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Large eddy simulation for jet noise: the importance of

getting the boundary layer right
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Large eddy simulations of an isothermal Mach 0.9 jet issued from a convergent-straight

nozzle are performed at Reynolds number 1 × 10
6. The flow configuration and operating

conditions match the companion experiment conducted at the PPRIME Institute, Poitiers.

To replicate the effects of the boundary layer trip present in the experiment and to ensure a

turbulent jet, localized adaptive mesh refinement, synthetic turbulence, and wall modeling

are used inside the nozzle. This leads to fully turbulent nozzle-exit boundary layers and

results in significant improvements for the flow field and sound predictions, compared to

those obtained from the typical approach based on laminar flow assumption in the nozzle.

The far-field noise spectra now match the experimental measurements to within 0.5 dB for

relevant angles and frequencies. As a next step toward better understanding of turbulent

jet noise, the large database collected during the simulation is currently being used for

reduced order modeling and wavepacket analysis.

Nomenclature

c Speed of sound
D Nozzle exit diameter
NPR Nozzle pressure ratio
NTR Nozzle temperature ratio
P Pressure
Re Reynolds number
St Strouhal number fD/Uj

T Temperature
t Time
x,y,z Cartesian coordinates
µ Dynamic viscosity

φ Jet inlet angle
ρ Density

Subscript
∞ Free-stream property
t Total (stagnation) property
j Fully-expanded jet conditions

Superscript
′ Disturbance quantity

Time average
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Physical and Numerical Modeling Issues!
•  Nozzle !
•  Nozzle exit boundary layer state!

Current Status of Jet Noise Predictions
Using Large-Eddy Simulation

Daniel J. Bodony∗ and Sanjiva K. Lele†

Stanford University, Stanford, California 94305-3035

DOI: 10.2514/1.24475

Asurveyof the current applicationsof large-eddy simulation for thepredictionofnoise fromsingle streamturbulent
jets is given. After summarizing the numerical techniques used, the data predicted by the simulations are given at
conditions from subsonic, heated jets to supersonic, unheated jets.Mach numbers between 0.3 and 2.0 are considered.
Following the data presentation, an analysis of the trends exhibited by the data is given, with special attention paid to
relationshipbetweennumerical and/ormodeling choices and theprediction accuracy.Thedata support the conclusion
that the most limiting factor in current large-eddy simulations is the thickness of the initial shear layer, which is
commonly one order of magnitude thicker than what is found experimentally. There is also a large amount of
uncertainty regarding the influence of the subgrid scalemodel on the predictions. The influence of inflow conditions is
discussed in depth. Uncertainties in the inflow conditions currently prohibit the simulations from reliably predicting
the potential core length. The centerline evolution of the mean and fluctuating axial velocity is strongly coupled to the
resolution of the initial shear layers, but can be made to agree within experimental uncertainty when sufficiently thin
initial shear layers are used. Themaximum achieved Strouhal number of the sound in the acoustic far field is 1.5–3.0,
depending onflowcondition; this limit is due to numerical resources. A listing of some of the open questions and future
directions concerning jet noise predictions using large-eddy simulation concludes the survey.

I. Introduction

T HE desire to more reliably predict the noise reduction available
to individual jet engine design concepts has led to the

introduction of large-eddy simulation (LES) techniques to jet noise
problems. In particular, the noise radiated by the jet engine exhaust
(historically called “jet noise”) has received significant attention.
Though this paper deals primarily with jet noise, much of the
discussion applies to other problems of engineering interest. (See
also the recent paper by Wang et al. [1].) Directly predicting the
radiated noise from a turbulent compressible flow and correctly
capturing the acoustic propagation over distances on the order of 10
wavelengths requires the LES practitioner to carefully choose the
numerical discretization in space and time. Boundary conditions in
aeroacoustic simulations equally require careful selection so that,
where needed, outward-traveling acoustic, entropic, and vortical
waves are not reflected back into the computation domain as spurious
numerical waves or as sound. Additionally, it has been found, as will
be discussed next, that the inlet/inflow boundary conditions, where
the initial conditions of the jet are set, have direct but poorly
understood links to the near-field turbulence and the resulting
acoustic radiation. The inflow conditions must also not generate
spurious soundwhichmayoverwhelm the physically relevant sound.
The influence of the subgrid scale model is also crucial.

The purpose of this paper is to describe, to the extent permitted by
the available data, the status of the capabilities of LES with regard to
the direct prediction of jet engine exhaust noise. By comparing the
various available LES data to a common set of experimental data, the
paper aims to highlight the correspondence between numerical
choices, i.e., discretization, boundary conditions, etc., and the

resulting accuracy of the predictions. There are many questions that
have not yet received a completely satisfactory answer and a brief
discussion of these will be given. The limited amount of available
data does not permit us to definitively conclude the cause-and-effect
relationship between the numerical/modeling choices and the
resulting predictive accuracy.Where needed,we supplement the data
by physical reasoning and scaling arguments.

It is noted that only those prediction efforts that directly capture the
radiated noise are included in this paper. To compare the results
obtained by various groups, only jets issuing from a single
axisymmetric nozzle are considered. For low-speed jets, with Mach
numbers less than 0.5, there have been studies that use the Lighthill
acoustic analogy [2,3] to account for the sound generation in an
incompressible calculation. These calculations are not covered in this
paper but the reader is referred to [4,5] and the references therein for
additional information. Likewise, those LES calculations of
turbulent, compressible jets that do not include a noise prediction
[6–12] are not included.

Given a selection of the available data, the paper continues by
listing the numerical methods commonly used in the LES
calculations, followed by a brief discussion of the boundary
conditions in use. Details on the turbulent near field and acoustic far
field are then given using a limited set of the quantities available.
Only the mean axial velocity and its root mean square in the near
field, and the acoustic overall sound pressure levels (OASPLs) and
spectra in the far field, will be used. These quantities were chosen for
two primary reasons: 1) they are the datamost commonly reported by
the simulations’ authors, and 2) their experimental characterization is
well established. In limiting discussion to these quantities, it is not
possible to review every aspect of a set of simulations; doing
otherwisewould be prohibitive. Comparison of turbulence (temporal
and/or spatial) spectra in the jet would be a useful way tomore deeply
evaluate the available simulations, but such data have not been
reported by all authors.

Following presentation of the data is a brief discussion of the data
and of the open questions and future directions of jet noise
predictions using LES.

II. Survey of Numerical Approaches
There exists a substantial body of literature available on the large-

eddy simulation of compressible, turbulent jets. The subset of these
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Noise prediction for increasingly 
complex jets.

