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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pioneering research have retired or are no longer active in aeroacoustics.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

8:00 a.m. Registration (OAI lobby)

8:30 a.m. Welcome Address—Gerald Barna, NASA GRC

Technical Address—Marvin Goldstein, NASA GRC

AARC Introduction/Workshop Overview—Dennis Huff, NASA GRC

9:00 a.m. 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

12:00–1:00 p.m. Lunch (Sunroom)

1:00 p.m. 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?

5:30 p.m. Dinner

Wednesday, November 8, 2000

8:30 a.m. Session 2: Source Identification and Location Techniques
Invited presentations:
S. Glegg (Florida Atlantic University)
D. Weir (Honeywell)
T. Bhat (Boeing)
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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 .  L e l e  ( S t a n f o r d  U n i v e r s i t y ) 
C .  B a i l l y  ( E c o l e  C e n t r a l e  d e  L y o n ) 
R .  M a n k b a d i  ( E m b r y - R i d d l e  A e r o n a u t i c a l  U n i v e r s i t y ) 

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 a.m. Summary of workshop
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OPENING REMARKS
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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
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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.
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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 
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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 Tij 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 ( )2
∞− cp ρ , which was dipole in 

character, and had a velocity dependence at low Mach numbers of v6. 
 
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 v6, 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 ∞C/Vj  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’, ∞C/Vj ). 

 
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 (URANS) 
 
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 

NASA/CP—2001-211152 12



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 
quiet 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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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 Mj = 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 Mj = 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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Mj  = 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: 
 

• Separation of sound generation and propagation 

• Three steps to obtain the acoustic field 

• Determination of the aerodynamic field 

• Calculation of source terms 

• 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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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
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Instability Wave Model
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Axial Evolution Equations
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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

R

I

ii

rrp

rrp

p
r

n
MU

dr

pd

dr

dU

Urdr

pd

tnxiyptyxp

αω
α

ωααα

ααω
αω
α

ωθα

/  velocity Phase

  rateGrowth 

)(

iprelationsh dispersion with problem alueboundary v a is This

0 as finite )(ˆ

 as  waveoutgoingor  decays )(ˆ

case) ric(axisymmet conditionsBoundary 

0ˆ])[(
ˆ

)(
21ˆ

l)(isothermaequation Rayleigh 

)](exp[)(ˆ),,('

r

2
2

2
22

2

2

=
−=

=+

→
∞→

=−−−+








−
++

−+=

N
A

SA
/C

P—
2001-211152

93



PENNSTATE

1   8   5   5

Wave Properties

Growth rate

Phase velocity
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Amplitude and Phase Evolution
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Wavenumber Spectrum
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Matching to Acoustic Solution
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Computational Process
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Example Solution: Single Jet

(1985)Ponton  &Seiner  unheated,,2 :Experiment =jM

Analysis: Dahl and Morris, J. Sound Vib. Vol. 200 (1997)
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Example Solution: Single Jet

(1985)Ponton  &Seiner  unheated,,2 =jM

Analysis: Dahl and Morris, J. Sound Vib. Vol. 200 (1997)
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Example Solution: Single Jet

Experiment: Troutt and 
McLaughlin, J. Fluid 
Mech., Vol. 162 (1982)

Analysis: Tam and Burton, 
J. Fluid Mech., Vol. 138 
(1984)
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Example Solution: Single Jet

(1985)Ponton  &Seiner  unheated,,2 =jM

Analysis: Dahl and Morris, J. Sound Vib. Vol. 200 (1997)
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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-Associated Noise
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Shock-Associated Noise

Tam, J. Sound Vib. Vol. 116
1987

0.2,80.1 == dj MM
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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

Seiner, Bhat and Ponton, AIAA 93-0734
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Instability Waves in 
Non-Circular Jets

• Multiple instability modes
– Varicose, flapping and wagging

– Have nearly equal growth rates (flapping mode 
is 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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Frequency Spectrum

Seiner et al., DGLR/AIAA 92-02-046
24 Hz bandwidth
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Noise From Large-Scale
Turbulent Structures

Tam, Golebiowski & 
Seiner, AIAA 96-1716

St =0.12
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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 Scale Structures/Instability Wave Models 
Provide A Direct Link Between the Unsteady 
Turbulent Flow and The Radiated Noise

• Provide Information and Time and Length Scales 
of Turbulent Flow

• Does Not Predict Amplitude (Only Relative 
Levels)

• Increased Analytic Complexity for Non-Circular 
Jets

• Replacement by Direct Calculation Already 
Achieved

N
A

SA
/C

P—
2001-211152

118



P. Morris References 
 
1. Brown, G. L. and Roshko, A., (1974) “On density effects and large structure in 

mixing layers,” J. Fluid Mech., 64(4), pp. 775-816. 

2. Lepicovsky, J., Ahuja, K. K., Brown, W. H. and Morris, P. J., (1986) "Acoustic 
Control of Free Jet Mixing," J. Propulsion and Power, 2(4), pp. 323-330. 

3. Martens, S., Kinzie, K. W. and McLaughlin, D. K., (1994) “Measurements of 
Kelvin Helmholtz instabilities in a supersonic shear layer” AIAA J., 32(8),  
pp. 1633-1639. 

4. Gaster, M., Kit, E. and Wygnanski, I., (1985) “Large scale structures in a 
forced turbulent mixing layer,” J. Fluid Mech. 150, pp. 23-39. 

5. Tam, C. K. W. and Morris, P. J., (1985) "Tone Excited Jets, Part V:  A 
Theoretical Model and Comparison with Experiment," Journal of Sound and 
Vibration, 102, pp. 119-151. 

6. Dahl, M. (1994) “The aeroacoustics of supersonic coaxial jets,” Ph. D. thesis, 
Department of Aerospace Engineering, Penn State University. 

7. Seiner, J. M. and Ponton, M. K., (1985) “Aeroacoustic data for high Reynolds 
number supersonic axisymmetric jets,” NASA TP-2072. 

8. Tam, C. K. W. and Burton, D. E., (1984) “Sound generated by instability 
waves of supersonic flows. Part 2. Axisymmetric jets,” J. Fluid Mech., 138, 
pp. 273-295. 

9. Troutt, T. R. and McLaughlin, D. K., (1982) “Experiments on the flow and 
acoustic properties of a moderate Reynolds number supersonic jet,” J. Fluid 
Mech., 116, pp. 233-256. 

10. Dahl, M. and Morris, P. J., (1997) “Noise From Supersonic Coaxial Jets, Part 
II: Normal Velocity Profile Jets,” J. Sound and Vibration, 200(5), pp. 665-699. 

11. Tam, C. K. W., (1987) “Stochastic model theory of broadband shock associated 
noise from supersonic jets,” J. Sound and Vibration, 116, pp. 265-302. 

12. Tam, C. K. W. and Tanna, H. K., (1982) “Shock-associated noise of supersonic 
jets from convergent divergent nozzles,” J. Sound and Vibration, 81(3),  
pp. 337-358. 

13. Morris, P. J., Chen, G. and Bhat, T. R. S., (1989) "A Linear Shock Cell Model 
for Jets of Arbitrary Exit Geometry," J. Sound and Vibration, 132(2),  
pp. 199-211. 

NASA/CP—2001-211152 119



14. Seiner, J. M., Bhat, T. R. S. and Ponton, M. K., (1994) “Mach Wave Emission 
from a High-Temperature Supersonic Jet,” AIAA Journal, 32(12),  
pp. 2345-2350. 

15. Morris, P. J. and Bhat, T. R. S., (1991) "The Prediction of Noise Radiation 
from Supersonic Elliptic Jets," AGARD 78th B Specialists' Meeting on 
Combat Aircraft Noise, Conference Proceedings 512, Bonn, Germany. 

16. Tam, C. K. W., Golebiowski, M. and Seiner, J. M., (1996) “On the two 
components of turbulent mixing noise from supersonic jets,” AIAA Paper  
No. 96-1716. 

17. Mankbadi, R. and Liu, J. T. C., (1984) “Sound generated aerodynamically 
revisited: large scale structures in a turbulent jet as a source of sound,”  
Phil. Trans. Roy. Soc. Lond. A, 311, pp. 183-217. 

 
 

NASA/CP—2001-211152 120



 
 
 
 
 
 
 
 

Review of Noise Data 

and Recent Advances in 

Jet Noise Theory 

 

Christopher Tam 
Department of Mathematics 

Florida State University 
 

NASA/CP—2001-211152 121





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 Vj8 at subsonic jet speeds and proportional to Vj3 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 Vj3 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 /c
�
 

and Tst /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 Vj3 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 Vj6. The conclusion to Part 1, expressed by Tam, that the Vj3 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-ε  
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 qs  = (2/3) ρ ks, and this equals the turbulent 
pressure fluctuations. Tam then linearized the Reynolds Average Navier-Stokes 
(RANS) equations and retained only the derivatives of qs as the noise source terms. 
 
Comments from Lilley: Tam showed that qs is related to an isotropic model of the 
turbulence so that < ρ  v2> = (2/3) ρ  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 ( )( )0 0, , V 21 xV =  and writing ∇+∂∂=  V t /  /0 DtD we  
find 21200 /0 dxdVip ������  : D ��� / Dt  D ρυρυυρρ   -  -    ∇=∇+=•∇+ . 
 
The stagnation energy equation, for an isentropic flow, when combined with the 
equation of continuity gives, 
 
(1/c

�

2 )D0 (p - c
�

2 ρ )/Dt = - (�-1)/2c
�

2 D0 ρ v2/Dt - �� ρ v(hs - h� )/h
�  - ((�-1)/c

�

2 ) 
ρ v1v2 dV1/dx2. 

 
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 qs  is proportional to the 
kinetic energy of the fine scale turbulence, and is defined as a function of (x1, 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) �2 Txx/� t2  = 
(1/c

�

2) D02 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-ε  turbulence model. Extensive comparisons with 
measured spectra at a number of angles between �  = 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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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 I 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, � = 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  
Vj8 whereas at low Mach numbers the hot jet had an additional source proportional 
to Vj6.  
 
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 Tij 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 Tij 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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Formal Solution for Pressure
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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

N
A

SA
/C

P—
2001-211152

296



Question 1 Observations

• First Principles Derivation of Free-Space 
Acoustic Wave Equation is 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.
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Question 2 Comments

• Total Acoustic Power Predicted For Jets 
with Round Geometry Only.

• Theory Predicts Zone of Silence Where 
Most Sound is Observed.

• Flight Effects Well Represented. (Note 
flight effect is best sound suppression 
method ever seen)
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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
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Jet Noise Source Components
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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 PIV System Schematic

1K X 1K
Digital Camera

Dual Resonator Nd-Yag Lasers

IDT Flex ControllerWorkstation
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Turbulence Velocity Correlations Across Jet
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Effect of Water Injection On Source Correlations
Baseline Jet

Jet With Water Injection

Krothpalli, Venkatatakrishnan, Elavarasan, & Lourenco, AIAA Paper 2000-2025
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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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University
of Southampton

Dissipation noise from unbounded flows 
(Kambe 1984)

• Monopole component of radiated pressure:

( ) ( )

( ) ( ) ( )

2
mono 0 diss

2
3

5 d4
3 d

5 1       
3

Rp c E
t

π γ

γ γ

−≈ −

− = − + −

!

entropy 
production

direct 
Reynolds 
stresses
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Two-dimensional mixing layer
(Brown & Roshko 1974)
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Equivalent sources in a high-speed shear flow 
(Lilley 1974; Goldstein 1976,1984)

• Euler equations for inviscid flow:

• Linearised about a parallel shear flow, these provide a 

wave equation for sound propagation:

1 1,    ,    0.D D Dsq P
Dt Dt Dt
ρ

ρ ρ
∇ ⋅ = − = − ∇ =uu f

( ) ( )L 0   when 0 and 0p q= = =f

( )U y
( )yρ ( )c yy
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Source term in the Lilley�Goldstein analogy 

• Nonlinear source term, due to second-order 

interactions, is equivalent to a force field per unit mass 

applied to the linearised equations:

( ) 1
j i j

i j

pf u u
x xρ

′ ∂ ∂′ ′≈ − −   ∂ ∂

( ) ( )
2

2
D D +2

DD
qQ U
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Application of the Lilley�Goldstein analogy to 
sound radiation from a turbulent jet

( ) ( )
( ) ( )

,   
,  

I
F

I
φ

φ

θ φ
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with flow
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Flow factor trends in a hot jet:
Monopole and dipole source models

Case 
Source 

type 
Physical 

interpretation 
Source term ( )a,Q tx  

θ0 
dependence 

of flow 
factor 

Asymptotic 
Ω, M 

dependenceb 
Coefficientc 

Dominant 
mode 

1A Monopole 
Point volume 
displacement ( ) ( )[ ]

3

3 s
D A t
Dt

δ −x x  – – 1 0m =  

2A Dipole 

Point volume 
displacement 

r-dipole 
(Tester & 
Morfey 
1976) 

( ) ( )[ ]
3

3 r r s
D A t
Dt

δ− −x x  – – 
2

4s
s

m
Dρ

ρ
      1m = ±  

2B Dipole 

Point radial 
force 

(Goldstein 
1976) 
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2
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ρ
ρ
      1m = ±  

 

a The radial-dipole singularity is defined by 

b In the limits 

c In the plug flow limit  

rδ ( ) ( )[ ]
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r r
r r

δ δ∂=
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Flow factor trends in a hot jet:
Volume displacement dipole and quadrupole

Case Source type 
Physical 

interpretation 
Source term ( )a,Q tx  

θ0 
dependence 

of flow 
factor 

Asymptotic 
Ω, M 

dependence 
Coefficient 

Dominant 
mode 

2A Dipole 
Point volume 
displacement 

r-dipole 
( ) ( )[ ]

3

3 r r s
D A t
Dt

δ− −x x  – – 
2

4s
s

m
Dρ

ρ
      1m = ±  

3A Quadrupole 

Point volume 
displacement 

rr-
quadrupole 

( ) ( )[ ]
3

3 rr rr s
D A t
Dt

δ −x x  2
0

1
sin θ

 
2 2
1

M Ω
 ( ) 2

04 d
3 dm s

r
r
ρ

ρ
 
 
  

 1m = ±  

 
a The radial-quadrupole singularity is defined by rrδ ( ) ( )[ ]

2
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rr r
r r

δ δ∂=
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x x
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Flow factor trends in a hot jet:
Point force models (Goldstein 1976)

Case 
Source 
Type 

Physical 
interpretation 

Source term ( ),Q tx  

0θ  
dependence 

of flow 
factor 

Asymptotic 
, MΩ  

dependence 
Coefficient 

Dominant 
mode 

2B Dipole 
Point radial 

force 

( ) ( )r r s

D
B t

Dt
δ− −  x x  

( ) ( )d
2

dr s

U
B t

x r
δ∂  + − ∂  

x x  
_ _ 

2

s
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ρ
ρ

 
 
 

 1m = ±  

3B Quadrupole 

Point radial 
force 

distribution 
of r-dipole 

type 

( ) ( )r rr s

D
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Flow factor trends in an isothermal jet:
Dipole models

 

Case Source 
type 

Physical 
interpretation 

Source term ( ),Q tx  

θ0 
dependence 

of flow 
factor 

Asymptotic 
Ω, M 

dependence 
Coefficient Dominant 

mode 

2A Dipole 
Point volume 
displacement 

r-dipole 
( ) ( )[ ]

3

3 r r s
D A t
Dt

δ− −x x  – – 4
sD  1m = ±  

2B Dipole Point radial 
force 

( ) ( )[ ]
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d2
d
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D B t
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UB t
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δ
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− −
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x x

x x
 – – 1 1m = ±  

2C Dipole 

Point r-
dipole, 

temporal 
order 

3ν ≠  

( ) ( )[ ]r r s
D C t
Dt
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ν δ− −x x  

2
0

2
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θ

 2
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 ( ) ( )22 2 83 s sD νν φ −′−  0m =  

 
 

N
A

SA
/C

P—
2001-211152

393



University
of Southampton

Flow factor trends in an isothermal jet:
Quadrupole models

 

Case Source 
type 

Physical 
interpretation 

Source term ( ),Q tx  

θ0 
dependence 

of flow 
factor 

Asymptotic 
Ω, M 

dependence 
Coefficient Dominant 

mode 

3A Quadrupole 

Point volume 
displacement 

rr-
quadrupole 

( ) ( )[ ]
3

3 rr rr s
D A t
Dt

δ −x x  
2

0
2

0
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sin
θ
θ

 2
1
Ω

 ( )2 216
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Point radial 
force 
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of 

r-dipole type 

(as 3B earlier) 
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(no gradient term) 
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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

• The influence persists at low Strouhal numbers

and for thin shear layers

• Two alternative radial dipole models both predict

( )0M →

( )0Ω →

( )2s
m

F ρ
ρ≈

( )/ 0δ λ →

MODEL A

Cancelling
volume
displacements

MODEL B

Point
radial
force

N
A

SA
/C

P—
2001-211152

395



University
of Southampton

Conclusions from Lilley�Goldstein 
models for jet noise radiation

• Two alternative radial-radial quadrupole models both predict

for sources in a mean density gradient

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

velocity gradient

( )2 2 2
d 1 1
d

F
r M
ρ ⋅ ⋅

Ω
∼

MODEL A (Tester/Morfey)

Cancelling
volume
displacements
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Conclusions from Lilley�Goldstein 
models for jet noise radiation

• Model A for quadrupole sources corresponds to

• Altering the temporal order from 3 leads to radically different 

predictions for sources in a mean velocity gradient:

• This would lead to               for an ambient-density turbulent jet6I U∼

( )2 222

2 2 4
d 3 1 D    for 

Dd
ij

i j

qUF Q
t x xr M

ν

ν
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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 Mj = 1.5 and Tj = 875K with a line-source model in both the near 
and far fields. His conclusions were summarized as follows: 
 

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

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

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

• 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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),ŷ(q~

a4

1
∫ ω

π
=

FIXED FRAME ANALYSIS

Power Spectral Density of p :

LIGHTHILL’S EQN:
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CONCLUSIONS

❚ OVERALL AND FILTERED TWO-POINT SPACE-TIME CORRELATIONS OF u1 AND 
u1

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
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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

System at any order n:
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Pressure mode:
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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: 

• The two source model for jet noise source distribution 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 distribution, 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. 

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

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

• Both non-uniform source directionality and phase can bias the results. 

• Attempts have been made to account for jet refraction effects. 

• 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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Objectives

• To review jet noise source location
measurements : What has been measured?

