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Simulation of a hot coaxial jet: Direct noise prediction and flow-acoustics

correlations

Christophe Bogey,? Sébastien Barré,” Daniel Juvé,” and Christophe Bailly”
Laboratoire de Mécanique des Fluides et d’Acoustique, UMR CNRS 5509, Ecole Centrale de Lyon,
69134 Ecully Cedex, France

(Received 3 October 2008; accepted 8 January 2009; published online 13 March 2009)

A coaxial jet originating from parallel coplanar pipe nozzles is computed by a compressible large
eddy simulation (LES) using low-dissipation and low-dispersion schemes in order to determine its
acoustic field and to study noise generation mechanisms. The jet streams are at high velocities, the
primary stream is heated, and the Reynolds number based on the primary velocity and the secondary
diameter is around 10°. High levels of turbulence intensity are also specified at the nozzle exit. The
jet aerodynamic field and the near-pressure field are both obtained directly from the LES. The
far-field noise is calculated by solving the linear acoustic equations, from the unsteady LES data on
a cylindrical surface surrounding the jet. A good agreement is observed in terms of directivity,
levels, and narrow-band spectra with noise measurements carried out during the EU project CoJeN
for a coaxial jet displaying same stream velocities and temperatures, coplanar nozzle outlets with
identical area ratio, and a high Reynolds number. However, certainly due to differences in the
properties of the nozzle-exit boundary layers with respect to the experiment, some unexpected peaks
are noticed in the simulation spectra. They are attributed to the development of a Von Karman street
in the inner mixing layer and to vortex pairings in the outer shear layer. High correlation levels are
also calculated between the pressure waves radiated in the downstream direction and flow quantities
such as axial velocity, vorticity norm, density, and temperature, taken around the end of the primary
and secondary potential cores. Noise generation in the coaxial jet therefore appears significant
around the end of the two potential cores. These flow regions are characterized by intermittency, a
dominant Strouhal number, and variations in the convection velocity as similarly found in single
jets. The use of density or temperature to compute flow-noise correlations finally seems appropriate
for a heated jet flow, but might lead to correlations with acoustic disturbances in the potential

core. © 2009 American Institute of Physics. [DOI: 10.1063/1.3081561]

I. INTRODUCTION

Jet noise simulations developed actively during the last
decade, with the aim of providing a better understanding of
sound generation, notably by complementing current experi-
mental and theoretical ﬁndings,l’2 as well as reliable predic-
tions for practical flows. The rapid advances in this area have
been summarized by Colonius and Lele’ and by Wang et al’
The feasibility of computing jet noise directly by solving the
unsteady compressible Navier—Stokes equations has been
demonstrated for simple configurations. Subsonic single un-
heated jets at low and moderate Reynolds numbers have thus
been calculated by direct numerical simulations and large
eddy simulations (LES).” These preliminary simulations
also allowed us to investigate noise generation mechanisms
under controlled conditions. Recent works of the present
authors®™’ were, in particular, focused on the properties of the
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two components in subsonic jet noise as the jet Mach and
Reynolds numbers vary and on the correlations between jet
turbulence and radiated pressure field.

In order to get closer to realistic jets, there is a need for
simulations of more complex configurations, which may be
characterized by high Reynolds numbers, high temperatures,
and coaxial geometries, among other parameters. With this
aim in view, the effects of the presence of the nozzle lips in
the computational domain have, for instance, been studied
for subsonic jets at high Reynolds numbers by Bogey et al. 10
and Uzun and Hussaini."' Screech noise generation has been
studied numerically by Al-Qadi and Scott,12 Berland et al.,13
and Li and Gao'* in rectangular, planar, and round underex-
panded supersonic jets. Simulations of the sound field ob-
tained from beveled jet nozzles have been also performed by
Paliath ef al."> and Viswanathan ef al.'® Finally predictions
of the noise generated by dual-stream jets have been carried
out using LES by Andersson et al.,17 Vuillemin et al.,18
Mihaescu et al.,19 Viswanathan et al.,16 Tristanto et al.,20 and
Eschricht ef al.”’

Dual-stream nozzles are of interest for the aerospace in-
dustry. However, knowledge of aerodynamic development
and noise generation in these flow configurations still re-
quires extensive research efforts. Several parameters such as
the stream temperatures, the nozzle geometry, the velocity
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ratio, and the inflow conditions are indeed expected to have
significant effects on physical mechanisms taking place
within the jets. The primary stream of coaxial jets is, for
instance, usually strongly heated, which might affect noise
generation according to the controversial debate about the
presence of additional dipolar sound sources in hot jets,
which is mentioned in Tanna®” and Viswanathan.” Coaxial
jets also exhibit complicated flow structures, depending on
the mean-velocity ratio between the two streams.”**> Mea-
surements of Ko and Kwan”" within the initial region of
coaxial jets isolated, for example, three mixing regions,
which are as many noise generation regions. These authors
then proposed to consider coaxial jets as combinations of
several single jets, which was later used by Fisher et al.”>%
to formulate basic noise models. More recently Tinney and
Jordan® analyzed measurements performed in the near-
pressure fields of a number of coaxial jets and observed two
distinct acoustic features as in single jets. The dynamics of
the jet responsible for each of these signatures remain, how-
ever, poorly understood.

In the present work, a coaxial jet is computed by a com-
pressible LES using low-dissipation and low-dispersion
schemes.” The near-pressure field is determined directly by
LES and extrapolated in far field by solving the linear acous-
tic equations using LES data recorded on a cylindrical sur-
face surrounding the jet. The nozzle consists, for simplicity,
of parallel pipes, and the nozzle lips are coplanar. The jet
streams are at conditions specified in the EU project
CoJeN.**? The primary and secondary streams are defined
by velocities U,=404.5 m/s and U,=306.8 m/s and by
static temperatures 7,=775.6 K and T,=288.1 K. The ratio
between the nozzle diameters is D;/D,=2. The secondary
diameter of the computed jet is D;=4.9 cm, which leads to
the Reynolds number Re=U,D,/v=1.3 X 10°. For LES con-
cerns, this value is lower than the Reynolds number of the
corresponding CoJeN jet with D;=20 cm. The first objective
of the present study is to compute the turbulent development
and the pressure field of the coaxial jet by LES and to assess
the accuracy of direct noise prediction for this complex flow
configuration in terms of directivity, levels, and narrow-band
spectra. The features of the far acoustic field estimated by the
simulation are therefore compared with CoJeN measure-
ments, although some discrepancies are expected due to dif-
ferences in the properties of the nozzle-exit boundary layers
between computation and experiment. In order to identify
possible regions of noise generation in the coaxial jet, corre-
lations are then computed between the jet flow field and the
pressure acoustic field, as it has been previously done in
single-stream jets both from experimental3 3 and numerical’
database. Considering the results found for single jets, we
focus on the flow features along the primary and secondary
potential core axes, located, respectively, at r=0 and
r=0.375D,, and on the pressure waves radiated in the down-
stream direction, in order to obtain significant correlation
levels. The use of density or temperature to compute flow-
noise correlations instead of velocity or vorticity is moreover
discussed.

