radiation is located at about 20 nozzle diameters at the tip of the supersonic core where the jet speed is
much lower than at the nozzle exit. The region with very high jet speeds directly behind the nozzle (10
times the ambient speed of sound) does not contribute significantly. The flow field is explained in Fig.
24.

The normalized frequency spectra of the sound radiated by rockets are shown in Fig. 25. The peak
radiation frequency is independent of exhaust speed if it is normalized with the critical sound speed
which should be very close to the jet speed in the peak radiation section of the jet and an effective
jet diameter Dgg which is calculated from the sum of all fully expanded jet cross sections. It can be
calculated from the specific thrust and the thrust (from Sutherland (1993) [24]). However, Fig. 25 is not
a good example to support this proposed normalization because all spectra are from the same nozzle size.
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Figure 22: Power efficiency of the sound radiation of a jet as function of the acoustic convection Mach
number U,./ag. (Michalke (1977) [13]).
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Figure 23: Sound power per unit jet length of a rocket jet as function of axial position (from Potter and
Jones (1967) [21]).
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Figure 24: Tllustration of sound generating region of a rocket jet (from Sutherland (1993) [24]).
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Figure 25: Relative octave band frequency spectra of the sound radiated by rockets (from Sutherland
(1993) [24]).

AZIMUTHAL COMPONENTS OF JET NOISE

The assumption made so far was that the jet is concentrated on its jet axis. The consequence would be a
completely axisymmetric sound field. In reality, the jet is radially extended, which gives rise to additional
large scale structures in the form of helical motion.

It was shown by Michalke (1970,1972)[11, 12] how the flow field of a circular jet can be decomposed
into azimuthal components and that the acoustic far field of the jet is likely be dominated by a few
azimuthal components because the radiation efficiency of the higher order components decreases rapidly
with increasing order.

This was experimentally demonstrated to be true in the far field for low frequencies by Maestrello (1977)
[10]. Some results are shown for Strouhal numbers up to St= 0.375 in Fig. 26. The coherence between two
microphones with identical emission angle of 90 degrees is plotted as a function of azimuthal separation
angle A¢. The functions of A¢ can be decomposed into azimuthal components as shown in Fig. 27.
Similar measurements close to a model jet and an engine jet were reported by Fuchs and Michel (1977)
[6]. These results are shown in Fig. 28. Although the measurements were performed much closer to
the jet as the ones by Maestrello, the sound field in the near field is still dominated by a few azimuthal
components.

It was shown by Michalke (1972) [12] that each azimuthal component in the near and far field is directly
related to the corresponding component in the source region.

Measurements of the azimuthal coherence between two microphone signals and between two hot-wire
signals in the source region are shown in Fig. 29. A decomposition of the pressure field into azimuthal
components as a function of Strouhal number is shown in Fig. 30. It can be concluded that even inside
the jet, the pressure field is composed of only a few azimuthal components.
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Figure 26: Coherence in azimuthal direction measured by Maestrello (1977) [10]
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Figure 27: Decomposition of experimental data of Fig. 26 into azimuthal components. Tt can be seen
that only a few azimuthal components dominate.
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(r = D) and near a hot engine jet (r = 1.4 D). The expansion into azimuthal components is shown for
the engine data for a Strouhal number St= 0.375 and reveals a dominance of the axisymmetric (m = 0)
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and first helical (m = 1) components (from Fuchs and Michel (1977) [5]).
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Figure 29: Coherence between two microphone signals and between two hot-wire signals in an unheated
model jet as a function of azimuthal separation angle A¢ (from Michalke and Fuchs (1975) [15].

NASA/CP—2001-211152 377



2 : ’
1 ll)L U, ’
T
- 8
=
PR x " PSD from direct pressure
B measurement :
22
<
=< ¢ 7
®wy -

0 05 1-0 1-5 ) 20
' St = fD[T,

Fraurm 9. Synthesis of normalized PSD of jet pressure from m = 16
azimuthal constituents for « = 3D, r = 4D.

Figure 30: Decomposition of the coherence as function of A¢ into azimuthal components. It can be seen
that the first few azimuthal components suffice to describe the measured power-spectral density (from
Michalke and Fuchs (1975) [15].

It may be concluded that
e helical modes in the source region of higher azimuthal order are inefficient sound radiators,

e small scale turbulence does not contribute substantially to the far-field noise.

AZIMUTHAL COMPONENTS AND DIRECTIVITY
Michalke (1972) [12] has shown that each azimuthal component has a unique directivity.

¢ Only the axisymmetric component radiates in the downstream and upstream directions.
e The higher order components radiate to the side.

e The ”refraction dimple” of jet noise may partly be caused by the vanishing contribution of the
higher order azimuthal components for emission angles €y approaching 0 or 180 degrees.

e The radiation efficiency of the higher order components decreases rapidly with increasing order
number.
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CONCLUSIONS

1. The acoustic analogy is valid.

The acoustic analogy is a very powerful tool to derive scaling laws for jet mixing noise.
The use of a nozzle-fixed coordinate system is mandatory.

A wave model for the turbulent fluctuations must be used.

The far-field noise of a jet is dominated by its large-scale fluid motion.

Large coherence length scales are required to explain broadband shock noise and screech.