• To identify new approaches to jet noise
source location: What should be measured?
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Outline of Talk

• Jet Noise Source Location prior to 1985

• Recent measurements

• Modern array processing methods

• Recommendations for the future
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Jet Noise Source Location prior to 1985

• Acoustics Mirrors
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 Source Breakdown
Tester and Fisher (1981), Strange et al(1984)
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Kirchhoff Surface

Monopole and Dipole
Surface Source Distribution

Source Strength
• The only undisputed  definition of source strength is
defined on a Kirchhoff surface enclosing all the sources.
• The issue is how to determine the source distribution inside
the surface.
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Probe in the flow

Far field microphone

Correlation Volume dV

Tailpipe 
microphone

Causality Correlation (Siddon (1971))

• Attempts to correlate the velocity fluctuations in the jet with
far field acoustic signature.
• Correlation tends to zero when dV/V   is small
• 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) )

source volume V
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Acoustic FieldSource Strengths *Source Model*Propagation =

Acoustic
Measurements

= [Source Model*Propagation]-1 *
Estimated
Source Strengths

Inverse of source model
(sensitivity to noise can be an issue)

Source Location from the Acoustic Field

Non-acoustic inputs

• The value of the estimated source 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>>λ

ρ' co
2(x,ω ) = −k2

V
∫ Trr (y,ω )

eikr

4πr
dV

⇒ ρ' co
2(x,ω ) =

V
∫ q(y,ω )

eikr

4πr
dV

•  q is a  model for Trr  if the inherent directionality of Trr is
constant over the measurement region.
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Stochastic Nature of Jet Noise

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

Cpp (x, ′ x ,ω ) =
V
∫

V1

∫ π
T

Ex[q(y,ω )q*(y1,ω )]
eik (r−r1' )

(4π)2 rr1'
dVdV1

=
V
∫ Q(y,ω, ′ x )

eik(r−r ' )

(4π)2 rr '
dV       

Q(y,ω, ′ x ) =
V1

∫ π
T

Ex[q(y,ω )q*(y1,ω )]
′ r eik ( ′ r −r1' )

r1'
dV1

r =| x − y |       r1' =| x' −y1 |       r' =| x' −y |

•  Q  is directional and depends on the coherence between
source fluctuations
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• The source directionality can be specified as a bias error
which tends to zero if the measurement aperture is small.
•The primary effect of source directionality is to modify the
weightings which are applied to each array element.
•The effect of source directionality is more severe for near
field arrays

Near Field Array

Far Field Array

Source Directionality
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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.
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Array resolution
Array resolution is determined by the angles subtended by
the ends of the array and the wavelength

-15 -10 -5 0 5 10 15
-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

λ/sinαm

αm

N
A

SA
/C

P—
2001-211152

452



Jet noise source distributions(Harper-Bourne)

Str=1Str=2

Str=0.3
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Source Centroid as a Function of Frequency

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

Cold jet

Hot Jet

Effect of
secondary flow
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Shock associated noise
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Engine Noise Sources
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Automated Source Breakdown (Tester and Fisher (1981))
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Inlet Noise
By-pass duct

Core Jet

C(x, ′ x ,ω ) = Ai
i=1,2 ,3
∑ eikyi sinα + A4

(1+ (ikyc sinα ) / m)m

sinα = (x1 − ′ x 1) / | x − ′ x |          | x − ′ x |= constant

• Tester and Fisher(1981) were able to invert this equation
without instability problems and generate individual
source spectra.
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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
spectra were presented for both
model and full scale
applications with flight effects.

secondary jet noise primary jet noise
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Recent Developments

• 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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Far field microphone pair

Laser light sheet

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.
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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

0 10 20 30

            Str~2

0 10 20 30
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20D

Phased Array

Phased Array Study:
Narayanan et al (2000), Venkatesh et al (2000), Simmonich et al (2000)

• Adaptive processor used to give resolution of 5D at all
frequencies
• Compared source location results with flow
measurements
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• Source distributions were reported to be of a smaller 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 frequencies).

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

Phased Array Study:
Narayanan et al (2000), Venkatesh et al (2000), Simmonich et al (2000)
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Modern Array Processing
Methods
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Qmeas =Ginv C (Ginv)H           Ginv~G-1

C=GQGH

Modern Signal Processing Techniques

p(xm ) = q(y)G(∫ xm | y)dV

pm =
n
∑ Gmnqn

Cmj = π
T

Ex[pmpj*] =
n
∑

k
∑ GmnGjk

* Qnk        

Qnk = π
T

Ex[qnqk*]

• Choosing the correct inversion scheme can improve results
• Geometry of the array  defines G  and is not necessarily constrained
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Method Ginv

Polar Correlation ((Ginv)H sparse)
Acoustic Telescope Specified analytically
Conventional Beamforming

Automated Source Breakdown Found iteratively from a
 constrained parameter set

Minimum Variance Determined from C

CLEAN Iterates to eliminate loudest
sources

Alternative Approaches
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R

y=5D

Str=0.3  M=0.9

Estimating the Source Distribution using
Conventional Beamforming

Ginv= exp(-ikyxm /R)

Conventional beamforming for a linear
array at R=5,25,100D
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R

y=5D

Str=0.3  M=0.9

Estimating the Source Distribution from Least
Squares Inversion of Cross Spectrum Matrix

Ginv=(GHG)-1GH
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Least Squares inversion for a linear array 
at R=5,25,100D
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SVD inversion for a linear array 
at R=5,25,100D (Stable estimate)

Condition Number κ~1
10dB of noise added

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 eigenvectors of cross spectral matrix C
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at R=5,25,100D (Less stable estimate)

Condition Number κ~106

10dB of noise added

Condition number can be adjusted using Tikonov regularization
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Modal Decompositon of Source Strength
 Glegg and Devenport (2000)

For any stochastic source distribution

q(y,ω ) =
m
∑ amq(m) (y,ω )

π
T

Ex[q(y)q*(y1)] =
m
∑ λmq(m)(y) q(m)(y1)( )*

Cpp(x, ′ x ,ω ) =
m
∑ λm

V
∫ q(m)(y)

eikr

4πr
dV

 

 
 
 

 

 
 
 

V1

∫ q(m) (y1)
eikr1'

4πr1'
dV1

 

 

 
  

 

 

 
  

*

•  q(m)(y) are the distributions 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 Identification 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. 

• The improvement in core/fan mixing results in significant noise 
reduction. 
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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. 
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• Both 1-D and 3-D array measurement techniques were successful in 
identifying noise source locations. 

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

• Test Description
• Far Field Noise
• 1-D FF Array
• 3-D NF Array
• Comparisons
• Conclusions
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Honeywell EVNRC  Honeywell EVNRC  -- Some StatisticsSome 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
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Engine DescriptionEngine Description

TFE731-60 Turbofan Engine
– Takeoff, Sea Level, Static Thrust = 5000 lb
– 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
– IAI Astra SPX
– Dassault Falcon 50EX
– Hawker 450
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• 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

Honeywell Outdoor Acoustic Test FacilityHoneywell Outdoor Acoustic Test Facility

• SAE ARP 1846 Standard
• FAA Approved
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Various Core and Bypass Nozzle Configurations Various Core and Bypass Nozzle Configurations 
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Engine Match Configuration - highest thrust (98% speed)
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

Core Nozzles
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Significant EPNL benefit measured -
confirmed results from NASA Glenn rig test 
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Focus on Two Nozzle Configurations...Focus on Two Nozzle Configurations...
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3BB

Infrared Images of PlumeInfrared Images of Plume

3AC

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

Infrared 
image data 

from Agboola 
and Bridges
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NASA Glenn 1NASA Glenn 1--D Phased Array at San Tan FacilityD 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'
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NASA Glenn 1NASA Glenn 1--D Array PerformanceD Array Performance

• Point Spread Function obtained by 
synthesizing signals at array 
microphones for a known source 
location, then beamforming for all 
possible locations.

• Here, source is at 0, 6, and 15 feet 
downstream of nozzle on jet axis.

• No spurious sidebands above 6dB.
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Boeing Near Field 3Boeing Near Field 3--D “Cage” ArrayD “Cage” Array

• 103 Kulite microphones in a sparse, 
logarithmic array 
• Speakers used for calibrations
• Photogrammetry used for positions
• Coaxial shear layers modeled for 
ray tracing analysis 
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Cage Array Point Spread FunctionsCage Array Point Spread Functions

8.25 fan nozzle dia. downstream2.5 Fan nozzle dia. downstream

Cage array data from Dougherty
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Cage Array Results Cage Array Results -- Baseline Nozzle (3BB)Baseline Nozzle (3BB)
250 Hz125 Hz 

Cage array data from Dougherty
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Cage Array Results Cage Array Results -- Baseline Nozzle (3BB)Baseline Nozzle (3BB)
500 Hz400 Hz 

Cage array data from Dougherty
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Cage Array Results Cage Array Results -- Baseline Nozzle (3BB)Baseline Nozzle (3BB)
800 Hz630 Hz 

Cage array data from Dougherty
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Cage Array Estimate of Noise Benefit of 3AC NozzleCage Array Estimate of Noise Benefit of 3AC Nozzle
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Comparison of Far Field 1Comparison of Far Field 1--D & Near Field 3D ArraysD & Near Field 3D Arrays
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Comparison of Far Field 1Comparison of Far Field 1--D & Near Field 3D ArraysD & Near Field 3D Arrays
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Source Location ComparisonSource Location Comparison

• Maximum SPL estimated from classical 
beam-forming

• Comparison made with “classic” source 
location empirical model,
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Next Step Next Step -- EVNRC Flight TestEVNRC Flight Test

• Determine if the 
hardware tested 
statically will 
achieve similar 
noise reductions 
in flight
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ConclusionsConclusions

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

• The improvement in core/fan mixing results in 
significant noise reduction

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

• Source location data from this test program 
confirms the classical semi-empirical location 
model
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Source Identification & Location Technique – Using a Phased Array  
Thonse R. S. Bhat, Boeing Commercial Airplane Group as summarized by 
Eugene Krejsa. 
 
Dr. Bhat presented results from the use of a phased array system. Sample results 
from the application of this system to the determination of airframe noise source 
locations. A detailed summary of beamforming theory was presented. The 
conclusion of this summary was that “if the array is well designed and the steering 
vectors are correctly computed, then the plot (the beamform map) will have peaks 
corresponding to the true sources, with the peak heights equal to the source 
strength (magnitude squared).” 
 
Results from the application of phased arrays to scale model tests, at Glenn 
Research Center, of separate flow nozzles were presented. These small scale tests 
were for geometries and noise reduction concepts similar to those tested during the 
engine test described by Mr. Weir of Honeywell. Three array configurations were 
used during these small scale tests. Each of the arrays were purported to have their 
own advantages. A large 7 arm logarithmic spiral array was used to determine 
source density both axially and vertically. This array was described as working best 
between 1000 and 8000 Hz. A small 7 arm logarithmic spiral was used to determine 
source location in two dimensions over a frequency range of 8000 to 50000 Hz. A 
linear sideline array was also used. This array provided source location along the 
jet axis over a frequency range of 1000 to 50000 Hz. 
 
Results from these tests indicated that, at low frequencies, a single source exists at 
several diameters downstream of the nozzle exit. The location of this did not seem 
to move with frequency. At higher frequencies a second source appeared near the 
nozzle exit. This source appeared to be less sensitive to power setting and flight 
Mach number then the downstream source. 
 
The following conclusions were made by Dr. Bhat: 
 

• Phased arrays can be used to qualitatively image jet noise sources. 

• Two separate source regions exist, one upstream near the nozzle exit 
and one several nozzle diameters downstream. 

• The upstream region is less affected by increases in power than the 
downstream. 

• The upstream is less affected by increases in tunnel Mach number 
than the downstream. 
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In the open discussion following the presentation it was recommended that a good 
benchmark experiment be conducted to obtain validated results. It was also 
suggested that the results from the small scale tests be compared with those from 
the engine test. 

NASA/CP—2001-211152

• Jet mixing devices increase the upstream region and decrease the 
downstream region. 

• Preliminary results of using phased array measurements to determine 
far-field spectra are promising. 
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NOISE ENGINEERING TECHNOLOGY
Boeing Commercial Airplane Group 

Source Identification & Location 
Technique - Using a Phased Array

Thonse R. S. Bhat

Jet Noise Workshop
Ohio Aerospace Institute

Cleveland, OH

November 7-9, 2000
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• Sample applications

• Theory

• Example

• Jet Noise Test Results

NOISE ENGINEERING TECHNOLOGY
Boeing Commercial Airplane Group 

Outline
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• Airframe noise
– Flap-edge noise

– Slat noise

– Landing gear noise

• Engine noise
– Inlet fan noise

– Aft fan noise

– Jet noise

NOISE ENGINEERING TECHNOLOGY
Boeing Commercial Airplane Group 

Sample Applications
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OPEN PODIUM PRESENTATIONS as summarized by Eugene Krejsa. 
 
Mr. Marcus Harper-Bourne of DERA presented typical results from the application 
of the polar correlation technique and results from azimuthal correlation. Results 
indicated that there may be two source distributions within the jet at a given 
frequency. Results from azimuthal correlation indicated that the jet noise sources 
are located just outside of the jet lip line for a single flow jet. The method could be 
applied to coaxial jets.  
 
Conclusions made by Mr. Harper-Bourne are: 

• The acoustic analogy with microphone correlation continues to be 
useful as a source location and diagnostic tool at both model and full 
scale 

• Extension of polar correlation to azimuthal correlation was 
demonstrated for lateral source measurement. 

• A simplified method involving correlation of the sound at two 
microphones placed at diametrically opposite sides of a round jet was 
developed and analyzed. 

• Used successfully on a model air jet in an anechoic chamber 

• Potential use of the method on coaxial jets was illustrated 
 

Dr. Jay Panda of NASA Glenn presented results obtained by cross-correlation of 
measured density fluctuation within a jet with far-field sound. The density 
fluctuations were measured using a Rayleigh scattering technique. For subsonic 
flow the correlations were very low, while for supersonic flow significant correlation 
was measured. 
 
Dr. Venod Mengle of Rolls Royce presented an analytical approach to separate 
internally generated noise sources and those external sources within the core near 
the jet exit from and externally generated noise for internal mixer nozzles. The 
approach was based on the assumption that internal noise sources and those 
external sources within core near the jet exit do not change with free jet speed 
whereas the other external sources do. The method was applied to several mixer 
nozzle configurations. Internal noise dominated at high frequencies. Dr. Mengle 
found that internal sources are more dominant in unscalloped mixers than 
scalloped generally at higher speed over an angular range of 75 to 100 degrees from 
the jet inlet axis. 
 
Dr. Krish Ahuja of Georgia Tech summarized a source location technique based on 
the polar directivity of the coherence of far field microphones as a function of 
microphone separation. The technique has been applied to identify jet source 
distributions. 
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r0

r1

r2

′r1

αααα

dV

dV
ŷ η̂

′′′′r2

r0

M2

M1

WAVE FIELD IMAGE SYNTHESIS USING MICROPHONES
(AIAA 98-2357)

21

}rr{jK

ŷ

112 rr
dV

e),ŷ(q~)(C~ 21−−ω=ω ∫

For α small, general equation for cross 
power spectral density (cpsd) or cross-
spectrum between two field points for a 
3D source is:

∫ α−ω=ωα
1

1

y
1

sinjKy
1 dye).,y(S~),(R~

Applying (1) to an axial line source S(y) 
yields the Polar Correlation eqn:

dke).,(R~
2
1

),y(S~
m

m

1

k

k

jky
1 ∫

−

ωα
π

=ω′

0mm a/KandsinKk ω=α=

(1)

(2)

(3)

where S is the source strength per unit 
slice of jet and R and S are a Fourier 
Transform pair. Hence:
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ϑΕΤ ΝΟΙΣΕ ΑΞΙΑΛ ΣΟΥΡ ΧΕ ΙΜΑΓ ΕϑΕΤ ΝΟΙΣΕ ΑΞΙΑΛ ΣΟΥΡ ΧΕ ΙΜΑΓ ΕϑΕΤ ΝΟΙΣΕ ΑΞΙΑΛ ΣΟΥΡ ΧΕ ΙΜΑΓ ΕϑΕΤ ΝΟΙΣΕ ΑΞΙΑΛ ΣΟΥΡ ΧΕ ΙΜΑΓ Ε
1 ινχη Ρ ΟΥΝ∆ ϑΕΤ, ς Ρ =0.8, 1 ινχη Ρ ΟΥΝ∆ ϑΕΤ, ς Ρ =0.8, 1 ινχη Ρ ΟΥΝ∆ ϑΕΤ, ς Ρ =0.8, 1 ινχη Ρ ΟΥΝ∆ ϑΕΤ, ς Ρ =0.8, θθθθ =90 δεγ . =90 δεγ . =90 δεγ . =90 δεγ . 
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APPLICATION OF EQN (1) TO AZIMUTHAL CORRELATION

M1

Azimuthal 
Separation

(α=0)(α=0)(α=0)(α=0)

ββββ

M2

r1

r2

r0

r0

σσσσ

ψψψψ
Y1

y1

Y2

dQ

−β−β−β−β

Y3

The inverse transform of (4) yields average 
radial source image at frequency •  :-

R and Q are Hankel Transform pair.

∫
∞

σβσωσσ=
ω
ωβ=ωβ

0

0 d)sinK2(J),(Q
),0(C
),(C

),(R

β+βα=− siny2cos.siny2rr 3121

∫ σω=ωσ′
mk

0

0 dk)k(J),k(Rk),(Q

maxm sinK2kandsinK2kwhere β=β=

(4)

(5)

For azimuthal microphone separation:

For a round jet eqn. (1) can be reduced 
to the form
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Radius σψψψψ
dV

M2

M1

r2

r1

α=0, β=900

FREQUENCY AVERAGED RADIAL SOURCE IMAGE (β=90β=90β=90β=900000))))

Radial Source Image is obtained from the 
inverse Hankel Transform, namely:-

ψσ=− sin2rr 21

∫
∞π

π σσσσ=
ω
ω=ω

0

0
2

2 d)K2(J)(Q
),0(C
),(C

),(R

∫ σω=ωσ′ π
mk

0

02 dk)k(J),(Rk),(Q

maxm K2kandK2k ==

i.e. a Hankel Transform pair

(6)

(7)

and        is the average radial source 
strength for the whole jet and all frequencies

Q′

With the microphones fixed on diametrically 
opposite sides of the jet and normal to it:
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ANNULAR ‘POINT’ SOURCE FUNCTION

.......etc
x

)x(J
]xba[

x
)x(J

]xba[
x

)x(J
]xba[)x(Jb)x,(H 3

33
2

22
1

1100 +++++++=ν

)]K2(J)K2(J)K2(J)K2(J[
K

)(Q m1m0m1m022
m σσ′σ−σ′σσ′
σ−σ′

=σ′

)K2(J)(R 0 σ′=ω

Derivation of an annular (point) source image for the radial 
source problem is outlined here: σ’

dσ

)(Q
K2

][
)x,(H

m

σ′−σ′σ′+σ=ν

)(J)(Jb 100 νν=

)](J)(J)[(Jb 2001 ν−νν=

)](J)(J)[(Jb 3102 ν−νν−=

)](J)(J)[(Jb 4203 ν−νν=

…………etc

σ′=ν mK2

)](J2b[a 2
111 ν+ν=

)](J)(J2b[a 2122 νν−ν=

)](J)(J2b[a 3133 νν+ν=

…………etc

[ ] ν−µ=σ−σ= 'K2x m

0

max
m a

K
ω=

Applying the Hankel transform, eqn (7), yields for the image: 

Applicable cross-spectrum is

We can expand Q in a Bessel series to obtain:

Where

and
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(A) CPSC, Tuncated at 40KHz
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(B) Hankel Transform of Fig. A
Showing Constituent Bessel Components
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M1 M2

Jet flow

1 1 1 1 inch dia. nozzle D
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Plenum 
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EXPERIMENTAL TEST SET-UP FOR LATERAL 
SOURCE MEASUREMENT ON SUBSONIC UNHEATED 

ROUND AIR JET IN AN ANECHOIC CHAMBER
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(a) Overall Correlations 
measured for two jet speeds

(b) Measured Cross-Power 
Spectral Density (CPSD) two jet 

speeds
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(B) Hankel Transform of Fig. A
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(a) CPSD for Coaxial 
Source Simulation
(Ss =Sp ; Rs = 2Rp )

(A) CPSC for Simple Coaxial Jet Model
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CONCLUSIONS

❚ THE LIGHTHILL ACOUSTIC ANALOGY APPLIED TO MICROPHONE 
CORRELATION CONTINUES TO BE USEFUL IN THE DEVELOPMENT 
OF SOURCE LOCATION / DIAGNOSTIC TOOLS AT BOTH MODEL 
AND FULL SCALE

❚ EXTENSION OF POLAR CORRELATION TO AZIMUTHAL 
CORRELATION HAS BEEN DEMONSTRATED FOR MEASUREMENT 
OF LATERAL (RADIAL) SOURCE DISTRIBUTIONS

❚ APPLICATION OF THE METHOD TO A ROUND SUBSONIC SMALL 
SCALE AIR JET IN AN ANECHOIC CHAMBER HAS SUCCESSFULLY 
IDENTIFIED THE MAIN NOISE PRODUCING REGION IN THE CENTRE 
OF THE SHEAR LAYER CONSISTENT WITH OUR CURRENT 
UNDERSTANDING OF JET MIXING NOISE. 

