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1. Motivation and objectives
Crackle is an especially irritating component of supersonic jet noise because it is associated with shock-like “N-shaped” acoustic waveforms consisting of sudden strong compressions followed by more gradual expansions (Ffowcs Williams et al. 1975). In addition
to the irritation factor, crackle may account for up to 30% of the overall sound pressure
level along the direction of peak jet noise, when it occurs (Krothapalli et al. 2000, 2003).
Because crackle occurs in the direction of peak jet noise, its elimination has the potential
to help meet the U.S. Navy’s near term jet noise reduction goal of 3 dB in the peak noise
direction (Martens & Spyropoulos 2010).
The mechanism by which N-shaped waves are generated is not yet fully understood.
In particular, there has been some debate about whether these waves are generated directly by the supersonic jet itself, or whether they may be a result of nonlinear acoustic
propagation. High-amplitude acoustic waves are subject to nonlinear propagation effects
leading to wave steepening or wave-coalescence (Anderson & Freund 2012), which might
at first seem to explain shock-like compressions associated with crackle. Although noise
levels from high-performance tactical aircraft engines are extremely loud, their amplitudes are not sufficient to produce significant nonlinear effects over distances of interest
(Ffowcs Williams et al. 1975; Freund et al. 2000). Furthermore, recent testing found
that the addition of chevrons to the lip of a tactical aircraft nozzle significantly reduces
crackle noise emissions (Martens et al. 2011). This suggests that the N-shaped waves are
generated by the jet itself, rather than by propagation effects in the freestream.
The objective of this study is to apply large eddy simulation (LES) to determine the
source of crackle in hot supersonic jets issuing from military-style faceted nozzles. We
expect high-fidelity LES to shed new light on the problem of crackle because it provides
access to full three-dimensional data fields associated with the turbulent jet plume and
its near acoustic field. In particular, simulation data allows us to examine quantities
directly inside the energetic turbulence-containing regions which are difficult to measure
experimentally.
The remainder of this brief is organized as follows. First, we discuss details of the
flow configuration used for the simulations. For purposes of validation, we use a nozzle
geometry matching that of an experiment (Martens et al. 2011). Two operating points
are simulated, corresponding to different levels of heating. We then present the results,
which first discuss the flow visualization and validation of the simulation, followed by a
discussion of different statistical measures of crackle. In particular, a diagnostic is applied
to determine whether N-shaped waves form directly inside the turbulence or whether they
require a distance of nonlinear propagation to steepen. Finally, in order to determine the
physical mechanism responsible for the generation of crackle, a retarded-time phaseaveraging algorithm is developed based on checkpointing and automatic backtracking in
order to investigate the source of crackle.
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Figure 1. A military-style nozzle designed by GE with a faceted straight-ramp diffuser used
for the crackle simulations.

2. Flow configuration
We investigate crackle produced by the military-style nozzle shown in Fig. 1. The nozzle
geometry corresponds precisely to that of an experimental geometry designed at General
Electric for acoustic testing (Martens et al. 2011). The interior of the nozzle consists
of a conical contraction followed by faceted straight-ramp diffuser. As we will see, the
relatively sharp angle formed at the throat of the nozzle produces shocks that comprise
half of the double-diamond shock cell pattern downstream. In the diffuser section, the
twelve facets are created by what would be twelve seals in an actual variable area engine,
although in the experimental model, the facets are fixed. The area ratio of the nozzle
exit to the nozzle throat is 1.295 so that the design Mach number was Md = 1.65.
For all of the simulations, the jet was driven by a nozzle pressure ratio (NPR) of
p0 /p∞ = 4.0 where p0 is the stagnation pressure inside the nozzle and p∞ is the ambient
static pressure. This NPR corresponds to the experimental test conditions and generates
a fully-expanded jet Mach number of Mj = uj /cj = 1.56, where uj is the fully-expanded
jet velocity and cj is the speed of sound within the jet plume. Furthermore, because
the NPR is less than that needed to reach the design Mach number, the jet emerges
from the nozzle in an overexpanded state, which is typical of exhaust jets at takeoff. The
overexpansion leads to the formation of shocks at the nozzle lip, generating the other
half of the double-diamond shock cell pattern.
While all of the simulations were performed at the same NPR, the jet velocity was
varied by changing the nozzle temperature ratio (NTR) defined as T0 /T∞ , where T0 is
the stagnation temperature of the fluid inside the nozzle and T∞ is the static temperature
of the ambient fluid. Specifically, two different NTRs were considered. First, simulations
were performed with N T R = 3.65, corresponding to the most strongly heated operating
condition used in the experiment. This NTR produced a jet velocity such that the acoustic
Mach number of the jet was Ma = uj /c∞ = 2.44, where c∞ is the speed of sound in the
ambient fluid. This operating point produced only a marginally crackling jet (Nichols
et al. 2012a), however, so a second set of simulations was performed with N T R = 4.5.
This is beyond the level of heating available in the experiment, but still representative
of a full-scale engine exhaust. In this case, the extra heating increases the jet velocity
resulting in Ma = 2.71.
The simulations were performed on fully unstructured meshes using the charles solver,
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Figure 2. (a) An axial cross section showing the mesh resolution in the near-nozzle region. A
zone extending 8 jet diameters downstream of the jet exit was adaptively refined. (b) A radial
cross section taken through the adaptive refinement region showing the azimuthal resolution
and the conformance of the mesh to the twelve-fold symmetry of the nozzle.