Part I: Methods and tests
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ABSTRACT
This Part I presents a detailed description of a numerical system built and tested with the final
goal of reaching an accuracy of 2-3 dB over a meaningful range of frequencies for airliner engine
noise, while having low empiricism and a general-geometry capability. The turbulence is treated by
Large-Eddy Simulation with grids of around 1 million points, slightly upwind-biased high-order
differencing, and implicit time integration. The code can incorporate boundaries and multi-block
grids (thus avoiding the centerline singularity), and capture shocks. The sub-grid scale model is
de-activated, because on present grids it strongly interferes with transition in the mixing layer.
Without unsteady inflow forcing, the shear-layer roll-up and three-dimensionalization are realistic
and reasonably insensitive to the grid. The far-field noise is computed using the permeable
Ffowcs-Williams/Hawkings (FWH) formulation without external quadrupoles. The treatment of
the disk that closes the FWH surface near the outflow must be approximate, since the turbulent
region is unbounded, and is crucial; it benefits from a change of variable from density to pressure,
and other mitigating steps. Tests are presented in support of the key elements of the strategy. In
a simple isothermal jet, the system is close to the 2-3 dB target both in terms of directivity and of
spectrum, up to a Strouhal number of about 1.5. In Part II, the following effects are explored with
overall success: jet Mach numbers from 0.3 to slightly supersonic with under-expansion
(generating shock cells), jet heating, co-flow, and “synthetic chevrons.”

1. INTRODUCTION
1.1. Framework
Three requirements frame this effort, linked to its industrial nature. First, the numerical
system being developed for the prediction of noise from jet engines will deal with 
many non-trivial features, such as two-stream flows, imperfectly expanded supersonic
streams, wide temperature differences, and non-circular nozzles. It appears clear that
this rules out the previous generation of noise-prediction tools, which start from a
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Importance of the nozzle-exit boundary-layer

state in subsonic turbulent jets

Guillaume A. Brès
1,†, Peter Jordan

2
, Vincent Jaunet

2
, Maxime Le Rallic

2
,

André V. G. Cavalieri
3
, Aaron Towne

4
, Sanjiva K. Lele

5
, Tim Colonius

6

and Oliver T. Schmidt
6

1Cascade Technologies Inc., Palo Alto, CA 94303, USA
2Institut PPRIME, CNRS-Université de Poitiers-ENSMA, Poitiers, France
3Divisão de Engenharia Aeronáutica, Instituto Tecnológico de Aeronáutica,

12228-900 São José dos Campos, SP, Brazil
4Center for Turbulence Research, Stanford University, Stanford, CA 94305, USA

5Department of Mechanical Engineering and Department of Aeronautics & Astronautics,
Stanford University, Stanford, CA 94305, USA

6Division of Engineering and Applied Science, California Institute of Technology,
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To investigate the effects of the nozzle-exit conditions on jet flow and sound fields,
large-eddy simulations of an isothermal Mach 0.9 jet issued from a convergent-straight
nozzle are performed at a diameter-based Reynolds number of 1 ⇥ 106. The
simulations feature near-wall adaptive mesh refinement, synthetic turbulence and
wall modelling inside the nozzle. This leads to fully turbulent nozzle-exit boundary
layers and results in significant improvements for the flow field and sound predictions
compared with those obtained from the typical approach based on laminar flow
in the nozzle. The far-field pressure spectra for the turbulent jet match companion
experimental measurements, which use a boundary-layer trip to ensure a turbulent
nozzle-exit boundary layer to within 0.5 dB for all relevant angles and frequencies.
By contrast, the initially laminar jet results in greater high-frequency noise. For both
initially laminar and turbulent jets, decomposition of the radiated noise into azimuthal
Fourier modes is performed, and the results show similar azimuthal characteristics for
the two jets. The axisymmetric mode is the dominant source of sound at the peak
radiation angles and frequencies. The first three azimuthal modes recover more than
97 % of the total acoustic energy at these angles and more than 65 % (i.e. error less
than 2 dB) for all angles. For the main azimuthal modes, linear stability analysis of
the near-nozzle mean-velocity profiles is conducted in both jets. The analysis suggests
that the differences in radiated noise between the initially laminar and turbulent jets
are related to the differences in growth rate of the Kelvin–Helmholtz mode in the
near-nozzle region.

Key words: aeroacoustics, jet noise, turbulent boundary layers

† Email address for correspondence: gbres@cascadetechnologies.com
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Physical and Numerical Modeling Issues!
•  Far-field Noise Predictions!
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Variants of the Ffowcs Williams – Hawkings
equation and their coupling with

simulations of hot jets
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ABSTRACT
The Ffowcs Williams - Hawkings (FWH) equation is often used in an inexact manner in
numerical settings, because the amount of information available is limited. Generally the volume
integral, or quadrupole term, is omitted even though the (permeable) FWH surface fails to
enclose the turbulence region, which is unmanageably long for jet or bluff-body flows. This
motivates a search for variants of the equation that are more forgiving of these practices, and thus
more accurate at the same level of numerical effort. Two such variants are discussed, one
proposed by Morfey in 1973 for other reasons, and the other used implicitly by Shur et al. since
2003. Both use functions of the pressure rather than the density in key terms, those which
are retained in practice. The latter variant has similarities with proposals of Goldstein. They
vastly reduce the need for cancellations between surface and volume terms, when entropy
differences are present. There is no reason to use arbitrarily open surfaces. Sleeves can be made
tight around the jet, without touching the vortical fluid, which is beneficial at high frequencies.
There is little to choose between the two variants, as long as the quadrupoles are omitted. The
benefits are illustrated in the case of a high-subsonic hot jet in co-flow, treated by Large-Eddy
Simulation with extraction of the far-field sound by the classical FWH equation and by its
variants, as well as with the Kirchhoff equation.