❚ THIS RESULT  ALSO SUPPORTS THE VALIDITY OF THE LIGHTHILL 
ANALOGY WHEN SMALL LATERAL SCALES AND ISOTROPY IN THE 
LATERAL PLAIN ARE ASSUMED

❚ POTENTIAL USE OF THE METHOD ON COAXIAL JETS HAS BEEN 
ILLUSTRATED

N
A

SA
/C

P—
2001-211152

558



 
M. Harper-Bourne References  

 
 
1. M Harper-Bourne, “Radial Distribution of Jet Noise Sources Using Far-Field 

Microphones”, AIAA Paper 98-237, 4th AIAA/CEAS Aeroacoustics Conference, 
Toulouse, France, June 1998. 

 
2. M Harper-Bourne, “Jet Near-Field Noise Prediction”, AIAA Paper 99-1838, 

5th AIAA/CEAS Aeroacoustics Conference, Seattle, May 1999. 
 

3. M Harper-Bourne, “Twin-Jet Near-Field Noise Prediction”, AIAA Paper 2000-
2084, 6th AIAA/CEAS Aeroacoustics Conference, Maui, June 2000. 

 
 

NASA/CP—2001-211152 559





 
 

Sound Source 

Identification through 

Flow Density 

Measurement and 

Correlation with  

Far Field Noise 
 

 
J. Panda 

Ohio Aerospace Institute 
 

R. G. Seasholtz 
NASA Glenn Research Center 

NASA/CP—2001-211152 561





NASA/CP—2001-211152 563



NASA/CP—2001-211152 564



NASA/CP—2001-211152 565



NASA/CP—2001-211152 566



NASA/CP—2001-211152 567



NASA/CP—2001-211152 568



NASA/CP—2001-211152 569



J. Panda References 
 
 
1. Panda, J.: "Shock oscillation in underexpanded screeching jets," Journal of 

Fluid Mechanics, vol. 363, pp. 173-198, 1998. 
 
2. Panda, J., "An Experimental Investigation of Screech Noise Generation," 

Journal of Fluid Mechanics, vol. 378, pp.71-96, 1999. 
 
3. Panda J., Raman, G. & Zaman, K. B. M. Q. "Underexpanded screeching jets 

from circular, rectangular and elliptic nozzles," AIAA paper no. 97-1623, 3rd 
AIAA/CEAS Aeroacoustics conference, May 1997. 

 
4. Panda, J. & Seasholtz, R. G. “Shock structure and shock-vortex interaction in 

screeching jets measured using Rayleigh scattering,” Physics of Fluids, vol. 11, 
no. 12, 3761-3777, Dec. 1999. 

 
5. Panda, J. & Seasholtz, R. G. “Investigation of density fluctuations in 

supersonic free jets and correlation with generated noise,” AIAA paper 2000-
2099, 6th AIAA/CEAS Aeroacoustics conference, June 2000. Also submitted to 
the Journal of Fluid Mechanics. 

 
6. Panda, J. & Seasholtz, R. G. “Velocity and Temperature Measurement in 

Supersonic Free Jets Using Spectrally Resolved Rayleigh Scattering,” AIAA 
paper no. 99-0296, 37th AIAA Aerospace Sciences Meeting and Exhibit, 1999. 

 
7. Panda, J. & Zaman, K. B. M. Q. “Density fluctuations in asymmetric nozzle 

plumes and correlation with far field noise,” AIAA paper no 2001-0378, 39th 
AIAA Aerospace Sciences Meeting & Exhibit, 2001. 

 
 

NASA/CP—2001-211152 570



 
 

 

 

Finding Internal Excess 

Jet Noise Source 

Characteristics by 

Varying Free-Jet Speed 

 
 

Vinod G. Mengle 
Rolls-Royce, Indianapolis 

 
 

NASA/CP—2001-211152 571





N
A

SA
/C

P—
2001-211152

573



N
A

SA
/C

P—
2001-211152

574



N
A

SA
/C

P—
2001-211152

575



N
A

SA
/C

P—
2001-211152

576



N
A

SA
/C

P—
2001-211152

577



N
A

SA
/C

P—
2001-211152

578



N
A

SA
/C

P—
2001-211152

579



N
A

SA
/C

P—
2001-211152

580



NASA/CP—2001-211152 581



N
A

SA
/C

P—
2001-211152

582



N
A

SA
/C

P—
2001-211152

583



N
A

SA
/C

P—
2001-211152

584



N
A

SA
/C

P—
2001-211152

585



N
A

SA
/C

P—
2001-211152

586



N
A

SA
/C

P—
2001-211152

587



N
A

SA
/C

P—
2001-211152

588



N
A

SA
/C

P—
2001-211152

589



N
A

SA
/C

P—
2001-211152

590



N
A

SA
/C

P—
2001-211152

591



N
A

SA
/C

P—
2001-211152

592



�

 
V. G. Mengle References 

 
1. Mengle, V. G., Shin, H-W., Askew, J., Whitfield, C.E. (1992): Aero-

Performance and Aero-Mixing Tests of 2D-CD Mixer/Ejector Nozzles. Part II. 
Sample of Aero-Mixing Test Data & Inferences. Paper No. 1, 1st 
NASA/Industry High Speed Research Program Nozzle Symposium, NASA CP 
(to be numbered), pp. 3-23 to 3-35, Nov. 17-19, 1992. 

2. Mengle, V. G., Shin, H-W., Whitfield, C. E., Wisler, S., Askew, J. (1992): 
Acoustic and Aero-Mixing Tests of Fluid-Shield Nozzles. Part II - 2D Fluid-
Shield Nozzle Aero-Mixing Tests. Paper No. 2, 1st NASA/Industry High Speed 
Research Program Nozzle Symposium, NASA CP (to be numbered), pp. 4-21 
to 4-28, Nov. 17-19, 1992. 

3. Salikuddin, M., Brausch, J., Mengle, V. (1992): Acoustic and Aero-Mixing 
Tests of Fluid-Shield Nozzles. Part I -Acoustics. Paper No. 2, 1st 
NASA/Industry High Speed Research Program Nozzle Symposium, NASA CP 
(to be numbered), pp. 4-1 to 4-19, Nov. 17-19, 1992. 

4. Mengle, V. G. (1995): Acoustic Duct Waveguide Modes Excited by an Axially 
Convecting Noise Source in Sheared Flow. 1st NASA Advanced Subsonic 
Technology Engine Noise Workshop Proceedings, Session 2: Jet Noise, pp. 
269-284, Dec. 12-14, 1995. 

5. Mengle, V. G., Dalton, W. N., Bridges, J., Boyd, K. (1997): Noise Reduction 
with Lobed Mixers - Nozzle Length and Free-Jet Speed Effects. AIAA Paper 
No. 97-1682. 18th AIAA Aeroacoustics Conference, May 10-14, 1997. 

6. Mengle, V. G. (1997): Certain Limitations and Extensions of MGB Jet Noise 
Computer Code. NASA Advanced Subsonic Technology “MGB Jet Noise 
Prediction Workshop” Proceedings, Sept. 9, 1997. 

7. Janardan, B.A., Hoff, G.E., Barter, J.W., Martens, Gliebe, P. R., Mengle, V. 
and Dalton, W.N. (1998): Separate-Flow Exhaust System Noise Reduction 
Concept Evaluation. Final Report, NASA Contract NAS3-27720, GE Report 
No. R98AEB152, May 1998. NASA CR (to be numbered). 

8. Mengle, V. G., Dalton, W. N.(1998): Lobed Mixer Design for Noise 
Suppression. Vol. 1 - Acoustic and Aerodynamic Test Data Analysis. Final 
Report, NASA Contract NAS3-27394, Task Order No. 6, Rolls-Royce EDR No. 
18580, July  1, 1998, NASA CR (to be numbered), 298 p. 

9. Mengle, V. G., Baker, V. D., Dalton, W. N. (1998): Lobed Mixer Design for 
Noise Suppression. Vol. 2 - Plume, Aerodynamic & Acoustic Data. Final 
Report, NASA Contract NAS3-27394, Task Order No. 6, Rolls-Royce EDR No. 
18581, July 1, 1998. NASA CR (to be numbered), 629 p. 

10. Mengle, V. G. (1999): Jet Noise Reduction by Lobed Mixers with Boomerang 
Scallops. AIAA Paper No. 99-1923, 5th AIAA/CEAS Aeroacoustics Conf., May 
10-12, 1999. 

NASA/CP—2001-211152 593



�

11. Mengle, V. G. (1999): Anomalous Effect of Nozzle Length Reduction on Jet 
Noise of Forced Mixers. AIAA Paper No. 99-1968, 5th AIAA/CEAS 
Aeroacoustics Conf., May 10-12, 1999. 

12. Mengle, V. G. (1999): Finding Excess Noise in Internally-Mixed Jets by 
Varying Free-Jet Speed. AIAA Paper No. 99-1967, 5th AIAA/CEAS 
Aeroacoustics Conf., May 10-12, 1999. 

13. Mengle, V. G. (2000): Optimization of Lobe Mixer Geometry and Nozzle 
Length for Minimum Jet Noise. AIAA Paper No. 2000-1963, 6th AIAA/CEAS 
Aeroacoustics Conf., June 12-14, 2000. 

14. Mengle, V. G. (2000): Finding Internal Excess Jet Noise Source 
Characteristics by Varying Free-Jet Speed. NASA/OAI Jet Noise Workshop, 
November 7-9, 2000, NASA CP (to be numbered). 

15. Mengle, V. G. (2000): Vorticity Dynamics and Its Relation to Jet Noise 
Reduction in Chevrons. NASA/OAI Jet Noise Workshop, November 7-9, 2000, 
NASA CP (to be numbered). 

16. Mengle, V. G. (2000): Anomalous Effect of Nozzle Length Reduction on Jet 
Noise of Forced Mixers.   NASA/OAI Jet Noise Workshop, November 7-9, 
2000, NASA CP (to be numbered). 

17. Mengle, V. G. (2001): Tongue Mixer - A New Concept for Jet Noise Reduction. 
(Submitted for presentation at the 7th AIAA/CEAS Aeroacoustics Conf., May 
28-30, 2001). 

18. Mengle, V. G. (2001): Duct Waveguide Mode Excitation by Sound  Sources 
Convecting in Sheared Flows. (Submitted for presentation at the 7th 
AIAA/CEAS Aeroacoustics Conf., May 28-30, 2001). 

 

NASA/CP—2001-211152 594



N
A

SA
/C

P—
2001-211152

595



N
A

SA
/C

P—
2001-211152

596



N
A

SA
/C

P—
2001-211152

597



N
A

SA
/C

P—
2001-211152

598



N
A

SA
/C

P—
2001-211152

599



N
A

SA
/C

P—
2001-211152

600



N
A

SA
/C

P—
2001-211152

601



NASA/CP—2001-211152 602



NASA/CP—2001-211152 603





 
 
 
 
 

Deficiencies  

of the  

Acoustic Analogy 

Approach 

 
 
 
 
 

Christopher Tam 
Florida State University 

NASA/CP—2001-211152 605





 At this point, the discussion returned to open items from the first day of the 
workshop.  Prof. Tam made a short presentation on why he felt the Acoustic Analogy 
has shortcomings for jet noise.  A summary of his presentation and the resulting 
discussion is included below: 
 
 
Deficiencies of the Acoustic Analogy Approach – Christopher Tam, Florida 
State University 
 
Lighthill’s Acoustic Analogy has been the dominant theory of jet aeroacoustics for 
almost fifty years. Prof. Tam claimed that, except for the U8 scaling formula (which 
was derived by dimensional analysis), the Acoustic Analogy approach has not been 
particularly successful in predicting jet noise and pointed to a number of its 
attributes that he considered to be deficiencies and weaknesses. 
 
One of these is that the formulation possesses some degrees of built-in 
nonuniqueness. One nonuniqueness is the choice of variable to characterize sound. 
Lighthill chose density, ρ , as such a variable. Tam noted that other investigators, 
following Lighthill's idea, preferred to use pressure, p. While still others preferred 
some other quantities. He pointed out that one significant consequence of this 
arbitrariness is that the noise source terms, formulated according to the Acoustic 
Analogy, are different when a different choice of variable is made and that the true 
physical noise sources of a jet should not change because one decides to use a 
different variable to characterize sound. 
 
Tam noted that another nonuniqueness of the Acoustic Analogy theories is the 
choice of the appropriate wave propagation operator. Lighthill cast the equations of 
motion into a nonhomogeneous simple wave equation. The left side of the equation 
represents the propagation of small amplitude acoustic waves in an otherwise static 
quiescent environment. He argued that since the left side represented acoustic wave 
propagation, by analogy to situations where small amplitude sound waves were 
generated by the addition of mass and momentum, the right side of the 
nonhomogeneous wave equation must be the source terms. These noise source 
terms behave like acoustic quadrupoles when the sources are compact.  Lighthill 
noted that any source of lower multipole order would require that an externally 
applied force or mass source be applied to the flow. This is the basis by which 
quadrupoles are considered the sources of jet noise. Tam stated that no one, since 
Lighthill's original work, has offered a more physical or compelling reason that 
quadrupoles are, indeed, the noise sources. 
 
In a jet or in the presence of a nonuniform mean flow, refraction effects on the 
propagation of sound due to velocity or density gradients cannot be neglected. Upon 
recognizing the importance of mean flow refraction, Lilley (1974) suggested to 
incorporate these effects into the wave propagation operator on the left side of the 
Acoustic Analogy equation. In Lilley's version of the Acoustic Analogy, some of the 
convective terms, which were put on the right side of the Lighthill nonhomogeneous 
wave equation and regarded as quadrupole noise source terms, were moved to the 
left side of the equation and became wave propagation terms to account for 
refraction effects. In this way, the famous Lilley equation was derived. It turns out, 

NASA/CP—2001-211152 607



what is the appropriate wave propagation operator that would include mean flow 
refraction effects is not at all self-evident. Earlier, Phillips (1960) chose a different 
convective wave propagation operator. The Phillip's equation, although not as 
popular as the Lilley's equation, had attracted a number of followers over the years. 
Tam stated that the noise source terms of the Phillip, Lilley and Lighthill equations 
are all different and that (from the point of view of developing noise suppression 
methods and technology) the nonunique noise sources of all these theories (all based 
on the same Acoustic Analogy framework) presents a grave problem. Tam believes 
that the noise sources should be unique and well defined.    
 
Tam argued that nonlinear propagation effects cannot be dismissed and should be 
incorporated into the wave propagation operator in the Acoustic Analogy 
formulation in the near field of a jet where the sound pressure level can easily reach 
160 dB and higher. (See Seiner’s invited panel presentation.) Tam stated the correct 
wave propagation operator that included both refraction and nonlinear propagation 
effects would then be the full Euler equations. In which case the only terms left over 
for the source term would be the viscous stresses, which clearly are not the noise 
sources of a turbulent high-speed jet. He concluded from this that the validity of the 
Acoustic Analogy must be carefully re-examined. 
 
To demonstrate the weakness of the Lighthill approach, Tam numerically solved 
the full Euler equations for an infinite domain in which the sound was generated by 
an initial pressure distribution in the form of a Gaussian. He then solved the 
Lighthill equation by the same numerical scheme using the quadrupole terms found 
as the nonhomogeneous source terms on the right side of the wave equation. Not 
surprisingly, this solution was found to be exactly the same (within numerical 
accuracy of the scheme) as the original solution of the full Euler equations. Tam 
stated that this implied that the quadrupoles were mere fictitious sources terms of 
the Lighthill equation for this problem where the acoustic disturbances were 
generated by the initial conditions. He said that the fact that the original exact 
solution is recovered does not prove the correctness of Lighthill's assertion as some 
past investigators tried to claim. 
 
This generated a number of comments explaining why this example may not be 
applicable to the use of Lighthill’s equation for calculating the time stationary 
sound field from a turbulent jet. For example, Lilley pointed out that Tam 
overlooked the fact that he had used a version of Lighthill’s equation that excluded 
all external source terms such as mass sources, body force sources and energy 
sources. These must be added to the righthand-side of the wave equation, and in 
cases, such as a prescribed impulsive motion, the Lighthill stress tensor is absent. 
The typical solutions in these cases are given in ‘Waves in fluids’ by Lighthill(1975). 
The notes added to Lilley’s presentation (from the first day of the workshop) show 
both the general form of Lighthill’s equation when all external sources are added, 
together with the exact equivalent of the `second’ component of the Lighthill stress 
tensor as derived from use of the energy and mass conservation equations. In this 
derivation all diffusive terms are absent, and the thermodynamic processes are 
assumed isentropic. 
 

 

More information on the test problem proposed by Prof. Tam can be found in Appendix C. 
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SESSION 3: PHYSICS OF JET NOISE SUPPRESSION 
 

Summary by Mary Jo Long-Davis, NASA Glenn Research Center 
 
The session consisted of six presentations by invited panelists and several 
presentations during the open podium portion of the session.  The panelists were 
requested to give evidence where theory has correctly predicted jet noise trends 
with suppression devices.  Discussion followed each presentation. 
 

INVITED PRESENTATIONS 
 
Physics of Jet Noise Suppression: Industry Perspective on Prediction 
Methods, Future Direction/Needs - Wesley K. Lord, Pratt & Whitney 
 
Dr. Lord presented an industry perspective on the physics of jet noise suppression, 
discussed prediction methods, and indicated P&W’s future direction and needs.  He 
discussed two broad categories of jet noise suppression devices: internal mixing 
devices and external mixing devices.  Turbofan fan-core mixers and ejector nozzles 
are included in the first category of internal mixing devices. The intent of the 
internal mixing devices is to reduce the high velocity core flow.  The mixing process 
creates mixing noise, but this mixing noise can be attenuated through the use of 
acoustic liners. Lord indicated that P&W has the ability to apply 3D Computational 
Fluid Dynamics (CFD) Reynolds Averaged Navier-Stokes (RANS) codes for 
modeling the internal mixing devices.  Unfortunately, they’ve had no means of 
relating the flow field solutions obtained using the RANS codes to noise. The 
empirical noise prediction tools neglect internal noise sources.  Lacking any better 
acoustic design philosophy, the paradigm has been to strive for better mixing at the 
nozzle exit.  
 
Suppressor nozzles, serrations (e.g., tabs/chevrons), and flexible filaments are 
included in the category of external mixing devices.  The intent of the external 
mixing devices is to modify the shear layer structure to reduce the peak amplitude.  
A good external mixing device is one that achieves large reductions in low frequency 
noise with very little increase in high frequency noise. Lord discussed the recent 
emergence of computationally-based noise prediction methods.  P&W has adopted 
the jet noise modeling approach put forth by Tam, Golebiowski, and Seiner which 
proposes two noise source mechanisms: large-scale structure noise and fine-scale 
turbulence noise. 
 
The computational models for fine-scale turbulence noise involve a two-step 
prediction process—aerodynamics and noise.  Using RANS CFD for a given three-
dimensional nozzle geometry, the mean flow and turbulence properties are 
calculated.  This information is input to a noise model that predicts the spectra and 
directivity.  P&W has been focused on Tam’s computational model for fine-scale 
turbulence noise since mid-1999. 
 