This paper is organized as follows. The parameters of the
LES of the coaxial jet and those of the extrapolation of the
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LES near field in the acoustic far field, including in both
cases numerical algorithm, computational grids, and times,
are documented in Sec. II. The jet initial conditions at the
exit of the coplanar nozzles are also presented in that section.
The main aerodynamic results obtained for the jet are re-
ported in Sec. III, where properties of the flow along the
potential core axes as well as the lip lines are also described.
Acoustic near-field and far-field results are then shown and
discussed in Sec. IV. To evaluate the accuracy of noise pre-
diction, they are compared with CoJeN data when possible.
In Sec. V, correlations between turbulence and acoustics are
presented with the aim of identifying possible sound sources.
Concluding remarks are provided in Sec. VI. Finally note
that the velocity of the primary jet stream U, and the diam-
eter of the secondary nozzle D, are used throughout the pa-
per to normalize velocities and distances, as agreed in the
ColeN project.

Il. COMPUTATIONAL PARAMETERS
A. Compressible LES of the jet

The LES is performed using an in-house finite-difference
solver of the three-dimensional cylindrical filtered compress-
ible Navier—Stokes equations, developed for noise computa-
tions using centered”” and noncentered”” schemes with low-
dissipation and low-dispersion properties. The axis
singularity is taken into account by the method of Constan-
tinescu and Lele™® based on series expansions. Fourth-order
11-point finite differences are used for spatial discretization,
and a second-order six-stage low-storage Runge—Kutta algo-
rithm is applied for time integration. To ensure numerical
stability, grid-to-grid oscillations are removed every time
step by an explicit 11-point filtering of the flow variables,
which is optimized in the wave-number space to damp only
the short waves discretized by fewer than four points per
wavelength. The filtering enables also to take into account
the effects of the subgrid energy-dissipating scales without
affecting significantly the resolved scales, as described in
detail in previous works.”” This LES approach was devel-
oped to preserve the Reynolds number given by the inflow
conditions, which might not be possible using eddy-viscosity
subgrid models such as the dynamical Smagorinsky
model.*** Finally, in order to compute the radiated noise
directly, nonreflective boundary conditions are implemented,
with the addition of a sponge zone in the jet at the outflow. "’

The LES is conducted on a computational domain of
14 X 10° points including two straight pipe nozzles with co-
planar lips, which is presented in Fig. 1. The lip of the outer
pipe has a thickness of 0.013D,, whereas the inner lip is
infinitively thin. Two overlapping cylindrical grids are used.
The first grid of n, X n, X n,=391X 98X 48 points is devoted
to the interior of the pipes, from their inlet boundary at
7z=-3.3D,. The second grid of n,Xn,Xn,=867X295X48
points contains the jet flow and the acoustic near field. It
extends up to z=18D in the axial direction and to r=8D; in
the radial direction from the jet axis. The overlapping zone is
from z=—0.30D, to z=—-0.23D, and consists of the coincid-
ing ten last rows of the pipe grid and ten first rows of the jet
grid in the axial direction. In this direction, the grid spacing
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FIG. 1. Representation of the (z,r) section of the LES mesh grid. Top: full
computational domain; bottom: zoom in the pipe region. Every 12th grid
point is shown in both axial and radial directions.

is 0.008D in the pipe and up to z=1.3D; outside the nozzle.
A stretching rate of 2% is then applied, so that the axial grid
spacing is 0.024D, for z>2D,. The grid is then uniform up
to z=15Dy, from which an 8% stretching is used to form the
sponge zone. In the radial direction, the mesh spacing is
minimum and equal to 0.0045D; at the nozzle walls. It
increases outside of the jet flow at a rate of 3.5% to reach
0.052D, for r>1.9D; from the jet axis. The sound field is
therefore expected to be properly resolved up to Strouhal
number Sty =cumpDy/ (U, X4 X0.052D,) =4, where cypp,
=340.3 m/s is the sound speed in the ambient medium, and
the pressure in the ambient medium is p,,,=101 325 Pa.
The LES is carried out during 400 000 time steps
(A ps=7.4X107% s or AfpsU,/D=6.1X10"") and re-
quires an amount of 1800 CPU hours on a supercomputer
Nec SX5. The length of the initial run, before initiating av-
eraging, is 120 000 time steps. The statistics of the flow are
therefore calculated during 280 000 time steps, which corre-
sponds to the nondimensional averaging time of ATU,/D;
=170.7. Time signals of velocity are also recorded in the jet
over cylindrical surfaces located at r=0, D,/4, 3D,/8, and
D,/2 from the centerline, every 50Af;gs during the final
260 000 LES iterations. For the computation of velocity
spectra, they are divided into 25 overlapping sections of
length 20 000Af; g, windowed by a Hanning function.

B. Jet initial parameters

In order to define turbulence conditions at the nozzle exit
as realistic as possible at the high Reynolds number of the
present LES, small velocity disturbances random both in
space and in time are added at the pipe inflow to seed the
turbulence, in the same way as recently carried out by Bogey
et al."’ for single-stream jets. The inflow perturbations are
growing along the pipes to provide significant turbulence
intensities at the nozzle exit. To illustrate the initial condi-
tions thus obtained, the radial profiles of the mean axial ve-
locity and of the root-mean-square levels of the fluctuating
axial velocity at the nozzle exit are presented in Fig. 2. The
nozzle-exit boundary layers exhibit thicknesses around
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FIG. 2. Radial profiles at the exit of the coplanar nozzle at z=0: (a) mean
axial velocity, (u,)/U,; (b) rms levels of the fluctuating axial velocity,

[u;]rms/ Up'

0.032D; and peak levels of axial turbulence intensity
[u.]ims/ U,=0.14, 0.08, and 0.12, respectively, from the in-
ner to the outer boundary layers.