NS gtk »

Large coherence length scales are also required for subsonic jets to explain the amplification of jet
mixing noise in the rear arc.
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Dissipation noise from unbounded flows

(Kambe 1984)

* Monopole component of radiated pressure:

47-‘-Rpmono ~ (’7 o é) - d <Ediss>

C —_—
3/Y dt
O 2
where Y3 =(y-1) + (—%)
N Y
entropy direct
production Reynolds
stresses
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Two-dimensional mixing layer
(Brown & Roshko 1974)
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Jet noise measured in argon and

nitrogen (Grosche et al 1975)
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Comparison of jet noise

spectra measured in two gases
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Effect of jet density on mixing

noise at low speed
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L i i { 1
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[1 O  Measurements by Lassiter and
Hubbard (1952) NACA TN 2757

. Predicted levels based on hot air jet data
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Equivalent sources in a high-speed shear flow

(Lilley 1974; Goldstein 1976,1984)

 Euler equations for inviscid flow:

1Dp  Du 1 Ds
V-u=gq Ty pV Ty 0

* Linearised about a parallel shear flow, these provide a
wave equation for sound propagation:
L(p)=0 (wheng=0andf =0)

yT \J(y) p(y \C(y)
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Source term in the Lilley-Goldstein analogy

D% T
Q) = D—tQ——(V f)+2—(f VU)

* Nonlinear source term, due to second-order
interactions, is equivalent to a force field per unit mass

applied to the linearised equations:

fi~= ai(““) []gf

University
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Application of the Lilley—-Goldstein analogy to

sound radiation from a turbulent jet

Aoy Source
f 1™ location
| o .

e -

4__: PR R
A~
- (106, 9)), (withflow) Radaton
(1(6, ¢)), (without flow ) O e
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Flow factor trends in a hot jet:

Monopole and dipole source models

60 .
. Asymptotic .
Case Source . PhySlca! Source term @ (X, )™ dependence QM Coefficient® Dominant
type | interpretation of flow b mode
dependence
factor
1A | Monopole Point volume D3 A s B B 1 -0
P displacement D3 [A(t)6(x —x,)] m=
Point volume
displacement _
r-dipole D? P i 4
. = S
2A Dipole (Tester & —W[Ar(t)ér(x—xs)] - - [p—m] Dy | m=+1
Morfey
1976)
Point radial D
ointradial | — [ B, ()8, (x — x,)] 2
2B | Dipole force b - - Ps = +1
P (Goldstein ) dU P_m m =
1976) | +25=| B (1) —7—6(x —x,)
ox dr
L . . . 10
a  The radial-dipole singularity ¢, is defined by 6, (x> = _8_ [10 (x)]
ror
b Inthelimits M — 0, Kk, — 0
¢ Inthe plug flow limit (5/7“0 — 0
University
of Southampton
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Flow factor trends in a hot jet:

Volume displacement dipole and quadrupole

N

00 .
. Asymptotic .
Case | Source type | . Physical Source term () (x,¢)? dependence QM Coefficient Dominant
interpretation of flow mode
dependence
factor
Point volume D3 P 2
2A Dipole displapement — _S[AT ()6, (x — x, )] - - [_5] D;l m = +1
r-dipole Dt Pm
Point volume —, 1 ] 9
displacement | D 4\ v (dp
3A | Quadrupole S 6. (x — X ; Z 0 = m = +1
p - Dtg[A'rr( ) rr( s)] SIHQHO MQQQ 3 Om dr .
quadrupole
2
a  The radial-quadrupole singularity §,,.is defined by 6,,. (x> = ———= [ (x)]
ror
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of Southampton
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Flow factor trends in a hot jet:

Point force models (Goldstein 1976)

0, .
_ Asymptotic .
Case Source ‘ Physwa! Source term Q(X,t) dependence QM Coefficient Dominant
Type interpretation of flow dependence mode
factor
D
. . __[Br (t)ar (X_X.\')] 2
. Point radial Dt P
2B Dipole force 3 dU _ _ - m==%1
+2—| B, (t)—5(x—xs):| P
ox dr
Point radial D
force E[B’”r (t)5rr (X_X.\' )] 1 1 [ r, (dp 2
3B | Quadrupole | distribution 3 qU ey Vs _[_0(_) } D*| m=+l
of r-dipole | —-2— |:BW (t)==6, (x—x, ):| S 0 M 31 p,\ dr )
type ax dr
University ’A
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Flow factor trends in an isothermal jet:

Dipole models

% As i
. ymptotic .
Case Source|  Physical Source term () (X,1) dependence QM Coefficient Dominant
type |interpretation of flow ’ mode
P dependence
actor
Point volume D3
2A | Dipole | displacement | ———=[A4,. ()6, (x — X;)] - - D m = +£1
r-dipole Dt
D
. . __[Br(t)ér(x_xs)]
. Point radial Dt
2B | Dipole p - - 1 m = +1
orce 0 dU
+2—| B, (t)—6(x — x,)
oz dr
Point r-
dipole, DY cos20 1
. 2 N2v-8
2C |Dipole| temporal ———[C.(t)6 — : 0 - v—32(¢!)' D m = 0
p Orl()ier Dt” [ r( ) r(x Xs)] Sln2(90 QZ ( ) (¢8) S
v =3
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Flow factor trends in an isothermal jet:

Quadrupole models

0 .
. Asymptotic .
Case| Source | Physical Source term () (X, 1) dependence QM Coefficient Dominant
type interpretation of flow dependence mode
factor p
Point volume 73 20 ] 16
displacement cos v L I\2 12 _
3A | Quadrupole o D—tg[AW(t)(SW(X —X)] sin290 02 E((bs) D; m = +1
quadrupole
Point radial 9 2
‘ f(?I‘CC‘ ‘ COS290 1 E 1— ¢S i D—4
3B [ Quadrupole | distribution (as 3B earlier) 7 @ 3 b, T 5 m = £1
of S0 .
r-dipole type (no gradient term)
Point rr-
quadrupole, | pHv cos20 1 8 5
3C uvadrupole | temporal | ——[C.. (). (x — X - 0 (v —=32(d"YD¥ 8| m=0
Q p orlc)ier Dt" [ rr (1) r ( S )] sm490 M2Q4 3 ( ) ( S ) S
v =3
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Conclusions from Lilley-Goldstein

models for jet noise radiation

« The mean flow field can influence the radiation even in

the low Mach number limit (M — 0)

