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Two isothermal round jets at a Mach number of 0.9 and a diameter-based Reynolds number of 2 × 105 have been
computed by compressible large-eddy simulation using high-order finite differences on a grid of 3.1 billion points. At

the exit of a straight pipe nozzle in which a trip forcing is applied, the jet flow velocity parameters, including the

momentum thickness and the shape factor of the boundary layer, the momentum-thickness-based Reynolds number,

and the peak turbulence intensity, roughly match those found in experiments using two nozzles referred to as the

ASME and the conical nozzles. The boundary layer is in a highly disturbed laminar state in the first case and in a

turbulent state in the second. The exit flow conditions, the shear-layer and jet flowfields, and the far-field noise

provided by the large-eddy simulation are described. The jet with the ASME-like initial conditions develops a little

more rapidly, with slightly higher turbulence levels than the other. Overall, however, the results obtained for the two

jets are very similar, and theyare in goodagreementwithmeasurements available forMach0.9 jets. In particular, this

similarity holds for the far-field spectra. Because the ASMEnozzle has been reported to yield higher noise levels than

the conical nozzle, this suggests that the nozzle-exit conditions in the large-eddy simulation do not adequately reflect

those in the experiments and/or that the link between the noise differences and the jet initial conditions using the two

nozzles is not as simple as was first thought, and that other parameters, associated for instance with the nozzle

geometry such as the presence of pressure gradients, may also play an important role.

I. Introduction

S INCE the work of Crow and Champagne [1] in 1971, it has been
well known that the aerodynamic and acoustic characteristics of

free shear flows depend on their initial conditions. For subsonic jets,
important parameters are the thickness and the shape of the velocity
profile as well as the turbulence level at the nozzle exit. Their effects
on the shear-layer and jet flowfields as well as the acoustic far field
have been described in the 1970s and 1980s by many researchers,
includingHill et al. [2], Browand and Latigo [3], Husain andHussain
[4], Raman et al. [5,6], Zaman [7,8], and Bridges and Hussain [9]. In
particular, it has been established that initially laminar jets develop
more rapidly and generate more noise than initially turbulent jets.
In simulations, the issue of the initial conditions is a crucial one;

refer to the review papers by Colonius and Lele [10], Bailly and
Bogey [11], Wang et al. [12], and Bodony and Lele [13]. In the
computations carried out in the late 1990s and early 2000s, using
direct numerical simulation, as in Boersma et al. [14], Stanley and
Sarkar [15], and Freund [16], or large-eddy simulation (LES), as in
Zhao et al. [17], Bogey et al. [18], and Bodony and Lele [19], the
limited computational resources made it very difficult to prescribe jet
initial conditions corresponding to measured conditions, notably in
terms of shear-layer thickness [13]. The usual approachwas therefore
to specify a velocity profile at the inflow, onto which random dis-
turbances or instabilitymodes are added to seed the turbulence. It was
the case in the three LES mentioned previously as well as in the

studies by Bogey and Bailly [20] and Kim and Choi [21] focusing on
the sensitivity to jet initial conditions and forcing. Since then, other
approaches have been developed. One possibility is to impose an
inflow velocity profile provided by a steady-state computation inside
the nozzle, as done in Shur et al. [22]. Another is to include the final
part of the nozzle geometry (e.g., in Andersson et al. [23]) or a pipe
nozzle in the computational domain. Following the latter strategy,
LESs have been run over the past few years by Bogey et al. [24–29]
for initially laminar and highly disturbed jets at a Mach number of
M � uj∕ca � 0.9 and Reynolds numbers ReD � ujD∕νj between
25,000 and ReD � 200;000, with laminar exit boundary-layer pro-
files, whereD, uj, c, and ν are the jet diameter and velocity, the speed
of sound, and the kinematic molecular viscosity, and subscripts j and
a denote inflow and ambient conditions. Attempts to compute ini-
tially turbulent jets have beenmade byBogey et al. [30] andUzun and
Hussaini [31], using a coarse grid in the former case and a grid with a
spatial extent limited to 4.5 diameters downstreamof the nozzle in the
latter. Subsequently, Sandberg et al. [32] performed the simulation of
a fully turbulent pipe flow at ReD � 7500 exiting into a coflow, and
Bühler et al. [33] successfully computed a jet at ReD � 18;100 with
turbulent conditions at the exit of a pipe nozzle. LESs of jets at
ReD � 50;000 with thick transitional and turbulent boundary-layer
profiles have been carried out in Bogey and Marsden [34]. Finally,
Brès et al. [35] and LeBras et al. [36] very recently simulated initially
turbulent jets at ReD > 500;000 using wall modeling inside the
nozzle.
In experiments, the question of the initial conditions has received

renewed attention since Viswanathan’s claim [37] in 2004 that the jet
noise database of Tanna [38] might be contaminated by spurious fa-
cility noise. In reply to this, Harper-Bourne [39] suggested that the
extra components observed at high frequencies in Tanna’s sound
spectra [38] are due to laminar flow conditions at the nozzle exit. This
seems to be confirmed by the experimental results acquired by
Viswanathan and Clark [40], Zaman [41], and Karon and Ahuja [42]
for jets exiting from theASMEand the conical nozzles of identical exit
diameter, differing in internal profile. Indeed, less high-frequency
noise is produced using the conical nozzle, which is the nozzle pro-
viding the most developed exit boundary layers (BLs), as indicated
by the measurements by Zaman [41] and Karon and Ahuja [42] for
jets over a wide range of Mach numbers. For illustrative purposes,
the sound pressure levels (SPLs) obtained by the first author at the
radiation angles of 60 and 90 deg forMach 0.896 jets using nozzles of
1-in. exit diameter are presented in Figs. 1a and 1b. Compared to the
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conical case, they are stronger by 2–3 dB in the ASME case at
frequencies f ≥ 4 kHz, that is at Strouhal numbers
StD � fD∕uj ≥ 0.3. In a very recent work on the same topic,
Fontaine et al. [43] also explored the shear-layer flow properties and
the noise of three initially highly disturbed jets using nozzles of
various lengths yielding different exit conditions. The jet with a
partially developed exit boundary layer generates 3 dB more intense
sound than the two others with fully turbulent boundary layers. This
trend is in agreement with that observed with the ASME and the
conical nozzles.
Coming back to the issue of the ASME and the conical nozzles,

