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ABSTRACT
Two temporally-developing isothermal round jets at a Mach

number of 0.9 and diameter-based Reynolds numbers ReD of 3125
and 12500 are simulated in order to investigate their flow and acous-
tic fields. The simulations are carried out using high-order finite-
difference schemes on a grid of 940 million points extending up
to 120 jet radii in the axial direction. For each case, ten runs are
performed, and their results are ensemble averaged. The jet at
ReD = 12500 develops more rapidly, exhibits more fine turbulent
scales, and generates more high-frequency acoustic waves than the
jet at ReD = 3125. For both Reynolds numbers, however, a strong
intermittency of the velocity field and high convection velocities
are found on the jet axis at the time of the jet potential-core clos-
ing. At that time, low-frequency acoustic waves spaced by about 15
jet radii are also emitted in the downstream direction, as observed
at the end of the potential core of spatially-developing jets. These
results suggest the presence of the same sound source on the axis of
temporally-developing and spatially-developing jets.

INTRODUCTION
In spite of more than fifty years of research, the mechanisms

generating noise in subsonic jets are still not well understood (Tam,
1998). This is the case in particular for the sound source located
at the end of the jet potential core, which appears to be responsible
for a low-frequency noise component dominant in the downstream
direction (Bogeyet al., 2003; Bogey & Bailly, 2007; Tamet al.,
2008). In order to characterize that sound source, it can be worth
considering simplified models of the jet flow. Among the different
possibilities, one consists in simulating temporally-developing jets.
Temporal computations have been carried out in the past in many
studies on fully-developed wall-bounded flows (Kimet al., 1987;
Eggelset al., 1994; Kozulet al., 2016) and mixing layers (Comte
et al., 1992; Freundet al., 2000a,b; Fortuńe et al., 2004; Buchta &
Freund, 2016). Applications to jets are however much less numer-
ous (Hawkeset al., 2007; van Reeuwijk & Holzner, 2014). Despite,
or perhaps because of this, the simulations of temporal jets can be
expected to provide new information on the physics of noise gener-
ation in subsonic jets.

In the present work, two temporally-developing isothermal
round jets at a Mach number of 0.9 and diameter-based Reynolds
numbers ReD of 3125 and 12500 are simulated by solving the un-
steady compressible Navier-Stokes equations using high-order nu-
merical methods, in order to investigate the production of noise by
such jets. The jet at the very low Reynolds number of ReD = 3125
was considered in a previous study (Bogey, 2017). The objective
here is to describe the flow and acoustic fields of the two jets, and in
particular to determine whether, for both Reynolds numbers, low-
frequency acoustic waves are radiated when the jet mixing layers
merge on the jet centerline, as happens at the end of the potential
core of spatially-developing jets. If so, this will suggest that this
noise component does not depend on the presence of a jet nozzle or
of a potential core of finite length.
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Figure 1. Radial profile of the axial velocity att = 0 for
ReD = 3125 and ReD = 12500.

Thepaper is organized as follow. The main parameters of the
jets and of the simulations are first presented. Flow snapshots, and
the main properties of the jet aerodynamic and acoustic fields are
then provided. Finally, concluding remarks are given.

PARAMETERS
Jet Definition

The jets are isothermal, and have a Mach number of M=
u j/c = 0.9 and Reynolds numbers of ReD = u jD/ν = 3125 and
12500, whereu j andD = 2r0 are the jet initial centerline velocity
and diameter, andc and ν are the speed of sound and kinematic
molecular viscosity. At initial timet = 0, the axisymmetric mixing
layers defined by the hyperbolic-tangent velocity profiles presented
in figure 1 are considered. The momentum thicknesses of the mix-
ing layers are set toδθ = 0.0358r0 and 0.0179r0, respectively, fol-
lowing the variations ofδθ/r0 with the Reynolds number observed
in experiments for initially laminar jets (Zaman, 1985).