* The influence persists at low Strouhal numbers () — 0)

and for thin shear layers (6 /A — 0)

» Two alternative radial dipole models both predict F ~ (5&

Pm
+ @ Cancelling Point
volume radial
— O displacements force

151 (L)ansi\(l:::;s;:);npton MODEL A MODEL B ’@

)2
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Conclusions from Lilley-Goldstein

models for jet noise radiation

« Two alternative radial-radial quadrupole models both predict

-

for sources in a mean density gradient

+

+

I 1

dp )2

dr

[ ]
@)
@)
[ ]

|

Vel

Cancelling
volume
displacements

MODEL A (Tester/Morfey)

I Cancelling
i radial forces

MODEL B (Goldstein/Balsa)

* The two models give different results for sources in a mean

velocity gradient

N
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Conclusions from Lilley-Goldstein

models for jet noise radiation

« Model A for quadrupole sources corresponds to
D* 9%, { D _ 0 G,

Q:Dt?’ﬁxi@xj Di—at 0

Dt 0t Oz
« Altering the temporal order from 3 leads to radically different

predictions for sources in a mean velocity gradient:

D” &g
Dt” dz,0w ;

o [dQU]Q(V?))Q. 1

o) o S

» This would lead to [ ~ UU% for an ambient-density turbulent jet
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OPEN PODIUM PRESENTATIONS

Mr. Harper-Bourne gave examples of hot wire measurements in the mixing region
of a jet showing the peak in the turbulent intensity (spectral intensity for a
Strouhal number of unity) in the center of the mixing region. He showed a
comparison between the velocity covariance and that of the velocity squared, where
the latter represented the contribution to noise generation. The characteristic
longitudinal and lateral length scales for the velocity squared covariance varied
greatly from that of the velocity alone, and also were a function of frequency.
Harper-Bourne showed how the convective amplification, in Lighthill’'s acoustic
analogy, can vary with the model used for the covariance. He showed the
approximate self-similarity, except close to the jet boundary, in the directivity for a
low Strouhal number over a range of subsonic Mach numbers, and a typical two-
source model of a jet with axial distance over a range of frequencies. He concluded
by showing a comparison between jet noise measurements on a convergent—
divergent nozzle at M; = 1.5 and T; = 875K with a line-source model in both the near
and far fields. His conclusions were summarized as follows:

e Lighthill’'s classical theory provides a semi-empirical basis for jet near-
field noise prediction for acoustic fatigue research.

e Rationale for the adoption of fixed frame analysis of jet noise
successfully developed around relevant space-time turbulence
measurements.

e Method treats Mach wave radiation as a limiting case of jet mixing
noise.

e Line source model, utilizing polar correlation source location data,
provides good agreement with measured near-field spectra for
distances greater than one diameter from the nozzle exit.

Dr. Elias presented information on Galbrun’s equation for wave propagation in the
presence of an inhomogeneous flow. From the Lagrangian of the equation the
acoustic intensity and the energy could be found. The equation had a structure
related to that of the third-order convected wave equation.

Dr. Khavaran presented a computational methodology, based on Lilley’s third-order
wave equation, for the prediction of jet noise from a number of complex nozzle
geometry’s, and a comparison with experimental data. The model involved the
calculation of the self-noise and shear-noise components and the values of the
corresponding two-point space-retarded time covariances allowing for the Doppler
effect corrections arising from the moving frame convection. The cases tested
included a splitter plate nozzle, a twin core-fan stream nozzle, and nozzles with tabs
and chevrons. This was a very challenging study and included the effects of flow-
acoustic interaction at high frequencies.
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Dr. Mengle presented experimental data concerning a mixer-nozzle with different
nozzle lengths. The results showed that the low frequency noise was unaffected by
mixer length. The source of low frequency was found to come from far downstream.
It was a function of the total rate of mass flow. The lowest noise at higher
frequencies was found from a nozzle of intermediate length. Similar results were
obtained for both the static and flight experiments. The results were explained in
terms of the changes in the axial and transverse components of the turbulent
intensity observed for the different lengths of the mixer nozzle. The results were
considered to be very geometry dependent.

In the discussion that followed the formal presentations there was further
discussion on the usefulness of the Lighthill acoustic analogy. There appeared some
confusion of the role played by each side of the equation. The left-hand-side is the
propagation part of the equation with an observer placed outside the flow. In this
case the density is the acoustic density fluctuation associated with sound waves
propagating out from the flow. The right-hand-side is the distribution of the
equivalent acoustic sources per unit volume in the domain occupied by the flow. The
acoustic density at the observer is then given as the Green’s function weighted
retarded time integral taken over all the sources in the volume occupied by these
equivalent sources. For an observer in the acoustic far field the source function
reduces to (1/c.2) times the second time derivative of Txx, which is the component of
Tij in the direction from source to observer. When the field point is inside the
domain of the sources both sides of the equation now combine to represent the
generation problem. If we consider, by way of example, the case of a low flow Mach
number, we find the terms Txx are acoustically compact. We note that all variables
are flow variables and not acoustic variables. The complete equation reduces to the
elliptic, Poisson equation for the fluctuating pressure in the flow. We see its
solution for any field point, either inside or outside the flow, is the same as for
Lighthill’'s equation, with the only difference that the time in the elliptic solution
must be changed to the retarded time to allow for the finite speed of sound. Thus
Lighthill's equivalent distribution of acoustic sources are physically the
contributions to the turbulent pressure fluctuations in the flow. Of course the larger
part of the turbulent pressure fluctuations inside the flow is non-radiative, since
only a small fraction escapes as sound. But the radiating acoustic efficiency is not
an arbitrary constant in Lighthill’'s acoustic analogy since it is governed by the
asymptotic expression for the far-field radiation described above.