When the present method is used in the LES for speci-
fying the jet initial conditions at the nozzle exit, no forcing is
applied directly within the jet flow. Previous jet simulations”’
performed without nozzle in the computational domain dem-
onstrated indeed that an intrusive forcing might have a strong
influence on jet development and acoustic radiation. More-
over, using this approach, high levels of turbulence intensi-
ties can be obtained without generating significant spurious
noise. This may enable to avoid the generation of an addi-
tional vortex-pairing noise which was observed in initially
laminar jet flows. "> It must be, however, noted that, be-
cause of the numerical cost of the simulation and of the high
Reynolds number of the jet, the boundary layers inside the
pipe nozzles are unfortunately under-resolved.

In the present simulation, the inflow conditions are
specified to mimic experimental conditions with as much
fidelity as possible, but they might lead to discrepancies with
respect to CoJeN measurements. Geometrical differences be-
tween computation and experiment can be first mentioned.
The nozzle pipe in the LES is straight whereas a convergent
nozzle is used in the experiment. In addition the inner lip is
infinitively thin in the simulation, whereas the experimental
inner lip is 0.005D; thick, and ends in a half-circle. As
pointed out by Viswanathan and Clark,** this will likely af-
fect the initial development of the shear layers, and conse-
quently the noise sources in these flow regions.

More generally, the parameters of the incoming bound-
ary layers should be ideally the same in computation and
experiment, which is not the case here because of the nu-
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merical constraints as well as of the lack of detailed infor-
mation on the nozzle-exit boundary layers in the CoJeN ex-
periment. The need for high initial turbulence intensities at a
high Reynolds number has been emphasized above. One an-
other important issue, noticed, in particular, by Bodony and
Lele,” is the thickness of the boundary layers. Zaman'® mea-
sured, for instance, initial momentum thicknesses around
0.003 diameter in single-stream jets at Reynolds numbers
between 10° and 2.5 X 10°. The boundary-layer thickness of
0.032D; in the present simulated jet therefore appears quite
large compared to what could be expected in the ColeN jet,
and one can expect the shear-layer phenomena to develop at
downshifted frequencies. Thick boundary layers also usually
result in short potential cores.'™*> However, the effects may
be smaller on turbulence along the potential core axes than
on turbulence along the shear layers.41 For these reasons, in
order to avoid attributing physical interpretations to simula-
tion artifacts, noise sources will be only investigated along
the jet core axes in Sec. V.

C. Extrapolation of the LES acoustic field

For the characterization of the noise generated by the
coaxial jet, and for the comparison with CoJeN experimental
data, the acoustic near field obtained directly by LES is
propagated in far field. Different extrapolation methods can
be applied. They are based, for instance, on the integral so-
lution of Kirchhoff equation“’48 or on the use of a set of
acoustic equations.10’49 In the present work, the sound propa-
gation is taken into account by solving the linear acoustic
equations written for the unknown variables (u, u,, u('j), P,
as in Berland et al.," for a cylindrical geometry. The numeri-
cal methods used for this calculation are the same as those
used for the LES. The noncentered 11-point finite differences
and filters developed by Berland et al.® are, in particular,
applied at the inner-side boundary where the LES data are
introduced.

In practice, the LES velocity and pressure are recorded
over an open cylindrical control surface located around the
jet at 2D, from the jet axis, at every point between 0.3D,
=7z=13.8D,, every 25At;gg during the final 260 000 LES
time steps. Note that the acoustic extrapolation has been also
performed from control surfaces at 3D and 4D, from the
axis. Small effects on the far acoustic field have been
found.”

The velocity and pressure fluctuations are introduced at
the bottom boundary of a cylindrical grid of n,Xn,.Xn,
=1771 X 1201 X 48 points on which the linear acoustic equa-
tions are solved. From the control surface, the noise is propa-
gated at a distance of 60D, from the nozzle exit as in CoJeN
experiments, on the extrapolation grid presented in Fig. 3.
The calculation requires 80 CPU hours using a Nec SX5.

In the axial direction, the discretization is that of the
LES for 0=z=14D;,. A stretching rate of 4% is then applied
to get mesh spacings of 0.05D; and 0.1D, in the downstream
and upstream directions, respectively. In the radial direction,
the grid is uniform with a mesh spacing of 0.05D,. Therefore
the sound field should be accurately calculated up to Strouhal
number Sty =CumpDy/ (U, X 4 X 0.05D,)=4.2, which is very
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r/D

10 20 30 40 50 60
z/Ds

FIG. 3. Representation of the (z,r) section of the mesh grid used for the
far-field propagation from the surface at r=2D,. Every 40th grid point is
shown in both axial and radial directions.

similar to the value Sr,,,=4 obtained in the LES. The time
step of the propagation computation, or acoustic time step, is
25At; ks As a result, there is no spatial nor temporal interpo-
lation of the LES near-field data. The extrapolation is per-
formed during 14 400 acoustic time steps. In order to study
the radiated sound field, pressure signals are recorded around
the jet at distances of 60D, from the nozzle exit, as it will be
illustrated in Fig. 16, during 9200 acoustic time steps (or
230000 LES time steps or a nondimensional time
ATU,/D,=140.2). For the computation of pressure spectra,
they are divided into 20 overlapping sections of length cor-
responding to 876 acoustic time steps, windowed by a Han-
ning function. The sound spectra are also averaged in the
azimuthal direction, over the 48 (z,r) sections of the compu-
tational grid.

lll. AERODYNAMIC RESULTS

The main aerodynamic results obtained for the coaxial
jet by LES are reported and compared with CoJeN prelimi-
nary particle image velocimetry (PIV) data.”’*” The devel-
opment of turbulence along the lip lines, as well as along the
potential core axes, is also investigated.

A. Instantaneous flow fields

Snapshots of the vorticity norm and of the static tem-
perature downstream of the nozzle are represented in Fig. 4
for z<8D,. The development of the turbulence and the mix-
ing of the cold and hot streams within the inner shear layer
are clearly visible. The jet growth appears to take predomi-
nantly place in the outer shear layer, whereas a Von Karman
vortex street, which will be displayed more obviously in
Fig. 9, is noted in the inner shear layer. The latter observation
is probably due to the relatively small difference in velocity
between the two streams, and it will be discussed later in
Sec. I D. The inner and outer shear layers are found to
interact around z=2D, before the end of the primary poten-
tial core which can be roughly evaluated around z=4D.
Downstream, the flow appears turbulent, even if large spots
of high temperature can still be noticed as it is the case in
Fig. 4(b) at z=5.5D,.
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FIG. 4. Snapshots in the (z,r) section: (a) vorticity norm |e)|, (b) static
temperature 7. The gray scales are for 0S|w|XD3/Up512.1 and for
Ty =T=T,, respectively, from light to dark.