At t = 0, velocity perturbations are added in the mixing lay-
ers in order to seed the laminar-turbulence transition. For this, ring
vortices of radiusr0 and of random amplitude are imposed (Bogey
et al., 2003). These vortices have a half-width of 2δθ , and are reg-
ularly distributed in the axial direction every∆z = 0.025r0. At each
position, the vortex is weighted by the function associated with an
azimuthal mode randomly chosen between 0 and 32. In this way,
the initial peak turbulence intensity is about 1%, and ten runs are
performed using different random seeds for each jet.

Numerical Methods
The simulations are carried out by solving the three-

dimensional filtered compressible Navier-Stokes equations in cylin-
drical coordinates(r,θ ,z) using low-dissipation and low-dispersion
explicit schemes. In order to alleviate the time-step restriction near
the cylindrical origin, the derivatives in the azimuthal direction
around the axis are calculated at coarser resolutions than permit-
ted by the grid (Mohseni & Colonius, 2000; Bogeyet al., 2011).
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Figure 2. Radial profiles of the radial, azimuthal and axial mesh
spacings ∆r/r0, r∆θ/r0 and ∆z/r0.

Fourth-ordereleven-point centered finite differences are used for
spatial discretization, and a second-order six-stage Runge-Kutta al-
gorithm is implemented for time integration (Bogey & Bailly, 2004;
Berlandet al., 2007). A twelfth-order thirteen-point centered filter
is applied explicitly to the flow variables every time step in order to
remove grid-to-grid oscillations. Radiation conditions are applied at
the radial boundaries to avoid significant acoustic reflections (Tam
& Dong, 1996; Bogey & Bailly, 2002), and periodic boundary con-
ditions are imposed in the axial direction.

Simulation Parameters
The mesh grid extends up toz = 120r0 in the axial direction,

and out tor = 30r0 in the radial direction. It containsnr = 382,
nθ = 512 andnz = 4800 points. The mesh spacing in the axial di-
rection is uniform and equal to∆z = 0.025r0, whereas, as illustrated
in figure 2, the mesh spacing in the radial direction varies. The lat-
ter is minimum and equal to∆r = 0.006r0 at r = r0. It is maximum
and equal to∆r = 0.2r0 for r ≥ 16r0, yielding a Strouhal number
of StD = 2.8 for an acoustic wave discretized by four points per
wavelength. Finally, the use ofnθ = 512 points in the azimuthal
direction leads tor∆θ = 0.012r0 at r = r0.

The computations are performed using an OpenMP-based in-
house solver. For each run, the total number of iterations is equal
to 23,000 for ReD = 3125 and 14,000 for ReD = 12500, yielding
a final time oft = 75r0/u j. For the present grid of about one bil-
lion points, 200 GB of memory are required, and about 1,000 CPU
hours are consumed for 1,000 iterations. Density, the three veloc-
ity components, pressure and vorticity norm are recorded on the
jet axis atr = 0 and on the cylindrical surfaces atr = r0, 4r0 and
20r0, at a sampling frequency allowing spectra to be computed up
to StD = 10, and on the four azimuthal planes atθ = 0, π/2, π and
3π/2, at half the frequency mentioned above. The statistical results
obtained in each run are averaged over the directionsz andθ . The
results of the ten runs are then ensemble averaged.

RESULTS
Snapshots

Snapshots of the vorticity norm and pressure fluctuations ob-
tained in the(z,r) plane for ReD = 3125 at timest⋆ = tu j/r0 = 20
andt⋆ = 40 and for ReD = 12500 att⋆ = 15 andt⋆ = 35 are repre-
sented in figures 3 and 4, respectively. For both Reynolds numbers,
two turbulent mixing layers can be seen on both sides of the jet axis
in the top figure, and they have merged in the bottom figure. More
fine turbulent scales are observed in the higher Reynolds number
case, as expected.