which employs widened numerical stencils to control dissipation and dispersion errors.
This solver has been extensively tested in the context of prediction of the aeroacoustics
of jets from complex geometries (Nichols et al. 2011, 2012b). A body-fitted mesh was
generated conforming precisely to all of the geometric details of the nozzle, including the
facets, the small radius at the nozzle throat, the nozzle lip and the shroud housing the
nozzle assembly. In addition to seamless treatment of complex geometry, the unstructured
mesh capability of charles allows grid points to be clustered where needed. A mesh
ideally suited to capture acoustic production (Nichols et al. 2011) was generated by first
constructing a coarse (6 million control volumes) body-fitted mesh, and then applying an
adaptive refinement procedure so that the turbulence containing regions in the jet plume
are resolved by a nearly isotropic mesh. An additional level of refinement was used for
the near nozzle region to capture the evolution of the jet shear layers as they emerge
from the nozzle. Figure 2(a) provides a visualization of the initial portion of the resulting
mesh: the downstream jet plume is discretized by cells with edge lengths ∆x no greater
than 0.02D where D is the jet diameter. The near nozzle resolution was twice as fine
with ∆x < 0.01D. Figure 2(b) shows that in the adaptive refinement region, azimuthal
resolution is not sacrificed with increasing distance away from the centerline, as is the
case with purely cylindrical meshes. This figure also shows how the mesh conforms to
the twelve-fold symmetry of the faceted nozzle in its core, but then gradually transforms
to a circular mesh further out. While triangle elements appear in the figures, this is
merely an artifact of the plotting algorithm’s treatment of cells with subdivided faces.
The actual mesh used for the calculations contained from 205 to 650 million purely
hexahedral control volumes. Characteristic boundary conditions were implemented at
all of the boundaries, accompanied by numerical sponge layers designed to minimize
unphysical acoustic reflection. In particular, the outlet sponge was carefully designed
following the guidelines for aeroacoustic applications (Mani 2012).

3. Results
3.1. Flow visualization and validation
Figure 3 shows an axial cross-section through a snapshot of the temperature and pressure
fields taken from the LES of the strongly heated supersonic jet. In the figure, contours
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Figure 3. A snapshot of the strongly heated supersonic jet visualized by contours of temperature
(interior of the jet, yellow scale online) and contours of pressure (exterior of the jet, blue scale
online) on an axial cross section. The nozzle is shown at left, and probe locations are indicated
by circles at axial stations (1-8). The dashed lines show the Oertel Mach angle.

of temperature are shown in the interior of the jet (yellow scale online), and show the
turbulent eddies within the jet plume. Also visible in the temperature field is a train
of shock cells, initiated for this straight-ramp diffuser at both the sharp nozzle throat
and the nozzle lip, leading to a double-diamond pattern downstream. While the jet is
over-expanded, the pressure mismatch is not too severe, so the shocks associated with
these cells are weak. Exterior to the jet, pressure contours (blue scale online) are used
used to visualize the corresponding near-field acoustics generated by the jet. Both the
temperature and pressure have been non-dimensionalized by the ambient conditions. The
figure shows that the near-field acoustics are dominated by a downstream component.
Upstream-propagating components corresponding to broadband shock-associated noise
can also be observed, but these are relatively weak, indicating that the jet is not too far
from ideal expansion.
In the near field of the jet, Mach wave radiation is clearly evident in Fig. 3. The angle
of the Mach wave radiation agrees well with the Oertel Mach angle given by