B. Mean flow fields

To illustrate the development of the jet mean flow, con-
tours of the mean axial velocity are shown in Fig. 5. As
mentioned above, the primary potential core is longer than
the secondary potential core. More precisely the lengths of
the primary and the secondary cores, obtained here arbi-
trarily when (u,)=0.95U, on the jet centerline and when
(u,)=0.95U, at r=0.375D,, are, respectively, z,.=3.5D, and
z.=1.5D,.

As in most LES, the potential core of the simulated jet is
shorter than that estimated in experiments. For the present
coaxial jet, z,=5.4D; is, for example, obtained along the jet
centerline by CoJeN partners using PIV measurements. In
agreement with the discussion in Sec. II B, this discrepancy
can be associated with differences in the initial development
of the mixing layers due to the thick incoming boundary
layers in the simulation.

Despite this, the velocity decay along the jet centerline is
investigated by plotting in Fig. 6(a) the LES profile of mean
axial velocity along r=0, as well as the corresponding
ColeN PIV profiles shifted by —2D; in the z-direction for the
comparison. The numerical and experimental velocity decays
are found to be very similar. The profile of mean axial ve-

2
%) —_
S ——
-2
0 2 4 6 8

FIG. 5. Representation in the (z,r) section: contours of mean axial velocity
(u,)/U,=[0.03,0.26,0.49,0.72,0.95], with 0.72U,=0.95U,, from gray to
black.
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4
(b) Z/DS

FIG. 6. Profiles of (a) mean axial velocity (u,)/U,, (b) mean temperature
(T)/T,; (—) along the jet centerline at =0 and (- - -) along the secondary
jet core centerline at r=0.375D,. CoJeN PIV measurements made along the
jet centerline by: ((J) Universidad Carlos III de Madrid, (*) University of
Warwick, shifted axially by —2D; for the comparison.

locity obtained along r=0.375D; is also presented in the fig-
ure to display the velocity decay after the secondary potential
core.

As final features of the jet mean flow, the profiles of
mean temperature along r=0 and r=0.375D; are shown in
Fig. 6(b). The evolution toward the ambient temperature
Tymp/ T,=0.37 is quite rapid downstream of the jet primary
core, whereas the mean static temperature slightly increases
after the end of the secondary core. Unfortunately no experi-
mental data are available for the comparison.

C. Turbulent flow fields

The rms levels of the fluctuating axial velocity are rep-
resented in Fig. 7. The higher levels, that are [u ]
=0.15U,, are found in the early stage of development of the
outer shear layer, whereas low levels are observed in the
inner mixing layer between the two jet streams. Another re-

2
@ < e ———
Q" o = =
= e a——
-2
0 2 4 6 8
z/DS

FIG. 7. Representation in the (z,r) section: contours of rms fluctuating axial
velocity [u! ],/ U,=[0.045,0.09,0.135], from gray to black.
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0.2

FIG. 8. Profiles along the jet centerline at r=0 of rms levels of (a) the
fluctuating axial velocity [u ],/ U, and (b) the fluctuating radial velocity
(¢, Jims/ U, CoJeN PIV data by: ((J) Universidad Carlos III de Madrid,
() University of Warwick, shifted axially by —2D,.

gions exhibiting significant values of rms levels are also evi-
denced downstream. High rms values are indeed visible in
the zones where the inner and outer mixing layers merge and
on the centerline after the end of the primary potential core.

The centerline profiles of [u! ], and [u, ],1ns are depicted
in Fig. 8. They are compared with CoJeN PIV measurements
shifted by —2D; in the axial direction to match the different
core lengths as previously in Fig. 6. The overall agreement
between numerical and experimental curves is fair. The cen-
terline turbulence levels are, however, initially lower in the
LES than in the experiment, which emphasizes the differ-
ences in initial conditions. The peaks are also reached more
rapidly in the LES, closer to the end of the potential core
located at z=3.5D,. The peak levels provided by the LES,
that are [u!],,=0.14U, and [u]];,s=0.10U,, are also
slightly overestimated with respect to the experimental val-
ues [u] ]ns=0.12U, and [u, ],;,,=0.08U,,.

D. Turbulence development in the mixing layers

A snapshot of the azimuthal vorticity field downstream
of the nozzle lips is shown in Fig. 9. As mentioned in
Sec. Il A, a Von Kédrmén street (white color corresponding
to positive vorticity and black color to negative vorticity) is
observed in the inner shear layer between the primary hot
stream and the secondary cold stream, which is in agreement
with PIV measurements performed in the corresponding
ColeN jet.31 This behavior should be due to the small differ-
ence between velocities U, and U,. This Von Kédrmdn alley
also seems to be persistent and displays several counter-
rotating vortex couples as in the CoJeN experiment.

Phys. Fluids 21, 035105 (2009)

™

N

0.2 04 0.6 0.8

FIG. 9. Snapshot in the (z,r) section of the azimuthal vorticity w,
just downstream of the nozzle lips. The gray scale is defined for
-21.9=wyD,/U,="7.3 from dark to light.

To characterize the Von Karman alley, velocity spectra
are calculated along the inner lip line at r=D,/4. The spec-
trum of the fluctuating radial velocity obtained at z=0.2D, is
presented in Fig. 10(a). It is dominated by peaks with a fun-
damental peak at Strouhal number Srygx=fD,/U,=8.8. This
peak frequency is the frequency of vortex shedding behind
the inner nozzle lip. Based on the convection velocity u,.
=0.56U, and the distance between vortices dyg=0.064D,,
calculated at z=0.2D, from axial correlations of u; velocity,
a Strouhal number Sryg=u.D;/(U,dyx)=8.75 is indeed ob-
tained. For comparison, note also that a Strouhal number
Sryk==30 has been measured in the CoJeN jet, the difference
being certainly due to thinner experimental boundary layers.