The other major topic related to non-linear acoustic radiation. As discussed above
this is a problem, which can first be treated as a linear acoustic problem in
Lighthill's acoustic analogy. Once it is recognized that the acoustic amplitude
external to the flow is outside the range of linear acoustics, then the non-linear
distortion leading to the generation of shock waves, can be obtained by integrating
the non-linear wave equations along each ray. The shocks will ultimately become
N-waves.
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Noise Sources

Use of Turbulence Space-Time
Correlations in Lighthill’'s Equation
Analyzed with Respect to a Fixed

Frame of Reference

Marcus Harper-Bourne
DERA Pyestock, England
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USE OF TURBULENCE SPACE-TIME CORRELATIONS IN
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“Jet Mixing Noise” M Harper-Bourne
g OAIl, 7 Nov 2000
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ACOUSTIC ANALOGY
(AIAA 99-1838)

LIGHTHILL'S EQN: p(X,t) = 1 y t—r/ao)T (PROUDMAN FORM)

FIXED FRAME ANALYSIS
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“Jet Mixing Noise”
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LINE SOURCE MODEL
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MEASUREMENT OF JET NEAR-FIELD NOISE IN THE DERA
PYESTOCK LARGE ANECHOIC “NOISE TEST FACILITY”
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CONCLUSIONS

OVERALL AND FILTERED TWO-POINT SPACE-TIME CORRELATIONS OF u, AND
u,2 IN THE MIXING REGION OF A ROUND LOW SPEED JET HAVE BEEN
MEASURED USING HOT-WIRE PROBES

FROM THE MEASUREMENTS, THE FIXED FRAME COHERENCE AND ASSOCIATED
DECAY SCALES HAVE BEEN DETERMINED AS A FUNCTION OF STROUHAL
NUMBER FOR THE LONGITUDINAL, RADIAL AND AZIMUTH SEPARATION CO-
ORDINATES.

USING LIGHTHILL’S ACOUSTIC ANALOGY THESE DATA ARE ANALYSED WITH
RESPECT TO A FIXED FRAME OF REFERENCE AND SHOWN TO YIELD LEVELS
OF CONVECTIVE AMPLIFICATION (~ THREE POWERS) IN KEEPING WITH JET
NOISE MEASUREMENTS. AT THE MACH ANGLE, WHEN IT EXISTS, THE
RADIATION REMAINS FINITE IN THIS MODEL.

COMBINING THE FIXED FRAME MODEL OF MIXING NOISE WITH SOURCE
LOCATION MEASUREMENTS, A METHODOLOGY FOR PREDICTING NEAR-FIELD
NOISE IS DERIVED AND SHOWN TO GIVE GOOD AGREEMENT WITH
MEASUREMENTS MADE ON A M1.5 CON-DI JET, FOR R/D>2

IN THE FIXED FRAME MODEL MACH WAVE RADIATION IS ENCOMPASSED AS A
LIMITING CASE OF JET MIXING NOISE WITH THE RADIATION EFFICIENCY BEING
UNITY AT THE MACH ANGLE

JET NOISE WORKSHOP, OAIl, CLEVELAND OHIO
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GALBRUN’s EQUATION (1934)

Exact propagation equation in the
presence of non homogeneous flow as
function of the displacement
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LAGRANGIAN OF THE GALBRUN’s EQUATION
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MODAL DECOMPOSITION FOR
A STRATIFIED FLOW
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SESSION 2: SOURCE IDENTIFICATION AND LOCATION TECHNIQUES

Summary by Eugene Krejsa, Consultant

The session consisted of three invited presentations and several presentations
during the open podium portion of the session. Discussion followed each
presentation.

INVITED PRESENTATIONS

Jet Noise Source Location: A Review - Stewart A. L. Glegg, Florida Atlantic
University

Dr. Glegg presented a review of jet noise source location techniques. He pointed out
that the only undisputed definition of source strength is defined on a Kirchhoff
surface enclosing all the sources. However, the objective of jet noise source location
techniques is to determine the source distribution inside the surface. The definition
of this source distribution is not necessarily unique and may depend on the
assumptions made in the implementation of the technique.

Dr. Glegg summarized techniques used prior to 1985. These included acoustic
mirrors, microphone array techniques, two microphone methods, causality
correlation and coherence techniques, and a method referred to as the automated
source breakdown. The causality correlation and coherence techniques attempt to
correlate measurements within the jet, usually velocity fluctuations, with the far
field acoustic signature. Dr. Glegg pointed out that one of the major difficulties with
this approach is the low value of correlation. However, the technique has been used
by several researchers. The other techniques estimate the source distribution from
the radiated acoustic signals.

Techniques using the acoustic field to estimate the source distribution require a
description of the source characteristics, e.g. directivity, and a model for the
propagation from the source to the microphone. Dr. Glegg asserted that the value of
the estimated source strengths depends on the model chosen to represent the
sources and the propagation and the accuracy of the process used to invert the
source model. One issue that Dr. Glegg addressed was the assumption of uniform
source directivity. Its significance is related to the array resolution, which is
determined by the angles subtended, by the ends of the array and the acoustic
wavelength. Increasing the angular range of the array to improve resolution
increases the degree to which the source directivity will be nonuniform over the
extent of the array. An example was provided which showed that the effect of
nonuniform source directivity was not great.