results obtained just downstream the nozzle by Zaman [41] for
M � 0.37 and nozzles of 1 in. diameter and byKaron andAhuja [42]
forM � 0.4 andD � 1.5 in. are provided in Table 1. In all cases, the
boundary layers are very thin relative to the jet radius r0 � D∕2, but
they have a larger momentum thickness δθ, leading to a higher
Reynolds number Reθ � ujδθ∕νj, using the conical nozzle. More
importantly, they are in a laminar statewith the ASME nozzle but in a
turbulent state with the conical nozzle. This is supported, in partic-
ular, by the shape factors ofH � δ�∕δθ � 2.34 and 1.71, where δ� is
the boundary-layer displacement thickness, reported by Karon and
Ahuja [42] in the two cases. As for the peak axial turbulence inten-
sities u 0

e∕uj, where u 0
e is the maximum rms value of axial velocity

fluctuations near the nozzle exit, they have been found byZaman [41]
to be equal to 11.5% with the ASME nozzle and 7% with the conical
nozzle. Thus, the laminar boundary layers from the ASME nozzle
appear to be highly disturbed and to contain stronger velocity fluctu-
ations than the turbulent boundary layers from the conical nozzle,
which is counterintuitive and may result in some confusion. More-
over, little is known about the flowfields of the jets. For these reasons,
it is interesting to investigate the properties of these jets using
numerical simulations.
In the present work, two isothermal round jets have been calcu-

lated using LES on a grid containing 3.1 billion points using low-
dissipation and low-dispersion finite differences and relaxation
filtering as subgrid-scale dissipation. The jets have a Mach number
M � 0.9 and a Reynolds number ReD � 2 × 105. They originate
from a 2r0-long straight pipe nozzle, at the inlet of which mean
velocity profiles are imposed and in which a triplike forcing is
employed [25] to generate a desired level of turbulent fluctuations at
the exit. The inlet velocity profiles and the forcing position and
strength have been chosen to obtain exit flow conditions, in terms of
momentum thickness and the shape factor of the boundary layer,

momentum-thickness-based Reynolds number, and peak turbulence
intensity, similar to those given in Table 1 for the ASME and the
conical nozzles. Consequently, the nozzle-exit boundary layer is in a
highly disturbed laminar state in the first jet and in a turbulent state in
the second one. In thiswork, two objectives are pursued. The first one
is to perform the LES of jets with experimentlike initial flow velocity
parameters at a very high resolution and to compare the results with
available experimental data for laboratory jets at a Mach number of
0.9. The second one is to examine the differences between the flow
and acoustic fields of the two jets and to determine whether they
correspond to those measured between the jets from the ASME and
the conical nozzles.
The paper is organized as follows. The main characteristics of the

different jets and of the simulations, including inflow conditions,
numerical methods, and computational parameters, are documented
in Sec. II. The nozzle-exit flow properties, the mixing-layer and jet
flowfields, and the jet acoustic fields are described in Sec. III. Con-
cluding remarks are given in Sec. IV. Finally, results from an addi-
tional simulation using a finer grid are depicted in the Appendix to
demonstrate the accuracy of the LES of the jet with a turbulent exit
boundary layer.

II. Parameters

A. Jet Definition

Two jets, referred to as jetASME and jetConic, are considered.
They are isothermal and have a Mach number of M � 0.9 and a
Reynolds number of ReD � 2 × 105. The ambient temperature and
pressure are Ta � 293 K and pa� 105 Pa. The jets originate at
z � 0 from a pipe nozzle of radius r0 and length 2r0, whose lip is
0.05r0 thick. At the pipe inlet, different axial velocity profiles are
imposed. Radial and azimuthal velocities are set to zero, pressure is
equal to pa, and temperature is determined by a Crocco–Busemann
relation. A triplike forcing is applied to the boundary layers in the
pipe to generate disturbed exit conditions for the jets, which other-
wise would initially contain only very weak velocity fluctuations.
The main parameters of the pipe-inlet axial velocity profiles and of
the boundary-layer excitations are collected in Table 2. They have
been chosen to obtain exit boundary-layer conditions similar to those
reported in Table 1 for the jets of Zaman [41] and Karon and Ahuja
[42], as will be shown later in Sec. III.B.
The inlet axial velocity profiles are represented in Fig. 2a. In

jetASME, the profile is a Blasius laminar boundary-layer profilewith
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Fig. 1 SPLs obtainedbyZaman [41] at a) 60 deg, andb) 90 deg, relative to the jet direction, forMach 0.896 jets usingASME (black line) and conical (grey
line) nozzles.

Table 1 Jet initial conditions in experiments

Nozzle D, in. M ReD BL state H δθ∕r0 Reθ u 0
e∕uj, %

Zaman [41]
ASME 1 0.37 2.2 × 105 Laminar — — 0.0050 556 11.5
Conical 1 0.37 2.2 × 105 Turbulent — — 0.0106 1179 7

Karon and Ahuja [42]
ASME 1.5 0.40 3.5 × 105 — — 2.34 0.0049 870 — —

Conical 1.5 0.40 3.5 × 105 — — 1.71 0.0065 1135 — —
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a shape factor Stθ � 0.013, given by Pohlhausen’s fourth-order
polynomial approximation:

uinlet�r�
uj

�
8<
:
�r0−r�
δBL

�
2−2

��r0−r�
δBL

�
2

�
�
r0−r

δBL

�
3
�

if r≥ r0−δBL

1 otherwise

(1)

with δBL � 0.0045r0, yielding a momentum thickness of δθ �
0.0053r0 and a 99%velocity thickness of δ99 � 0.037r0. In jetConic,
the inlet velocity profile is transitional boundary-layer profile [34]
with H � 1.52 defined as

uinlet�r�
uj

�
8<
:
�
sin

�
π

2

�
r0 − r

δT2

�
β2
��

γ2
if r ≥ r0 − δT2

1 otherwise

(2)

where β2 � 0.423, γ2 � 0.82, and δT2
� 0.1328r0, leading to δθ �

0.0117r0 and δ99 � 0.104r0. This profile was designed to fit the
experimental data obtained by Schubauer and Klebanoff [44] in a
flat-plate boundary layer in the region of changeover from laminar to
fully turbulent conditions; refer to Appendix A of a recent paper [34].
The two jets are “tripped” using an arbitrary tripping device [45–