In the spectrum of Fig. 10(a), owing to nonlinearity ef-
fects, subharmonic frequencies are also visible at Strouhal
numbers Sryg X i/8 (that are Sr=1.1,2.2,3.3, etc.). Because
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FIG. 10. Spectrum of the fluctuating radial velocity u, obtained as a func-
tion of Strouhal number fD,/U,: (a) in the inner mixing layer at
r=0.25D, and z=0.1D,, (b) in the outer mixing layer at r=0.5D, and (—)
z=0.1Dg; (- - -) z=0.4D,.
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vortex shedding is an efficient noise generation mechanism,
the development of the inner mixing layer in the LES might
result in significant contributions to the sound field at these
frequencies. This possibility is also supported by CoJeN
measurements,”’ which show acoustic tones compatible with
the vortex street observed downstream of the inner nozzle
lip.

Regarding the outer mixing layer at r=D,/2, it appears
to develop in Fig. 9 in an organized fashion despite the high
turbulence levels specified initially. Coherent vortices are
generated in the shear layer, and visibly merge by pairing.
The presence of vortex pairings is also supported by the
spectra of velocity u, computed at r=D,/2. In Fig. 10(b), the
spectrum calculated at z=0.1D; is indeed dominated by a
peak at Sr=2.2, whereas at z=0.4D, the subharmonic fre-
quency at Sr=1.1 is predominant. These frequencies are sub-
harmonics of the Von Karman fundamental frequency, which
suggests that there is a coupling between the two mixing
layers. Most likely acoustic waves radiated by the inner mix-
ing layer force the outer shear layer. Finally, since vortex
pairings are strong sound sources, the development of the
outer shear layer might result in high noise components at
the pairing subharmonics, in the same way as in two-
dimensional mixing layers,SI’52 for instance.

E. Turbulence properties along the potential
core axes

Some signals of flow quantities recorded along the pri-
mary and secondary potential core axes will be correlated
with far-field pressure in Sec. V. The properties of these sig-
nals are examined in the present section. In order to track the
dominant turbulent mechanisms along the two core axes, the
variations of the spectral characteristics of the fluctuating
radial velocity are first considered. The peak Strouhal num-
bers obtained along the lines at r=0 and r=0.375D; are pre-
sented in Fig. 11(a). Both curves display large discontinuous
steps.

Along the centerline at r=0, two steps characterized by
Stpeak=1.1 then by Sr,.=0.55 are initially noticed for
z=D,. These two Strouhal numbers correspond to harmonics
of the frequencies dominating in the mixing layers. Down-
stream, the peak Strouhal numbers take values around
Stpeak=0.32 and finally around Sr,.=0.16 for z=3.2D,.
Quite obviously strong turbulent mechanisms occur along
the primary core periodically at these two frequencies. At the
end of the potential core, in particular, the spectral peak is
obtained for Sr=0.16. This result is illustrated in the corre-
sponding velocity spectrum presented in Fig. 11(b), in which
the component at Sr=0.32 can also be seen.

Along the secondary core at r=0.375D,, the velocity
spectra are successively dominated by the Strouhal numbers
observed on the jet centerline. However, as shown in
Fig. 11(a), the step at Srye,=0.55 now lies from z=D; to
z=2.3D,. The velocity spectrum at the end of the secondary
potential core consequently reaches its maximum at
Sr=0.55 in Fig. 11(b). In this spectrum a component at
Sr=0.32 is also noticeable. Further downstream, the peak
frequencies are very similar to those obtained at =0, which

Phys. Fluids 21, 035105 (2009)
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FIG. 11. Spectral properties of the fluctuating radial velocity u, along the
potential core axes: (a) variations of the Strouhal number peak, (—) at
r=0, (- - -) at r=0.375D; (b) spectra at the end of (—) the inner core at r=0
and (- - -) the outer core at r=0.375D,, as a function of Sr=fD,/U,.

indicates that the radial extent of the turbulent phenomena
developing at the end of the primary core is significant.

To give additional information on turbulence, intermit-
tency is analyzed along the two core axes as it has been
previously done for single jets.9 A function I(¢) is defined
arbitrarily from the vorticity component norm |w,| so that

; 1 if |w,| is lower than (|w,|)/2

0= 0 otherwise,

and an intermittency factor is then evaluated as y=(I(z)).
This factor vy is based here on the radial vorticity component
w,=du,/ d¢p—(1/r)duyl dz, and not on the full vorticity vec-
tor as in Ref. 9 because the other vorticity components are
not available from the LES database. The norm |w,| is, how-
ever, a good indicator of the presence of three-dimensional
vortical structures. Finally one can expect that y=0 when
the vorticity signal is fully laminar or turbulent, but that y
becomes higher when the signal is intermittent.

The factor 7y calculated along the two core axes of the
coaxial jet is represented in Fig. 12(a). Along the line at
r=0.375D,, as z increases, the value of vy doubles to reach a
peak one half-diameter before the end of the secondary po-
tential core. At r=0, a similar behavior is noticed even if the
variations are lower: the maximum of vy is observed slightly
upstream of the end of the inner core. Thus along both axes
turbulence displays maximum intermittency just before the
potential core end, as found in single jets.9

The variations in convection velocity u, along the poten-
tial core axes are also estimated using velocity cross corre-
lations and plotted in Fig. 12(b). Significant variations are

Downloaded 14 Jun 2012 to 156.18.40.173. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



035105-8 Bogey et al.

0
0 1 2 3 4 5 6 7 8
(a) Z/DS
1
0.8
o 0.6
=
(8]
2 04
0.2
0
o 1 2 3 4 5 6 7 8
(b) Z/DS

FIG. 12. Variations of (a) the intermittency factor y evaluated from vorticity
and (b) the convection velocity u,, along the potential core centerlines: (—)
at r=0 and (- - -) at r=0.375D,.

observed. The convection velocity especially increases in the
potential cores to become, for instance, nearly 0.9Up on the
centerline at z=2.8D;. The vortical structures traveling at this
high convection speed are most probably accelerated from
the shear layers, which likely generates noise. Note also that
along the secondary core, both acceleration and deceleration
probably take place, depending on whether vorticity is issued
from the inner or the outer shear layer.