In the pressure fields of the jet at ReD = 3125, in figure 3,
alternatively positive and negative fluctuations are found in the
close vicinity of the jet att⋆ = 20. They are most likely the
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Figure 5. Time variations of (a) the shear-layer momentum thick-
nessand (b) the mean axial velocity atr = 0 for ReD =

3125and ReD = 12500.

footprints of the large turbulent structures of the jet in the pres-
sure near field. At timet⋆ = 40, after the potential-core closing,
high-amplitude waves, with a typical wavelength of about 15r0,
appear to propagate in the downstream direction. They look like
the waves emitted at shallow angles by spatially-developing sub-
sonic jets (Bogey & Bailly, 2006). For ReD = 12500, in figure 4,
after a strong initial acoustic component due to the shear-layer
rolling-up, sound waves with various wavelengths radiate in the
pressure field. The downstream-propagating low-frequency waves
mentioned above for ReD = 3125 are also noticeable att⋆ = 35.
Upstream-propagating high-frequency waves can also be detected
in this case.

Flow Fields
The time variations of the shear-layer momentum thickness and

of the mean centerline axial velocity are presented in figure 5. The
shear-layer spreading and jet development start earlier for ReD =
12500 than for ReD = 3125, leading to the mean centerline velocity
of 0.95uj at tu j/r0 = 16 in the former case, but attu j/r0 = 21.6
in the latter. Then, they occur more slowly in the higher Reynolds
number case.

The time variations of the rms values and of the skewness and
kurtosis factors of axial velocity fluctuations atr = 0 andr = r0 are
displayed in figure 6. In figure 6(a), strong humps are obtained in
the profiles of turbulence intensity, leading to maximum values of
17% atr = 0 and 20% atr = r0 for ReD = 3125, and of 12.6% at
r = 0 and 21.3% at atr = r0 for ReD = 12500. As expected, due
to the difference in mean flow development, they are reached much
earlier in the ReD = 12500 case. They result from the mergings
of vortical structures (Bogey & Bailly, 2010) in the shear layers
and on the jet centerline, respectively. In figures 6(b) and 6(c), val-
ues of skewness around−1.1 and values of kurtosis higher than 6
are found atr = 0 close to the time of potential-core closing for
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Figure 3. Vorticity and pressure fluctuations obtained for ReD = 3125at tu j/r0 = 20 and 40, from top to bottom. The color scales range up
to the level of 4uj/r0 for vorticity, and from−200 Pa to 200 Pa for pressure.

Figure 4. Vorticity and pressure fluctuations obtained for ReD = 12500 at tu j/r0 = 15 and 35, from top to bottom. The color scales range up 
to the level of 4uj/r0 for vorticity, and from −200 Pa to 200 Pa for pressure.
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Figure 6. Time variations of (a) the rms values and (b) the skew-
nessand (c) the kurtosis factors of the axial velocity fluctuations at
r = 0 for ReD = 3125 and ReD = 12500, and
at r = r0 for ReD = 3125 and ReD = 12500.

both Reynolds numbers. This indicates intermittent occurrence of
velocity deficits on the jet centerline at that time. They very prob-
ably follow the intrusion of shear-layer turbulent structures in the
potential core of the temporal jet, as it happens at the end of the
potential core of spatially-developing jets (Bogeyet al., 2003; Bo-
gey & Bailly, 2007). Atr = r0, the kurtosis factor does not deviate
appreciably from the value of 3, but the skewness factor is slightly
positive, suggesting possible bursts of high-velocity flow structures
in the mixing layers.

The convection velocities of the flow structures obtained at
r = 0 and atr = r0 from correlations of axial velocity fluctuations
are represented in figure 7 as a function of time. On the jet axis, the
convection velocity reaches a peak value of 0.86uj for ReD = 3125
and of 0.95uj for ReD = 12500 near the time of potential-core clos-
ing. This implies that that the turbulent structures that enter into the
potential core are accelerated, as in spatially-developing jets (Bogey
& Bailly, 2007). At r = r0, on the contrary, the convection velocity
decreases monotonically.