Results from several tests were shown. These results showed that the source

location was a function of Strouhal number, with high frequency sources being
located close to the nozzle exit and low frequency sources being located further
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downstream. This finding was consistent with that based on Lighthill’'s acoustic
analogy. Results from a jet containing shocks showed multiple sources associated
with the shock structure within the jet. Results using the automated source
breakdown method were also shown. This method has been used to assess the noise
components from turbofan engines. Application of this technique to a co-axial jets
showed that a co-axial jet could have two source distributions, one related to the
primary jet/ambient mixing and the second with the secondary/ambient mixing. A
comparison of results from a heated jet and a cold jet indicated that the sources
were closer to the nozzle for the heated jet.

More recent approaches to jet noise source location include the two microphone
method of Ahuja, causality correlation and coherence techniques, and the use of
microphone arrays. Results of tests conducted by Harper Bourne were summarized.
A major finding presented was that the jet appeared to have two source regions, an
upstream source associated with the initial mixing region, and a downstream
source associated with the fully developed flow. Dr. Glegg summarized results from
several phased array studies. Major findings were: Source distributions are of
smaller axial extent then previously reported; Hot jet sources are located further
downstream than those for cold jets (This is in conflict with previous findings.); and
that the data conflicts with some of the turbulence modeling assumptions made in
jet noise modeling. In Dr. Glegg's overview of modern signal processing techniques
for acoustic arrays, he pointed out that the proper choice of the inversion scheme
could improve the results. Alternative approaches for inverting the matrix and the
use of modal decomposition of the source strength were discussed.

The following conclusions and recommendation were made by Dr. Glegg:

e The two source model for jet noise source distribution has been shown to
be important for prediction.

e Parametric source breakdown approaches have given new insight.

e The effect of nozzle exit flow conditions has been identified as affecting
the source distribution, but has not been measured in detail.

e More needs to be done with non-intrusive flow probes and far field arrays.

e Determining the details of the acoustic source correlation structure will
give new insight into the mechanisms of sound generation.

The following is a brief summary of open discussion following Dr. Glegg's presentation:

e Variation in source distribution with observer location should be expected
since the source is directional.

e Both non-uniform source directionality and phase can bias the results.
e Attempts have been made to account for jet refraction effects.

e The contradiction in results for heated jets has not been resolved. Need to
use both the polar correlation technique and an acoustic array on the
same heated jet to resolve this issue.
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ODbjectives

e Toreview |et noise source location
measurements : What has been measured?

o To Identify new approachesto jet noise
source location: What should be measured?
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Outline of Talk

» Jet Noise Source Location prior to 1985
e Recent measurements

 Modern array processing methods
 Recommendations for the future
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Jet Noise Source Location prior to 1985

AcousticsMirrors
Laufer et al(1972), Grosche (1973), Glegg(1975)
Microphone Arrays

Harper Boune(1998) , Fisher et al(1976), Billingsley and Kinns(1976),
Maestrello(1976)

Two Microphone Methods
Parthasarathy (1974), Kinns(1976)
Causality Correlation and Coherence Techniques
Siddon (1971), Lee and Ribner(1972), Shivashankara(1978)
Automated Sour ce Breakdown
Tester and Fisher (1981), Strange et al(1984)
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Source Srength

» The only undisputed definition of source strength is
defined on a Kirchhoff surface enclosing all the sources.

» Theissueis how to determine the source distribution inside

the surface.
yhoff Surface
\ — WW“.‘" v B
—@ 6 ol L (% “.’, >
/' Zh «3*.-:{"’-5"‘

Monopole and Dipole
Surface Source Distribution
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Causality Correlation (Sddon (1971))

Correlation VolumedV

Probe in the flow

source volume V

Tallpipe
microphone

n Far field microphone

» Attemptsto correlate the velocity fluctuations in the jet with
far field acoustic signature.

 Correlation tends to zero when dVv/V issmall

* Probe noise must be less than noise produced by dV

» Has been used successfully to extract tailpipe noise from far
field spectra (Shivashankara (1981) Hsu and Ahuja (1998) )
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Source Location from the Acoustic Field
Non-acoustic inputs

Source Strengths * Source Model* Propagation = Acoustic Field

Estimated = [Source Model* Propagation] - « Acoustic

Source Strengths / Measurements

| nver se of source model
(sensitivity to noise can be an issue)

» The value of the estimated sour ce strengths depends on the
the model chosen to represent the sources and accuracy of the
INVErsion process.
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Multipole Nature of Jet Noise

All acoustic source location measurements have
simplified the multipole nature of jet noise by using the far
field assumption r>>|

ei kr
r' g (W) = - k2§ Ty (y,w) —aV
4pr
V
eikr
b r'cg(x,w)=galy,w)-—adV
v 4pr

e qisa mode for T, if theinherent directionality of T,, IS
constant over the measurement region.
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Sochastic Nature of Jet Noise

Since source fluctuations are stochastic we define
the far field cross spectrum

ik(r-r,")

C,,(X¢W) =) O I“’Ex[q(y W)Q (Y, W)] ——— dVaV,
v oy, (4p)°rr,

|k(r r)

= OQ(y W, X(D(4p) - -dV

p (Elk(rd‘rrl)
Q(y,w, X = o Ex[a(y,w)q (y;,w)] r dv,

1

1

r=|x-y|l r'=[x-y, | r=x-y|

e Q isdirectional and depends on the coherence between
source fluctuations
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Source Directionality

Near Field Array

Far Field Array

» The source directionality can be specified asabias error
which tends to zero if the measurement aperture is small.
*The primary effect of source directionality isto modify the
weightings which are applied to each array element.