1. INTRODUCTION
In the last few years, the role of the acoustic analogy and possibly its most powerful
form, the permeable-surface FWH equation, has expanded from that of a basis for
physical/mathematical understanding and scaling into that of a component in numerical
systems aimed at quantitative noise prediction in generic and even in near-industrial
cases. Extrapolation to the far field using the FWH or Kirchhoff equation vastly reduces
the domain over which an accurate simulation is required. This new role brings up
conflicts with the facts of life of numerical simulations of unsteady and especially
turbulent flows.

aeroacoustics volume 12 · number 1+2 · 2013 – pages 1 – 20 1

On the use of the Ffowcs Williams-
Hawkings equation to predict far-field jet

noise from large-eddy simulations
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ABSTRACT
This study presents best practices for the use of the permeable-surface Ffowcs Williams-
Hawkings equations to calculate far-field sound from large-eddy simulations of high-speed
turbulent jets. A parametric study of the Ffowcs Williams-Hawkings equations is performed by
post-processing existing large-eddy simulations at different operating conditions gathering
subsonic, supersonic, cold, isothermal, and heated jets. It is concluded that using the pressure
formulations of the Ffowcs Williams-Hawkings equations yields better results than the density
formulation, especially for the heated jet. In terms of surface closure, best results are obtained
with closed surfaces, in conjunction with outflow disk averaging, which confirms the results
obtained by Spalart and Shur in 2009. This is different from most previous studies, which
recommend using open surfaces. In addition, detailed implementation information and quantified
technical recommendations are presented as a guideline for post-processing large-eddy
simulations for jet noise.

1. MOTIVATION AND OBJECTIVES
Despite 60 years of active research on jet noise, the noise generated by expulsion of hot
gases at the exhaust of aircraft engines remains an important part of aircraft noise. To
assist the experimental efforts in finding innovative solutions for jet noise reduction,
numerical methods have been developed during the last decades. Among them, Large-
Eddy Simulation (LES) has the potential to become a tool of choice to perform
predictions of the noise generated by turbulent jets [1].

One of the main outputs of interest in jet noise simulations is the far-field noise. In
recent jet-noise LES, far-field sound predictions are presented for observer angles from
20° to 160° (though results for angle lower than 50° are rarely presented). Development
in computer resources now enable sound predictions for frequencies over
approximately two decades. The highest resolved Strouhal number varies depending on
the operating point and grid refinement, but typical values are about 2 to 5 [1–8]. Note

† Corresponding author. Simon Mendez (smendez@um2.fr), Now in University Montpellier II. 
I3M, UMR CNRS 5149.

•  Frequency	domain	FW-H	equation	
•  Pressure-substituted	surface	source	term	
•  Multiple-outflow	disk	averaging	
	

Note that y is the barycenter of surface element dS.
The Narrowband Sound Pressure Level (SPL) level (in dB) is calculated as:

(3)

where p̂* is the complex conjugate of p̂, pref = 2 × 10–5 Pa and St = ωD/ 2πUj. The
observer angle θ is defined from the jet axis, pointing upstream (see Fig. 1). Jets
considered in the present study are axisymmetric and azimuthal averaging is used to
obtain better statistical convergence: for each value of θ, power spectral densities are
calculated at 64 azimuthal locations and averaged.

The Overall Sound Pressure Level (OASPL, in dB) is calculated as

(4)

2.2. FWH surface
Figure 1 shows a typical FWH surface superimposed on a jet instantaneous solution.
The FWH surface is the union of several sub-surfaces: the first one, S1, is defined by a
relation r/ D = !(x/ D). ! is such that the nozzle geometry (included in the
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far-field jet noise from large-eddy simulations

S1

L

x Observer

r = x–y

y

θ

S2
S3

S5

S4

∆r∧ n∧

Figure 1: Example of a FWH surface when outflow disk averaging is used; the
surface is superimposed over an instantaneous LES density field. Inset:
zoom on the surface elements of the FWH surface and definition of
geometrical quantities used in Eqs. (1) and (2). Dots and lines represent
grid vertices and faces used to define the FWH surface elements for
integration.

In conclusion, based on our experience, the pressure-based formulations are better
than the original density formulation. All the results obtained concerning the
formulations are consistent with the results shown by Spalart and Shur [5].

4.4. FWH surface closure
As stated in the introduction, the question of the downstream end treatment has not been
settled, and different studies come to opposite conclusions. The question of how to treat

10 On the use of the Ffowcs Williams-Hawkings equation to predict 
far-field jet noise from large-eddy simulations
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Figure 4: Sound pressure level at 90° (a) and 120° (b) for simulation S1 (unheated)
calculated with the density formulation (----) and the pressure formulations
(——). The outflow disk of the FWH surface is located 27.5 D from the
nozzle exit. Experimental results are also displayed (.....).

Figure 5: Sound pressure level at 90° (a) and 120° (b) for simulation S2 calculated
with the density formulation (----) and the pressure formulations (——).
The outflow disk of the FWH surface is located 25 D downstream of the
nozzle exit. Experimental results are also displayed (.....).

whereas the spurious sound obtained using closed surfaces with the original formulation
is higher than with a pressure formulation. For hot jets and with the density formulation,
open surfaces thus seem better than closed surfaces. Note also that outflow disk
averaging is not sufficient to completely correct these errors.

Finally, the same comparison is shown for S 2 using a pressure formulation, at four
different angles with, again, the same conclusions (Fig. 7). The inaccuracy related to the
use of a closed surface decreases with the angle (results with a closed surface are good
for θ > 90°). On the contrary, open surfaces show spurious artifacts at all angles, due to
truncation error. Closed surfaces yield spurious noise over a frequency range directly
related to the grid cut-off frequency at the downstream end of the surface. Interestingly,
studies in favor of open surfaces generally use an axial grid stretching that is either less

12 On the use of the Ffowcs Williams-Hawkings equation to predict 
far-field jet noise from large-eddy simulations
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Figure 7: Sound pressure level at 60° (a), 90° (b), 120° (c) and 150° (d) for simulation
S2 (heated) changing the outflow disk closure: surface with outflow disk at
x = 25 D (----), same surface without outflow disk (——) and results
averaged using 11 surfaces with ∆ = 0.5 D and L = 5.0 D (——).
Experimental results are also displayed (.....).

p-based	density-based	

Outflow	disk	averaging	

From	Mendez	et	al	(2013)	Int.	J.	Aeroacoustics	
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Numerical setup!
Importance of nozzle BL!
Bres	et	al	2015,	2018	
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Experimental configuration!

•  Isothermal Mach 0.9 jet!
•  geometry and operating conditions provided by 

Prof. Peter Jordan and coworkers, from Institute 
PPRIME, Poitiers, France.!

•  hot-wire, LDA and PIV for velocity measurements!
•  near-field and far-field microphone arrays for 

noise measurements!
•  Reynolds number ReD = 106 matched in LES!



8 

Numerical Model Summary !

ADAPTIVE	MESH	REFINEMENT	 SYNTHETIC	TURBULENCE	 WALL	MODELING	
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“Adapt” tool: Meshing strategy inside the nozzle!
Baseline mesh (10 M cv)!

x/D	=	-1	

x/D	=	-0.05	
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“Adapt” tool: Meshing strategy inside the nozzle!
BL-adapted mesh (16 M cv)!

x/D	=	-1	

x/D	=	-0.05	
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Effect of adaptive refinement inside the nozzle!
Flow field!