50] whose parameters are determined by trial and error, as is usually
done in laboratory experiments for boundary layers over a flat plate or
in jet nozzles (e.g., in Klebanoff and Diehl [45] and Crow and
Champagne [1]). In experiments, the trip devices can be of various
kinds, such as rough strips, rings or round wires mounted at the wall,
grids or screens in the flow, or pipe extensions. In simulations, tran-
sition to turbulence can, for instance, be induced by applying a
volume force in the near-wall region or by imposing random fluctu-
ations, synthetic turbulence, or instability modes on the flow profiles.
In the present jets, the forcing procedure detailed in Appendix A of
Bogey et al. [25] is implemented. It consists of adding random low-
level vortical disturbances uncorrelated in the azimuthal direction in
the boundary layers and has been previously applied to both laminar
[25–29] and nonlaminar [34] velocity profiles. The position and the
strength of the forcing are indicated in Table 2. They have been
adjusted to reach peak turbulence intensities of about 11.5% in
jetASMEand 7% in jetConic at z � 0.04r0 close to the nozzle exit, as
in the jets of Zaman [41] considered in Table 1. This point is illus-
trated in Fig. 2b showing the variations of the maximum rms value of
axial velocity fluctuations in the pipe and just downstream. On the

basis of previous studies and preliminary tests, the forcing is located
at ztrip � −0.125r0 in jetASME and ztrip � −0.35r0 in jetConic, and
the values of the coefficient αtrip specifying the forcing strength are
set to 0.046 and 0.095, respectively. Finally, pressure fluctuations of
maximum amplitude 200 Pa, random in both space and time, are
added in the shear layers between z � 0.25r0 and z � 4r0 only at the
very beginning of the simulations, from t � 0 up to nondimensional
time t � 12.5r0∕uj, to speed up the initial transient period.

B. Large-Eddy Simulation Procedure and Numerical Methods

The LES are carried out using a solver of the three-dimensional
filtered compressible Navier–Stokes equations in cylindrical coordi-
nates (r, θ, z) based on low-dissipation and low-dispersion explicit
schemes. The axis singularity is taken into account by the method of
Mohseni and Colonius [51]. To alleviate the time-step restriction due
to the shrinking azimuthal mesh spacing near the cylindrical origin,
the derivatives in the azimuthal direction around the axis are calcu-
lated at coarser resolutions than permitted by the grid [52]. For the
points closest to the jet axis, the effective azimuthal discretization is
thus equal to 2π∕32. Fourth-order 11-point centered finite differences
are used for spatial discretization, and a second-order six-stage
Runge–Kutta algorithm is implemented for time integration [53]. A
12th-order 13-point centered filter [54] is applied explicitly to the
flow variables every time step. Noncentered finite differences and
filters are also used near the pipe walls and the grid boundaries
[24,55]. The radiation conditions of Tam andDong [56] are applied at
all boundaries, with the addition at the outflow of a sponge zone
combining grid stretching and Laplacian filtering [57].
The explicit filtering is employed to remove grid-to-grid oscilla-

tions but also as a subgrid high-order dissipation model to relax
turbulent energy from scales at wave numbers close to the grid cutoff
wave number while leaving larger scales mostly unaffected [58–61].
To check this point, and to assess the reliability of the present LES, the
transfer functions associated with molecular viscosity, relaxation
filtering, and time integration are compared as proposed in Bogey
et al. [25]. They are evaluated for the minimum and maximum mesh
spacings in the jets, namely the radial mesh spacing at r � r0 and the
axial mesh spacing at z ≥ 25r0. They are presented in Figs. 3a and 3b
as a function of the normalizedwave number kΔ, whereΔ is themesh
spacing. For Δ � Δr�r � r0�, in Fig. 3a, the transfer function of
molecular viscosity is found to be higher than that of the relaxation
filtering for wave numbers kΔ < 1.52, corresponding towavelengths
λ∕Δ > 4.13, and inversely lower for kΔ > 1.52 and λ∕Δ < 4.13. A
similar behavior is noticed in Fig. 3b for Δ � Δz�z ≥ 25r0�. Here,
the two dissipation functions intersect at kΔ � 0.49, that is for
λ∕Δ � 12.72 points per wavelength. In both figures, in addition, the
transfer function of time integration is well below that of viscosity for
all wave numbers. These results indicate that the largest turbulent
structures in the LES are mainly dissipated by molecular viscosity.
The physics of these structures is therefore unlikely to be governed by
either numerical or subgrid-modeling dissipation. This should allow
the effective flow Reynolds number not to be artificially decreased

Table 2 Jet inflow parameters, and strength and position of the
trip-like excitation

Jet M ReD H δθ∕r0 δ99∕r0 αtrip ztrip

jetASME 0.9 2 × 105 2.55 0.0053 0.037 0.0395 −0.125r0
jetConic 0.9 2 × 105 1.52 0.0117 0.104 0.0231 −0.35r0
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Fig. 2 Representations of a) the axial velocity profile uinlet, and b) the peak rms value of u 0

z: jetASME (solid line), jetConic (dashed line); z � 0 and
z � 0.04r0 (dotted line).
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and viscosity effects to be captured, as was the case in a previous
study [28].