Some flow signals are finally shown at the maxima of
intermittency found in Fig. 12(a), that are at z=3D, on the
centerline and at z=D; on the secondary core axis. Time
evolutions of the axial velocity and radial vorticity norm
obtained at the latter point for ¢=0, near the end of the
secondary core, are first presented in Fig. 13. The velocity
signal in Fig. 13(a) displays large deviations with respect to
the inlet secondary velocity U,=0.75U,. These deviations
are both negative and positive, leading to variations between

1.1 4
1
3
0.9
0.8 2
0.7
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0.5 0
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@) tUp/DS (b) tUp/DS

FIG. 13. Time evolution of (a) axial velocity u,/ U, and (b) radial vorticity
norm |w,|D,/ U, near the end of the secondary potential core, at
r=0.375Dy, z=D,, and ¢=0.
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FIG. 14. Time evolution of (a) axial velocity u,/U,, (b) radial vorticity

norm |w,|D,/ U, (c) density p/p,. and (d) temperature /7, near the end of
the primary potential core, at r=0, z=3D,, and ¢=0.

0.6U, and U,,. A negative velocity deviation may correspond
to the intrusion of the outer flow into the secondary core,
whereas a positive deviation may be linked to the leak of the
primary stream from the inner core. The velocity defects
arise visibly periodically, at a Strouhal number Sr=0.5 in
agreement with the Sry.=0.55 observed in Fig. 11. These
turbulent phenomena also occur intermittently as illustrated
by the vorticity norm in Fig. 13(b), which exhibits isolated
peaks when velocity collapses in Fig. 13(a). This indicates
the intrusion of vorticity from the outer mixing layer.
Signals recorded near the end of the primary potential
core, at r=0, z=3D,, and ¢=0, are now represented in
Fig. 14. In this hot jet stream, axial velocity, radial vorticity
norm, as well as density and temperature are considered. The
two former signals in Figs. 14(a) and 14(b) show that inter-
mittently the flow decelerates down to u,=0.6U > while vor-
ticity appears in the jet core. In the same time in Figs. 14(c)
and 14(d), the density significantly increases while the tem-
perature decreases down to O.4T,,, that is close to the ambient
temperature. These results give a clear evidence of the intro-
duction of vortical structures developing in the cold outer
shear layers into the hot primary core. This mechanism, simi-
lar to that found in single-stream jets,g is likely a major
sound source in the coaxial jet. The associated Strouhal num-
ber seems around Sr=0.2, which is close to the peak value
Stpeq =0.16 noticed in the velocity spectra at the end of the

p
inner potential core in Fig. 11.

IV. ACOUSTIC RESULTS

The near acoustic field determined directly by LES and
the far acoustic field calculated using the extrapolation
method are presented in this section and compared with
ColJeN experimental data.
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FIG. 15. Snapshots in the (z,r) section of pressure fields obtained at LES
time step 320 000: (a) LES pressure; (b) LES pressure in the central region,
and, in peripheral regions, pressure computed from the acoustic equations
using the control surface at r=2D; indicated by black lines. The gray scale
is defined for levels between —130 and +130 Pa, from light to dark.

A. Pressure snapshots

Snapshots of the near-pressure field obtained at time step
320 000 for r=6D, are represented in Fig. 15. The pressure
field provided directly by LES is displayed in Fig. 15(a),
whereas the pressure field computed by solving the linear
acoustical equations using the control surface at r=2D; is
given in Fig. 15(b). The coupling between the LES and the
acoustical calculation seems to occur in an appropriate way.
This is suggested by the continuity of the pressure field on
either side of the interfaces, indicated by black lines in
Fig. 15(b). There is a fair agreement with the near field de-
termined by the LES, even if contributions of aerodynamic
pressur<353’54 can be high in the vicinity of the jet flow in the
LES. Note that the influence of the control surface was in-
vestigated in detail in a previous paper,so where the acoustic
extrapolation was also performed from surfaces at 3D, and
4D, from the jet axis. The results obtained with the surface at
r=2D, appeared to be the most accurate. The use of this
surface located at r=2D, and extending up to z=13.8D; al-
lows us, in particular, to minimize the possible effects due to
the fact that the control surface is open.

A snapshot of the radiated pressure calculated from the
linear acoustic equations is shown in Fig. 16. The large scale
disparities between the sound waves and the turbulent region
are clearly illustrated. Some changes in the noise features
as the emission angle varies can also be noted. A

Phys. Fluids 21, 035105 (2009)

FIG. 16. Snapshots of pressure obtained at LES time step 320 000 by solv-
ing the acoustic equations and of the LES vorticity norm in the central
region. The gray scale is defined for pressure levels between —40 and
+40 Pa, from light to dark. The black points indicate the observation points.

low-frequency noise characterized by a Strouhal number
Sr=fD,/U = 0.05 is moreover observed, in particular, in the
sideline and upstream directions. This could unfortunately be
parasitic waves generated at the LES outflow boundary. As a
result, in order not to take into account the nonphysical
acoustic components, the sound pressure levels will be com-
puted only for Sr=0.1 in what follows. The observation
points are finally represented in the figure. They are located
at 60D, from the nozzle exit, for angles between 20° and 90°
with respect to the jet direction.

0.8 \

0.6 N

0.4 ~

0.2

0 30 60 90 120 150 180
5o (deg.)

FIG. 17. Azimuthal cross-correlation functions of the fluctuating pressure
obtained at 60D, from the nozzle exit, for radiation angles of (—) 30° and
(- - -) 60°.

Downloaded 14 Jun 2012 to 156.18.40.173. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



035105-10  Bogey et al.
o
S
-
o
[?)
[ 10dB
10" 10" 10’
@) st/Up
o
Z
I
o
[7p]
[ 10dB
10" 10” 10’
(b) st/Up

FIG. 18. Pressure spectra obtained at 60D, from the nozzle exit: (—) simu-
lation results and (gray —) CoJeN experimental data, for radiation angles
relative to the jet direction of (a) 30° and (b) 90°, as functions of Strouhal
number Sr=fD,/U,,.

B. Azimuthal cross correlations

The spatial structure of the jet far-field noise is examined
from the azimuthal correlations of the fluctuating far-field
pressure. The correlation functions calculated at 30° and 60°
relative to the jet from the broadband signals are shown in
Fig. 17. The correlation levels are very high at the radiation
angle of 30°, for which the correlation is even nearly 0.8 for
an azimuthal separation angle of 180°. At the emission angle
of 60°, the correlations are still significant but they are ap-
preciably lower. A similar decrease with the radiation
angle is observed in single-stream jets,g‘ss’56 and this behav-
ior has been associated with jet noise components and
sources. The present curves thus provide a first insight into
noise generation.