10M	

BL16M	

nozzle	interior	flow	surface	normal	velocity	
nozzle	exit	profiles	

Pressure	

Temperature	

Some	near-wall	turbulent	structures	now	captured	
Improvement	of	mean	exit	profile	but	near-wall	fluctuation	
over-predicted	
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Effect of synthetic turbulence & wall modeling!
Flow field!

BL16M	

BL16M_WM_Turb	

nozzle	exit	profiles	

Pressure	

Temperature	

Development	of	realistic	turbulence	near	the	
wall	and	in	the	core	flow	
Significant	improvement	of	RMS	exit	profiles	

nozzle	interior	flow	surface	normal	velocity	
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Nozzle exit profiles!

Experiment	 10M	

64M	

BL16M	

BL16M_Turb	

BL16M_WM	

BL16M_WM_Turb	

Baseline	
LES	

LES	
with	
modeling	
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Lipline profiles! RMS	overshoot	caused	by	laminar	to	
turbulent	transition	nearly	completely	

removed	with	modeling	

Experiment	 10M	

64M	

BL16M	

BL16M_Turb	

BL16M_WM	

BL16M_WM_Turb	

Baseline	
LES	

LES	
with	
modeling	
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Effects of modeling!
Far field spectra!

Experiment	 10M	

64M	

BL16M	

BL16M_Turb	

BL16M_WM	

BL16M_WM_Turb	

Baseline	
LES	

LES	
with	
modeling	
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Effects of modeling!
Noise directivity!

Experiment	 10M	

64M	

BL16M	

BL16M_Turb	

BL16M_WM	

BL16M_WM_Turb	

Baseline	
LES	

LES	
with	
modeling	
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Flow field statistics!
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Far-field noise!

cylindrical	array	

single	
	far-field	

microphones	
at	50	D	

Experiment	

BL69M_WM_Turb	

BL16M_WM_Turb	
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Outline!

•  Physical and Numerical Modeling Issues!
!
•  Some insights from data analysis!
                Jet Noise Sources  --- Subsonic!
                Jet Noise Sources  --- Supersonic!
!
•  Open Issues!
                Jet Noise Scaling!
                Noise Source Modeling!
                Imperfectly-expanded Jets!
!
•  Summary and conclusions!
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Wave packets in jet turbulence!

Schmidt et al 2017 J. Fluid Mech., Vol. 825!
!

1156 O. T. Schmidt and others
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FIGURE 1. (Colour online) Instantaneous streamwise perturbation velocity ( , �0.5 6
u

0

x
/ku

0

x
k1 6 0.5) and streamwise mean velocity (—— (red), ūx = 0.95; – – – (red), ūx = 0.05)

of the LES: (a) streamwise plane and computational domain ⌦ used for the linear stability
analysis (—— (blue), solution domain; – – – (blue), sponge region) and (b–e) transverse
planes at x = 2, 5, 10 and 15, respectively.

streamwise plane is discretized by fourth-order summation by parts finite differences
developed by Mattsson & Nordström (2004), and the polar singularity is treated as in
Mohseni & Colonius (2000). Non-reflecting boundary conditions are enforced using a
sponge region.

The resulting discrete generalized eigenvalue problem reads

(!I + Lm)q̂
m

= 0, (2.4)

where I is the identity matrix and q̂
m

= [⇢̂m ûx,m ûr,m û✓ ,m T̂m]T(x, r) the solution vector
of primitive variables. It is solved using a shift-and-invert Arnoldi algorithm. The
corresponding adjoint global stability eigenvalue problem

(!⇤I + L†
m
)q̂†

m
= 0, (2.5)

is defined through the definition of the adjoint operator, hLmq̂
m
, q̂†

m
iE = hq̂

m
, L†

m
q̂†

m
iE in

the energy norm for a compressible gas

hq, qiE =

ZZZ
q

Hdiag
✓

T

� ⇢M
2
j

, ⇢, ⇢, ⇢,
⇢

� (� � 1)TM
2
j

◆
qr dx dr d✓ = q

HWq, (2.6)

as derived by Chu (1965). Here, W is the discretized weight matrix, � the specific
heat ratio and (⇤) indicates the scalar complex conjugate, or the conjugate transpose
for vectors and matrices, respectively. For its ease of implementation, we chose the
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Wave packets in jet turbulence!
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1158 O. T. Schmidt and others
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(g ) (h )

(i) ( j)

FFT, realization 1

FFT, realization 2

POD, mode 1

FIGURE 2. (Colour online) Spectral decomposition and coherent feature extraction for
m = 0, St ⇡ 0.5 ( , ±0.5 of the maximum value): (a–d) the first two realizations
of the 256 snapshot based Fourier decomposition; (e–h) CSD using different correlation
points (x0, r0); (i,j) leading POD mode estimates. The pressure and streamwise velocity
component are shown in the left and right column, respectively. The CSD correlates each
point of the flow field with a location (x0, r0) marked by ‘+’, and the POD is based on
the volume weighted 2-norm.

shows the first two realizations in the ensemble of short-time Fourier decompositions
used for the spectral estimation.

The K–H instability and a monochromatic high-wavenumber fluctuation in the
potential core are observed in both realizations. We will show later that the wave
inside the core is acoustic and propagates upstream with a negative phase velocity.
In our parallel investigation, Towne et al. (2017) show that this latter disturbance
is an acoustic wave that experiences the shear layer as an annual duct and is
therefore trapped within the potential core. The CSD is particularly useful to identify
spatially correlated portions of the fluctuation field in a specific region. The K–H
instability, for example, is accentuated in figure 2(e, f ) for a correlation location
(x0, r0) = (5, 0.5) within the shear layer. Similarly, a location (x0, r0) = (0.1, 0.1)
close to the nozzle centreline in figure 2(g,h) highlights the acoustic wave. It also
shows that the fluctuations in the core are correlated with the shear-layer instability.
The K–H wavepacket is identified by POD as the most energetic structure based on
a global pressure 2-norm in figure 2(i,j).

The comparison of the different eduction techniques leads to the following choices
for the remainder of this paper. POD estimates are best suited to distil the average
K–H wavepacket as it represents the most energetic coherent structure. Acoustic waves
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Wave packets in jet turbulence!
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Wavepackets and trapped acoustic modes in a turbulent jet 1159
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FIGURE 3. (Colour online) Spectral estimation of pressure POD modes ( , �0.25 6
 p/k pk1 6 0.25) for different Strouhal numbers: (a,c,e,g,i,k) m = 0; (b,d, f,h,j,l) m = 4.

inside the potential core are most unambiguously educed via a CSD of the pressure
field with respect to a point near the inlet and close to the jet axis.