C. Simulation Parameters

As mentioned in Table 3, the LES grid contains nr × nθ × nz �
496 × 2048 × 3052 � 3.1 billion points. There are 393 points along
the pipe nozzle between z � −2r0 and z � 0 and 151 points between
r � 0 and r � r0. The physical domain extends axially down to
Lz � 28.4r0 and radially out to Lr � 8.4r0.
Themesh spacings are uniform in the azimuthal direction, yielding

rΔθ∕r0 � 0.31% at r � r0, but they vary in the radial and axial
directions, as shown in Figs. 4a and 4b. In the radial direction, the
mesh spacing is minimal at r � r0, where Δr∕r0 � 0.15%. On both
sides of the nozzle lip line, it increases at a rate of 1.68% to reach
Δr∕r0 � 1.5% at r � 0 on the jet axis and Δr∕r0 � 5% at
r � 3.9r0. Beyond r � 3.9r0, the mesh spacing is constant up to
r � Lr � 8.4r0 and then grows again up to a value of Δr∕r0 �
17.6%. This allows the radial boundary of the computational domain
to be pushed back to r � 14r0. In the axial direction, the mesh
spacing is minimal between z � −r0 and z � 0, where Δz∕r0 �
0.31%. It increases upstream of z � −r0 but also downstream of the
nozzle exit at a rate of 0.087% up to z � 25r0. The mesh spacing is
thus equal to Δz∕r0 � 2.5% between z � 25r0 and z � Lz �
28.4r0. Further downstream, a 120-point sponge zone is applied
using a grid stretching rate of 4.2%.Note that there are discontinuities
in the mesh spacing slope. Because of their small number and to the
low mesh stretching rates, they are, however, very unlikely to deteri-
orate the simulation accuracy significantly.
The LES grid has been built using 3.1 billion points, with attention

paid to obtaining very fine discretization everywhere in the jet in
the three spatial directions; see for instance the radial and axial
mesh spacings provided in Table 3. The minimum mesh spacings of
Δr∕r0 � 0.15%, r0Δθ∕r0 � 0.31%, and Δz∕r0 � 0.31% have
specifically been chosen to compute the thin boundary layers and
shear layers of the jets properly. These values have been set based on
previous results obtained for Mach 0.9 jets using similar numerical
methods and a grid with minimum mesh spacings of Δr∕r0 �
0.36%, r0Δθ∕r0 � 0.61%, and Δz∕r0 � 0.72%, which are about
two times larger than those in the present grid. In an early study, in
particular, a jet with a laminar, highly disturbed boundary layer,
characterized by δBL � 0.09r0 at the pipe-nozzle inlet and Reθ �
487 and u 0

e∕uj � 9.13% at the exit, was simulated. The flow
properties downstream of the nozzlewere found to be independent of
the grid [29]. Consequently, the grid resolution can be expected to be

appropriate in the jetASME case exhibiting a laminar inlet boundary-
layer profile with δBL � 0.045r0, and Reθ � 580 and u 0

e∕uj �
8.86% at the nozzle exit, as will be reported in Sec. III.B.
Regarding the jetConic case with an inlet transitional boundary-

layer profile of thickness δT2
� 0.1328r0 and exit parameters of

Reθ � 1100 and u 0
e∕uj � 6.02% (see also in Sec. III.B), it can first

be noted that a jet with δT2
� 0.332r0, Reθ � 691, and u 0

e∕uj �
6.14% was recently calculated successfully on the grid mentioned
previously [34]. In jetConic, the near-wall mesh spacings in the pipe
expressed in wall units based on the wall friction velocity at the
nozzle exit, given in Table 4, are equal to Δr� � 3.7, �r0Δθ�� �
7.4, and Δz� � 7.4. The azimuthal and axial mesh spacings are
therefore sufficient because they meet the requirements needed to
compute turbulent wall-bounded flows accurately, using direct
numerical simulation as in Kim et al. [62] and Spalart [63] for
instance, or using LES involving relaxation filtering as in Gloerfelt
and Berland [64] and Kremer and Bogey [61]. For the wall-normal
spacing, an additional LES has been performed using a finer grid. For
z ≤ 3.5r0, this grid is identical to the first grid in the directions θ and z
but differs in the radial direction with Δr∕r0 � 0.08% instead of
Δr∕r0 � 0.15% at r � r0. In the new LES, moreover, the tripping
procedure is exactly the same as in the first LES, and the time step is
halved because of the CFL stability condition, leading to an applica-
tion of the relaxation filtering that is twice as frequent. The flowfields
obtained using the twogrids at the nozzle exit and in themixing layers
developing farther downstream have very similar features, as illus-
trated in the appendix. This demonstrates that the LES solutions do
not depend significantly on the radial mesh spacing at r � r0 or on
the relaxation filtering.
The LES have run on 1024 processors of a distributed memory

cluster using a hybrid message passing interface (MPI)–open
multiprocessing (OpenMP) in-house solver and consumed about 2
million CPU hours. A total simulation time of 320r0∕uj has been
obtained for each jet, corresponding to 271,300 iterations in each
case. After the initial transient period, density, velocity compo-
nents, and pressure are recorded from time t � 94r0∕uj onward, on
the jet axis and on two surfaces at r � r0 and r � rc � 7.5r0, at a
sampling frequency allowing the computation of spectra up to a
Strouhal number StD � 20. The cylindrical surface surrounding the
jets is located at r � 7.5r0, in a region where the radial mesh spacing
yields a Strouhal number StD � 11.1 for an acoustic wave
discretized by four points per wavelength. In the azimuthal direction,
every second grid point is stored, allowing data postprocessing to be
performed up to the azimuthal mode nθ � 1024, where nθ is the
dimensionless azimuthal wave number such that nθ � kθr. The
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Fig. 3 Dissipation functions associatedwithmolecular viscosity (solid line), filtering (dashed line), and time integration (dash-dotted line), as a function of
kΔ for a) 0.0015r0, and b) 0.025r0.