1
−1
,
(3.1)
γo = sin
Mco
where Mco is the Oertel Mach number (Oertel 1978; Krothapalli et al. 2003). This Mach
number corresponds to w′ -Mach waves and may be derived by considering the phase
speed and spatial growth rate of the Kelvin–Helmholtz instability of the jet shear layers
(Tam & Hu 1989), or through purely kinematic considerations (Oertel et al. 2010). The
Oertel Mach number is related to the jet Mach number and the speed of sound in the
jet and ambient fluid as follows:
Mco =

Mj + 1
.
1 + cc∞
j

(3.2)
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The Oertel Mach angle computed in this way is shown by the dashed lines in Fig. 3 and
agrees well with the waves emanating from the jet. The direction of propagation of the
Mach waves is perpendicular to the wave fronts and is given by ψ = 90◦ + γo where
ψ is the directivity with respect to the upstream jet axis. For the less strongly heated
operating conditions, ψ = 140.2◦ while for the strongly heated case ψ ≈ 142.0◦ .
In the near field of the jet, interspersed throughout the Mach wave field, we observe
thin structures of intense pressure. In these structures, the pressure perturbation is about
10% of the ambient pressure, corresponding to a strong acoustic wave or a weak shock.
We also note that these shocklet structures have a sharp edge followed just behind by
a more gentle decay in pressure. As these shocklets propagate outward away from the
jet, they create a sudden compression followed by a more gradual expansion at any fixed
observer location, which can then be interpreted as a crackle event.
To validate our numerical methodology, we use the LES data to compute the farfield
noise spectrum at the same location as measured from experiment. For this purpose,
acoustic data is recorded along a surface surrounding the turbulent jet plume and then
propagated to the farfield by applying the Ffowcs Williams–Hawkings (FWH) equation.
Unfortunately, because the FWH equation is based on an assumption of linearity, we
do not expect this method to be able to reproduce exactly the crackle noise in the
farfield. The FWH equation by definition neglects nonlinear acoustic propagation effects
which may alter the N-shaped waveforms over a distance, although for the amplitudes
considered in this paper, we expect this influence to be relatively small.
Figure 4 compares the farfield acoustic spectrum measured from the experiment to
that computed from the simulation data using the FWH equation. The measurement
location was at an angle of ψ = 140◦ with respect to the upstream jet axis and at a
distance of 72D from the center of the nozzle exit. This corresponds to the direction
of the Mach wave radiation and peak jet noise. In the figure, the blue curve represents
the narrowband spectrum computed from the simulation to which frequency binning
was applied to compute the third octave spectrum at the same frequencies reported
by the experiment. Although there are some discrepancies between the experiment and
simulation data, the overall shape and levels of the curve agree reasonably well over a
broad range of frequencies, giving us some confidence in the accuracy of our simulation.
3.2. Crackle statistics
To emulate the near-field acoustic array used in previous scale-model crackle experiments
(Martens et al. 2011), we probe the simulation at the locations indicated by the circles
in Fig. 3. These points correspond to sixteen unique axial and radial positions arranged
into inner and outer arrays of eight points each. For each of these probes, data was taken
at 48 equidistant locations along a ring in the azimuthal direction. In the simulation,
we angle the near-field probe array with the jet spreading instead of collecting data at
uniform radial distance away from the jet as was done in the laboratory experiment.
This was done because the quality of the mesh degrades rapidly as we move away from
the turbulence containing region – by remaining a constant distance from the turbulence
we ensure a constant mesh quality across all of the probes. The simulation environment
allows us to determine with great precision exactly where the turbulent region ends so
that we may accurately place a probe very close (much closer that would be safe in
experiments) to the turbulence to capture the acoustic field as it first emerges from the
turbulence.
Figure 5 shows a time history of the local pressure recorded at inner probe location
1. The simulation was run for approximately 450 nondimensional time units based on
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Figure 4. Comparison of experimental and simulated farfield acoustic at an angle of 140
degrees to the jet upstream axis (peak jet noise direction).
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Figure 5. (a) A time history of the local pressure at inner probe location 1. The skewness level
of this signal is 0.4806. (b) A zoomed view of a pressure signal, showing strong compressions
followed by more gradual expansions (N-shaped waveforms).

the characteristic time D/uj . The solid horizontal line indicates the signal mean, and
the dashed horizontal lines are spaced at one standard deviation. The signal is skewed
towards the positive side, and is observed to make intermittent large amplitude positivepressure excursions, reaching four standard deviations away from the mean in some cases.
On the negative pressure side, the signal rarely ventures even three standard deviations
away from the mean. The skewness s of the pressure signals is defined as
i
h
3
E (p(t) − µ)
,
(3.3)
s=
σ3
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Figure 6. Skewness levels vs. axial distance for the nominal (solid curve) and strongly heated
(dashed curve) operating conditions. The horizontal dotted line indicates the s = 0.4 threshold
above which crackle is observed in experiments.