3. Coherent features of the turbulent jet

The two families of coherent instabilities of interest for the present investigation
are the K–H wavepackets in the shear layer and the trapped acoustic waves in the
potential core. Their frequency and azimuthal wavenumber dependence is addressed
in §§ 3.1 and 3.2, respectively.

3.1. Kelvin–Helmholtz wavepackets

In figure 3, the K–H wavepacket is identified as the most energetic coherent structure
of the LES via POD for m = 0 (a,c,e,g,i,k) and m = 4 (b,d, f,h,j,l) over a range
of frequencies. The wavepackets are characterized by a monotonic increase in
wavenumber and a simultaneous decrease of their streamwise support with frequency.
Their phase speed is cph ⇡ 0.8Uj in all cases and was estimated as explained below
in the context of figure 8.

The K–H instability amplifies to the end of the spatially unstable region of the
mean flow and subsequently decays. For intermediate frequencies, the support of
the resulting wavepacket extends from the nozzle up to approximately the end of
the potential core, and PSE (Gudmundsson & Colonius 2011; Cavalieri et al. 2013;
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Azimuthal mode analysis!

•  Previous studies have suggested that low-frequency (St <1) noise 
may be decomposed (almost entirely) into just 3 Fourier azimuthal 
mode: m=0, 1 & 2!

•  Juvé et. al. (AIAA J. 1979), Kopiev et. al. (AIAA 2010-4018), Cavalieri 
et. al, (JSV 2011, JFM 2012), Lorteau et. al. (PoF 2015)!

•  Important implications towards noise reduction strategies!
!
!

From	Cavalieri	et.	al.,	JFM	2012		
(exp.	data	on	subsonic	jet	at	St=0.2)	
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Analysis on cylindrical array!

•  Experiment:!
•  18 microphones evenly-spaced in the azimuthal 

direction, on cylindrical array of radius 14.3D!
•  Available data, provided by PPRIME!

•  individual PSD !
•  azimuthal-averaged PSD!
•  PSD for mode m=0, m=1 and m=2!

•  LES:!
•  Same number of microphone & locations!
•  Noise computed with FW-H solver!
•  Analysis of azimuthal mode done independently 

of exp analysis!
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Azimuthal decomposition of Exp & LES radiated noise: !
At inlet angles 90 deg & 120 deg!

Symbols:	Exp	

Lines:	LES	
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Azimuthal decomposition of Exp & LES radiated noise: !
At inlet angles 150 deg & 155 deg!

Symbols:	Exp	

Lines:	LES	
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Azimuthal decomposition of Exp & LES radiated noise: !
Overall Sound Pressure Levels!

Symbols:	Exp	

Lines:	LES	
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Noise temporal intermittency!
•  Previous studies have suggested that the peak radiated noise 

around St ≈ 0.2 is observed to recur in temporally localized bursts!
•  Understanding the “louder” or “quieter” events in the flow could have 

interesting applications towards noise reduction strategies!
•  Leverage long LES database generated during this project to 

investigate far-field noise temporal intermittency.!
!
!

2000	time	units	of	FW-H	surface	data	

250	time	units	

250	time	units	

250	time	units	

block	1	

block	2	

block	3	

…	

block	29	 250	time	units	

…	

75%	overlap	
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Block decomposition of input FW-H data: !
29 blocks of 250 time units, 75% overlap!
At inlet angles 90 deg & 150 deg!

Experiment	
LES	–	block	average	
LES	–	individual	blocks	

Larger	scatter	of	data	at	St	=	0.1	–	0.3	
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Block decomposition of input FW-H data: !
29 blocks of 250 time units, 75% overlap!
At inlet angle 90 deg & St=0.1 to 0.35!

block	avg	

probability	distribution:	narrow	head,	small	support	(Gaussian-like	distribution)	
up	to	85%	chance	for	block	data	to	be	with	+/-	1dB	of	mean	

no	significant	intermittency	
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Block decomposition of input FW-H data: !
29 blocks of 250 time units, 75% overlap!
At inlet angle 150 deg & St=0.1 to 0.35!

block	avg	

probability	distribution:	wider	head,	larger	support	
up	to	50%	chance	for	block	data	to	be	with	+/-	1dB	of	mean	
Evidence	of	intermittency	in	wavepacket	noise	radiation	
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Supersonic Jets!

•  Mixing noise and broadband shock associated noise!
•  Crackle!
•  Screech!
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Supersonic	Jets	

V. Parametric Studies of Far-Field Noise Predictions
Similar to most jet noise studies in the literature, the current

implementation of the FW-H solvermakes use of a permeable surface
Senclosing flow-generating sound sources, with the volume terms
neglected (see Appendix B). There is, however, no clear consensus in
the literature on the optimal location of the FW-H surface, treatment
of the outflow disk, and formulation details. Several parametric
studies have been done in the past by Rahier et al. [82], Uzun et al.
[83], Shur et al. [13,14], Spalart and Shur [15], and Mendez et al.
[84,85], among others. The purpose of this section is to document
some of the results, analysis, and conclusions obtained on these
topics with the present unstructured LES.

A. Pressure-Based FW-H Formulation

Spalart and Shur [15] argued that neglecting thevolume term could
be erroneous: in particular, for simulation of hot jetswhere the surface
S fails to entirely enclose the region of turbulence, and important
entropy fluctuations can therefore be expected to cross the FW-H
surface. Starting from the study in [13], their work showed a
reduction of this error with the use of a pressure-based variant of the
original formulation, in which the value of density ρ ! ρ∞ " ρ 0 on
the FW-H surface was not directly extracted from the simulation
but instead computed using the pressure fluctuations, i.e.,
ρ ! ρ∞ " p 0∕c2∞. Morfey and Wright [86] also presented similar
modifications of the FW-H equation. The parametric studies by
Mendez et al. [85] yielded the same conclusion that the pressure-
based formulation seemed better suited for jet aeroacoustics; in
particular, for heated jets, it showed a reduction of the overprediction
at low frequencies at downstream angles. Its added benefit was that
only four variables (i.e., three components of velocity and pressure)
needed to be saved on the FW-H surface because the density was no

longer required, consequently reducing storage requirements. For the
present study on more refined grids, the FW-H calculations with
outflow disk treatment (see Sec. V.C) did not display significant low-
frequency overpredictions, and both density- and pressure-based
formulations yielded essentially identical results. Nevertheless,
based on the benefits on data reduction and on predictions previously
reported, the pressure-based FW-H formulation was used in all the
calculations in the present work.