NASA/CP—2001-211152 613



 Lord presented results from a single-stream jet experiment to validate the 
aerodynamic and noise prediction methodology.  Results for the single-stream hot 
jet indicated good agreement between the prediction and the data for angles from 
80 to 110 degrees.  At aft angles, however, over 10 dB difference was observed 
between the prediction and the data.  This large difference between the prediction 
and the data could be attributed to large scale structure noise which dominates at 
the aft angles, and is not captured by the fine-scale turbulence noise model. 
 
Noise models are needed for the large-scale structure noise.  Several modeling 
approaches were highlighted.   Lord emphasized that the method needs to be able to 
capture effects due to geometry differences in real-world complex nozzle designs.  
Large Eddy Simulation (LES) would be appropriate if the grid resolution required 
at the right Reynolds numbers can be achieved. Lord presented results from an LES 
calculation of a high Reynolds number single-stream jet.  The LES calculation had 
reasonable agreement with the data at the low frequencies, but failed to accurately 
predict at the higher frequencies. The numerical issues associated with the LES 
method include accurate boundary conditions and grid resolution.  It was projected 
that over 1 billion grid points would be required to obtain an accurate LES solution 
for a high Reynolds number jet. 
 
The objective of this panel discussion was to give evidence where theory has 
correctly predicted jet noise trends with suppression devices.  P&W is beginning to 
be able to do this using their aero/noise methodology based on Tam’s computational 
model for fine-scale turbulence noise.  Lord emphasized the need for a noise model 
with a direct connection to the actual 3D nozzle geometry and RANS CFD.  Quality 
data for validation of both aero/turbulence and noise models in hot subsonic jets is 
needed.  Models for large- scale structure noise are needed to improve the aero/noise 
prediction in the aft angles.  
 
 

Question: What is the thrust loss due to these chevrons and 
tabs? 

 
Answer: There is some thrust loss.  You’ll see there’s a range of 

jet velocities and bypass ratios that these devices are 
well suited for.  Thrust loss is relatively small (0.1-
0.2% loss).  The decision to use them is made on a 
case-by-case basis depends on the airplane application. 

 
 
Question: Is anybody doing any work on coarser estimates using 

CFD solutions to determine noise reduction to replace 
current--more like crude engineering estimates? 

 
Answer: P&W is attempting to get a more physics-based handle 

on the noise at this time. 
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Physics of Jet Noise Suppression: The MGB Paradigm - Philip Gliebe, GE 
Aircraft Engines as summarized by Mary Jo Long-Davis. 

 
Mr. Gliebe provided qualitative evidence that indicated jet noise suppression trends 
could be explained by the physics of jet noise in the MGB model.  As evidence, 
results from the NASA Advanced Subsonic Technology (AST) Separate-Flow 
Exhaust System Noise Reduction Concept Evaluation program were examined. As 
part of this AST test program, a series of chevrons were added to the trailing edge 
of the fan and core nozzles.  Flow field surveys were performed and acoustic 
measurements were made. Gliebe noted that the MGB noise prediction for the 
separate flow nozzle has not yet been performed, 3D CFD RANS solutions are still 
being computed.  The intent of this presentation was to confirm that the 
‘ingredients’ in the MGB model inherently capture the physics of the jet noise 
problem as evidenced by the test data and to provide an early indication of the 
expected prediction by the MGB model prediction based on its formulation. 
 
Experimental results indicated chevrons typically reduced the low frequency noise, 
without a lot of change in the high frequency noise, relative to the baseline.  
Alternating inward/outward chevrons provided the best low frequency noise 
reduction but could create high frequency noise as well. Gliebe indicated that one 
has to be careful with these devices to ensure a balance between low frequency 
noise reduction and high frequency noise generation. Gliebe posed the question: do 
the fluid mechanics suggest that this is right?  The alternating inward/outward 
chevron configuration, that increased the high frequency noise relative to the 
baseline, is shown in the velocity contour plot.  Examination of the shear layer 
perimeter (in yellow on the contour plot) revealed that it is increased for this 
configuration relative to the baseline.  The contention is that this very large shear 
layer perimeter may be the cause of the increase in high frequency noise with the 
alternating inward/outward chevrons. 
  
The basic noise characteristics are dependent on three physical processes involved 
in jet mixing: 1) noise source generation, 2) noise source convective amplification, 
and 3) noise source jet shielding. The MGB model assumes far field noise is 
proportional to the source intensity spectrum, convective amplification factor, and 
the fluid shielding factor.  Gliebe examined the formulation of each of these factors 
in relation to the observed trends in the data. He concluded that the fundamental 
mixing noise conceptual model in MGB is not inconsistent with experimental 
evidence for impact of chevrons on reducing jet mixing noise. 
 

Question: Will there be Reynolds effects that will change the 
results gotten in model scale? 

 
Answer: These configurations have been tested on a full-scale  

engine, and results comparable to the model test results 
were obtained. 
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Immediately following the presentation made by Gliebe, Vinod Mengle of Rolls-
Royce posed an alternate explanation as to why alternating inward/outward 
chevrons have increased higher frequency noise than inwardly flipped chevrons.  He 
proposed that since alternating inward/outward chevrons have half the number of 
vortex mushrooms as compared to the case of all inward chevrons, it cannot be 
concluded that the shear-perimeter for the alternating inward/outward chevrons is 
higher. Mengle continued this argument by looking at the vorticity dynamics to 
provide an explanation of the difference in the number of vortex mushrooms.   
 
Gliebe response to Mengle explanation:  It is agreed that the chevron concept does 
produce longitudinal vortex formations which promote entrainment of the core fluid 
into the fan flow and vice versa.  In fact, it was this principle or hypothesis that 
guided the development of the chevron concept in the first place - see reference [5].  
However, the alternating chevron does in fact increase the mixing layer perimeter 
substantially, even though it produces only half the number of vortices as does the 
inward-bent chevron.  This is because the resulting vortices are larger, and they 
persist longer (further downstream) before merging with one-another because they 
are circumferentially farther apart.  It is believed that the differences between the 
inward-bent and alternating chevron flow field and noise characteristics are still 
consistent with the MGB paradigm. 
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Prediction of Jet Noise with Suppression Devices - Thonse R.S. Bhat, 
Boeing Commercial Airplane Group as summarized by Mary Jo Long-
Davis. 
 
Dr. Bhat presented an overview of the various prediction models used by Boeing. 
Bhat explained that the current suite of prediction tools has issues and limitations. 
Boeing’s in-house, semi-empirical model for subsonic problems assumes three 
different noise source regions: 1) primary-secondary shear layer, 2) secondary-
ambient shear-layer, and 3) mixed-ambient shear-layer. The sound pressure level is 
a function of the source strength, Strouhal number, velocity, mass flow, frequency, 
emission angle, and area ratio. Boeing’s in-house, semi-empirical model for 
supersonic problems (JN8C5 code) assumes four different noise sources: 1) primary 
internal, 2) primary external, 3) mixed, and 4) shock-associated. The comparison 
between the model prediction and the test data indicated good agreement.   
 
In summary, the Boeing models are semi-empirical and are developed mainly from 
model-scale test databases. As such, the models’ applicability is limited to the 
envelope defined by the test database—deviating too far from that envelope may 
lead to erroneous predictions. Dr. Bhat emphasized the need for a tool that can be 
used to predict noise from mixers for realistic geometries and flow conditions. 
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• Different prediction models

• Description of in-house models

• Comparisons with data

• Concluding remarks
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• DNS - not practical for problems of interest

• LES - may be feasible

• Tam’s models - can be extended for mixers

• MGB model - can also be extended for mixers

• In-house models (Ref: An Empirical Model for Prediction of 
Coaxial Jet Noise in Ambient Flow, H. Y. Lu, AIAA Paper No. 86-
1912)
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• Co-axial jet divided into three noise source regions
– Primary-secondary shear layer

– Secondary-ambient shear layer

– Mixed-ambient shear layer

• Each region has its own noise characteristics and 
source distribution

• Model predicts the 1/3 octave band SPL for each 
component

• Total jet SPL = 10 log (100.1SPLp + 100.1SPLs

+ 100.1SPLm )
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NOISE ENGINEERING TECHNOLOGY
Boeing Commercial Airplane Group 

Jet Noise Source Model
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• Empirical expressions for each component of jet 
noise are categorized into three parts:
– SPL associated with the shear layer velocity difference, 

turbulent eddy convection velocity and ambient flow 
effects

– normalization factors associated with pressure, density, 
spherical divergence, geometric and acoustic near-field 
effects

– effects of internal acoustic excitation
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NOISE ENGINEERING TECHNOLOGY
Boeing Commercial Airplane Group 
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• SPL = [Z1 log (FV) + Z2][log (S) - Z3 log(FV) -
Z4]2 + Z5 log(FV) + Z6

– FV -- Source strength function = f (vel. comp.)

– S -- Strouhal number

– Z1 to Z6 -- Coefficients = f (velocity, mass flow, 
frequency, emission angle and area ratio)

NOISE ENGINEERING TECHNOLOGY
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• Primary flow: velocity, temperature, mass flow, 
area

• Secondary flow: velocity, temperature, mass flow, 
area

• Mixed (merged) flow: velocity, temperature, mass 
flow, area -- All computed

• No details of the mixers (lobe length, penetration, 
etc.) are taken into account
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• Empirical model predicts the 1/3 octave band 
levels of a jet from a rectangular mixer-ejector 
nozzle

• The SPLs for the following observer points are 
predicted:
– in-flight jet noise on airplane-fixed or wind tunnel-fixed 

coordinates

– flyby jet noise on ground-fixed coordinates

– static jet noise (special case with ambient velocity zero)

– jet noise on the fuselage including boundary layer effect

NOISE ENGINEERING TECHNOLOGY
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• SPLs for the following components are predicted:
– primary internal jet noise generated by the mixing of 

primary & entrained streams

– primary external jet noise generated by the continued 
mixing of the streams and initial mixing with the 
freestream

– mixed jet noise generated by the merged jet and its 
mixing with the ambient flow

– shock-associated noise generated y
• the supersonic primary jet

• the supersonic mixed jet

NOISE ENGINEERING TECHNOLOGY
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• Configuration input:
– nozzle areas, number of lobes, lobe penetration, ejector 

equivalent diameter, ejector length, aspect ratio, 
installation angle, etc.

• Gas condition input:
– Velocities, temperatures and mass flows for primary & 

secondary streams

– Pressure, temperature, etc. for the ambient flow

• Formulate coefficients, normalization terms, 
source locations, etc. to calculate SPLs.
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• Models are semi-empirical and are developed, 
mainly, from model-scale test databases

• Models applicability limited to test database 
ranges

• Need a tool which can be used to predict noise 
from mixers of various types for realistic 
geometries and flow conditions
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Physics of Jet Noise Suppression - Andrew Kempton, Rolls-Royce as 
summarized by Mary Jo Long-Davis. 
 
Dr. Kempton reviewed that successful suppression devices for high-bypass-ratio 
engines rely on reducing the peak jet velocity while avoiding additional high-
frequency penalties.  Methods of reducing peak jet velocity include increased fan 
diameter, internal mixing  (lobed mixers), and external mixing (nozzle serrations, 
chevrons). Kempton’s presentation concentrated on forced mixers to realize the 
potential jet noise benefit due to internal mixing.  Although the enhanced mixing 
reduces low frequency noise, it could increase the high frequency noise (and the 
benefit is lost). Kempton indicated that, by careful design practice, Rolls-Royce is 
able eliminate any high frequency noise penalty.  
 
Results were presented from model scale testing and flight testing of forced mixers 
and annular mixers. Kempton emphasized that model scale testing is crucial for  
3 reasons: 

 

1. Controlled environment (avoids weather problems) 

2. Avoid other engine noise sources 

3. Can simulate flight much better/more controlled 
 
How theory helps in understanding jet noise was discussed. Rolls-Royce’s in-house, 
semi empirical model assumes four noise source regions: 1) secondary-ambient 
shear layer, 2) primary-ambient shear layer, 3) mixed ambient shear layer, and  
4) primary-secondary shear layer. Using this semi-empirical, single-stream source 
model with truncated spectra achieved reasonable agreement between the 
prediction and the data over the entire frequency range. 
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Successful suppression devices for high-bypass-ratio engines  rely on
reducing peak jet velocity whilst avoiding additional high-frequency noise
(which might not reduce in flight)

Methods of reducing peak jet velocity include:

- Increased fan diameter
- Internal mixing (e.g. lobed mixer)
- External mixing (e.g. nozzle serrations)
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Give evidence where theory has correctly predicted jet noise - Krish Ahuja, 
Georgia Institute of Technology as summarized by Mary Jo Long-Davis. 
 
Dr. Ahuja presented historical data from his Ph.D. dissertation relative to shock 
weakening in supersonic jets.  Specifically he discussed the principle of the Inverted 
Velocity Profile (IVP).  His objective was to demonstrate that even for a complex 
suppressor nozzle it is possible to predict noise using simple scaling assumptions 
from Lighthill’s theory.  Ahuja computed a low frequency prediction for an IVP 
suppressor and performed the same calculation for the high frequency.  The 
predictions matched the data very well.  Ahuja postured that there are many 
different schemes, but they all revolve around the same line of thinking. 
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Physics of jet noise suppression - Marcus Harper-Bourne, DERA as 
summarized by Mary Jo Long-Davis. 
 
Mr. Harper-Bourne presented results on passive (offset primary nozzle, coaxial 
elliptic nozzles) and active (harmonic acoustic forcing) approaches for jet noise 
suppression.  Harper-Bourne’s presentation utilized areas of DERA’s jet exhaust 
noise R&D activity to give evidence where theory has correctly predicted jet noise.   
 
Results from the offset primary nozzle indicated some noise reduction at various 
angles to the jet axis.  These results also illustrated how noise propagation with 
coaxial jets can affect the results. Results from the coaxial elliptic nozzles showed 
effects of noise refraction.  Harper-Bourne presented data from the harmonic forcing 
of twin jets at Mj = 0.9 and Tj = 850K.  Acoustic predictions of the near-field of twin 
jets were made using a line source model based on the acoustic analogy and 
compared to the data with and without harmonic forcing. The results indicated that 
the measured increase in broadband noise observed with acoustic forcing was 
accompanied by approximately 50% shortening of the axial source distribution. 
Refraction effects not included in the analogy were significant in the near field 
‘shadow regions’ of the twin jets studied.  
 
Harper-Bourne concluded with the following: 
 

• The reduction of jet noise at source remains a challenge. However, a 
‘hole’ in the sound field can be created for coaxial jets by harnessing 
the effect of refraction through the introduction of engineered flow field 
asymmetry. 

• An example of the acoustic forcing of a twin jet resulted in 
amplification of the broadband jet mixing noise. 

• Analysis of twin jet near field noise, using a line source model based on 
the acoustic analogy, indicated axial shortening of the jet mixing 
region (by ~50%), in the presence of acoustic forcing. 

• The use of the acoustic analogy also confirmed that refraction effects 
can be significant in the modelling of twin jet near field noise  
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“Physics of Jet Noise Suppression”

SCOPE

• PASSIVE: -

EFFECT OF NOZZLE GEOMETRY ON (1) THE NOISE AT 
SOURCE AND (2) NOISE PROPAGATION

• ACTIVE: -

EXAMPLE OF HARMONIC ACOUSTIC FORCING AND 
EFFECT ON SOURCE STRENGTH AND DISTRIBUTION 
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PRACTICAL EXAMPLES

Example AREAS OF DERA JET EXHAUST NOISE
R/D ACTIVITY

Modelling Exp.

(Ex.3) NEAR AND FAR-FIELD JET EXHAUST NOISE � � 
CONCORDE NOZZLE � 
COAXIAL JETS: � � 
       INTERNAL MIXERS (AIAA 98-2256 � � 

Ex.1        OFFSET NOZZLES � 
Ex.2        ELLIPTIC NOZZLES � 

       LIP TREATMENT � 
       SHIELDING AND INSTALLATION (AIAA-98-2207) � � 

(Ex.3) TWIN-JETS (AIAA 2000-2084) � � 
SUPERSONIC (AIAA 99-1838) � � 
EJECTORS � 

Ex.3 ACTIVE CONTROL � 
COMBUSTION NOISE � 
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EXAMPLE 1: OFFSET PRIMARY NOZZLE
 (A) STATIC (Va=0)
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 (A) STATIC (Va=0)
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(B) FLIGHT SIMULATION (Va=100 m/s)
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(B) FLIGHT SIMULATION (Va=100 m/s)
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(C)  OFFSET PRIMARY v STD PRIMARY
STATIC & FLIGHT (TAKE-OFF)
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(C)  OFFSET PRIMARY v STD PRIMARY
STATIC & FLIGHT (TAKE-OFF)
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EXAMPLE 2: COAXIAL ELLIPTIC NOZZLES( A )   N A R R O W  S ID E
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EXAMPLE 3: HARMONIC FORCING OF TWIN JETS

ARP TEST WITH STRAIGHT JET PIPES: 
ACOUSTIC  PIPE RESONANCE AT Mj=0.9 
(HEATED AND UNHEATED)

IRC WITH WRIGHT LABS: TWIN-JET 
INTERACTION TESTS EMPLOYED 
JOGGLED JET PIPES (NO RESONANCE)
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HARMONIC FORCING OF TWIN JETS
FAR-FIELD SPECTRA ON LOUD SIDE SHOWING BROADBAND AMPLIFICATION 

OF MIXING NOISE CAUSED BY JET-PIPE TONE
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HEATED: Mj=0.9, Tj=850K, BW=50 Hz
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1080 Hz, St=0.1

0.000

0.050

0.100

0.150

0 5 10 15 20 25 30 35 40

y/D

S(y)

10800 Hz, St=1.0,

0.000

0.050

0.100

0.150

0 5 10 15 20 25 30 35 40

y/D

S(y)

3240Hz, St=0.3

0.000

0.050

0.100

0.150

0 5 10 15 20 25 30 35 40

y/D

S(y)

23300Hz, St=2.16,

0.000

0.050

0.100

0.150

0 5 10 15 20 25 30 35 40

y/D

S(y)

TWO-SOURCE BREAKDOWN OF JET MIXING NOISE

SINGLE JET SOURCE MODEL (POLAR CORRELATION, Uj=0.8a0, UNHEATED )

N
A

SA
/C

P—
2001-211152

712



9

JET NOISE WORKSHOP, OAI, CLEVELAND OHIO 

M Harper-Bourne
OAI, 8 Nov 2000

“Physics of Jet Noise Suppression”
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ILLUSTRATION OF TWIN-JET SOURCE MODEL
(AIAA 2000-2084)
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CONCLUSIONS

❚ SUPPRESSION OF THE  NOISE AT SOURCE ON HIGH-SPEED JETS WITHOUT 
SIGNIFICANT THRUST LOSS OR WEIGHT/DRAG PENALTY CONTINUES TO 
BE A CHALLENGE FOR THE AEROACOUSTICIAN.

❚ HOWEVER, IT IS SHOWN THAT A ‘HOLE’ IN THE SOUND FIELD CAN BE 
CREATED BY HARNESSING THE STRONG EFFECT OF REFRACTION SHOWN 
TO EXIST IN THE PRESENCE OF ENGINEERED ASYMMETRY IN THE JET 
FLOW  FIELD. CLEARLY, SUCH AN EFFECT CAN ONLY BE MODELLED 
EXTERNAL TO THE ACOUSTIC ANALOGY.