Table 3 Grid parameters: numbers of points, physical extents, and mesh spacings

Jet Δr∕r0 (%) at r � Δz∕r0 (%) at z �
nr nθ nz Lr Lz 0 r0 2r0 4r0 0 5r0 15r0 25r0
487 2048 3052 8.4r0 28.4r0 1.54 0.15 1.83 5 0.31 0.74 1.62 2.5
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velocity spectra are evaluated from overlapping samples of duration
27.4r0∕uj. The flow statistics are determined from t � 175r0∕uj
onward, and they are averaged in the azimuthal direction. They can be
considered to be well converged in view of the results obtained at
intermediary stages of the LES for t ≥ 300r0∕uj.

D. Far-Field Extrapolation

The near fields of jetASME and jetConic, obtained in the LES
between z � −2r0 and z � Lz � 28.4r0 on the surface at r � rc �
7.5r0 mentioned previously, have been propagated to the acoustic far
field. These calculations are performed from the isentropic linearized
Euler equations (ILEEs) in cylindrical coordinates [65], using the
same numerical methods as in the LES, and a grid containing
nr × nθ × nz � 2090 × 512 × 2000 � 2.3 billion points. The grid
extends axially from z � −34r0 up to z � 94r0 and radially from
r � rc up to r � 122r0. For z ≥ −2r0, the radial and axial mesh
spacings are uniform with Δr � Δz � 0.05r0, yielding StD � 11
for an acoustic wave at four points per wavelength. The ILEEs are
solved at the inner radial boundary using noncentered finite differ-
ences, except for the first row of points between z � −2r0 and
z � Lz, onto which the LES fluctuating velocities and pressure are
imposed. Radiation conditions [56,57] are implemented at the outer
radial boundary and at the inflow and outflow axial boundaries. After
a time t ≃ 120r0∕uj, pressure is recorded at a distance of 120r0 from
z � r � 0, where far-field acoustic conditions are expected to apply
according to experiments [66,67], for angles relative to the jet direc-
tion between φ � 40 deg and φ � 90 deg, during a period of about
200r0∕uj. Pressure spectra are evaluated using overlapping samples
of duration 38r0∕uj, and they are averaged in the azimuthal direction.

III. Results

A. Vorticity and Pressure Snapshots

Snapshots of the vorticity norm obtained in the vicinity of the
nozzle exit between z � −0.4r0 and z � 1.2r0, and in the shear
layers up to z � 15r0, are represented in Figs. 5a and 5b, Figs. 6a and
6b, respectively. In the first figures, the boundary-layer tripping due
to the forcing at ztrip � −0.125r0 in jetASME and ztrip � −0.35r0 in
jetConic is clearly visible. High levels of vorticity are found immedi-
ately downstream of the nozzle very near the lip line. As expected
given the inlet boundary-layer thicknesses, they spread over a larger
radial extent in jetConic than in jetASME. The region of changeover
from boundary-layer to mixing-layer flow conditions also appears to
be longer in the axial direction in jetConic. In that jet, the shear layer

shows turbulent structures elongated in the streamwise direction,
typical of wall-bounded flows, close to the nozzle, then it rolls up
around z � 0.4r0 and is visually fully developed for about z ≥ r0.
Farther downstream, in Figs. 6a and 6b, the mixing layers look quite
similar in the two cases and exhibit large-scale structures resembling
the coherent structures revealed by the flow visualizations of Brown
and Roshko [68].
Snapshots of the vorticity norm and of the pressure field obtained

down to z � 28r0 simultaneously inside and outside the jets by LES
are provided in Figs. 7a and 7b. The results in the two cases do not
seem to be fundamentally different from each other. Both jets indeed
exhibit a potential core ending around z � 16r0 and large-scale near-
field pressure fluctuations. The latter are classically associated with
the flow coherent structures and have been discussed in Arndt et al.
[69] and Coiffet et al. [70], for instance.
Finally, snapshots of the pressure fields computed up to a distance

of 120r0 to the nozzle exit from the LES data at r � 7.5r0 by solving
the isentropic linearized Euler equations are displayed in Figs. 8a and
8b. For both jets, low-frequency acoustic components characterized
bywavelengths λ ≃ 15r0, yielding Strouhal numbersStD ≃ 0.15, are
dominant for small angles relative to the flow direction, which does
not seem to be the case in the sideline direction. This is in agreement
with the experimental observations of Mollo-Christensen et al. [71],
Lush [72], and Tam et al. [73], among others. Acoustic waves at very
lowStrouhal numbers are also noted, especially in the jetASME case.
On the basis of results obtained in a previous study [24] using two
extrapolation surfaces at r � 5.25r0 and at r � 7.25r0 for an initially
laminar jet, they are most likely to be spurious waves caused by the
presence of aerodynamic fluctuations at the end of the LES surface
used for the far-field wave extrapolations. Fortunately, they do not
appear to affect the far-field spectra at Strouhal numbers StD ≥ 0.1
for radiation anglesφ ≤ 75 degwith respect to the jet axis, as will be
shown in Sec. III.E.

B. Nozzle-Exit Conditions

The profiles of mean and rms axial velocities calculated at the
nozzle exit of jetASME and jetConic are presented in Figs. 9a and 9b,
and the main exit flow parameters are provided in Table 5. As
intended, the exit boundary-layer profiles differ significantly in
Fig. 9a. Their shape factors are equal to H � 2.44 and 1.88; their
momentum thicknesses are δθ � 0.0058r0 and 0.0111r0, yielding
Reθ � 580 and 1110; and their 99% velocity thicknesses are δ99 �
0.041r0 and 0.102r0. The values of H, δθ∕r0, and Reθ in jetASME
and jetConic are in line with the measurements of Zaman [41] and
Karon and Ahuja [42] for jets from the ASME and the conical
nozzles, respectively, in Table 1. The boundary-layer profile in the
first jet corresponds to a laminar profile, and given that H ≃ 1.45
is obtained [47,48,63,74] for fully developed boundary layers at
Reθ ≃ 1000, the profile in the second jet is transitional. As for the
radial distributions of the rms values of velocity fluctuations in
Fig. 9b, they also vary and reach peak values u 0

e∕uj of 8.86% at
re � 0.992r0 in jetASME and of 6.02% at re � 0.985r0 in jetConic.
Therefore, the jet with a laminar exit velocity profile is initially more
disturbed than the jet with a nonlaminar profile, which seems

0 1 3 5 7 9
0
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0.05
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0

0.01

0.02
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0

Fig. 4 Representation of the radial and axial mesh spacings: a) Δr∕r0, and b) Δz∕r0.