B. Location of FW-H Surfaces

For all three operating conditions, calculations of the far-field
noise directivity at 100D from the nozzle exit were performed for
three different FW-H surfaces extracted from simulations on the same
axisymmetric grid:S0 (tight),S1 (default), andS2 (loose), as shown in
Fig. 14. The surfaces first follow the external nozzle shape, and then
radially flare starting at (x∕D ! 0, r∕D ! 0.6), with slopes of 0.095,
0.11, and 0.13 for S0, S1, and S2, respectively. Here, the slopes are
chosen based on a rough estimate of the jet spreading rate [87–89].
The distance of 100D is a typical choice [90] for the approximation of
the far-field conditions.
In general, the choice of location of the FW-H surface is a tradeoff

between numerical resolution (i.e., how close the jet should be to the
surface to ensure accurate propagation of the acoustic waves within
the flow solver) and noise source containment (i.e., how far the jet
should be from the surface to enclose all relevant acoustic sources).
Although the present mesh topology is designed a priori to provide
sufficient numerical resolution, the question of acoustic source
containment remains. Figure 15 shows azimuthal-averaged time
statistics along the different FW-H surfaces as an indication of the
turbulence crossing these surfaces. As expected, the surface S0,
which is placed more aggressively near the jet plume, exhibits higher
mean and rms levels for both the streamwise velocity and pressure.

a) Isothermal ideally expanded jet b) Hot ideally expanded jet c) Hot overexpanded jet
Fig. 13 Details of the far-field sound spectrapredictions on the axisymmetric grid from theFW-Hsolverwith (solid line) andwithout (dashed line) coflow.

Fig. 14 Outline of the different FW-H surfaces considered: surfaces S0 (thick, dashed lines; tight), S1 (thick, solid lines; default), and S2 (dashed–dotted
lines; loose), with 16 endcaps; and surface S3 (thin, dashed lines) extending in the outflow buffer and with an open outflow disk.
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Bres	et	al.	AIAA	J	(2017)	

Mj	=	1.5;		Tj/T∞	=	1;																Mj	=	1.5;		Tj/T∞	=	1.74;				 Mj	=	1.35;		Tj/T∞	=	1.85;				
	

Mixing	noise	 Mixing	noise	

Mixing	noise	 Mixing	noise	

Broadband	
shock	noise	

Blind	comparisons	(UTRC	Expts.)	
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Some other hot supersonic jets!
!Cascade Technologies!

Bres	et	al,	2014	 Nichols	et	al,	2012	
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Flow	visualization	(207M	mesh)		

Crackle:	Most	Annoying	Component	of	Supersonic	Jet	Noise	(Ffowcs	Williams,	1975)	
						Intermittent,	Steep	N-wave	signature,	Skewness	

What	causes	crackle	?		Mechanism	unknown	–source	nonlinearity	vs	non-lin.	Propgn.	
Nichols	et.	al.	2013,	ASME	J.	Eng.	Gas	Turbines	and	Power	213,	Vol.	135.		

NPR=	4;	TTR	=	3.	Md	=	1.65,	Mj	=	1.56	
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Validation:	Far-field	spectra	
(measurements	by	S.	Martens,	GE)	

10	dB	
NPR=	4;	TTR	=	3.	Md	=	1.65,	Mj	=	1.56	
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Pressure	signal	(skewness	0.425)	

(Zoom)	
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!

(Ducros	et	al.,	1999;	Bhagatwala	&	Lele,	2009)	

∇⋅u( )2

∇⋅u( )2 +Ω2 +ε



39 

Modeling Jet Screech!
à Acoustically significant part of jet noise (when present)!
à   significant fatigue loads on nozzle, empenage, control surfaces!
à Twin jet screech coupling specially damaging!

122 M. B. Alkislar, A. Krothapalli and L. M. Lourenco

Figure 1. Schlieren picture of a screeching rectangular jet issuing from a converging nozzle.
Nozzle aspect ratio of 10, nozzle pressure ratio of 3.5.

sufficient strength to affect the stability of the shear layer surrounding the shock cells.
Upon reaching the nozzle exit, the acoustic wave gives rise to a localized pressure
force, which excites the shear layer. This initial small disturbance usually forms
regular undulations, which take on a slightly wavy form (Poldervaart, Wijnands &
Bronkhorst 1974). The rapid growth of these undulations results into eddies, which
are clearly depicted in figure 1. The instability waves that are part of this process
are of convective type and thus have a negligible upstream influence. As a result,
the jet could be excited at non-screech frequencies if it is driven by an upstream
disturbance of sufficient strength. If an efficient energy transfer mechanism between
the undisturbed shear layer and the oscillatory disturbance, in the region covering the
first few instability wavelengths, is devised, the resulting motion of the jet could be
as violent as that observed for a screeching jet (Poldervaart 1976). Indeed, using flow-
induced cavity resonance at the nozzle exit to excite the shear layer, Yu & Schadow
(1994) were able to show that the initial shear-layer growth rate can be increased by
a factor of nearly three at a high convective Mach number (Mc = Uj/(a1 +a2); where
Uj is the mean velocity of the jet and a1 and a2 are the speed of sound in the jet and
the ambient medium respectively) of 1.4.

Since the pioneering work of Powell, many theoretical and experimental investiga-
tions have been carried out to elucidate the features of screech tones (see the review
article by Raman 1998).

It is commonly believed that the eddies seen in flow-visualization pictures are a
manifestation of the shear-layer instability process, and correspond to the nonlinear
stage of the growth in which the infinitesimal waves grow and distort to form vortices.
The linking of the instability process to the formation of large-scale coherent structures
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Advanced	airframe	configurations		
						–	Close	coupling	of	Propulsion	&	Airframe	
						-		Distributed	propulsion/multiple	nozzles	
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Current Status of Screech Prediction!
Well established theory for screech frequency!

     Powell 1953, Tam 1980s, Raman 1990s!
      Screech as a Feedback loop !
           involving instability waves, shock-cell structure, !
           upstream traveling sound, receptivity at nozzle lip!