*The effect of source directionality is more severe for near
field arrays
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Estimating the Directionality Error

By normalizing the far field array measurements by the
measured directionality Harper Bourne showed that the
effects were small at 90" to the jet.

Source strength (per unit kengih)
-
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Array resolution
Array resolution is determined by the angles subtended by
the ends of the array and the wavelength

@ @
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Jet noise source distributions(Harper-Bourne)
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Figure 8. Acoustic source strength per unit slice of jet for various Strouhal numbers. Effiux velocity
Uy = 0-8 ag, D =254 mm, Tro7 = 290° K. Values of fD/U, and i/D, respectively: x, 0-1, 12:5; [J, 03, 4-2;
e,1,1-25; 0,2-16, 0-58.
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Source Centroid as a Function of Freguency

Strouhal Number

e Lilley (1990) compared these measurements with a model
based on Lighthills Analogy and found good agreement if
corrections were included in his mode for the initial
thickness of the mixing layer at the nozzle exit.
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The Effect of Jet Temperature and Secondary Flow

Hot Jet

Effect of
secondary flow

Fiks, 4 EEELILTS FTRY RDISE TEST FATHLITY AT MG T.E.



Shock associated noise
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Engine Noise Sources
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Automated Source Breakdown (Tester and Fisher (1981))

0.3 T

0.25 |
02} A2
A
0.15} ~ AA3
0.1} A4
0.05 ¢
0 / . .\\ . .
-10 -5 0\ 5 0 15 20 25 30
Inlet Noise Core Jet
By-pass duct
Cixxw)= § Adisna "
- (1+ (iky.sina)/m)™
1=12,3 C
sina =(x;- )/ |x- x¢ | X - X¢]= constant

e Tester and Fisher(1981) were able to invert this equation
without instability problems and generate individual
source spectra.
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Velocity Ratio

Coaxial Jet Noise (Strange et al (1984))

0.15

0.1
0.05
0
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0.1
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0
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0.1
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0

0.15

0.1
o A
0

secondary jet noise

Strange,Podmore, Fisher and
Tester showed that a co-axial jet
could have two source
distributions, one related to
primary jet/ambient mixing and
the second with secondary
jet/ambient mixing. The
Importance of each flow, the
source distributions and source
spectrawere presented for both
model and full scale
applications with flight effects.

primary jet noise
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Recent Devel opments

Microphone Arrays
Harper Boune(1998,1999,2000) , Narayanan(2000)
Two Microphone Methods

Ahuja et al(1998)

Showed source centroid moved as expected with turbulence
mixing enhancement.

Causality Correlation and Coherence Techniques

Hsu and Ahuja(1998), Extracted tailpipe noise source from spectra

Gui et al (1998), Attempted to identify coherent structures by educing
signals from probe in the flow based on far field acoustic measurements.

Hileman and Samimy(2000)
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Hileman and Samimy(2000), Used a laser light sheet to
capture the flow and attempted to relate peaks in the far
field signature with large eddies. Some interesting results

reported, ongoing study.

Laser light sheet

Tl -
-—

__ /
—_—
e >

7))

il

Far field microphone pair
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Using Source Distributions to Predict Near Field Jet Noise
Harper Bourne (1998,1999,2000)

*To predict near field jet noise it is necessary to know the spatial
distribution of noise sources.

 Source distributions were determined to have two separate
parts. The upstream source was associated with the mixing
region and the downstream source with the fully developed flow.
*Nozzle exit flow was found to be an issue with the source
distribution required for prediction

Str~0.1 Str~2

0 10 20 30 0 10 20 30
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Phased Array Sudy:
Narayanan et a (2000), Venkatesh et al (2000), Simmonich et al (2000)

Phased Array
» Adaptive processor used to give resolution of 5D at all
frequencies
» Compared source location results with flow
measurements
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Phased Array Study:
Narayanan et a (2000), Venkatesh et al (2000), Simmonich et al (2000)

Source distributions were reported to be of asmaller axial
extent than previous results.

Hot jets had sources located further downstream than cold
Jets.

The flow and source location measurements highlighted
the differences between the source positions assumed in
the MGB jets noise model based on RANS calculations
(4<y/D<12) and the measured source distribution(y/D<6 at
high freguencies).

MGB turbulence model only applies at y/D>10.



Modern Array Processing
Methods
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Modern Signal Processing Techniques

P(Xm) = AY)GCXm |y)dV
Pm = é. Grntn

n

Cm = $EX[ PmPj*] = é. é. GmnG"jcank
n K

Qi = = Ex{tntic’]

C=GQGH
Qmeas :Ginv C (Ginv)H G‘inva'_1

» Choosing the correct inversion scheme can improve results
e Geometry of the array defines G and is not necessarily constrained
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Alternative Approaches

Method

Polar Correlation ((G;, )" sparse)
Acoustic Telescope
Conventional Beamforming

Automated Source Breakdown

Minimum Variance

CLEAN

G

inv

Specified analytically
Found iteratively from a
constrained parameter set
Determined from C

|terates to eliminate loudest
sources
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Estimating the Source Distribution using
Conventional Beamforming

G~ exp(-ikyX,, /R)

y=3D
Conventional beamforming for source at 5D, * R=5D, + R=25D, x R=100D
* . > 0.9 : ; ! ;
0.8
0.7
R - 0.6
jS)
505F
@
000000000 5 04
o
0 03r 4
0.2 8
0.1F a
Str=0.3 M=0.9 : ,

o
(6]

10 15 20 25

Conventional beamforming for alinear
array at R=5,25,100D
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Estimating the Source Distribution from Least
Squares Inversion of Cross Spectrum Matrix