C. Sound pressure spectra

The narrow-band sound pressure spectra calculated at
the radiation angles of 30° and 90° are plotted in Fig. 18 and
compared with CoJeN experimental data. Some peaks are
visible in the spectra, especially at Strouhal numbers of 1.1,
2.2, 3.3, and 4.4. These frequencies correspond to the har-
monic frequencies that are observed in velocity spectra ob-
tained in the inner and outer mixing layers reported in
Fig. 10. In the same way as it was assumed from CoJeN
experimental results,”’ these tones may be generated by the
development of the Von Kdrman vortex street exhibited in
Fig. 9. The tones also likely result from vortex pairings in the
outer shear layer. More precisely, in agreement with the nu-

Phys. Fluids 21, 035105 (2009)
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FIG. 19. Sound pressure levels obtained at 60D, from the nozzle exit, as a
function of the radiation angle relative to the jet direction. Levels calculated
for Strouhal numbers Sr=fD,/U,=0.1: (—) simulation results, (gray —)
CoJeN experimental data, (gray - - -) experimental data =3 dB. Overall
levels calculated for Sr=0: (gray ----- ) experimental data.

merical results obtained by Colonius et al.’" for two-
dimensional mixing layers, the contributions of pairings to
noise appear significant at the two first subharmonics of the
shear-layer fundamental Strouhal number of 2.2. The contri-
bution at the second subharmonic frequency, i.e., at Strouhal
number of 0.55, is, in particular, especially noticeable in
the downstream direction for a radiation angle of 30° in
Fig. 18(a).

The numerical spectra, however, agree well with the ex-
perimental spectra both in terms of overall shape and levels,
from Sr=0.1 up to a Strouhal number between 2 and 3, the
cutoff Strouhal number of the simulation being around Sr=4.
Besides the agreement is particularly good in Fig. 18(a) with
the results at 30°. The changes in the sound spectra with the
radiation angles are also well predicted by the simulation.
The pressure spectra especially broaden as the radiation
angle increases, which is similar to what is observed for
single-stream jets.&57_59 The results suggest that the turbulent
noise sources in the present jet at a high Reynolds number
are properly taken into account by the LES.

D. Sound pressure levels

The numerical and experimental sound pressure levels
obtained at 60D, from the nozzle exit are presented in
Fig. 19. The levels are calculated over the Strouhal number
range Sr=0.1. They display highest values for angles around
30° relative to the jet direction, as classically found for
single-jet noise.®”"" The agreement between the simulation
and the experiment is very satisfactory, with no more than 3
dB between the results whatever the radiation angle may be.
The LES sound levels are, however, higher at any angle. The
overestimation, which could be partially due to the presence
of harmonic tones in the sound spectra, is by 1.5 dB at the
predominant radiation angle of 30°, and it increases at larger
angles. It can also be noted that the effects of filtering the
sound levels for Sr=0.1 are weak. From the experimental
data, there are indeed very small differences between the
overall sound levels (gray dotted line) and the levels filtered
for Sr=0.1 (gray solid line).
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V. CORRELATIONS BETWEEN TURBULENT
AND ACOUSTIC FIELDS

Possible evidences of noise generation in the coaxial jet
are tracked from the simulation data using a causality
method based on flow-acoustics correlations, as it has been
done for single-stream jets.9’33‘34’60

A. Methodology

To identify links between the flow field and the acoustic
waves, correlations are computed between flow and far-field
pressure signals. Based on previous results for single jets, for
which high correlations are calculated between turbulence at
the end of the potential core and the downstream sound
waves, we focus here on the flow fields obtained along the
primary and secondary potential core axes and on the far-
field pressure radiated at 30° relative to the jet direction.
Flow-noise correlations involving shear-layer turbulence are
not shown because noise generation along the shear layers is
dominated by tones, whose properties have been discussed in
Sec. II B to be likely biased by the numerical modeling of
the inflow conditions. Due to the complexity of the jet flow
and possible artifacts introduced by the inflow conditions
with respect to experiment, the aim here is not to conduct an
exhaustive study of noise source in the coaxial jet, but to
show similarities with findings in single jets. Such observa-
tions could, in particular, support noise modellingsm’%’27
considering coaxial jets as combinations of several single
jets. In addition correlations of acoustical fluctuations with
density and temperature in the present hot coaxial jet are
calculated, which will allow us to deal with the question of
investigating jet noise generation from such flow variables.

The quantities considered along both jet axes are the
fluctuating longitudinal velocity u. and the radial vorticity
norm |w,|, whereas the fluctuating density p’, as in the works
of Panda,60 and temperature 7" are also taken into account on
the jet centerline. They are correlated with the radiated fluc-
tuating pressure p' to determine the correlation functions
Cul-p', Clw,|-p’, Cp'-p’, and CT’-p’. The normalized cor-
relations between velocity «. at point x; and pressure p’ at
point X, are, for instance, determined in the following way:

(u;(x1,0)p" (X, + 7))
(2 (x1,0) " Xp " (x,0)"

Cuz,_pl(xl’XZa T) =

where 7 is the time delay between the two signals.

The flow signals used for the correlations are broadband.
However, due to the presence of tones in the sound spectrum
in Fig. 18(a), preliminary calculations based on the broad-
band pressure provided quite periodic spots of correlation. In
what follows, the correlations are therefore computed using
the low-pass filtered pressure obtained by removing the spec-
tral components so that Sr=0.4. The bound of Sr=0.4 is
chosen because it is lower than the second subharmonic fre-
quency Sr==0.55 at which vortex pairings have been found
to contribute to the far-field pressure at 30° in Sec. IV C. The
other significant tones are also observed at higher frequen-
cies. In this way the harmonic tones originating from the
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FIG. 20. Correlations between far-field low-pass filtered pressure p’ at 30°
and (a) axial velocity u. and (b) radial vorticity norm |w,|, along
r=0.375D; (X-axis: time delay 7c,,,/D;; Y-axis: axial location). The gray
scales are defined from light to dark, (a) from —0.12 to 0.12 and (b) from
—0.06 to 0.06. The white line indicates the propagation time at the ambient
sound speed and the dotted lines show the end of the two potential cores.

mixing layers should not contribute to the flow-noise corre-
lations. The frequency range of 0=Sr=0.4 considered for
the acoustic signal moreover contains the main components
of the pressure spectrum in Fig. 18(a). The correlations cal-
culated here may thus likely give some information on the
generation of the dominant noise radiated in the downstream
direction.