Table 4 Near-wall mesh
spacings in wall units at the

nozzle exit

Jet Δr� �r0Δθ�� Δz�

jetASME 3.0 6.0 6.0
jetConic 3.7 7.4 7.4
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contradictory but happens sometimes, as pointed out by Raman
et al. [5].
The power spectral densities (PSD) of axial velocity fluctuations

are evaluated at the nozzle exit at the position r � re of the turbulence

intensity peak. They are represented as a function of the Strouhal
number StD in Fig. 10a and of the azimuthalmode nθ in Fig. 10b. The
levels are higher in the spectra of jetASME than in jetConic, which is
not surprising in view of the maximum rms values u 0

e∕uj in the two

Fig. 5 Snapshots of vorticity norm for a) jetASME, and b) jetConic. The scale ranges up to the level of 48uj∕r0.

Fig. 6 Snapshots of vorticity norm for a) jetASME, and b) jetConic. The scale ranges up to the level of 14uj∕r0.

Fig. 7 Snapshots of vorticity norm and of pressure fluctuations for a) jetASME, and b) jetConic. The scales range up to the level of 8uj∕r0 for vorticity,
and from −80 to 80 Pa for pressure.

Fig. 8 Snapshots of vorticity norm and of pressure fluctuations for a) jetASME, and b) jetConic. The scales range up to the level of 8uj∕r0 for vorticity,
and from −28 to 28 Pa for pressure.
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jets. The shapes of the spectra are roughly the same in the two cases
and correspond, as was discussed in a note [26] on that matter, to the
spectral shapes encountered for turbulent wall-bounded flows
because of the presence of large-scale elongated structures [75]. The
relative magnitude of the high-frequency components appears,
however, stronger in the spectra of JetASMEwith a thinner boundary
layer. The flat region observed for low Strouhal numbers in Fig. 10a
thus extends up to StD ≃ 2.5 in jetConic but to StD ≃ 5 in jetASME.
The dominant components in Fig. 10b also shift toward higher
modes, resulting in peaks at npeakθ � 135 in jetConic and at npeakθ �
203 in jetASME, as reported in Table 5. At the location of peak
turbulence level, the turbulent structures are consequently spaced out
by λθ � 0.047r0 and λθ � 0.031r0, respectively. They are well
discretized by the grid using mesh spacings of 0.0031r0 at r � r0 in
the azimuthal direction.

C. Shear-Layer Development

The variations over 0 ≤ z ≤ 15r0 of the momentum thickness δθ
and of the spreading rate dδθ∕dz of the mixing layers are presented in
Figs. 11a and 11b . In Fig. 11a, the shear-layer developments in the
two jets turn out not to be significantly different and to agree fairly
well with that measured by Fleury et al. [76] and Castelain [77] in
isothermal, Mach 0.9 jets at ReD � 7.7 × 105 and ReD� 106. It is a
little faster in jetASME than in jetConic, leading to slightly higher
values of spreading rates in Fig. 11b for the former jet. The curves in
that figure both exhibit a double-hump shape, which is also noted
in the experimental results obtained by Husain and Hussain [4] for
an initially turbulent axisymmetric mixing layer at 30 m · s−1c. They
first grow rapidly with the axial distance just downstream of the
nozzle to reach peak values of 0.27 at z � 0.1r0 in jetASME and of
0.26 at z � 0.4r0 in jetConic, and then decrease by about 20%. For
z ≥ 1.5r0, they increase again, but more slowly than previously, up to
z � 10.2r0 in jetASME and to z � 12r0 in jetConic, where they
achieve values of around 0.27. Farther downstream, the spreading
rates diminish as the end of the potential core is approached.
The peak rms values of axial and radial velocity fluctuations

estimated between z � 0 and z � 15r0 are displayed in Figs. 12a and
12b. Their streamwise evolutions in the two jets are very similar,
showing a rapid growth downstream of the nozzle, a small hump near
z � r0, and then a very slow increase nearly up to z � 15r0. They
agree well with the experimental data obtained by Fleury [78] and
Castelain [77] for Mach 0.9 jets using particle image velocimetry
(PIV) and by Husain and Hussain [4] for an initially turbulent mixing
layer at 30 m · s−1. The discrepancy in Fig. 12b with respect to

Fleury’s data [78] is probably due to an underestimation of the
turbulence values by the PIV method, which occurred in other jet
experiments according to Bridges andWernet [79]. The rms levels of
velocity fluctuations are slightly higher in jetASME than in jetConic.
A similar trend can be identified in Bogey and Marsden [34] and in
Fontaine et al. [43]. In these studies, the turbulence intensities in the
shear layers of initially highly disturbed jets are indeed stronger for a
transitional nozzle-exit boundary-layer profile than for fully turbu-
lent profiles. In the present jets, at z � 6r0 for instance, the rms
velocity levels are equal to 16.4 and 15.9% for u 0

z, and of 11.5
and 11.1% for u 0

r, respectively. The maximum levels, provided in
Table 6, are however almost identical in the two jets. In particular, a
peak value of 16.8% is found for the axial velocity fluctuations in
both cases. This value is comparable to those measured by Husain
and Hussain [4] in the similarity region of initially turbulent mixing
layers.
The spectra of radial velocity fluctuations calculated on the lip line

at the two axial locations z � 0.2r0 and z � 6r0 are presented in
Figs. 13a and 13b as a function of the Strouhal number StD. At the
first location very near the nozzle, in Fig. 13a, an instabilitylike
component appears to emerge in both jets. This component is
centered around StD � 4.5 in jetASME and StD � 4.8 in jetConic,
yielding Strouhal numbers based on the nozzle-exit momentum
thickness of Stθ � 0.013 and Stθ � 0.027 as reported in Table 6.
Therefore, the peak frequency obtained in jetASME with a laminar
boundary-layer profile falls within the range of frequencies
predominating early on in initially laminar mixing layers according
to linear stability analyses [80] and experiments [81]. For jetConic
with a transitional profile, it moves out of this range. The same
tendency was observed for jets with thicker boundary-layer profiles
in Bogey and Marsden [34]. In particular, a peak frequency at
Stθ � 0.026 was initially found in a jet with a nozzle-inlet profile
given by Eq. (2) as in jetConic. Farther downstream at z � 6r0, in
Fig. 13b, the radial velocity spectra in the two jets display very similar
broadband shapes and amplitudes over the whole range of
frequencies considered.