G, =(GHG)1GH

y=3D
. . >
Dli(r)ect Inversion of data for source at 5D, * R=5D, + R=25D, x R=100D
R ol
D 10{i/
000000000 E
(@]
g -20
(]
o i
5 -30F
n
Str=0.3 M=0.9 o1
0, 5 10 15 20 25 30

Least Squaresinversion for alinear array
at R=5,25,100D
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Condition Number k

QI _, ldp
QI [l

Ci%ndition Number for R=5D, R=25D, R=100D

NN W
o o1 O

(&)

log(condition number)

[N
o

o o»
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Estimating the Source Distribution using Singular value
Decomposition and Tikonov Regularization(Nelson (1999))

The singular values of the inverted G matrix are eliminated so
that the matrix becomes well conditioned and noise is reduced
using elgenvectors of cross spectral matrix C

SVD inversion for alinear array Condition I_\Iumber k~1
at R=5,25,100D (Stable estimate) 10dB of noise added

/D Inversion of data for source at 5D, * R=5D, + R=25D, x R=100D

%%ndition Number for R=5D, R=25D, R=100D

= N N
(€3] o ol

Sorce strength

=
o

log(condition number)

al

o
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Condition number can be adjusted using Tikonov regularization

Condition Number k~10°

SVD inversion for alinear array .
-t R=5.25,100D (Lessstobleesimatey 100D Of Noise added

%%ndition Number for R=5D, R=25D, R=100D

(SVD Inversion of data for source at 5D, * R=5D, + R=25D, x R=100D

*

N
ol

N
o

=
a1

Sorce strength

=
o

log(condition number)

§ T
1
o 6]

o
a1
-
o
=
a1
N
o
N
a1
w
o
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Modal Decompositon of Source Srength
Glegg and Devenport (2000)

For any stochastic source distribution

aly,w)= Q& ama™ (y,w)

m
2Bda)d (y0]1=8 1 ma™m(a™ )
m
, & g OBk 0
CppO6xtW) =& 1 mEQA™ () —aViZda™ (y1)—— v
m

3\, Apr %\/1 4pry’ z

e gM(y) arethedistributions of correlated sources
« Can we use advanced signal processing methods to
determine the details of the correlation regions??
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Conclusions and Recommendations

The two source model for jet noise source distributions has
been shown to be important for prediction.

Parametric source breakdown approaches have given new
Insight.
The effect of nozzle exit flow conditions has been

Identified as affecting the source distributions, but has not
been measured in detail

More needs to be done with non-intrusive flow probes and
far field arrays.

Determining the details of the acoustic source correlation
structure will give new insight into the mechanisms of
sound generation.
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Source ldentification and Location Techniques - Donald Weir, Honeywell
and James Bridges, Femi Agboola, NASA Glenn Research Center and
Robert Dougherty, Boeing summarized by Eugene Krejsa as summarized
by Eugene Krejsa.

Mr. Weir presented source location results obtained from an engine test as part of
the Engine Validation of Noise Reduction Concepts program. Two types of
microphone arrays were used in this program to determine the jet noise source
distribution for the exhaust from a 4.3 bypass ratio turbofan engine. One was a
linear array of 16 microphones located on a 25 ft. sideline and the other was a
103 microphone 3-D “cage” array in the near field of the jet. Data were obtained
from a baseline nozzle and from numerous nozzle configuration using chevrons
and/or tabs to reduce the jet noise.

Mr. Weir presented data from two configurations: the baseline nozzle and a nozzle
configuration with chevrons on both the core and bypass nozzles. This chevron
configuration had achieved a jet noise reduction of 4 EPNdB in small scale tests
conducted at the Glenn Research Center. IR imaging showed that the chevrons
produced significant improvements in mixing and greatly reduced the length of the
jet potential core.

Comparison of source location data from the 1-D phased array showed a shift of the
noise sources towards the nozzle and clear reductions of the sources due to the noise
reduction devices. Data from the 3-D array showed a single source at a frequency of
125 Hz. located several diameters downstream from the nozzle exit. At 250 and
400 Hz., multiple sources, periodically spaced, appeared to exist downstream of the
nozzle. The trend of source location moving toward the nozzle exit with increasing
frequency was also observed. The 3-D array data also showed a reduction in source
strength with the addition of chevrons. The overall trend of source location with
frequency was compared for the two arrays and with classical experience. Similar
trends were observed. Although overall trends with frequency and addition of
suppression devices were consistent between the data from the 1-D and the 3-D
arrays, a comparison of the details of the inferred source locations did show
differences. A flight test is planned to determine if the hardware tested statically
will achieve similar reductions in flight.

The following conclusions were made by Mr. Weir:

¢ IR imaging is effective in confirming that chevrons produce increased
core flow mixing.

e The improvement in core/fan mixing results in significant noise
reduction.

NASA/CP—2001-211152 481



e Both 1-D and 3-D array measurement techniques were successful in
identifying noise source locations.

e Source location data from this test program confirms the classical
semi-empirical location model.

In the discussion following the presentation, the observation was made that the
microphones in the 3-D array are in the acoustic and geometric near fields. Thus
the point source and far field assumptions used to derive the steering vectors are
not appropriate for the 3-D array. The comment was made that acoustic holography
does allow for the microphones to be in the near field.