The spectra of axial velocity fluctuations evaluated atr = 0
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Figure 7. Time variations of the convection velocity obtained at
r = 0 for ReD = 3125 and ReD = 12500, and
at r = r0 for ReD = 3125 and ReD = 12500.

and at r = r0 for ReD = 3125 are presented in figure 8 as func-
tions of axial wavenumberkz and time. That obtained atr = r0 for
ReD = 12500 is shown in figure 9. In figure 8(a), the spectrum on
the jet axis, though poorly converged, exhibits attu j/r0 = 24 peak
levels around a wavenumberkzr0 ≃ 0.4, yielding a spatial wave-
lengthλz ≃ 15r0. This spatial periodicity roughly corresponds to
that observed in the pressure fields of figure 3. In figure 8(b) and
figure 9, the spectra atr = r0 are much better converged, and ex-
hibit more high-frequency components, than that atr = 0. More-
over, the spectrum for ReD = 12500 is more broadband than that
for ReD = 3125.

Acoustic Fields
The time variations of the rms values and of the skewness and

kurtosis factors of the pressure fluctuations atr = 10r0 are repre-
sented in figure 10. In figure 10(a), the rms pressure profiles reach
maximum values of 83 Pa attu j/r0 = 35.4 for ReD = 3125 and
of 68 Pa attu j/r0 = 19 for ReD = 12500. Given the times of
potential-core closing, equal totu j/r0 = 21.6 in the former case and
to tu j/r0 = 16 in the latter, the peak for ReD = 3125 may be due
to the merging of turbulent structures on the jet axis, but it cannot
for ReD = 12500. In that case, it may result from vortex pairings in
the shear layers. As for the skewness factor in figure 10(b) and the
kurtosis factor in figure 10(c), significant positive values and values
different from 3 are respectively found at the early growth stages of
the acoustic levels. Later, they are close to 0 and 3, indicating that
non-linear effects and intermittency are negligible in the near fields
of the jets.

The spectra of pressure fluctuations calculated atr = 10r0
for ReD = 3125 are presented in figure 11 as functions of axial
wavenumberkz and time. Those obtained atr = 5r0, r = 10r0 and
r = 20r0 for ReD = 12500 are displayed in figure 12. For both
Reynolds numbers, whatever the position, a band of high levels
emerges around a wavenumberkzr0 ≃ 0.4. This band extends over
a long time period, e.g. betweentu j/r0 = 25 andtu j/r0 = 60 in
figure 12(b), and can be related to the presence of sound waves of
wavelength ofλz ≃ 15r0 in the pressure fields of figure 3. Since
strong components are also found aroundkzr0 ≃ 0.4 in the spectrum
of centerline velocity of figure 8(a) just after the time of potential-
core closing, these waves are very likely to be generated when the
jet mixing layers merge on the axis.

CONCLUSION
In this paper, the flow and acoustic fields obtained for two

temporally-developing isothermal round jets at a Mach number of
0.9 and Reynold numbers of 3125 and 12500 are presented. The
difference in Reynolds number leads to a more rapid flow develop-
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Figure 8. Representation of the power spectral densities of the ax-
ial velocity fluctuations obtained at (a)r = 0 and (b)r = r0 for
ReD = 3125 as a function of axial wavenumber, using the colorbar
levels in the two figures; kzr0 = 0.4.

Figure 9. Representation of the power spectral densities of the ax-
ial velocity fluctuations obtained atr = r0 for ReD = 12500 as a
function of axial wavenumber; kzr0 = 0.4. The colorbar
levels are 1.8 times lower than those in figure 8.

ment and more broadband velocity and pressure spectra for the jet at
ReD = 12500. Despite this, in both cases, the merging of the mixing
layers results in significant intermittency and high convection ve-
locity on the jet axis, and appears to produce low-frequency sound
waves radiating in the downstream direction. This behaviour is very
similar to that observed at the end of the potential core of spatially-
developing jets, suggesting the presence of the same sound source
on the axis of temporally-developing and spatially-developing jets.
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Figure 10. Time variations of (a) the rms values and (b) the
skewness and (c) the kurtosis factors of the pressure fluctuations
at r = 10r0 for ReD = 3125 and ReD = 12500.
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