B. Correlations with turbulence along the secondary
potential core

The normalized correlations between the low-pass fil-
tered far-field pressure at 30° and the fluctuating axial veloc-
ity and the radial vorticity norm along the secondary poten-
tial core axis are presented in Fig. 20. They are averaged in
the azimuthal direction. Large regions of high correlation
levels are visible on these space-time cartographies. The cor-
relations are, in particular, especially significant around the
end of the secondary potential core at z=1.5D,, for time
delays slightly superior to the acoustic propagation time at
the ambient speed of sound, indicated by a dashed line. At
this position, they are dominated by negative values for
Cu.-p', but positive values for Clo,|-p’.

Additional quantitative informations are given in Fig. 21
showing the correlation functions obtained from flow signals
taken exactly at the end of the secondary potential core.
Negative and positive extrema of correlations of 14% and
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-0.12

-0.18
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FIG. 21. Correlations between far-field low-pass filtered pressure at 30° and
turbulent quantities at r=0.375D; at the end of the secondary potential core:
(—) fluctuating axial velocity (Cu.-p’) and (- - -) radial vorticity norm
(Clw,]-p"). The dotted line represents the propagation time at the ambient
sound speed.
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FIG. 22. Correlations between far-field low-pass filtered pressure p’ at 30°
and (a) velocity u/, (b) vorticity norm |w,, (c) density p’, and (d) tempera-
ture 77, along r=0 (X-axis: time delay 7c,,;,/D,; Y-axis: axial location). The
gray scales are defined [(a), (c), and (d)] from —0.28 to 0.28 and (b) from
—0.12 to 0.12. The white line indicates the propagation time at the ambient
sound speed and the dotted lines show the end of the two potential cores.

6% are observed, respectively, for the fluctuating velocity
and the vorticity norm, just after the acoustic propagation
time delay. As in single-stream jets, the velocity defects and
vorticity outbursts occurring along the secondary potential
core of the coaxial jet therefore seem to be correlated with
the downstream noise. These results may indicate that the
mechanisms described previously in Fig. 13 are connected
with noise generation.

C. Correlations with centerline turbulence

The normalized correlations calculated between the low-
pass filtered sound pressure and centerline flow signals are
represented in Fig. 22 with the maps obtained for Cu.-p’,
Clw,-p’, Cp'-p’, and CT'-p’. Correlation levels between
10% and 20% are noticed. In Fig. 22(b), the far-field pres-
sure is, in particular, seen to strongly correlate with the vor-
ticity norm at the end of the primary potential core at z
=3.5D,, with high positive values reached around the acous-
tic propagation time. The correlation zones obtained from the
fluctuating velocity in Fig. 22(a) are more extended, but sig-
nificant negative correlation levels are also visible at the end
of the primary core precisely at the acoustic propagation
time. As in single jets,g’33 there are thus close links between
the radiated downstream pressure waves and turbulence near
the end of the core.

It is interesting to note that in a similar way density and
temperature in this region correlate with sound pressure.
They provide, respectively, spots of positive and negative
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FIG. 23. Correlations between far-field low-pass filtered pressure at 30° and
turbulent quantities at r=0 at the end of the primary potential core: (a) (—)
axial velocity (Cu.-p") and (- - -) vorticity norm (Clw,|-p’), (b) (—) density
(Cp’-p’), and (- - -) temperature (CT’-p’). The dotted line represents the
propagation time at the ambient sound speed.

correlations in Figs. 22(c) and 22(d), which are well aligned
with the spot of positive correlations from vorticity norm in
Fig. 22(b). These results must be related to the coinciding
deviations of vorticity norm, density, and temperature re-
ported in the temporal signals of Fig. 14. In the heated jet
stream, it thus appears possible to use density or temperature
as indicators of the presence of vortical cold structure in the
potential core. Significant correlation levels are also found
further upstream, near the end of the secondary potential core
at z=1.5D;. These correlations may, however, involve acous-
tic disturbances in the jet. The correlations from density and
temperature are indeed here of the same sign, and correla-
tions from vorticity norm in this region are negligible. In this
case using density or temperature to evaluate flow-noise cor-
relations might be misleading.

The shapes and magnitudes of the correlation functions
obtained with the flow signals at the end of the primary core
are finally illustrated in Fig. 23. Extremum correlation levels
are around 16% for Cu.-p’, Cp'-p’, and CT’'-p’, but 8%
for Clw,|-p’. The extrema are in addition reached just at
the acoustic propagation time delay for the axial velocity
and very slightly after for vorticity, density, and temper-
ature. This strongly supports direct connections with noise
generation.

VI. CONCLUSION

This paper presents the LES of a coaxial jet defined by
the same stream velocities and temperatures and diameter
ratio, as a jet studied in the EU project CoJeN, which pro-
vided both aerodynamic and acoustic experimental data.
With the aim of computing directly practical jet noise, this
simulation is a step forward because the flow configuration
characterized by a coaxial geometry, a heated primary
stream, and a high Reynolds number is complex. The jet
considered is also more realistic regarding aeronautic appli-
cations. Very satisfactory results are obtained for the acoustic
far-field directly obtained from the LES, without resorting to
acoustical modeling. Sound pressure spectra and levels com-
pare indeed well with CoJeN measurements, at any radiation
angle. Some discrepancies attributed to numerical or physi-
cal artifacts, associated, for instance, with the outflow condi-
tions or with the development of the mixing layers due to
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the modeling of the incoming boundary layers, are also
identified in order to improve noise prediction in future
simulations.

The simulation generated a database both for the turbu-
lent flow and for the sound field of the coaxial jet. Thus for
the first time to our knowledge, properties of the flow are
described in detail and flow-noise correlations are computed
to study noise generation mechanisms in a coaxial jet. The
results are similar to those obtained for single-stream jets.
High correlation levels are indeed observed between the
downstream sound pressure and the turbulence around the
end of the two potential cores. In these regions, the flow
moreover exhibits intermittency, dominant Strouhal numbers
persisting over large axial extents, and significant variations
of the convection velocity. Noise generation therefore ap-
pears to be linked with the intrusion of vortical structures
into the potential cores. Finally, the use of density or tem-
perature instead of velocity or vorticity to compute flow-
noise correlations seems appropriate in the heated jet stream,
but it might also indicate correlations with acoustic distur-
bances in the potential core.
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