D. Jet Development

The variations of the centerline mean axial velocity and of the jet
half-width δ0.5, given by the radial position at which the mean veloci-
ty is equal to half of its centerline value, are presented in Figs. 14a and
14b. The curves obtained for the two jets are nearly superimposed but
also reveal that the development of jetASME is slightly more rapid
than that of jetConic, which is consistent with the differences in
shear-layer spreading rate noted in the previous section. This leads to
potential cores ending respectively at zc � 15.3r0 and zc � 15.6r0,
as indicated in Table 7, with zc being defined as the axial distance at
which the centerline mean velocity is equal to 0.95uj. Furthermore,
the LES profiles compare well with the experimental data available
for four jets at a Mach number of 0.9 and Reynolds numbers
ReD ≥ 5 × 105, namely the cold jet of Bridges [82], the isothermal
jets of Lau et al. [83] and Fleury et al. [76], and the slightly heated jet

Table 5 Nozzle-exit flow parameters

Jet H δθ∕r0 δ99∕r0 Reθ u 0
e∕uj, % re∕r0 npeakθ

jetASME 2.44 0.0058 0.041 580 8.86 0.992 203
jetConic 1.88 0.0111 0.102 1110 6.02 0.985 135
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Fig. 9 Radial profiles at the nozzle exit of a)mean axial velocity< uz >, and b) the rms values of axial velocity fluctuations u 0
z: jetASME (solid line), and

jetConic (dashed line).
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of Arakeri et al. [84]. More precisely, they lie in the middle of the
measurement points in Fig. 14a and pass through the points of Fleury
et al. [76] in Fig. 14b.
The variations of the centerline rms values of axial and radial

velocity fluctuations are shown in Figs. 15a and 15b.As is the case for
the mean flow profiles, the results are very similar in jetASME and
jetConic. In both jets, the peak turbulence intensities are reached
around z � 21r0 and are equal to about 15% for velocity u 0

z and

11.5% for velocity u 0
r; see in Table 7 for the exact values. Compared

to the experiments on Mach 0.9 jets mentioned previously, there is a
good agreement with the data of Lau et al. [83] and Bridges [82]. The
fluctuation levels obtained by Fleury et al. [76] and especially by
Arakeri et al. [84] by performing PIVmeasurements are significantly
lower. As pointed out in Sec. II.C after having seen the discrepancies
in maximum radial turbulence intensities in Fig. 12b, this seems to be
a frequent issue when the PIV technique is applied to jet flows [79].
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Fig. 10 PSDs of u 0

z obtained at the nozzle exit at r � re, as functions of a) Strouhal number StD, and b) azimuthal mode nθ: jetASME (solid line), and
jetConic (dashed line).
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Fig. 11 Variations of a)momentumthicknessδθ, andb) spreading ratedδθ∕dz: jetASME(solid line), and jetConic (dashed line);measurements:⋄Fleury

[76]. Δ Castelain [77], and ∇ Husain and Hussain [4].

Table 6 Peak turbulence intensities, and peak Strouhal numbers at z � 0.2r0 and r � r0

Jet < u 02
z >

1∕2 ∕uj, % < u 02
r >

1∕2 ∕uj, % < u 02
θ >

1∕2 ∕uj, % < u 0
ru

0
z >

1∕2 ∕uj, % StD Stθ

jetASME 16.8 11.9 13.8 9.6 4.5 0.013
jetConic 16.8 12 13.6 9.4 4.8 0.027
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Fig. 12 Variations of the peak rms values of a)u 0
z andb)u

0
r: jetASME(solid line), jetConic (dashed line);measurements:⋄Fleury [78],ΔCastelain [77],

and ∇ Husain and Hussain [4].
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For completeness, the spectra of axial velocity fluctuations
calculated at z � 15.5r0, that is close to the end of the potential core
in both jets, on the jet axis and on the nozzle lip line, are presented in
Figs. 16a and 16b as a function of the Strouhal number StD. The
spectra at r � 0 are less smooth than those at r � 0.5r0 because,
unlike the latter, they cannot be averaged in the azimuthal direction.
Despite this, the spectra obtained in jetASME and jetConic do not
appear to differ much over the entire frequency range. They also
strongly resemble the experimental spectra presented in Bridges
and Wernet [85] for a cold, 51-mm-diam jet at a Mach number
of 0.9.