❚ AN EXAMPLE OF SOURCE MODIFICATION (NEGATIVE SUPPRESSION) 
THROUGH BROADBAND AMPLIFICATION OF JET MIXING NOISE, CAUSED 
BY HARMONIC FORCING, HAS BEEN DEMONSTRATED FOR TWIN-JETS.

❚ ANALYSIS OF THE NEAR-FIELD OF THE AMPLIFIED MIXING NOISE USING A 
FIXED FRAME ACOUSTIC ANALOGY NOISE SOURCE MODEL INDICATES 
THAT THE JET MIXING REGION IS SHORTENED (BY ~50%) IN THE 
PRESENCE OF BROADBAND AMPLIFICATION, WHICH IS IN KEEPING WITH 
EXPECTATION.
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OPEN PODIUM PRESENTATIONS 
 

Dr. Abbas Khavaran of Dynacs Engineering-NASA Glenn presented evidence which 
indicated MGBK model theory can match the data.  The self-noise, shear-noise, and 
source modeling approaches utilized in the MGBK code were presented and 
discussed.  Khavaran compared the noise predicted by the MGBK code to the 
experimental data acquired during the Separate Flow Nozzle test.  The 3D CFD 
RANS calculation, that is the input to the MGBK code, was performed by an outside 
contractor. Khavaran explained that there was an effect on the solution based on 
the values of the turbulence quantities that were specified.  The solutions are very 
dependent on the ratio of axial to radial RMS velocity fluctuations and the ratio of 
axial to radial turbulence length scales, which can be quite different from unity, as 
was pointed out by Prof. Lilley in his invited presentation. The overall conclusion is 
that the MGBK code is doing a good job of predicting the noise when compared to 
the data. 

 

Dr. Dimitri Papamoschou of UC Irvine presented his work in the area of Mach wave 
suppression. Papamoschou presented experimental results of coannular and 
eccentric nozzle testing. Results showed evidence of significant noise reduction from 
the eccentric nozzle. Papamoschou discussed the crackle phenomena and its relation 
to the data.  

 

Dr. Vinod Mengle of Rolls-Royce reviewed another physical mechanism for noise 
reduction—changing the nozzle length.  For a given lobed-mixer nozzle 
configuration, an experiment was conducted which varied the length of the nozzle 
by 25% and 50%.  The experimental data indicated that a 25% decrease in the 
length of the nozzle resulted in a noise reduction in the intermediate frequency 
range.  Conversely, the data indicated that a 50% decrease in the length of the 
nozzle resulted in a noise increase at the higher frequencies.  Mengle presented the 
aerodynamic unshielding “hypothesis” as a possible explanation of the experimental 
results. 
 

NASA/CP—2001-211152 719





 
 
 
 
 
 
 
 
 

Small-Scale  

Turbulence  

Noise 

 
 
 

Abbas Khavaran 
Dynacs Engineering 

NASA Glenn Research Center

NASA/CP—2001-211152 721





N
A

SA
/C

P—
2001-211152

723



N
A

SA
/C

P—
2001-211152

724



N
A

SA
/C

P—
2001-211152

725



N
A

SA
/C

P—
2001-211152

726



N
A

SA
/C

P—
2001-211152

727



N
A

SA
/C

P—
2001-211152

728



N
A

SA
/C

P—
2001-211152

729



N
A

SA
/C

P—
2001-211152

730



N
A

SA
/C

P—
2001-211152

731



N
A

SA
/C

P—
2001-211152

732



N
A

SA
/C

P—
2001-211152

733



N
A

SA
/C

P—
2001-211152

734



N
A

SA
/C

P—
2001-211152

735



N
A

SA
/C

P—
2001-211152

736



N
A

SA
/C

P—
2001-211152

737



N
A

SA
/C

P—
2001-211152

738



N
A

SA
/C

P—
2001-211152

739



A. Khavaran References 
 
1. G. M. Lilley, “Jet Noise Classical Theory and Experiments,” Aeroacoustics of 

Flight Vehicles,  (NASA Reference Publication 1258, Vol. 1), pp. 211-289, 
1991. 

 
2. M. E. Goldstein, Aeroacoustics, McGraw-Hill, 1976. 
 
3. Balsa, T. F., “The Far Field of High Frequency Convected Singularities in 

Sheared Flows, with an Application to Jet Noise Prediction,” Journal of Fluid 
Mechanics, Vol. 74, March 1976, pp. 193-208. 

 
4. A. Khavaran, “Role of Anisotropy in Turbulent Mixing Noise,” AIAA Journal, 

Vol. 37, No.7, July 1999, pp. 832-841. 
 
5. Podboy, G. G., Bridges, J. E., Saiyed, N. H., and Krupar, M. J., “Laser 

Doppler Velocimeter System for Subsonic Jet Mixer Nozzle Testing at the 
NASA Lewis Aeroacoustics Propulsion Lab,” AIAA Paper 95-2787, July 1995. 

 
6. Khavaran, A., Krejsa, E. A., and Kim, C. M., “Computation of Supersonic Jet 

Mixing Noise for an Axisymmetric Convergent-Divergent Nozzle,” AIAA 
Journal of Aircraft, Vol. 31, No. 3, 1994, pp. 603-609.  

 
7. Tam, C. K. W., and Auriault, L., “Mean Flow Refraction Effects on Sound 

Radiated from Localized Sources in a Jet,” Journal of Fluid Mechanics, Vol. 
370, Sept. 1998, pp. 149-174. 

NASA/CP—2001-211152 740



 

 

 

Mach Wave 

Suppression 

 

 
Dimitri Papamoschou 

University of California, Irvine 
 

NASA/CP—2001-211152 741





UCI SUPERSONIC TURBULENCE LAB dpapamos@uci.edu1

MACH WAVE SUPPRESSIONMACH WAVE SUPPRESSION

Dimitri Papamoschou
Department of Mechanical & Aerospace Engineering

University of California at Irvine
Irvine, CA 92697-3975

Email: dpapamos@uci.edu

JET NOISE WORKSHOP
Ohio Aerospace Institute

November 7-9, 2000

N
A

SA
/C

P—
2001-211152

743



UCI SUPERSONIC TURBULENCE LAB dpapamos@uci.edu2

MACH WAVE RADIATIONMACH WAVE RADIATION
The dominant source of supersonic jet noiseThe dominant source of supersonic jet noise

• Caused by the supersonic propagation of turbulent eddies.
• Highly directional acoustic field

•Bishop, Ffowcs Williams, and Smith  (1971) JFM 50 (1)
•Tam (1972)  JFM 51(1)
•McLaughlin, Morrison, and Trout (1975) JFM 69 (11)
•Trout and McLaughlin (1982) JFM 116
•Tam and  Burton (1984) JFM 138
•Seiner, Bhat, and Ponton (1994)  AIAA J. 32(12)

•Tam and Chen (1994) AIAA J.32 (9)
•Mitchell, Lele, and Moin (1997) AIAA J. 35(10)
•Dahl and Morris (1997) J. Sound & Vibration 200(5)
•Mankbadi, Hixon, Shih, and Povinelli  (1998) AIAA J. 36(2)
•Fenno, Bayliss, and Maestrello (1998) AIAA J. 36(12)
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PRINCIPLE OF MACH WAVE ELIMINATIONPRINCIPLE OF MACH WAVE ELIMINATION

Secondary flow is applied such that:

• Primary eddies become subsonic
relative to secondary flow

• Secondary eddies are subsonic
relative to the ambient

Papamoschou (1997)
Papamoschou & Debiasi (1999)
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TARGETED MACH WAVE ELIMINATIONTARGETED MACH WAVE ELIMINATION

SINGLE JET

COAXIAL JET.  

Jet growth rate is suppressed

Mach wave emitting region is stretched

Far-field Mach waves may escape treatment

ASYMMETRIC DUAL-STREAM JET.

Allows part of the jet to grow naturally

Noise reduction in downward direction 
(where it really matters)

N
A

SA
/C

P—
2001-211152

746



UCI SUPERSONIC TURBULENCE LAB dpapamos@uci.edu5

Same coflow thickness
as max. thickness of ECC

JET CASESJET CASES

U1=700 m/s
M1=1.50

U2=360 m/s
M2=1.0
m2/m1=0.67

SINGLE

U1=700 m/s
M1=1.50

U1=700 m/s
M1=1.50

U2=360 m/s
M2=1.0
m2/m1=0.67

U2=360 m/s
M2=1.0
m2/m1=1.45

U1=700 m/s
M1=1.50

U1=550 m/s
M1=1.29

ECC

COAX1

Same m2/m1 as ECC

COAX2

FMEQ
Fully-mixed equiv. of ECC
Same mass flow rate
Same thrust
Same total enthalpy
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r=80D 1
, θ= - 40 deg

r=80D
1 , θ= +40 deg

M1=1.5
U1=700 m/s
D1=12.7 mm

OASPL=127.5 dB

M2=1.00
U2=360 m/s
D2=17.8 mm
Bypass=0.67
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FAR FIELD SPECTRA IN DIRECTION OF PEAK EMISSION (FAR FIELD SPECTRA IN DIRECTION OF PEAK EMISSION (θ θ =45=45oo))
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CRACKLECRACKLE
An annoying component of noise arising from An annoying component of noise arising from 

nonlinear wave nonlinear wave steepening steepening near the sourcenear the source
Ffowcs Williams,  Simson, and Virchis, JFM 71(2), 1975

p’

t

Ffowcs Williams et al. quantified crackle in terms of the PDF of the 
acoustic signal and the skewness of the PDF.

Crackle is not captured by spectra
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RAW MICROPHONE TIMETRACES AT RAW MICROPHONE TIMETRACES AT θ θ =45=45oo

SINGLE ECC-0

0.0 0.5 1.0 1.5 2.0 2.5
-800

-600

-400

-200

0

200

400

600

800

p'
  (

N
/m

2 )

t (ms)

0.0 0.5 1.0 1.5 2.0 2.5
-800

-600

-400

-200

0

200

400

600

800

p'
  (

N
/m

2 )

t (ms)

N
A

SA
/C

P—
2001-211152

755



UCI SUPERSONIC TURBULENCE LAB dpapamos@uci.edu14

PROBABILITY DENSITY FUNCTION OF NOISE FIELDPROBABILITY DENSITY FUNCTION OF NOISE FIELD
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PDF COMPARISON WITH FFOWCS WILLIAMS et al. (1975)PDF COMPARISON WITH FFOWCS WILLIAMS et al. (1975)

Present study (case SINGLE)

Ffowcs Williams et al. 

Solid line: Olympus 593 engine at 622 m/s.
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SUMMARYSUMMARY
Directional elimination of Mach waves was demonstrated with an 
eccentric coflow.

Perceived noise in the aft quadrant was reduced by 15 dBA.  As a 
result, the directivity of perceived noise changed from the aft 
quadrant to the lateral direction.

The eccentric coflow suppressed crackle, an annoying component of 
noise not captured by spectral methods.  The suppression of crackle 
is consistent with elimination of Mach waves.

The eccentric arrangement was superior to coaxial arrangements 
and to the fully-mixed equivalent jet.

The effectiveness of the eccentric arrangement is attributed to the 
reduced length of the potential core.

N
A

SA
/C

P—
2001-211152

759



D. Papamoschou References 

 
1. Papamoschou, D., "Mach Wave Elimination in Supersonic Jets," AIAA 

Journal, Vol. 35, No.10, 1997, pp. 1604-1611. 
 
2. Papamoschou, D., and Debiasi, M., "Noise Measurements in Supersonic Jets 

Treated with the Mach Wave Elimination Method," AIAA Journal, Vol. 37, 
No.2, 1999, pp. 154-160. 

 
3. Murakami, E., and Papamoschou, D., " Eddy Convection in Supersonic 

Coaxial Jets," AIAA Journal, Vol. 38, No.4, 2000, pp. 628-635. 
 
4. Papamoschou, D., and Debiasi M., "Directional Suppression of Noise from a 

High-Speed jet" to appear in AIAA Journal, Vol. 39, No.4, 2001. 

NASA/CP—2001-211152 760



 

 

Anomalous Effect of 

Nozzle Length  

Reduction on Jet  

Noise of  

Forced Mixers 

 
Vinod G. Mengle 

Rolls-Royce, Indianapolis 
 

NASA/CP—2001-211152 761





N
A

SA
/C

P—
2001-211152

763



N
A

SA
/C

P—
2001-211152

764



N
A

SA
/C

P—
2001-211152

765



N
A

SA
/C

P—
2001-211152

766



N
A

SA
/C

P—
2001-211152

767



N
A

SA
/C

P—
2001-211152

768



N
A

SA
/C

P—
2001-211152

769



N
A

SA
/C

P—
2001-211152

770



N
A

SA
/C

P—
2001-211152

771



N
A

SA
/C

P—
2001-211152

772



N
A

SA
/C

P—
2001-211152

773



N
A

SA
/C

P—
2001-211152

774



N
A

SA
/C

P—
2001-211152

775



NASA/CP—2001-211152 776



NASA/CP—2001-211152 777



N
A

SA
/C

P—
2001-211152

778



�

 
V. G. Mengle References 

 
1. Mengle, V. G., Shin, H-W., Askew, J., Whitfield, C.E. (1992): Aero-

Performance and Aero-Mixing Tests of 2D-CD Mixer/Ejector Nozzles. Part II. 
Sample of Aero-Mixing Test Data & Inferences. Paper No. 1, 1st 
NASA/Industry High Speed Research Program Nozzle Symposium, NASA CP 
(to be numbered), pp. 3-23 to 3-35, Nov. 17-19, 1992. 

2. Mengle, V. G., Shin, H-W., Whitfield, C. E., Wisler, S., Askew, J. (1992): 
Acoustic and Aero-Mixing Tests of Fluid-Shield Nozzles. Part II - 2D Fluid-
Shield Nozzle Aero-Mixing Tests. Paper No. 2, 1st NASA/Industry High Speed 
Research Program Nozzle Symposium, NASA CP (to be numbered), pp. 4-21 
to 4-28, Nov. 17-19, 1992. 

3. Salikuddin, M., Brausch, J., Mengle, V. (1992): Acoustic and Aero-Mixing 
Tests of Fluid-Shield Nozzles. Part I -Acoustics. Paper No. 2, 1st 
NASA/Industry High Speed Research Program Nozzle Symposium, NASA CP 
(to be numbered), pp. 4-1 to 4-19, Nov. 17-19, 1992. 

4. Mengle, V. G. (1995): Acoustic Duct Waveguide Modes Excited by an Axially 
Convecting Noise Source in Sheared Flow. 1st NASA Advanced Subsonic 
Technology Engine Noise Workshop Proceedings, Session 2: Jet Noise, pp. 
269-284, Dec. 12-14, 1995. 

5. Mengle, V. G., Dalton, W. N., Bridges, J., Boyd, K. (1997): Noise Reduction 
with Lobed Mixers - Nozzle Length and Free-Jet Speed Effects. AIAA Paper 
No. 97-1682. 18th AIAA Aeroacoustics Conference, May 10-14, 1997. 

6. Mengle, V. G. (1997): Certain Limitations and Extensions of MGB Jet Noise 
Computer Code. NASA Advanced Subsonic Technology “MGB Jet Noise 
Prediction Workshop” Proceedings, Sept. 9, 1997. 

7. Janardan, B.A., Hoff, G.E., Barter, J.W., Martens, Gliebe, P. R., Mengle, V. 
and Dalton, W.N. (1998): Separate-Flow Exhaust System Noise Reduction 
Concept Evaluation. Final Report, NASA Contract NAS3-27720, GE Report 
No. R98AEB152, May 1998. NASA CR (to be numbered). 

8. Mengle, V. G., Dalton, W. N.(1998): Lobed Mixer Design for Noise 
Suppression. Vol. 1 - Acoustic and Aerodynamic Test Data Analysis. Final 
Report, NASA Contract NAS3-27394, Task Order No. 6, Rolls-Royce EDR No. 
18580, July  1, 1998, NASA CR (to be numbered), 298 p. 

9. Mengle, V. G., Baker, V. D., Dalton, W. N. (1998): Lobed Mixer Design for 
Noise Suppression. Vol. 2 - Plume, Aerodynamic & Acoustic Data. Final 
Report, NASA Contract NAS3-27394, Task Order No. 6, Rolls-Royce EDR No. 
18581, July 1, 1998. NASA CR (to be numbered), 629 p. 

10. Mengle, V. G. (1999): Jet Noise Reduction by Lobed Mixers with Boomerang 
Scallops. AIAA Paper No. 99-1923, 5th AIAA/CEAS Aeroacoustics Conf., May 
10-12, 1999. 

NASA/CP—2001-211152 779



�

11. Mengle, V. G. (1999): Anomalous Effect of Nozzle Length Reduction on Jet 
Noise of Forced Mixers. AIAA Paper No. 99-1968, 5th AIAA/CEAS 
Aeroacoustics Conf., May 10-12, 1999. 

12. Mengle, V. G. (1999): Finding Excess Noise in Internally-Mixed Jets by 
Varying Free-Jet Speed. AIAA Paper No. 99-1967, 5th AIAA/CEAS 
Aeroacoustics Conf., May 10-12, 1999. 

13. Mengle, V. G. (2000): Optimization of Lobe Mixer Geometry and Nozzle 
Length for Minimum Jet Noise. AIAA Paper No. 2000-1963, 6th AIAA/CEAS 
Aeroacoustics Conf., June 12-14, 2000. 

14. Mengle, V. G. (2000): Finding Internal Excess Jet Noise Source 
Characteristics by Varying Free-Jet Speed. NASA/OAI Jet Noise Workshop, 
November 7-9, 2000, NASA CP (to be numbered). 

15. Mengle, V. G. (2000): Vorticity Dynamics and Its Relation to Jet Noise 
Reduction in Chevrons. NASA/OAI Jet Noise Workshop, November 7-9, 2000, 
NASA CP (to be numbered). 

16. Mengle, V. G. (2000): Anomalous Effect of Nozzle Length Reduction on Jet 
Noise of Forced Mixers.   NASA/OAI Jet Noise Workshop, November 7-9, 
2000, NASA CP (to be numbered). 

17. Mengle, V. G. (2001): Tongue Mixer - A New Concept for Jet Noise Reduction. 
(Submitted for presentation at the 7th AIAA/CEAS Aeroacoustics Conf., May 
28-30, 2001). 

18. Mengle, V. G. (2001): Duct Waveguide Mode Excitation by Sound  Sources 
Convecting in Sheared Flows. (Submitted for presentation at the 7th 
AIAA/CEAS Aeroacoustics Conf., May 28-30, 2001). 

 

NASA/CP—2001-211152 780



 SESSION 4: ROLE OF CAA FOR JET NOISE PHYSICS 
 

Summary by Eugene Krejsa, Consultant 
 
This session consisted of three invited presentations and several presentations 
during the discussion.  
 

INVITED PRESENTATIONS 
 
CAA for Jet Noise Physics: Issues and Recent Progress - Sanjiva K. Lele, 
Stanford University 
 
Dr. Lele presented an overview of issues and recent progress in CAA for jet noise. 
He summarized the issues in jet noise physics, including issues on which there is 
general agreement and those where there are diverse opinions. Also summarized 
were the variety of physical aspects of jet noise and the variety of possible jet noise 
mechanisms.  
 
The major computational issues in the use of CAA to compute the noise from jets 
are the disparity in length scales and amplitudes, the need for accurate treatment 
of unsteady shocks, and the critical need for “quiet” boundaries (i.e. boundary 
conditions that are both non-reflecting and that are not sources of noise as 
disturbances pass through them). Examples of recent progress in jet noise 
prediction, based on model problems were presented. Results from analyses using 
DNS, linearized Euler, and LES were also presented. Good agreement with data 
was achieved. 
 