NASA/CP—2001-211152 482
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Honeywell

Honeywell Engines and Systems
Engine Validation of Noise Reduction Concepts

AeroAcoustics Research Consortium
Jet Noise Workshop

Source Identification and Location Techniques

Donald Weir
(602) 231-1214
James Bridges and Femi Agbooli (NASA Glenn)
Robert Dougherty (Boeing)
November 8, 2000
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- Test Description |

° Far Field Noise
° 1-D FF Array

* 3-D NF Array

* Comparisons

* Conclusions

Honeywell

AARC Jet Noise Workshop
November 2000

2
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Honeywell EVNRC - Some Statistics

Engine Starts: 187
Engine Hours: 136
Far Field Test Points: 374
Test Configurations: 157
Digital Photographs: 683

Organizations: 7

Test Site Visitors: 24
Microphones: 292
28-Channel Tapes: 25
Far Field Spectra: 11,968

Honeywell

AARC Jet Noise Workshop 3
November 2000
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Engine Description

TFE731-60 Turbofan Engine
— Takeoff, Sea Level, Static Thrust = 5000 Ib
— Takeoff Bypass Ratio = 4.3
— Cycle Pressure Ratio = 22
— Geared Fan Pressure Ratio = 1.70
— Fan Blades = 22
— Fan Exit Vanes = 52

° Engine is currently certified on the Dassault Falcon 900EX

* Part of the TFE731-20/40/60 engine family that also powers
— Learjet 45
— IAl Astra SPX
— Dassault Falcon 50EX ==
— Hawker 450

Honeywell

AARC Jet Noise Workshop 4
November 2000
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Honeywell Outdoor Acoustic Test Facility

- Large acoustically reflecting surface

« Minimum interference test stand
 Instrumentation for weather measurements
« Engine inflow control device (ICD)

« Polar arc and sideline noise measurements

- Low ambient noise levels

* SAE ARP 1846 Standard
* FAA Approved

O Inverted Microphone

150°%
o

140° 0

Sideline

Honeywell

AARC Jet Noise Workshop
November 2000

5



Various Core and Bypass Nozzle Configurations

Significant EPNL benefit measured -
Core Nozzles confirmed results from NASA Glenn rig test

¢SITTZ-100¢—dO/VYSVYN

Engine Match Configuration - highest thrust (98% speed)
90 Constant engine cycle - matched pressure ratios

Static data corrected to flight conditions

Hoch forward flight effect jet noise model

Doppler effects applied to turbomachinery noise

o
oo

HE101BFBF1BN - 3BB - Baseline Run #2

O101AFBF1BN - 3BB - Baseline Run #1

o
(o)}
I

H101AFAH1BN - 3AHB - Half 12 Alternating
Chevron Core, Baseline Bypass

O101AFTH1BN - 3T24HB - Half 24 Tab Core,
Baseline Bypass

H101AFBF1CN - 3BC - Baseline Core, Chevron
Bypass

O101AFTF1BN - 3T24B - 24 Tab Core, Baseline
Bypass

O101AFAF1BN - 3AB - 12 Alternating Chevron
Core, Baseline Bypass

E101AFTH1CN - 3T24HC - Half 24 Tab Core,
Chevron Bypass

H101AFTF1CN - 3T24C - 24 Tab Core, Chevron
Bypass

O101BFAF1CN - 3AC - 12 Alternating Chevron
Core, Chevron Bypass

(0]
g
|

oo
N
I

1500 ft Flyover EPNL @ 0.2 Mach

80 -
Jet Only Total Engine Honeywell

AARC Jet Noise Workshop 6
November 2000
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Focus on Two Nozzle Configurations...

...At the highest thrust setting (1070 fps mixed jet velocity)

— \1‘20 Degrees
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-—

o
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150 Degrees
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F; — 3AC_config_1
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1000
Frequency, Hz

10000

Honeywell

AARC Jet Noise Workshop
November 2000
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Infrared Images of Plume

° IR imaging is effective
in confirming that
chevrons produced
radical improvements
in core/fan mixing

3BB

Infrared
image data
from Agboola
and Bridges

Honeywell

AARC Jet Noise Workshop
November 2000
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NASA Glenn 1-D Phased Array at San Tan Facility

25’ sideline

16 channels

. Logarithmic spacing
*4” min

’ * 424” max

Parallel ground mics

. Metal plate surfaces

50Hz - 3200Hz

35.3'

[ ]
[ )
[ )
[ ]
|
| 25.0'

Honeywell

AARC Jet Noise Workshop 9
November 2000
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NASA Glenn 1-D Array Performance

* Point Spread Function obtained by

synthesizing signals at array 30F
microphones for a known source i
location, then beamforming for all S— I Ab....../...800 Hz
possible locations. A
* Here, source is at 0, 6, and 15 feet gl W ~.400 Hz
downstream of nozzle on jet axis. 200 H
. . £ L Z
* No spurious sidebands above 6dB. 10/ ST > = n
30F Iz"‘t | \/\ 100 Hz
/\1{' I‘IIL‘« If\"\ _/’\
20 i "F!h I \ 0T :
o i
- ) Lo - ~ I/'I I'\I Il‘\
=t L e o N WA\ |‘i| A
A * ‘ "_ A, . . . /.I Il‘
10 J 20 30 40
Linear phased array -data :
from Agboola and Bridges
|‘ '| Honeywell
AARC Jet Noise Workshop 10

November 2000
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NASA Glenn 1-D Array Location Results

28] —
° \M\ 120 Degrees
T) Y I
> e
4 v
—! 1~ 3AC_config_1
% (101BFAF1CN) 10 dB
® | ~— 3BB_config_1
al (101BFBF1BN) T
'8 1 1
>
3 100 1000 10000
Frequency, Hz
il 3200
il 1600
800
Linear phased 1/3 oct
array data 400 (Hz)
from Agboola 200
and Bridges 100
50
15 0 15 30 45
x (ft) Honeywell

AARC Jet Noise Workshop
November 2000
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Boeing Near Field 3-D “Cage” Array

G -y ST N\

* 