E. Acoustic Fields

Far-field spectra determined for jetASME and jetConic from the
pressure signals obtained at 120 radii from the nozzle exit from the
LES near field by solving the isentropic linearized Euler equations
are now displayed. The spectra computed at the radiation angles
of φ � 40, 60, 75, and 90 deg relative to the jet direction
are represented in Figs. 17a–17d as a function of the Strouhal
number StD.
It appears that, for all angles and frequencies, the noise levels from

jetASME and jetConic are very close. In addition, they agree very
well with the spectra acquired by Bridges and Brown [86,87] for an

isothermal jet atM � 0.9 andReD� 106 at 150 radii from the nozzle
exit, scaled to the distance of 120 radii. This experimental data setwas
chosen, among many others, because it has been proved not to be
contaminated by extra sound sources, which could result from
laminar upstream flow conditions, for example. Note in Fig. 17d that
the spectra obtained for the present jets atφ � 90 deg are dominated
by spurious components for StD ≤ 0.2, as mentioned in Sec. III.A
and illustrated in Fig. 8a. However, as for the spectra at φ � 40, 60,
and 75 deg, they are nearly superimposed and fit themeasurements of
Bridges and Brown [86,87] for StD ≥ 0.2.
Given that the differences in turbulence intensities between the

two jets are small both in the shear layers and on the jet axis in Figs. 12
and 14, it is not surprising that the jets generate similar noise levels. In
particular, the jetASME simulation does not reproduce the noise
increase observed for Strouhal numbers StD ≥ 0.3 in the
experiments of Viswanathan and Clark [40], Zaman [41], and Karon
and Ahuja [42] with the ASME nozzle, which is represented in
Figs. 1a and 1b for the radiation angles φ � 60 and 90 deg. The
reasons for this are for the moment unclear. One possibility is that the
nozzle-exit conditions in the LES, and particularly in jetASME, do
not correspond satisfactorily to the jet initial conditions in the experi-
ments. One can wonder especially whether the use of a straight pipe
nozzle instead of the full nozzle geometry is not an oversimplification
and whether the jets with laminar boundary layers from the ASME
nozzle really contain about 10% of rms velocity fluctuations at the
nozzle exit. Another possibility, which does not exclude the first, is
that the discrepancies in high-frequency noise between the ASME
and the conical nozzles do not only result from the laminar and
turbulent states of the exit boundary layers, but that other parameters,
associatedwith the nozzle internal geometry for instance, also play an
important role. Notably, as pointed out by Zaman [41], the nozzle
geometry causes axial pressure gradients in the exit region, whose
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Fig. 13 PSDs of radial velocity fluctuations u 0
r a) at z � 0.2r0 and r � r0, and b) at z � 6r0 and r � r0, as functions of StD: jetASME (solid line), and

jetConic (dashed line).

Table 7 Length of the potential core and peak
turbulence intensities on the centerline

Jet zc∕r0 < u 02
z >

1∕2 ∕uj, % < u 02
r >

1∕2 ∕uj , %

jetASME 15.3 15 11.6
jetConic 15.6 14.8 11.2
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Fig. 14 Variations of a) mean axial on the jet axis, and b) jet half-width: jetASME (solid line), jetConic (dashed line); measurements: ∘ Lau et al. [83],
Arakeri et al. [84], ∇ Bridges [82], ⋄ Fleury et al. [76].
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Fig. 15 Variations of the centerline rms values of a) u 0
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effects on jet flow development and noise generation may need to be
investigated.

IV. Conclusions

Two isothermal round jets at a Mach number of M � 0.9 and a
Reynolds number of ReD � 2 × 105 have been simulated using a
very fine grid of 3.1 billion points. They exit from a straight pipe
nozzle with flow velocity conditions, including the momentum
thickness and the shape factor of the boundary layer, the momentum-
thickness-based Reynolds number, and the peak turbulence intensity,
similar to those obtained in experiments for jets from the ASME and
the conical nozzles. Thus, the nozzle-exit boundary layer is in a
highly disturbed laminar state in the first case and in a turbulent state
in the second case. The flow properties at the nozzle exit, in the shear
layers, and on the jet centerline, as well as the far-field noise radiated
by the two jets, have been investigated. The jet with the ASME-like
initial conditions is found to contain more high-frequency velocity
fluctuations at the nozzle exit than the other jet, which is most likely
due to its thinner boundary layer. Itsmixing layers also develop a little
more rapidly, leading to a shorter potential core, with slightly higher
turbulence intensities. The differences between the two cases are,
however, small, and the flow and sound field of both jets are in good
agreement with available experimental data for jets at M � 0.9 and
ReD ≥ 5 × 105. Finally, no extra noise components are noted for the

jet with the ASME-like exit flow conditions, contrary to what is
observed in experiments with the ASME nozzle. Further experi-
mental and numerical work is required to identify the reasons for this.
In particular, additional measurements of the flow characteristics at
the nozzle exit and in the shear layers for jets from the ASME nozzle
would be very useful.

Appendix: Sensitivity to Near-Wall Mesh Spacing

To investigate the sensitivity of the LES results to the near-wall
mesh spacing, a simulation of jetConic has been performed on a grid
finer than the grid defined in Table 3. This new grid is limited to
z � 3.5r0 in the axial direction to save computational time. For
z ≤ 3.5r0, it is identical to the other one in the directions θ and z but
differs in the direction r, with a mesh spacing Δr∕r0 � 0.08%
instead of Δr∕r0 � 0.15% at r � r0. In the additional LES, the
tripping procedure is exactly the same as in the LES using the first
grid, and the time step is halved because of the CFL stability condi-
tion, leading to an application of the relaxation filtering that is twice
as frequent. The flow properties obtained using the two grids at the
nozzle exit and in the mixing layers are found to be very similar.
Consequently, they depend neither on thewall-normal spacing nor on
the explicit filtering applied to remove grid-to-grid oscillations as
well as to relax subgrid-scale turbulent energy.
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Fig. A3 Nozzle-exit profiles of a) mean axial velocity, and b) turbulence intensities, represented in wall units based on the wall friction velocity, same line
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Fig.A1 Snapshots of vorticity normobtained for jetConic using a) the grid defined inTable 3, andb) a finer gridwithΔr∕r0 � 0.08%at r � r0. The scale
ranges up to the level of 40uj∕r0.
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Byway of illustration, some results are represented next, including
vorticity snapshots in Figs. A1a and A1b, the radial profiles at the
nozzle-exit of mean axial velocity and of turbulence intensities using
outer units in Figs. A2a andA2b, andwall units in Figs. A3a andA3b
as well as the variations of the shear-layer momentum thickness and
of the peak turbulence intensities in Figs. A4a and A4b. In the last
three figures, the solutions calculated with the reference grid (in
black) and with the finer grid (in gray) superpose or are very close to
each other.
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