!
Recently role of upstream traveling instability waves in feedback loop has 
been identified!
           Bogey & Gojon (2016) Impingment tones!
           Jordan et al. (2018) Screech (Caltech- Wavepackets)!
              Edgington-Mitchell  (2018) AIAA Aviation!
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Current Status of Screech Prediction - II!
No established theory for screech amplitude or mode staging !
   Observed since Powell 1953, Tam 1980s, Raman 1990s!
     Gain and loss in screech feedback loop !
           Powell 1964, Cain & Kerschen 1990s !
Shock leakage mechanism!
    Manning & Lele (1998,2000), Suzuki & Lele (2003)!
      Shariff & Manning (2013)!
!
      Observed  Berland et al (2007) !
                         de Cacqueray et al (2011, 2014)!
                         Edgington-Mitchell (2017-18)!
      !
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Figure 4. Screech tone characteristics at various levels of underexpansion. Microphones were located
at xØ 0, zØ 0 and were separated by DyØ 2h. (a) Screech frequency versus the fully expanded jet
Mach number. (b) Screech amplitude versus the fully expanded jet Mach number. (c) Phase di�erence
between microphones on either side of the jet’s narrow dimension versus the fully expanded jet Mach
number.

shock, the static pressure probe could be used to detect Mach disk formation as well
as shock spacing and strength. Despite errors caused by the obtrusive probe, shock
spacings obtained from the static pressure probes agreed reasonably well with those
determined using schlieren. Hence, the shock spacings and strengths obtained using the
Pinckney (1975) probe are reasonably accurate for the present purpose.

3. The phenomenon of screech cessation

Cessation occurs in significantly underexpanded jets when screech inherently ceases
to exist. This study documents this phenomenon in detail before o�ering reasons for
its occurrence. The spark schlieren photographs in figure 3 illustrate the evolution of
the jet with an increase in the fully expanded Mach number. The focus for the present
discussion is the absence of jet oscillation and the strong near-acoustic field (visible as
alternate dark and light regions outside the jet boundary) at high jet Mach numbers.
A pair of microphones located at the nozzle lip, on either side of the nozzle’s smaller
dimension gathered the data presented in figure 4(a–c). As the Mach number increased
the screech frequency decreased (figure 4a) because of the increase in shock cell
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Figure 4. Screech tone characteristics at various levels of underexpansion. Microphones were located
at xØ 0, zØ 0 and were separated by DyØ 2h. (a) Screech frequency versus the fully expanded jet
Mach number. (b) Screech amplitude versus the fully expanded jet Mach number. (c) Phase di�erence
between microphones on either side of the jet’s narrow dimension versus the fully expanded jet Mach
number.

shock, the static pressure probe could be used to detect Mach disk formation as well
as shock spacing and strength. Despite errors caused by the obtrusive probe, shock
spacings obtained from the static pressure probes agreed reasonably well with those
determined using schlieren. Hence, the shock spacings and strengths obtained using the
Pinckney (1975) probe are reasonably accurate for the present purpose.

3. The phenomenon of screech cessation

Cessation occurs in significantly underexpanded jets when screech inherently ceases
to exist. This study documents this phenomenon in detail before o�ering reasons for
its occurrence. The spark schlieren photographs in figure 3 illustrate the evolution of
the jet with an increase in the fully expanded Mach number. The focus for the present
discussion is the absence of jet oscillation and the strong near-acoustic field (visible as
alternate dark and light regions outside the jet boundary) at high jet Mach numbers.
A pair of microphones located at the nozzle lip, on either side of the nozzle’s smaller
dimension gathered the data presented in figure 4(a–c). As the Mach number increased
the screech frequency decreased (figure 4a) because of the increase in shock cell

/
$+

#!
$4

78
7�

9C
$"

��
((

BD
,��

+
+

+
 6

4"
5C

�7
:8

 $
C:

�6
$C

8 
�2

(4
#9

$C
7�

0
C4

7)
4(

8�
26

�$
$!

�$
9��

)D
�#

8D
D�

�$
#�

�

�1)

!��
��


�
4(

��

,


�
,�

��
�D

)5
 8

6(
�($

�(�
8�

.4
"

5C
�7

:8
�.

$C
8�

(8
C"

D�
$9

�)
D8

��4
G4

�!4
5!

8�
4(

��
((

BD
,��

+
+

+
 6

4"
5C

�7
:8

 $
C:

�6
$C

8�
(8

C"
D 

��
((

BD
,��

7$
� $

C:
��

� 
��

��
�2

��
��

��
��

��
��

	

�3

Raman	1997	JFM	



42 

Current Status of Screech Prediction - II!
Shock leakage mechanism – Numerical Model Problem!
    Manning & Lele (1998,2000), Suzuki & Lele (2003)!
      !



43 

Supersonic	Jet	Noise	–	Numerical	Experiments	
	
Manning	T.	&	L	(2000),	Suzuki	T.	&	L	(2003)	Shock	Leakage	
	
	

T.	A.	Manning	

Model	problem	for	screech	emission	

Is	this	mechanism	
operative	in	a	turbulent	jet	
with	screech	?	
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Some open Issues:!

•  Reduced models of jet noise – what complexity is required to 
capture effects of noise reduction concepts ?!

        chevrons, tabs, micro-jets, etc.!
        Optimal mixing enhancement for noise reduction!

•  Scaling of supersonic hot jet noise !
!
•  Two-components of jet noise!
!
•  Amplitude prediction of self-excited tonal emission !
     (edge tones, screech)!
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Scaling of Hot Supersonic Jet Noise!
OASPL	in	peak	direction	

From:	Sinha	&	Lele	AIAA-2017-3027	

Vj
9.3	

Vj
3.1	

Tj/T∞	
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Scaling of Hot Supersonic Jet Noise! Peak	Noise	Radiation	

From:	Sinha	&	Lele	AIAA-2017-3027	

Supersonic	only		
Original	data	

Vj
3.1	

Vj
5.1	

Supersonic	only	
After	density	compensation	

Tj/T∞	

Tj/T∞	

-	1
0	
lo
g 1

0	(
ρ j
/ρ

∞
)	

Limited	range	of	Uj/C∞	,	Tj/T∞	
	
			
Ultimate	scaling	over	a	wider	range	?	



47 

Some open Issues :!

•  Reduced models of jet noise – what complexity is required to 
capture effects of noise reduction concepts ?!

        chevrons, tabs, micro-jets, etc.!
        Optimal mixing enhancement for noise reduction!

•  Scaling of supersonic hot jet noise !
!
•  Two-components of jet noise !
!
•  Amplitude prediction of self-excited tonal emission !
     (edge tones, screech)!
!
•  More complete Theory ?!

Different	mechanisms	of	radiation	?	
Different	components	–	coherent	
scales	and	turbulence	?	
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Conclusions !
•  An isothermal Mach 0.9 jet at Reynolds number Re = 106 was simulated 

with unstructured LES!
•  Modeling is applied inside the nozzle to ensure a fully turbulent jet!