Other computational issue addressed were those in regard to grid requirements, 
inflow forcing functions, flow and sound statistics, boundary conditions, high-
resolution schemes for complex domains, interaction of shocks with other 
disturbances, high-resolutions methods for LES, hybrid methods for prediction of 
radiated noise. 
 
Dr. Lele concluded his presentation with the following summary of where we go 
from the current status in CAA: 
 

• Develop better understanding of jet noise physics with CAA. 

• Benchmark databases for developing hybrid noise prediction method. 
Subgrid noise models, approximate methods for flow-noise interaction 

• Better aerodynamic and aeroacoustic design. Mixing optimization for 
noise reduction. 
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Jet Noise Computation: Direct and Hybrid Approaches - Christophe Bailly, 
Christophe Bogey and Daniel Juve, Centre Acoustique Laboratoire de 
Mecanique des Fluides et d’Acoustique as summarized by Eugene Krejsa. 
 
Dr. Bailly presented an overview of experimental observations of jet noise and 
direct and hybrid approaches to jet noise prediction. LES combined with CAA 
numerical methods is able to simulate turbulent flows. Results showed good 
agreement between calculations and measured jet characteristics. The following 
difficulties in making direct calculations were given: 
 

• Direct acoustic calculation is restricted to geometric basic flows. 

• Use of compressible flow field requires efficient boundary conditions. 

• Acoustic far field can be obtained via a Kirchhoff surface or by solving 
a wave equation or linearized Euler’s equation. 

• It seems difficult to apply a direct approach for low Mach number 
flows. 

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

• Separation of sound generation and propagation 

• Three steps to obtain the acoustic field 

• Determination of the aerodynamic field 

• Calculation of source terms 

• 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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Simulations Num�eriqueset Mod�elisationsen A�eroacoustique

�equipe du Centre Acoustique, LMFA, ECL & UMR CNRS 5509

Introduction

- Computational AeroAcoustics

- Experimental observations of jet noise

Direct calculation of jet noise

Hybrid approaches

- Lighthill's analogy

- E�ets of the mean ow on propagation

- Linearized Euler's Equations as wa ve operator

References
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Introduction
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Computational AeroAcoustics

� Goal of computational aeroacoustics: determining accurately

pressure uctuations at every point in the �eld ...

� Acoustical pressure uctuations

Ribner (1964), Crow (1970), Lilley (1972), Howe (1975), Yates (1978),

..., Ristorcelli (1997), ...

P apamoschou, AIAA J. (1997)
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Experimental observations of jet noise

� Aerodynamic noise sources not very eÆcient Mc ! 0

� =
acoustic energy

mechanical energy
�M 5

c with Mc � 1

M OAPWL Stpic uj=co uj p0acous u0acous u0acous=uj Re

0.9 147.8 dB 0.174 0.84 285 m.s�1 12 Pa 0.03 m.s�1 1:0� 10�4 1:02� 106

1.5 163.6 dB 0.161 1.24 425 m.s�1 76 Pa 0.18 m.s�1 4:2� 10�4 2:49� 106

2.0 169.1 dB 0.158 1.49 509 m.s�1 142 Pa 0.34 m.s�1 8:1� 10�4 5:19� 106

Acoustic uctuations measured at 40D

After: Seiner, Mc Laughlin & Liu, NASA TP-2072

Seiner & Ponton, NASA TM-86296

Jet M = 0:9

Mc ' 0:6 p0aero � �u02aero u0aero � 0:2Uc

p0aero � 102 p0acous and u0aero � 103 to 104 u0acous
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Experimental observations of jet noise

Variation of acoustic

power level with jet

velocity for subsonic

and supersonic jets

Candel, La Recherche A�erospatiale (1983)

acoustic eÆciency

for supersonic jets

Eldred, NASA SP-8072 (1971) - Candel (1983)
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Experimental observations of jet noise

Supersonic jet noise

Seiner, AIAA 84-2275

P anda, J. Fluid Mech. (1999)

P ow ell, J. Acoust.Soc. Am. (1992)

Banerian, AIAA J. (1978)
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Experimental observations of jet noise

Supersonic jet noise

Seiner, AIAA 84-2275. M=2, pj=p1 = 1:00 Seiner, AIAA 84-2275. M=1.8, pj=p1 = 3:05.
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Experimental observations of jet noise

Inuence of Reynolds number

Subsonic jet M = 0.9

� Re = 3600

Æ Re = 5:4� 105

Mollo-Christensen et al., J.Fluid Mech. (1964)

Stromberg, J. Sound Vib. (1980)

Supersonic jet: acoustic spectra

in direction of maximum noise

radiation

(a) M = 2:0 and Re = 2:6� 106

(b) M = 2:1 and Re = 7� 104

(c) M = 2:1 and Re = 7900

T routt & McLaughlin, J. Sound Vib.(1982)
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Experimental observations of jet noise

� Large wavelength scales of sound �eld / shear thickness

Jet velocity pro�le approximations (Michalke, 1971):

8>>>>>>>>><
>>>>>>>>>:

�U

uj
=

1

2

(
1 + tanh

"
R

2Æ�

 
1�

r

R

!#)
Æ�=R < 0:08
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uj
=

1

2

(
1 + tanh

"
R

4Æ�

 
R

r
�

r

R

!#)
Æ�=R � 0:08

Van Dyke - An album of Fluid Motion (1982)

Æ� ' 0:03x=R + 0:04R

Mesh grid

�racous ' 50��ra �ero
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Direct calculation of the acoustic �eld
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Direct acoustic calculation

� Solve compressible Navier-Stokes equations to determine both

the aerodynamic �eld and the sound �eld directly, via a DNS, a LES or

a SDM (Semi-Deterministic Modelling or unsteady RANS) calculation.

direct calculation of sound �! reference solution

� Interest

- understand noise generation mechanism

- v alidatehybrid approaches

� First achievements

- Colonius, Lele & Moin (1995,1997): DNS 2-D mixing lay er

- Mitchell, Lele & Moin (1997, 1999): DNS axi. supersonic and sub. jet

- Manning & Lele (1998): DNS 2-D mixing la yer with shock (screech)

- Tam & Shen (1999) : unsteady RANS of axisymmetric jet screech tones

? Freund, Lele & Moin (1998, 1999): DNS sub- and supersonic 3-D jet

M = 0:9 and Re = ujD=� = 3600, M = 1:92 and Re = ujD=� = 2000

- Choi, Barber, Chiappetta & Nishimura (1999): LES 3-D supersonic jet

- Morris, Long & Scheidegger (1999): LES 3-D jet M = 2:1 and Re = 70000

- Shieh & Morris (1999): DNS 2-D cavity noise

- Colonius, Basu & Rowley (1999): DNS 2-D cavity noise

? Bogey, Bailly & Juv�e(2000): LES 3-D jet M = 0:9 and Re = 65000

- Gloerfelt, Bailly & Juv�e(2000): DNS 2-D cavity
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Direct calculation: numerical issues

� Intrinsic to aerodynamic simulations

St =
fL

uj
� 1 �!

L

�
� M

LES

Number of points in one direction

nx �
�

l�
�

1

M
Re

3=4
L ReL =

u0L

�
nx �

�

�g
�

1

M
Re

1=2
L

Number of mesh points

N � n3x �
1

M3 Re
9=4
L N � n3x �

1

M3 Re
3=2
L

Time step

�t �
l�
c

�t �
�g
c

Number of time steps

nt �
T

�t
�

L

uj

c

l�
� Re

3=4
L

1

M
nt �

T

�t
�

L

uj

c

�g
� Re

1=2
L

1

M

cost � N � nt � Re3L �
1
M4 cost � N � nt � Re2L �

1
M4

DNS
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Direct calculation: numerical constraints

Notations

� L size of large eddies, L � D jet diameter

� uj jet velocity

� � acoustic wa velength

� M Mach number M = uj=c

� l� Kolmogorov length scale

� �g Ta ylorlength scale

� nx number of points in one direction

� N number of mesh points N � n3x

� �t time step

� c sound speed

� T c haracteristic time of large eddies T � L=uj

� nt number of time steps nt � T=�t

L

l�
�

0
B@u

0L

�

1
CA
3=4

� Re
3=4
L

L

�g
� Re

1=2
L (IHT)
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Direct calculation: numerical issues

� speci�c to computational aeroacoustics

- numerical schemes

Lele (compact, 1992), Tam & Webb (DRP, 1993)

Hu, Hussaini & Manthey (1996)

...

- treatment of boundary conditions: key point

- Engquist & Majda (1977)

- Hedstrom (1979)

- Rudy & Strikwerda (1980)

- Bayliss & T urkel (1982)

- Thompson (1987, 1990)

- Giles (1990)

- Poinsot & Lele (1992)

- Colonius, Lele & Moin (1993)

- Tam & Webb (1993)

- Collino (1996)

- Tam & Dong (1996)

not an

exhaustive

list

...

No one of these formulations leads to a totally eÆcient treatment

of boundary conditions when vortical perturbations leave out the

computational domain (in an acoustic point of view).
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ALESIA code

(Appropriate Large Eddy SImulation for Aeroacoustics)

� 2D/3D code solving the Navier-Stokes equations

- numerical algorithm

DRP scheme of Tam & Webb + 4th order Runge-Kutta

- non-uniform cartesian mesh

- non-reecting boundary conditions of Tam & Dong

- sponge zone into the outow

- DNS or LES with Smagorinsky's subgrid scale model

- vectorization: CPU speed > 4000 Mops on Nec SX-5

� Studied con�gurations

- two co-rotative vortices

- 2-D subsonic mixing la yer

- 3-D subsonic jet

Bogey, Bailly & Juv�e AIAA Paper 99-1871 (accepted in AIAA J.)

AIAA Paper 2000-2009 & 2000-2047
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� Use of a sponge zone into the outow

! grid stretching o ver about �fty points

! addition of an arti�cial damping term

introduced gradually with an exponential pro�le

Ref. Colonius, Lele & Moin (1993)

Ta'asan & Nark (1995)

Hu (1996)

3rd CAA workshop (1999), ...

� Viscous terms are taken into the inow and outow boundaries

radiation B.C.
+

viscous terms

outow B.C.
+

viscous terms
+

grid stretching
+

damping term

-
ow

direction

radiation B.C.

radiation B.C.
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LES of a 3-D subsonic round jet

� Con�guration

- Mach number : Mj = 0.9

- Reynolds number : ReD = D � Uj=� = 65000

� Random excitation into the inow

with addition of vortical perturbations in the sheared zone

! natural aerodynamic development

� Numerical parameters

- mesh of 255 � 187 � 127 points (cut-o� Strouhal number

in the acoustic far-�eld : Stc = fc �D=Uj ' 1:1)

- computation time: 15h on a Nec SX-5 for 30000 iterations
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Aerodynamic development

� Longitudinal and transversal vorticity �elds

!xy

at

z = 0

!yz

at

x = 12r0

� Mean ow development

0 5 10 15 20
0

2

4

x/r
0

y/
r 0

isolines of the

mean axial v elocity

streamlines

! end of the potential core around x = 10r0 (consistent with Lau,

Morris & Fisher, 1979)

! entrainment of the surrounding ow
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� Mean ow properties

(a) in v erseof the mean centerline longitudinal velocity : Uc=Uj

(b) half-width of the jet : Æ1=2=r0

(c) 5 radial pro�les of mean longitudinal velocity between 15r0 and 20r0

(d) mean ow rate : Q=Q0
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0 0.05 0.1 0.15 0.2
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c

(c)

0 5 10 15 20

1
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3.5

x/r
0

Q
/Q

0

(d)

1=B A

C

B A Reference

5.4 0.086 Wygnanski & Fiedler (1969)

6.1 0.096 P anchapakesan & Lumley (1993)

5.8 0.094 Hussein, Capp & George (1994)

5.5 0.096 Present computation

C = 0:32 (similar to Ricou &

Spalding, 1961)

! mean jet development in agreement with experiments
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� Radial pro�les of turbulent intensities

(a) �uu = u0=Uc

(c) �ww = w0=Uc

(b) �vv = v0=Uc

(d) �uv =
p
u0v0=Uc
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σ uv

(d)

�, +, �, 5, 4, 5 pro�les between x = 15r0 and x = 20r0

, mean pro�le

, Hussein, Capp & George (1994)

, Panchapakesan & Lumley (1993)

! self-similar pro�les

! turbulent intensities in accordance with measurements
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Radiated acoustic �eld

� Dilatation �eld � = r:u provided by LES

! acoustic sources located at the end of the potential core around

x ' 11r0 (as shown experimentally)
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� Directivity of the acoustic radiation

Sound pressure levels at a distance of 60r0 from the inow

0 30 60 90 120
102

106

110

114

118

θ(deg)

S
P

L(
dB

)

M ReD Reference

+ 0.9 5.4 � 105 Mollo-Christensen, Kolpin & Martucelli (1964)

� 0.88 5 � 105 Lush (1971)

� 0.9 3600 Stromberg, McLaughlin & T routt(1980)

- 0.9 65000 Present computation

! directivity and levels in good agreement with experimental data
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Concluding remarks

� LES combined with CAA numerical methods is able to simulate tur-

bulent ows

�! ow development in good agreement with experimental data

� Faisability of direct calculation of jet noise using LES

�! SPL and directivity consistent with measurements

� Numerical investigation of jet noise

�! need new criteria to identify turbulent events

associated with noise generation
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DiÆculties of direct calculation

� Direct acoustic calculation is restricted to geometrically basic

ows,

at low Reynolds numbers for DNS, ReD � 103 to 104, and

at moderate Reynolds numbers for LES, ReD � 104 to 105 (discussions

about turbulence models).

� Use of the compressible �eld requires eÆcient/outstanding boundary

conditions

� Acoustic far �eld can be obtained via a Kirchho� surface (with a re-

tarded time problem to solve), or by solving a wa ve equation or lin-

earized Euler's equations.

� It seems diÆcult to apply a direct approach for lo wMach number ows

(car & train studies: acoustic comfort in surface transports, ...).

�! reference solution
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Some hybrid approaches to predict

aerodynamic noise
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Hybrid methods

� Principle

! separation of sound generation and propagation

! 3 steps to obtain the acoustic �eld

- determination of the aerodynamic �eld

(computation or modelling)

- building of source terms

- resolution via a wa v eoperator

Lighthill's equation, Linearized Euler's Equations, ...

� Advantages

! use of the most appropriate method at each step

! use of conventional CFD codes to study complex geometries

� Restrictions

! loss of informations about ow - acoustic interactions

(refraction & convection)

! modelling of source terms

How de�ne acoustic sources in a turbulent ow ?
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Lighthill's analogy
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Lighthill's theory (1952)

Lighthill's wave equation:

@2�0

@t2
� c2or2�0 =

@2Tij
@xi@xj

with Tij = �uiuj +
�
p0 � c2o�

0

�
Æij � �ij

source v olumeV of turbulence

O y
S

x

r = x� y

observer (x; t)
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4�c4ox

xixj
x2

Z
V

@2Tij
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y; t�

r

co

!
dy

x!1

- for a perfect gas: p0 = c2o�
0 + (po=cv) s

0

- high Reynolds number ow without entropy uctuations:

Tij ' �uiuj
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� Some applications

Sarkar & Hussaini (1993): DNS isotropic turbulence

Mitchell, Lele & Moin (1995): DNS vortex pairing

Wang, Lele & Moin (1996): DNS vortex shedding and boundary lay er

Witko wska, Juv�e& Brasseur (1997): LES isotropic turbulence

Bastin, Lafon & Candel (1997): unsteady RANS plane jet

Whitmire & Sarkar (2000): DNS homogeneous turbulence

Colonius & Freund (2000): DNS supersonic jet

S �eror,Sagaut, Bailly & Juv�e(2000): LES homogeneous turbulence

Bogey, Bailly & Juv�e(2000): LES plane mixing la yer

� Main problems

- accurate interpolation to solve the retarded time problem,

- meanow - acoustic interactions in the source term

! Phillips' equation (1960)

! Lilley's equation (1972)
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Lighthill's integral solution

Considering a volume V surrounding all the sound sources,

all these expressions are equivalent in the acoustic far �eld:

�0 (x; t) =
1

4�c2o

Z
V

@2Tij
@yi@yj

 
y; t�

r

co

!
dy

r
exact formulation (i)
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co

!
dy far-�eld approximation
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!
dy

r
exact formulation
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!
dy far-�eld approximation

�0 (x; t) '
1

4�c2ox

xixj
x2

Z
V

@2

@t2
Tij

 
y; t�

r

co

!
dy far-�eld approximation (ii)

� Some formulations are more sensitive to retarded time approximation

to evaluate the integral (Crighton, 1974).

� Use of space derivatives, in formulation (i), induces numerical errors of

the order of 1=M2
c with respect to formulation (ii) with time derivatives.

(Sarkar & Hussaini, 1993).
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Noise generated by a 2-D mixing layer

forced at f0 and f0=2

� Application of Lighthill's analogy

! Use of LES aerodynamic data to construct Tij on a domain extend-

ing from 5 to 235Æ!(0) in x and from -50 to 50Æ!(0) in y, every 10

iterations

! 4th-order time interpolation of source terms

! Weighting of the source volume in the outow direction to cancel

their v alueson the boundary

Radiated acoustic �eld basically harmonic:

8>>>>>>>><
>>>>>>>>:

G2D (r) '
1

4i

vuut 2

�k0r
eik0r�

i�

4 k0r > 4

G3D (r) = �
1

4�r
eik0r

! phase delay of �=4 and decay of the acoustic �eld as 1=r instead of

1=
p
r
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Noise generated by a mixing layer

{ Dilatation �eld � = r:u on the whole physical domain

! LES result

! wa ve fronts coming

from the pairing loca-

tion with a wavelength

corresponding to fre-

quency fp = fo=2

�fp = 51:5Æ!(0)

! convection e�ects

(particularly visible in the

upper rapid ow)

Ref. Colonius, Lele & Moin J. Fluid Mech., 320, 1997. (DNS)

Bogey, Bailly & Juv�e AIAA P aper99-1871 (accepted in AIAA J.)
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� Pressure �eld provided by Lighthill s analogy

@2Tij=@yi@yj @2Tij=@t
2

� Directivity

−120      −60       0       60      120
 

 

 

 

θ (deg)

S
P

L(
dB

)

, LES

, Lighthill's analogy with time

derivatives

4 dB between two graduations

! Lighthill's analogy compares more favorably in the slow ow than

in the rapid ow (di�erence of 20o).
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Ambiguity of Lighthill's source term

By applying an acoustic analogy, one can expect to separate the radiated

�eld and the aerodynamic �eld, where Tij ' ��uiuj

T t
ij = Tij � �Tij (centered source term)

' ��uiuj � �� uiuj

' ���uiu
0

j + ��u0i�uj| {z }
shear-noise

+ ��u0iu
0

j � �� uiuj| {z }
self-noise

' T s
ij + T f

ij

In practice:

8>>>>>>>><
>>>>>>>>:

if ui = �ui + u0iaero. =) lost interactions

if ui = �ui + u0iaero. + acous =) interactions into T s
ij
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� Dilatation �eld obtained with 4 methods

LES T t
ij = �uiuj T f

ij = �u0iu
0

j LEE

! Lighthill with T f
ij � LEE without mean ow with Sf

ij

! Lighthill with T t
ij � LES

−300 −280 −260 −240 −220 −200
y/δ

ω
(0)

θ

λ/8

λ

Dilatation pro�le at

x = 70Æ!(0)

LEE with Sf
ij

Lighthill with T f
ij
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Lighthill's analogy

� In the framework of an acoustic analogy, only the aerodynamic �eld is

calculated accurately.