where µ is the signal mean and σ is the standard deviation. The skewness of the signal
shown in Fig. 5 was 0.49, which clearly meets the criterion that s > 0.4 for the onset of
crackle as established by experiments (Ffowcs Williams et al. 1975).
Fig. 6 shows the spatial dependence of the skewness for both of the operating conditions
considered. In both cases, the skewness was found to peak around 10 to 12 jet diameters
downstream of the nozzle exit. The peak skewness level for the strongly heated jet was
clearly well above the threshold for crackle, whereas the nominal operating conditions
produced only a marginally crackling jet. We should note that as the jet temperature
increases, so does the jet velocity at a fixed NPR. The increased skewness levels for the
strongly heated jet may be a consequence of the increased velocity (Ffowcs Williams
et al. 1975).
Figure 7(a) provides a visualization of the skewness along a portion of the FWH
surface used to compute the spectra shown in Fig. 4. The portion of the FWH surface
shown has the shape of a truncated cone and extends from the plane of the nozzle exit
to approximately eight diameters downstream. This corresponds to the portion of the
FWH surface that passes through the near-nozzle refinement region shown in Fig. 2.
On this surface, contours of pressure are shown. The color scale is defined so that gray
represents the ambient pressure and red and blue correspond to equal deviations above
and below, respectively. The skewness is highlighted by the yellow and green colors which
correspond to two and three positive pressure deviations, respectively. Note that each
patch of high skewness forms a sharp gradient along its downstream edge, indicating an
N-shaped waveform. This figure shows that the waveforms associated with the highest
levels of skewness tend to be correlated over ≈ 60◦ of azimuthal extent. Figure 7(b)
shows an isosurface of pressure close to the emission of a crackle wave, and has been
phase-averaged with respect to 22 different crackle events, as will be discussed in the
next section. This analysis also showed that the crackle waves are azimuthally correlated
over 60◦ as they emerge from the jet turbulence.
3.3. Crackle mechanism
To examine the shocklet structures in the flow we apply a diagnostic inspired by the
Ducros shock sensor (Ducros et al. 1999), modified by Bhagatwala & Lele 2009, 2011 to
highlight regions of negative dilatation:



2
∆
(∇ · u)
1
1 − tanh 2.5 + 10 ∇ · u
,
(3.4)
C=
2
2
c
(∇ · u) + Ω2 + ǫ
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Figure 7. (a) Color contours of pressure along a portion of the conical FWH surface. (b) An
isosurface of the phase-averaged pressure in the vicinity of the crackle source at time of emission.
The observer is in the positive y-direction.

where Ω is the vorticity magnitude,∆ is the grid spacing and c is the local speed of sound.
Figure 8 shows color contours of this quantity at a single time instant. The dashed black
lines delimit the near-nozzle region of mesh refinement as shown in Fig. 2. In the core of
the jet, the shocks from the sharp nozzle throat, the nozzle lip and the resulting shock
cells downstream are clearly visible using the shock sensor C. The turbulent shear layers
of the jet are highly vortical, so that the term Ω2 in the denominator cause C to be
small. In Fig. 8, the turbulent shear layers show as the blue shadows immediately above
and below the jet core. Exterior to the turbulence, the shock sensor highlights many
thin regions of strong compression emanating from the jet. These regions of negative
dilatation correspond to the sharp fronts of N-shaped waves, or shocklets, emitted from
the jet. While the shocklets eventually detach from the jet and propagate away to the
far field, Fig. 8 shows several locations (white circles) where the foot of an emerging
shocklet is embedded directly inside the turbulent shear layer. At these locations, note
that the vorticity magnitude must not be too large, otherwise C would be attenuated. The
embedded shocklets appear instead to be formed in the interstices between two regions
of higher vorticity – the braid region between two co-rotating large scale coherent fluid
motions, for example.
In order to determine the source of crackle, we employ a checkpointing scheme in which
complete solution fields are stored periodically during a simulation. When a crackle wave
arrives at the observer location (indicated by the circle in Fig. 10), the simulation then
saves its current state, reinitializes from a previous checkpoint file, and then advances
again until an instant that is a precise interval before the time that the crackle wave
arrives at the observer location. This interval is taken as the approximate travel time
of an acoustic wave from emission from the jet to the observer’s station, and is given
by l/c∞ , where l is the distance between the jet’s upper shear layer and the observer
location in the direction of Mach wave propagation, and c∞ is the speed of sound in
the ambient fluid. In this way, the simulation goes back in time to find the state of the
flow just as a crackle wave is generated. After saving the flow field associated with the
crackle emission, the simulation then reloads the saved state from the crackle event itself
and keeps computing until the next crackle event is reached. The simulation proceeds in
this fashion, making small detours in time as crackle waves intermittently arrive at the
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Figure 8. Color contours of the shock sensor C on an axial cross section through the heated
jet, highlighting shocklets in the near field of the jet. Black dashed lines delimit the region of
near-nozzle adaptive refinement. White circles indicate locations where the foot of a shocklet is
embedded inside the turbulent shear layer.