•  Localized near-wall adaptive mesh refinement!
•  significant improvements at minimal computation cost !

•  1D RANS Wall modeling!
•  improved RMS profiles and predictions of fluctuations!

•  Synthetic turbulence!
•  weak sensitivity to forcing parameters!
•  best results when combined with wall model!

•  An extensive LES database was generated for analysis and modeling of 
jet-noise source mechanisms !

•  Azimuthal decomposition showed that the first 3 modes m=0,1 & 2 are 
dominant!

•  Analysis confirmed temporal intermittency of the peak radiated noise!
•  LES uncovered a novel class of resonant acoustic modes that are trapped 

within the potential core of the jet (AIAA-2016-2808, AIAA-2016-2809)!
•  Additional analysis, PSE and experiments: AIAA-2016-2865, 

AIAA-2016-3056, AIAA-2016-3016!
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Conclusions -II !
•  Many questions on jet noise remain open … scaling,.. theory!
    Combined numerical simulations and experiments may help settle them!

•  Numerical simulations have many potential uses!

•  Low order modeling of jet noise!
•  Analysis/Design/Optimization/Control!
•  Numerical experiments  -- What If ? !
     Aha!       Physical Understanding !



50 

Acknowledgements!

•  LES work supported in part by NAVAIR SBIR project, under the supervision 
of Dr. John Spyropoulos!

•  Computer time provided by HPCMP on DoD facilities in ERDC and AFRL.!
•  Experimental work supported by the French National Research Agency 

(ANR) through the project COOLJAZZ!



51 

Supersonic	Jet	Noise	–	Numerical	Experiments	
	
Lui,	C.	&	L	(2003)	
	

Model	problem	for	screech/broadband	noise	emission	
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Radiated noise directivity!

Experiment	 BL16M_WM_Turb	

BL69M_WM_Turb	
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LES Database for modeling and analysis!

•  Case “BL16M_WM_Turb” !
•  down-selected to generate the LES database for Stanford CTR summer 

program 2014 !
•  runtime extended from 300 to 2000 time units!
•  full LES flow field collected every 0.2 time units (sampling frequency St=5)!
!

•  Simulation on refined mesh: case “BL69M_WM_Turb”!
•  LES data collected for 1150 time units!
•  full LES flow field collected every 0.2 time units (sampling frequency St=5) 

& subset collected every 0.05 time units (sampling frequency St=20) !

300	Kcore-h	(12	days	on	1024	cores)	 2000	Kcore-h	(16	days	on	5152	cores)	
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Nozzle exit profiles!

Experiment	 BL16M_WM_Turb	

BL69M_WM_Turb	
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Centerline and lipline profiles!

Experiment	 BL16M_WM_Turb	

BL69M_WM_Turb	
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Azimuthal decomposition of Exp & LES radiated noise: !
At inlet angles 135 deg & 140 deg!

Symbols:	Exp	

Lines:	LES	
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Azimuthal decomposition of Exp & LES radiated noise: !
At frequencies St=0.1, 0.2 & 0.3!

Lines:	LES	

Symbols:	Exp	
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Synthetic Turbulence !
for Nozzle Interior Flow Modeling!

•  Objective: develop robust and efficient method for generation of 
“realistic” turbulence inside the nozzle!

•  Cascade’s approach:!
•  synthetic inflow turbulence based on unstructured filtering of velocity 

fluctuations!
•  applied at the location of BL trip in experiment!

BL	trip	
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Wall Model for Nozzle Interior Flow:!
Wall Stress Modeling!

•  Traditional wall model: !
•  1D RANS/LES coupling1!

•  Applied inside nozzle, after 
BL trip!

1Bodart	&	Larsson,	“Wall-modeled	large	eddy	simulation	in	complex	geometries	with	
application	to	high-lift	device”,	CTR	Brief	2011	

Wall	model	
zone	



60 

Objectives of the present collaborative effort!

•  Generate extensive experimental & numerical databases to improve 
understanding and modeling of turbulent sources of sound in 
subsonic jets!

•  Resolve and/or model important features in the nozzle interior flow, 
seamlessly coupled with high-fidelity predictions of the jet plume 
and radiated noise!

•  improve meshing strategy for complex nozzle interior elements !
•  improve wall-modeling for cost-effective simulations!
•  improve boundary layers modeling inside nozzles, away from laminar 

flow assumption (which can potentially lead to spurious noise and 
unphysical separation)!
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Summary of research effort on interior flow modeling for jet 
predictions with the compressible flow solver “Charles”!

Heated	internally-mixed		
dual-stream	jet	(Mj	=	1.5)	

	
CD	nozzle	

	
AIAA-2013-2142	

19th	Aeroacoustic	Conf.	
Berlin	2013	

	
Adaptive	mesh	refinement	

	inside	the	nozzle:	IMPORTANT	
	

1D	RANS	wall	model:		
SUBTLE	EFFECTS	(?)	

	
synthetic	turbulence:		

BENEFICIAL	&	LITTLE	SENSITIVITY	
	

	limited	increase		
in	computational	cost			

Heated	over-expanded	twin	jets		
(Mj	=	1.35)	

	
Y-duct,	S-ducts	&	CD	nozzles	

	
AIAA-2014-2601	

20th	Aeroacoustic	Conf.	
Atlanta	2014	

	
Adaptive	mesh	refinement	

	inside	the	nozzle:	IMPORTANT	
	

1D	RANS	wall	model:		
SUBTLE	EFFECTS	(?)	

	
synthetic	turbulence:		

BENEFICIAL	&	LITTLE	SENSITIVITY		
	

	limited	increase		
in	computational	cost		

Isothermal	subsonic	jet		
(Mj	=	0.9)	

	
converging-straight	pipe	nozzle	

	
CTR	Summer	Program	2014	&	

21th	Aeroacoustic	Conf.	
Dallas	2015	

	
Adaptive	mesh	refinement	

	inside	the	nozzle:	IMPORTANT	
	

1D	RANS	wall	model:		
IMPORTANT	

	
synthetic	turbulence:		

BENEFICIAL	&	LITTLE	SENSITIVITY	
	

	limited	increase		
in	computational	cost		

	

ONR	Project	 ONR	Project	 NAVAIR	Project	
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Analysis of Jet Noise Sources and Modeling!

Coherent Structures – Wave packets ..        !
                    Azimuth Mode decomposition!
                    Intermittancy!
!
Mach wave radiation (Supersonic)!
!
Statistical Modeling of sources (Generalized Acoustic analogy)!
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•  backup!