�! numerically less diÆcult

However mean ow e�ects on acoustic propagation are lost: these ef-

fects have to be included in the source term.

� Storage of source terms, retarded-time problem and truncation of the

source volume must be carefully treated.

� But nevertheless, Lighthill's analogy is useful in many engineering

problems ...

� Can we build an acoustic analogy where mean ow inter-

actions are included into the wave operator rather than

in the source term ?

NASA/CP—2001-211152 873



Mean ow e�ects
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Propagation in a sheared mean ow

Exact wave operator

LEE =)
�D
�Dt

0
@ 1

c2o

�D2p0

�Dt2
�r2p0

1
A+ 2

d �U

dx2

@2p0

@x1@x2
= 0 (1)

- Pridmore-Brown (1958)

- Landahl (1967)

- Lilley (1972)

log10 (jp
0j+ �)

Bickley jet - M = 0.5 - St ' 4:4

Pressure uctuations in (1) of

the form

p0 (x; t) = ' (x2) e
i(k1x1�!t)

HF approximation =) cone of

silence

cos �? =
1

M + 1

! mean ow e�ects in the wave operator
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Lilley's analogy (1972)

@uj
@xj

= �
1

�

d�

dt
= �

1

p

dp

dt
+

1

cp

ds

dt

! Acoustic v ariable- Phillips (1960) � =
1


ln

p

po

d

dt

8<
:d

2�

dt2
�

@

@xi

 
c2
@�

@xi

!9=
;+ 2

@ui
@xj

@

@xi

0
@c2 @�

@xj

1
A = �2

@ui
@xj

@uj
@xk

@uk
@xi

+2
@ui
@xj

@

@xi

 
1

�

@�ij
@xi

!
+

d2

dt2

0
@ 1

cp

ds

dt

1
A� d

dt

8<
: @

@xi

0
@1
�

@�ij
@xj

1
A
9=
;

After linearization �0 ' (1=)p0=po and ui = �U (x2) Æ1i + u0i

�D
�Dt

8<
:
�D2p0

�Dt2
� c2o

@2p0

@xi@xi

9=
;+ 2c2o

d �U

dx2

@2p0

@x1@x2
= S

with

S = �2po

8<
:3 d

�U

dx2

@u02
@xk

@u0k
@x1

+
@u0i
@xj

@u0j
@xk

@u0k
@xi

9=
;
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Some remarks about acoustic analogy

� Other acoustic analogies - more physical source term:

Po well (1964) - Howe (1975) - M�ohring (1978) - Doak (1998) - ...

@

@t

 
1

�c2
dp

dt

!
�r2ht = r: [! � u� Trs] ht = h+

u2

2

� Statistical models

Ribner (1964) - Ffowcs Williams (1963) - Goldstein (1973)

k � � solutions ! B�echara, Bailly, Lafon & Candel (1994-1997)

� Three modes of uctuations - Chu & Kovasznay (1958)

These modes are coupled for a sheared mean ow �eld, even for small

perturbations in using linearized equations.

Modes are uncoupled in the HF approximation �! geometrical acoustic

� DiÆcult to build an acoustic analogy without ambiguity where propagation

e�ects are eliminated as much as possible from source terms.

Lilley � generalization of Rayleigh's equation for compressible ows

Lilley's analogy = self-noise + instability wa v es + radiation of instability wa v es

�! Linearized Euler's equations: same problems !
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Linearized Euler's Equations

NASA/CP—2001-211152 878



Linearized Euler's Equations (LEE)

� Formulation

@U

@t
+
@E

@x
+
@F

@y
+
@G

@z
+H = 0

U =

0
BBBBBBBBBBBBBBBBB@

�0

�ou
0

�ov
0

�ow
0

p0

1
CCCCCCCCCCCCCCCCCA

E =

0
BBBBBBBBBBBBBBBBB@

�0uo + �ou
0

uo�ou
0 + p0

uo�ov
0

uo�ow
0

uop
0 + pou

0

1
CCCCCCCCCCCCCCCCCA

H =

0
BBBBBBBBBBBBBBBBBBBBBBBBBB@

0

(�ou
0 + �0uo)

@uo
@x

+ (�ov
0 + �0vo)

@uo
@y

+ (�ow
0 + �0wo)

@uo
@z

(�ou
0 + �0uo)

@vo
@x

+ (�ov
0 + �0vo)

@vo
@y

+ (�ow
0 + �0wo)

@vo
@z

(�ou
0 + �0uo)

@wo

@x
+ (�ov

0 + �0wo)
@wo

@y
+ (�ow

0 + �0wo)
@wo

@z

( � 1)

0
@p0r:uo � u0

@po
@x
� v0

@po
@y
� w0

@po
@z

1
A

1
CCCCCCCCCCCCCCCCCCCCCCCCCCA
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Hybrid method based on LEE

LEE as acoustic wave operator

@U

@t
+
@E

@x
+
@F

@y
+H = S S = [0; S1 ; S2 ; 0]

t

Expression of source terms

For an unidirectional sheared mean ow �u1 (x2)

LEE ! L [p0] = � � Lilley equation �?

� = �
�D
�Dt
r:S + 2

d�u1
dx2

@S2

@x1
� Lilley

Si = Sf
i � Sf

i = �@�u
0

iu
0

j

@xj
+
@�u0iu

0

j

@xj

Ref. B�echara, Bailly, Lafon & Candel, 1994, AIAA J., 32(3)

Bailly, Lafon & Candel, 1995, AIAA Paper 95-092

Longatte, Lafon & Candel, AIAA Paper 98-2332

Bailly & Juv�e,AIAA Paper 99-1872

Kalitzin & Wilde, Aeroacoustic workshop, Dresden, 1999.

Bogey, Bailly & Juv�e, C.R.A.S. 328 IIb, 2000

Bailly, Bogey & Juv�e, AIAA Paper 2000-2047.
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SPRINT code

(Sound PRopagation IN mean Turbulent ows)

� 2D/3D Linearized Euler's Equations

- n umericalalgorithm

7-point DRP scheme of Tam & Webb + 4th-order Runge-Kutta

- Arti�cial selective damping of Tam & Shen (Tam, Webb & Dong)

- non-uniform cartesian mesh

- Non-reecting radiation and outow boundary condition of Tam & Webb

- Thompson's characteristic inow boundary condition (incoming plane wa v e)

- Wall boundary: Tam & Dong, or 3-ghost points (extrapolation)

- Symmetric boundary condition: 3-ghost points

- Absorbing boundary conditions

- Time-domain impedance boundary conditions

- v ectorization> 4000 Mops on Nec SX-5

Ref. Gr�everie & Bailly, C.R.A.S., 326 IIb, 1998

Bailly & Juv�e, AIAA J., 38(1), 2000

Bailly, C., 3rd CAA workshop, NASA, 2000

Bailly, Bogey & Juv�e, AIAA Paper 2000-2047.
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Sound �eld generated by a mixing layer

S = Sf � Sf H � 0

� Dilatation �eld

(a) LEE result

(b) LES result (direct

calculation)

Bogey, Bailly & Juv�e

C.R.A.S., 328, IIb (2000)

AIAA P aper2000-2047

� Dilatation pro�les at x = 70Æ!(0)

−300 −200 −100 0 100 200 300
−2

−1

0

1

2

y/δ
ω
(0)

θ LES result

LEE result
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Noise generated by a mixing layer

�Mean axial velocity introduced into LEE

7 isolines from 44 to 156 m.s�1

20 40 60 80 100
−6

0

6

x/δ
ω
(0)

y/
δ ω

(0
)

� Simpli�ed formulation of LEE

! H = 0 to prevent the exponential development of instability wa ves

no signi�cant e�ect on acoustic propagation, since �p = 51:5Æ!(0)

LEE ! Rayleigh's stability equation

 
�u1 � !

k

! 264d
2û2
dx22

� k2û2

3
75� d2�u1

dx22
û2 = 0

LEE with H � 0

 
�u1 � !

k

! 264d
2û2
dx22

� k2û2

3
75 + d�u1

dx2

dû2
dx2

= 0
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Noise generated by a mixing layer

� Acoustic radiation of a monopolar source

(a) from LEE with H = 0

(b) from full LEE

� Radial pressure pro�les at x = 25Æ!(0)

−300 −200 −100 0 100 200 300
−5

−4

−3

−2

−1

0

1

2

3

4

5
x 10

−6

y/δω(0)

p

from LEE with H = 0

from full LEE
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Noise generated by a mixing layer

� Inappropriate formulation of the source term

St introduced as source term into LEE

St
i =

0
B@@�uiuj

@xj
� @�uiuj

@xj

1
CA

! o verestimation of refraction e�ects

St
i =

@�uiuj
@xj

� @�uiuj
@xj

=
@��uiu

0

j

@xj
+
@�u0i�uj
@xj| {z }

shear-noise

+
@�u0iu

0

j

@xj
� @�u0iu

0

j

@xj| {z }
self-noise S

f
i
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Instability wave radiation

Mach waves

c' =
c1
cos �

or cos � =
c1
c'

=
�rc1
!

-

6

A
A
A
A
A
A

A
A
A
A
A
A
A
A
A
A

��
��

��
��

��
��

��
��

��*
Mach wa ve
radiation

x

pi = ~pi (y) e
i(�x�!t) = ~pi (y) e

��ixei(�rx�!t)
!

c'
> �r

c' =
!

�r

� 1

supersonic
phase velocity

k =
2�

�
�

-
c'

3rd CAA

workshop

NASA - CP

Problem 5
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From Computational Fluid Dynamics ...

... To Computational AeroAcoustics

Direct Numerical
Simulation
DNS

Large Eddy
Simulation

LES

Reynolds Av eraged
Navier-Stokes Equations

RANSE

near acoustic �eld

Kirchho�

mean ow �eld

LEE NLDE

acoustic �eld

aerodynamic �eld

Lighthill

LEE + source terms

acoustic �eld

mean ow �eld + k � �

statistical
models

acoustic intensity

and spectra

SNGR

synthesized

turbulent �eld
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CAA For Jet Noise Physics - Reda Mankbadi, Embry-Riddle Aeronautical 
University as summarized by Eugene Krejsa. 
 
Dr. Mankbadi summarized recent CAA results. Examples of the effect of various 
boundary condition schemes on the computed acoustic field, for a point source in a 
uniform flow, were shown. Solutions showing the impact of inflow excitations on the 
result were also shown. Results from a large eddy simulation, using a fourth-order 
MacCormack scheme with a Smagorinsky sub-grid turbulence model, were shown 
for a Mach 2.1 unheated jet. The results showed that the results were free from 
spurious modes. Results were shown for a Mach 1.4 jet using LES in the near field 
and the Kirchhoff method for the far field. Predicted flow field characteristics were 
shown to be in good agreement with data and predicted far field directivities were 
shown to be in qualitative agree with experimental measurements.  
 
Dr. Mankbadi also presented results using linearized Euler equations. Comparison 
of predicted directivities agreed well with measurements for supersonic jet. 
Agreement was not as good for jet with Mach numbers less than 0.9. Results from 
very large eddy simulation were also presented. Dr. Mankbadi concluded his 
presentation with observations that CAA can provide: 
 

• Prediction of sound propagation. 

• Physics of the very large flow structures. 

• Correlation for other approaches, such as MGB. 

• Numerical experiments with various ideas for identification and 
control of the noise sources. 

 
There are still many challenges: 
 

• LES is CPU intensive 

• Shock-acoustic wave interaction is difficult 

• Coupling to the engine requires curvilinear meshes, grid generations, 
and a much faster code. 
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AXISYMETRIC COMPUTATION FOR ACOUSTIC 
RADIATION FROM AXISYMMETRIC LARGE 
SCALE STRUCTURE
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OPEN PODIUM PRESENTATIONS 
 
Dr. Jonathan Freund of UCLA presented results from DNS calculations. Flow field 
properties and far field noise were predicted. Comparisons made with the data of 
Stromberg for a low Reynolds number flow showed good agreement. 
 
Dr. Ray Hixon of NASA Glenn presented results from the application of a high 
order CAA code which used body-fitted curvilinear grids to compute nonlinear flows 
about complex geometries. Results for test cases from the 3rd CAA workshop were 
presented. Good results were obtained.  
 
Dr. Anastasios Lyrintzis from Purdue University presented an overview on Integral 
Methods for Jet Aeroacoustics. Methods that can be used for this type of analysis 
include: Lighthill’s acoustic analogy, which requires a volume integral of the source 
terms; Kirchhoff’s method, which requires a surface integral with a good flow solver 
to get a good solution on that surface; and the porous Ffowcs Williams - Hawkings 
equation. Dr. Lyrintzis recommended that work continue to improve refraction 
corrections and high frequency predictions. 
 
Dr. K. Viswanathan of Boeing presented an assessment of existing jet noise 
prediction methods. In particular, the MGBK method and the method of Tam were 
evaluated. A total of seven test cases, covering a range of jet Mach numbers and 
temperatures were used to evaluate these methods. Predicted spectra were 
compared with measured spectra for selected angles for each of the test cases. The 
same CFD solution (based on work of Thies and Tam) for the mean flow and 
turbulent energy was used for both noise prediction procedures. The method of Tam 
appeared to predict overall levels better than the MGBK method. Also, the MGBK 
method tended to under-predict the high frequency portion of the spectra while 
Tam’s method predicted the spectral shape very well at angles away from the jet 
axis. Tam asserts that large scales are responsible for the noise near the axis and 
thus would not expect his method to predict the spectra shape at those angles. The 
MGBK method attempts to predict the spectra at all angles. In discussions after the 
presentation it was suggested that the better agreement of Tam’s method with 
overall levels may be due to the fact that this method has been “calibrated” using 
aerodynamic input generated using the same method used in this study, whereas 
the MGBK code was “calibrated” using aerodynamic data from a different code.  
Though the choice of the CFD solution would play a role, as pointed out by  
Dr. Morris, there could be more fundamental issues with the acoustic analogy 
approach that would cause the observed discrepancy.   
 
Dr. Philip Morris of Penn State University presented information comparing the 
source terms in the Tam and MGBK methods. Dr. Morris’ main conclusion was that 
the difference in predicted spectral shape between the two methods may be due to 
the frame of reference used to model the source auto-correlation function and the 
choice of model for the turbulent statistics. 
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Computational Requirements for Nozzle 
Exhaust Flow and Noise Calculations 

● The code must be capable of accurately calculating nonlinear flowfields.

● Very small amplitude waves must be accurately captured.

● Complex geometries must be accurately represented.

● The code must be written to take advantage of distributed computing environments.

● The code should be robust and capable of being applied to arbitrary geometries.
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Current Numerical Method 

● 4th order low−storage optimized Runge−Kutta time marching (LDDRK 5−6).

● Prefactored small−stencil 6th order compact spatial differencing.

● Explicit 10th order filtering applied at each stage.

● 3−D generalized curvilinear coordinates.

● Structured multi−block grids.

● MPI parallel for distributed computer clusters.

● Allows different equations in each block for more efficient use of resources.

● F90 used for memory management and improved data structures.

● Solves full nonlinear Euler, Navier−Stokes, LES (Smagorinsky), VLES (k−ε).
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Validation of Prefa ctored Compact Sche me on CAA Benchmark  Problems
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These problems showcase the ability of the scheme to accurately calculate the 
propagation of small disturbances through nonlinear mean flows on highly 
stretched grids.
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Curvilinear Grid Pe rformance Test:  Gu st Response of a Jo ukowski Airfoil

k = 1.0
1D gust

Closeup of Cambered Airfoil Grid

k = 1.0
2D gust

V velocity Perturbation Pressure

In this benchmark CAA problem,
the effects of wall geometry,
gust geometry, curvilinear grids,
and farfield boundary conditions
are tested.
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Airfoil Surface RMS  Pressure Disturban ce for Joukowski Ai rfoil in a Vortical  Gust

GUST3D Results
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Far Field Noise Rad iation Results for Joukowski Airfoil i n a Vortical Gust
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Boundary Distance S tudy for Joukowski Airfoil Problem (Ca mbered, k=0.1, 2D g ust)

GUST3D Results

Computed Results 
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= 54,125 points)
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Synopsis 
 

This work attempts to evaluate the different jet noise theories and the prediction 

methods that implement the above theories with suitable empirical adjustments to 

fit data.  This is not meant as a competition; rather, this effort is a rigorous attempt 

at understanding the different viewpoints and obtaining a status report.  

 

One of the fundamental difficulties that bedevil any evaluation of different jet noise 

theories is the computation of the mean flow and the turbulence information, which 

are then used for noise prediction.  Different CFD codes and turbulence models 

produce different flow fields.  To eliminate this variable, a single set of CFD 

solutions was provided to all the researchers making jet noise predictions.  

Specifically, mean flow solutions for all the test cases were generated using the 

modified κ-ε turbulence model of Thies and Tam [1].  This turbulence model, 

incorporated in a Parabolized Navier-Stokes (PNS) solver, has been shown to 

provide excellent agreement with the measured jet mean flow data for a wide range 

of jet Mach numbers and temperature ratios.  Thus, a consistent set of good mean 

flow data served as the starting point for all noise predictions.  The computational 

domain extended to 35 jet diameters in the downstream direction, thereby ensuring 

that the important noise source region was included. 

 

Seven test cases, that would establish different observed effects, were chosen.  

These cases sought to: 

 

1. predict the effect on the radiated noise when increasing the jet Mach 

number at constant reservoir temperature (cold jets with M=0.5, 0.9, 

1.5) 

2. predict the noise from a subsonic heated jet (M=0.87, temperature 

ratio=2.78) 

3. predict the effect of increasing temperature while holding the Mach 

number constant (M=2.0, temperature ratio = 1.12, 2.72, 4.89).  
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For all cases, comparisons are shown at a radial distance of 100 jet diameters from 

the nozzle exit.  All angles are measured from the jet inlet axis, with 180° 

corresponding to the jet exhaust axis. 

 

Three researchers who have developed jet noise prediction methodologies using 

computed flow fields were invited to participate in this evaluation process.  Brief 

descriptions of the three approaches are given below. 

 

1. Abbas Khavaran:  MGBK approach 

In this approach, Lilley’s equation is solved, with modeled self-noise and shear-

noise terms.  The far-field noise is obtained through a volume integral of the 

noise source region, with the source convection and mean-flow refraction effects 

properly accounted.  Description of the methodology may be found in Khavaran 

[2] and the references therein.   

 

2. C. K. W. Tam: fine-scale turbulence approach 

Tam and Auriault [3] recently developed a semi-empirical theory for the 

prediction of fine-scale turbulence noise, based on an analogy of the kinetic 

theory of gases.  The noise source is thought to be associated with the 

fluctuating kinetic energy of the fine-scale turbulence.  The requisite length 

scale, time scale and source strength are obtained using the κ-ε turbulence 

model.  Mean flow/acoustic interaction effects are computed using an Adjoint 

Green’s function.  It is well established that the large-scale structures/instability 

waves are dominant noise generators in the aft quadrant, at large angles from 

the jet inlet.  Tam’s model computes noise only from the fine-scale turbulence 

and hence the predictions from this methodology are restricted to lower angles, 

where the fine-scale turbulence noise is dominant.  In this approach, the far-field 

noise is formulated in terms of power spectral density per Strouhal number, 

which is more suited for making predictions of narrowband data. Hence, 

narrowband predictions in terms of Strouhal number are shown here. 
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3. P. J. Morris: approach based on master spectra for quadrupole and dipole 

contributions  

This approach, described in Pilon and Morris [4], is an extension of an empirical 

noise prediction scheme developed by Morfey and Szewczyk [5, 6].  Whereas 

Morfey’s method relied on empirical models for the description of the noise 

sources, the extension by Morris utilized the computed flow field solution for the 

characterization of the length and time scales, compactness factor, convection 

velocity, source strength, etc.   