observer location, and collecting a database of the flow fields associated with their source
times.
Fig. 9 shows contours of time-averaged pressure from the LES on a mid-plane crosssection. The nozzle material is shown in green. Both the sharp throat and the nozzle lip
produce shocks which create a double-diamond shock cell pattern downstream. Farther
downstream, the double diamond cells merge into single regions where the pressure is
statistically high. This single-celled shock cells then gradually reduce in intensity downstream.
Fig. 10 shows contours of the pressure averaged over all of the source fields associated
with 22 different crackle events. In other terms, this is the phase-averaged pressure with
phase −l/c∞ with respect to 22 measured crackle events. A crackle event is defined as
a peak in pressure exceeding three standard deviations above the mean at the observer
location. For direct comparison between Figs. 9 and 10, the same contour levels were
used for both images. Because Fig. 10 was computed from only 22 samples, whereas Fig.
9 incorporates thousands of samples at each grid point, the flow field in Fig. 10 contains
a much higher level of noise. Of course, the noise level may be reduced by computing
more crackle events, but at considerable computational expense owing to the fact that
crackle is an intermittent phenomenon.
Nevertheless, several statistically significant features appear in Fig. 10. First, note
that the phase-averaging recovers the shock cell pattern of Fig. 9. Upstream, close to
the nozzle, this is a consequence of the relatively quiet flow inside the potential core.
The final three shock cells in the downstream direction are also recovered, however, and
these are in a region where the turbulent shear layers have spread enough to meet at
the center of the jet. In contrast to Fig. 9, a region of high pressure along the upper
jet shear layer appears at the point where crackle waves are emitted from the jet. This
region of high pressure appears to be well-organized, extending all the way across the jet

262

J. W. Nichols and S. K. Lele

Figure 9. Time-averaged pressure contours (LES mean). Shocks form both at the nozzle throat
and nozzle rim, owing to overexpansion, and develop into a double-diamond pattern downstream.

Figure 10. Pressure contours phase-averaged over 22 crackle events as measured at the location
indicated by the circle. The phase was taken as the retarded time corresponding to the estimated
travel time between the edge of the shear layer to the measurement location, along the Mach
wave propagation angle.

shear layer, even connecting to the shock cell in the interior of the jet. A low-pressure
wave is seen to follow just upstream. The interface between these two is sharp and it is
curved, suggesting that refraction effects owing to the jet velocity as well as temperature
are important.

LES of crackle in supersonic jets

263

4. Conclusions and future work
Unstructured LES of a turbulent supersonic jet issuing from a faceted military-style
nozzle was performed at two operating conditions: the first corresponded to the experimental operating point and the second was run with extra heating. The nominal condition produced a marginally crackling jet whereas the extra heated condition produced
a strongly crackling jet. In the strongly heated jet, the jet velocity is greater, and thus
the Oertel Mach number is higher. To investigate whether the increase in crackle (as
measured by the skewness of the fluctuating pressure) can be explained wholly by the
increase in jet velocity or whether it is intrinsically linked to the temperature difference
between the jet and ambient fluids, a new operating condition should be simulated. This
case would involve a run with the same NTR as the strongly heated case, but with an
NPR adjusted so that the jet velocity is the same as the nominal case.
In both cases simulated, we observed crackle waves emerging directly from the jet
turbulence, with characteristic N-shaped pressure waveforms. Therefore, while nonlinear propagation effects may eventually steepen waves yet further, it is not a necessary
component, as steep crackle waves are produced directly at the jet. The crackle waves
emerge from the jet with wavefronts aligned with the Oertel Mach angle. The simulations allowed for highly accurate retarded-time phase averaging, tracing backwards in
time from a crackle event, to the complete flow field associated with its source. This
analysis showed that the crackle source events appear to span the entire shear layer, suggesting that they are connected with large-scale coherent flow structures. Furthermore,
crackle emissions were observed to be azimuthally correlated over ≈ 60◦ , suggesting that
large-scale coherent motions of the jet are responsible.
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