 

Significant findings 

Only two sets of results are presented since Morris was unable to complete the 

predictions before the workshop. Furthermore, Morris carried out a detailed 

evaluation of the jet noise theories and identified some fundamental issues that set 

the different approaches apart (see below). Comparisons of predictions and data are 

shown in the accompanying charts. The results of the MGBK predictions are shown 

first – these may be identified by the use of the band number for the x-axis.  Note 

that Tam’s results have the Strouhal number on the x-axis.   

 

The results indicate that,  

1. The MGBK methodology fails to predict the measured spectral shape.  

The levels are also significantly off. 

2. Tam’s approach provides very good predictions of amplitudes and spectra 

for the various cases considered, except for the extremely heated jet case. 

 

For aircraft applications and for the development of noise suppression devices, 

spectral shapes are important.  There is a clear need for the development of models 

that would address this vital issue. 

 

In a companion presentation, Morris explained that the choice of the reference 

frame plays a crucial role in the shape of the predicted spectra.  Whereas Tam 

formulated the two-point cross correlation in a nozzle-fixed frame of reference, the 

analogy theories employ the moving frame of reference.  For more details, see the 

charts presented by Morris. 
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Comparison of Lilley’s Equation/Acoustic Analogy 
and Tam & Auriault’s Model

• Tam and Auriault:
– Linearized Euler equations
– Two-point cross correlation in fixed reference frame
– Adjoint solution for mean flow/acoustic interaction 

effects

• Lilley’s Equation/Acoustic Analogy
– Convected wave equation
– Two-point cross correlation in moving reference frame
– High and low frequency solutions of Lilley’s equation 

for mean flow/acoustic interaction effects
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Comparison of Lilley’s Equation/Acoustic Analogy 
and Tam & Auriault’s Model

• For the same level of empiricism solutions using 
models based on the acoustic analogy fail to yield 
the correct spectral shape at 90o to jet axis.

• Solutions to models based on the acoustic analogy 
using a cross correlation in a fixed reference frame 
and an adjoint solution of the wave equation yield 
improved results. (But not as good as Tam and 
Auriault’s model.)

• However, if consistent models are used to describe 
the turbulent statistics, both Tam and Auriault’s 
model and models based on the acoustic analogy 
yield identical results! (to be published).
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APPENDIX A 
 

A HISTORICAL PERSPECTIVE ON JET NOISE RESEARCH 
Geoffrey Lilley, University of South Hampton 

Marvin Goldstein, NASA Glenn Research Center 
 
 

In Prof. Lilley’s opening remarks, he gave a short historical account of the origins of 
the Lighthill acoustic analogy. From 1949 to 1951 Lilley and Westley were engaged 
in the first extensive experimental program on jet noise research. In 1950 they were 
visited by Mr. Henry Irving, the Principal Scientist of the UK Ministry of Supply. 
After reviewing the progress of their research, which had not been funded by the 
Government, Mr. Irving asked what theory would be used against which the 
experimental data could be compared. It was explained no theory existed for the 
noise generated by and radiated from turbulence for this was one of the few topics 
not considered by Lord Rayleigh in his ‘Theory of Sound’. It had been noted there 
were similarities with electromagnetic radiation. It was their intention to carefully 
interrogate their new experimental database, and were confident this would lead to 
the theory of noise generated by turbulence and so establish the properties of the 
source function, or forcing term, in the resulting inhomogeneous wave equation.  
Mr. Irving later decided to consult Professor Sydney Goldstein, Head of the 
Mathematics Department at Manchester University, regarding the possibility that 
a complete theory could be derived for the noise generated by turbulence. Professor 
Goldstein suggested this was just the challenge to put to their brilliant 
mathematician, Michael Lighthill, who we know as the late Sir James Lighthill. 
Lighthill’s theory of AERODYNAMIC NOISE was first announced in 1951 and 
published in 1952. Thus Mr. Irving’s vision in getting a complete theory of jet noise 
established was of immense importance and allowed the experimental data of 
Westley and Lilley to quickly gain wide acceptance and application to jet aircraft 
noise prediction and reduction. 
  
In 1951 Westley and Lilley showed Lighthill’s theory was in good agreement with 
their experimental data. However their experiments on jet noise reduction had been 
completed from the knowledge they had gained of the jet noise source locations 
deduced from their jet flow and experimental noise data, and which had been 
completed before Lighthill’s theory was disclosed to them. In the Westley-Lilley 
experiments the flow was very uniform at the nozzle exit through having a 16:1 
contraction ratio upstream. The thickness of the boundary layer at the nozzle exit 
was very small and was pseudo laminar. The mixing region just downstream of the 
nozzle exit was also pseudo-laminar although transition to a fully developed mixing 
region occurred beyond about one jet diameter from the nozzle exit, and therefore 
changed the effective origin of the linearly growing fully developed turbulent mixing 
region. When later they investigated numerous noise reduction devices based on the 
principle of the vortex generator, the flow was then always fully turbulent from the 
nozzle exit.  
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Lilley confirmed from their subsonic jet observations, that the dominant high 
frequency noise generation was from the region close to the nozzle exit. However 
most of the dominant low frequency noise was generated downstream of the end of 
the potential core, which in their experiment had a length of about 5 diameters 
from the nozzle exit. Most of the noise was generated in less than 20 diameters from 
the nozzle exit, but the first 5 diameters of the initial mixing region was responsible 
for the bulk of the high frequency noise and contributed to about half the amplitude 
of the peak noise. The dominant low frequency and the remainder of noise near the 
peak frequency was generated from around the end of the potential core and in the 
‘transition’ region between the potential core and the fully developed jet flow 
downstream. It appeared the major noise source at any cross-section came from the 
center of the mixing region around the dividing stream surface, or streamline, 
which divides the mixing region into that part derived from the core jet flow, and 
that derived from the entrainment. The convection speed of the turbulence was 
connected with the mean speed on the dividing streamline, and was a function of 
the velocity and temperature ratios between the jet exit conditions and the external 
flow.  
  
Collaboration with Rolls Royce soon followed and led to the design and installation 
of the corrugated nozzle and its derivatives on all commercial jet aircraft in the 
period 1955 –1970. The initial idea of the corrugated nozzle had been developed by 
Westley, Young and Lilley, but its success depended on an enormous effort by Rolls 
Royce in perfecting the design for a large noise reduction in flight with a small or 
zero thrust penalty.  
 
However by the mid–1950’s it was realized by virtue of Lighthill’s 8th velocity power 
law that the only course open to the achievement of large aircraft noise reductions 
was to use aircraft engines designed to have low mixed jet velocities. This change in 
thermodynamic cycle also had the benefit of reducing the specific fuel consumption 
and increasing the engine thermal efficiency. Some early work was done on the use 
of aircraft engines with small bypass ratio but in the late 1950’s Lilley joined a 
small research consulting panel at Rolls Royce to consider what further noise 
reduction could be expected from the introduction of the large front fan turbojet 
engine. These studies suggested the noise would decrease with increase in bypass 
ratio and the outcome was the introduction of the RB211 for installation on the 
‘Tristar’.  
 
While much of the fundamental theory of jet noise was initiated in the U.K., much 
of the subsequent development occurred in the United States. Prof. Lilley first 
introduced the idea of using an inhomogeneous version of the convected wave 
equation for a transversely sheared mean flow to replace Lighthill’s equation while 
he was in residence at Lockheed (Georgia) Company and supported by a grant from 
the FAA. This equation was eventually found to produce somewhat better 
predictions of the sound field than those that could be obtained from Lighthill’s 
equation and considerable effort was ultimately invested in its further development. 
As Prof. Lilley noted in his invited remarks, one of the most frequently voiced 
objection to Lighthill’s theory is that the density appears in the source as well as in 
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the propagation term (even when entropy fluctuations are neglected), which means 
that it leads to an integral equation for the sound field rather than an explicit 
formula for that entity. Goldstein (1984,1976) used a systematic expansion 
procedure to show that this does not occur in the Lilley approach when appropriate 
logarithmic variables are used for the sound field. This also led to a simplified 
expression for the source term which produced results that Colonius, Liley and 
Moin (1997,Sound Generation in a Mixing Layer. J. of Fl. Mech., 330 pp 375-409) 
showed to be in excellent agreement with the DNS computations. 
 
A major disadvantage of Lilley’s equation is that it is much more difficult to solve 
than Lighthill’s equation. However a number of investigators (1976 Balsa, 1974 
Lilley, 1982 Goldstein, 1974 Berman, 1974 Tester and Burren) worked out 
approximate high frequency solutions that were found to be in excellent agreement 
with the exact solutions down to Strouhal numbers as low as one. These results 
were eventually incorporated into noise prediction codes (such as the MGB code, 
discussed extensively in this workshop). 
 
Another approach to jet noise theory is the linear instability wave modeling of the 
large-scale structure noise that was discussed in considerable detail by Prof. Morris 
in his invited remarks. Crow and Champaign initiated this approach when they 
were employed by the Boeing Company and it has now been extensively developed 
by Tam, Morris and many others. 
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APPENDIX C 
 

MODEL PROBLEM PROPOSED BY CHRISTOPHER TAM 
 
To provide an example to show clearly that the Lighthill’s Acoustic Analogy, when 
implemented, fails to identify the correct noise sources, let us consider the following 
initial value problem governed by the Euler equations. With respect to length scale 
L, velocity scale a0 (ambient speed of sound), time scale L/a0, density scale ρ0 
(ambient gas density) and pressure scale ρ 0a20, the dimensionless Euler equations 
and initial conditions are, 
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At t=0 
 
 u = v = 0 (2) 
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1

γ
+ A exp −(ln 2)

x2 + y2

36

 

 
  

 

 
  

 

 
 
 

 

 
 
 
 (3) 

 ρ =1 (4) 

 
 
where γ is the ratio of specific heats and A is the strength of the initial pressure 
pulse. This initial value problem is a slightly modified nonlinearized version of the 
Category 3 problem of the First CAA Workshop on Benchmark Problems. 
 
Equation (1) and initial conditions (2) to (4) can be solved computationally by the 
Dispersion-Relation-Preserving (DRP) scheme. By using a 7-point stencil and 
L=∆x=∆y, it is easy to show that the time accurate DRP marching scheme would 
give a “numerically exact’’ solution. Figure 1 shows the density contours in the x–y 
plane at t=25, 50 and 75 with initial pulse amplitude A=0.4. Figure 2 shows the 
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corresponding density waveform along the x-axis. The wave amplitude is quite high 
so that there is nonlinear wave steepening of the waveform at the wave front. 
 
Lighthill derived his famous equation by using the continuity and momentum 
equations of a compressible fluid, 
 
 

 
∂ρ
∂t

+
∂ρuj

∂x j

= 0  (5) 

 
∂ρui

∂t
+

∂ρuiuj

∂xj

+
∂p
∂xi

=
∂τ ij

∂xj

 (6) 

 
 
where τij are the viscous stresses. 
 
By differentiating (5) with respect to t and using (6) to replace the time derivative of 
ρuj in the second term, it is straightforward to derive the Lighthill equation, 
 
 

 
∂2

∂t 2 − a0
2 ∂2

∂x j
2

 

 
  

 

 
  ρ =

∂ 2Tij

∂xi∂xj

 (7) 

 
 
where, 
 
 
 Tij = ρuiuj + p − ρa0

2( )δ − τ ij  (8) 

 
 
In the literature, Tij is called the Lighthill stress tensor. The right side of equation 
(7) is usually referred to as the quadrupole source terms. 
 
By means of the “numerically exact’’ solution, the Lighthill quadrupole source terms 
are computed. Contours of these source terms at t=25, 50 and 75 are plotted in 
figure 3. Figure 4 shows the cross-sectional profiles of the Lighthill noise sources at 
these same instants in time. 
 
Now an important point can be made using the numerical solution. First, one can 
substitute the Lighthill quadrupole sources (see figures 3 and 4) into the right side 
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of the Lighthill’s equation (equation (7)) and solve the nonhomogeneous wave 
equation using (4) and ∂ρ/∂t=0 (derived by setting t=0 in the first equation of (1) and 
using (2) and (4)) as the initial conditions. It would surprise no one that the 
computed solution is nearly identical to the original solution of the Euler equations 
(equation (1)). In the past, exercises like this have been claimed as proofs of the 
correctness of Lighthill’s Acoustic Analogy and that it could be used to identify the 
noise sources of aeroacoustic problems. On judging by the present example, the 
exercise proves nothing. The only thing one can say is that the wave equation has 
been solved correctly. It is worthwhile to note that part of the quadrupole source 
terms are actually nonlinear wave propagation terms of the Euler equations. They 
are not responsible for generating the acoustic pulse of the present problem. The 
noise source is the initial condition. 
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Figure 1a.  

Contours of constant density, ρ/ρ0.  
(a) t=25.0, (b) t=50.0, (c) t=75.0 

 
 
 
 

 
Figure 1b. 

 

 
Figure 1c. 

 
 
 
 
 
 

 
Figure 2. Distribution of density, ρ/ρ0,  

along the positive X axis.  
t=25.0, - - -  t=50.0,             t=75.0. 
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Figure 3a.  

Contours of nondimensional Lighthill 
quadrupole sources, ∂2Tij/xi∂xj. 
(a) t=25.0, (b) t=50.0, (c) t=75.0 

 
 

 
 

Figure 3b. 
 
 

 
 

Figure 3c. 
 

 
 
 

 
Figure 4.  

Distribution of nondimensional Lighthill 
quadrupole sources along the positive X 
axis.           t=25.0, - - - - - t=50.0, t=75.0. 
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APPENDIX D 
 

JET NOISE REFERENCES SUGGESTED  
BY WORKSHOP PARTICIPANTS 

 
1. “Preliminary Experiments on the Noise Generated by Target-Type Thrust 

Reverser Models,” with O.A. Gutierrez (1st author), NASA TM X-2553, May 
1972. 

2. “Target-Type Thrust Reverser Noise,” with O.A. Gutierrez, J. Aircraft, Vol. 
10, No. 5, May 1973, pp. 283-288.  (Originally presented as “Noise of STOL 
Core-Jet Thrust Reversers,” AIAA Paper 72-791 (NASA TM-68082), August 
1972). 

3. “Aircraft Noise Reduction Technology,” (one of 37 co-authors) Lewis Research 
Center, NASA TM X-68241, March 1973. 

4. “Thrust Reverser Noise,” with O.A. Gutierrez, Working Paper for 
International Commercial Aircraft Organization (ICAO) Committee on 
Aircraft Noise Meeting, Montreal, Canada, March 1973. 

5. “Small-Scale Noise Tests of a Slot Nozzle with V-Gutter Target Thrust 
Reverser,” with O.A. Gutierrez, NASA TM X-2758, April 1973. 

6. “Noise Tests of High-Aspect-Ratio Slot Nozzle with Various V-Gutter Target 
Thrust Reversers,” with O.A. Gutierrez, NASA TM X-71470, 86th  Meeting of 
the Acoustical Society of America, Los Angeles, CA, October 30 - November 2, 
1973. 

7. “Results from Cascade Thrust Reverser Noise and Suppression Experiments,” 
with O.A. Gutierrez (1st author) and R. Friedman (3rd author), J. Aircraft, 
Vol. 12, No. 3, May 1975, pp. 479-486. (Originally presented as AIAA Paper 
74-46 (NASA TM-71500), May 1974). 

8. “Noise of Model Target Type Thrust Reversers for Engine-Over-the-Wing 
Applications,” with O.A. Gutierrez, NASA TM X-71621, 88th Meeting of the 
Acoustical Society of America, St. Louis, MO, November 5-8, 1974. 

9. “Interim Prediction Method for Jet Noise,” NASA TM X-71618, November 
1974. 

10. “On the Effects of Flight on Jet Engine Exhaust Noise,” NASA TM X-71819, 
90th Meeting of the Acoustical Society of America, San Francisco, CA, 
November 4-7, 1974. 

11. “Developments in Aircraft Jet Noise Technology,” with O.A. Gutierrez (1st 
author), Aircraft Safety and Operating Problems, NSA SP-416, October 1976, 
pp. 497-512. 

12. “Effects of Forward Velocity on Noise for a J85 Turbojet Suppressor as 
Determined from Wind Tunnel and Flight Tests,” with J.H. Miles and N.B. 
Sargent, NASA TM-73542, 92nd Meeting of the Acoustical Society of America, 
San Diego, CA, November 16-29, 1976. 
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13. “An Empirical Model for Inverted-Velocity-Profile Jet Noise Prediction,” 
NASA TM-73838, 94th Meeting of the Acoustical Society of America, Miami, 
FL, December 13-16, 1977. 

14. “Prediction of In-Flight Jet Noise for Turbojet and Turbofan Engines,” Noise 
Control Engineering, Vol. 10, No. 1, January-February 1978, pp. 40-46. 
(Originally presented at 92nd Meeting of the Acoustical Society of America, 
San Diego, CA, November 16-29, 1976 as “Flight Effects on Exhaust Noise for 
Turbojet and Turbofan Engines - Comparison of Experimental Data with 
Prediction,” NASA TM-73552). 

15. “On the Use of Relative Velocity Exponents for Jet Engine Exhaust Noise,” 
NASA TM-78873, 95th Meeting of the Acoustical Society of America, 
Providence, RI, May 16-19, 1978. 

16. “Experimental Study of Coaxial Nozzle Exhaust Noise,” with J.H. 
Goodykoontz (1st author), AIAA Paper 79-0631, March 1979. 

17. “Effects of Geometric and Flow-Field Variables on Inverted-Velocity-Profile 
Coaxial Jet Noise and Source Distributions,” with J.H. Goodykoontz and O.A. 
Gutierrez, AIAA Paper 79-0635, March 1979. 

18. “An Improved Method for Predicting the Effects of Flight on Jet Mixing 
Noise,” NASA TM-79155, 97th Meeting of the Acoustical Society of America, 
Cambridge, MA, June 11-15, 1979. 

19. “Noise Reduction,” with C.E. Feiler (1st author), J.F. Groeneweg, F.J. 
Montegani, J.P. Raney, and E.J. Rice, Aeropropulsion 1979, NASA CP-2092, 
October 1979, pp. 85-128. 

19. “Status of Noise Technology for Advanced Supersonic Cruise Aircraft,” with 
O.A. Gutierrez, NASA Langley Supersonic Cruise Research ’79 Conference, 
NASA CP-2108, November 1979, Part 1, pp. 493-518. 

20. “An Improved Prediction Method for the Noise Generated in Flight by 
Circular Jets,” with F.J. Montegani, NASA TM-81537, 99th Meeting of the 
Acoustical Society of America, Atlanta, GA, April 21-25, 1980. 

22. “Prediction of Unsuppressed Jet Engine Exhaust Noise in Flight from Static 
Data,” AIAA Paper 80-1008, June 1980. 

21. “Recent Developments in Aircraft Engine Noise Technology,” with C.E. 
Feiler, NASA Langley 1980 Aircraft Safety and Operating Problems 
Conference, NASA CP-2170, March 1981, Part 2, pp. 671-698. 

23. “NASA Research in Supersonic Propulsion - A Decade of Progress,” with L.H. 
Fishbach (1st author), L.E. Stitt (2nd author), and J.B. Whitlow (4th author), 
AIAA Paper 82-1048, June 1982. 

24. “Conventional Profile Coaxial Jet Noise Prediction,” with D.E. Groesbeck and 
C.L. Zola, AIAA J., Vol. 21, No. 3, March 1983, pp.336-344. 
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25. “Comparison of Measured and Predicted Flight Effects on High-Bypass 
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