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Abstract. The aerodynamic noise radiated by a subsonic round jet at high Reynols number was investigated by an implicit
large-eddy simulation (LES) method based on the approximate deconvolution model (ADM). Unlike the traditional eddy-
viscosity type models, the LES/ADM approach assumes that the subgrid-scale model may be determined by the resolved
scales of the flow and, therefore, does not require any additional subgrid-scale stress and heat flux terms in the flow
equations. This approach also preserves the Reynolds number of the jet, which might not be possible using eddy-viscosity
models. The flow variables were solved in Cartesian coordinates by the non-conservative form of the fully compressible
Navier-Stokes equations. The major advantage of using a non-conservative formulation is that it avoids the inconsistent
treatment of density weighting (or Favre avareging) of flow variables, commonly used in LES of unsteady flows with
rapid property variations, such as compressible free-shear layer flows. The large difference of scales between the flow
and the acoustic field was solved using high-order accurate compact finite difference schemes for spatial discretization
and implicit filtering, and a fourth-order Runge-Kutta method for time integration. Non-reflecting boundary conditions
and buffer zone treatments were prescribed by a characteristic-based formulation and a conceptual model based on the
characteristic analysis. Implicit LES of the well-known test case of a Mach 0.9 round jet at Reynolds number 6.5x 10* were
carried out by a high performance multi-block message passing interface (MPI) parallel solver with finite-sized overlap
inter-block communication. An extensive investigation of the round jet was perfomed, in particular for the analysis of jet
flow dynamic characteristics, such as the shear-layer thickness, mean velocity decaying and jet spreading. The flow-noise
sources and the acoustic field propagation where directly computed by implicit LES without any modeling assumption.
Preliminary results were found to be in good agreement with previous numerical results and experimental data at similar
flow conditions. In the ongoing work, it is hoped that well-resolved MPI parallel computations of jet flow-noise sources
and its inherently coupled noise radiation will allow us to investigate more deeply the underlying nonlinear mechanisms
by which noise is aerodynamically generated by free shear-layer flows.
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Deconvolution Model, Message Passing Interface

1. INTRODUCTION

The noise radiated from an extensive region of unsteady hydrodynamics was firstly investigated by Colonius, T. and
Lele, S. K. and Moin P. (1997) by performing direct numerical simulation (DNS) of a two-dimensional (2D) mixing
layer. They found that the presence of flow-acoustic interactions was very sensitive to small changes in the computed
flow-noise source. By performing DNS to compute the sound radiated from subsonic and supersonic axisymmetric 2D
jets, Mitchell, B. E. and Lele, S. K. and Moin P. (1999) found good agreement with predictions of Lighthill’s acoustic
analogy (Lighthill, 1952). However, because of the inherently high computational cost, DNS is restricted to flows in
the low Reynolds number regime. At high Reynolds numbers, large-eddy simulation (LES) can be employed as a less
expensive alternative approach, since only the filtered large scales are fully resolved, while the effects of the smallest
unresolved subgrid scales are modeled or reconstructed.

In the last few years, LES has achieved significant progress due to advances in computational power, numerical
algorithms and subgrid-scale models. LES has been applied to a wide variety of turbulent flows, ranging from problems
of scientific interest to those with engineering applications. This trend has been motivated by the need to provide a
more realistic characterization of complex unsteady flows encountered in areas such as flow control, aeroacoustics and
fluid/structure interaction. However, the vast majority of LES research has been devoted to incompressible flows; while
compressible flow applications have only recently gained some attention, due to the increased complexity introduced by
the need to model the energy equation. Ideally, for incompressible flows the filtering of the Navier-Stokes equations
generates a closure problem in the form of an unknown residual subgrid-scale stress tensor:

Tij = ’U,Z'Uj — ﬂiﬁj. (l)

The filtering equations are not closed because of the nonlinear term w;u;, since the subgrid-scale tensor stems from a
closure problem introduced by the spatial filtering operation and not from the discretization’s inability to represent the
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small scales in the flow. As a result, the stress tensor strongly depends on the assumed filter shape, which causes a
subgrid-scale model to be inherently filter dependent. Hence, depending on the choice of the filter, the corresponding
model should satisfy very different requirements in terms of large-scale dynamics and kinetic energy budget.

LES methods for compressible flows have ranged from the inherently limited Smagorinsky eddy-viscosity type models
to more sophisticated and accurate dynamic models. The Smagorinsky-type models exhibit two major drawbacks. They
ignore turbulence anisotropy and use a local balance assumption between the subgrid-scale turbulence kinetic energy
production and its dissipation. Furthermore, they predict non-vanishing subgrid eddy viscosity in regions where the flow
is laminar. Moreover, since eddy viscosity has the same functional form as molecular viscosity, it is difficult to preserve
the effective Reynolds number of the simulated flow. The dynamic procedures (Germano, M. and Piomelli, U. and Moin,
P, 1991; Lilly, D., 1992) for computing the model coefficient, which does not require adjustable constant, overcome these
shortcomings. Nevertheless, the numerical stabilization become complicated when the dynamic model is applied to flows
in which there are inhomogeneous directions. Vreman, A. W. (2004a) developed a subgrid eddy-viscosity type model
especially suitable for laminar shear flows, since it vanishes subgrid dissipation in laminar regions and does not require
any averaging or clipping procedure for numerical stabilization. Park, N. and Lee, S. and Choi, H. (2006) proposed a
dynamic procedure for determining the model coefficient utilizing the global equilibrium between the subgrid and viscous
dissipation. In this approach, the model coefficient is globally constant in space but varies in time, and still garantees zero
eddy viscosity in the laminar flow regions. Bogey, C. and Bailly, C. (2003a) employed a LES approach based on the
Smagorinsky model to compute the acrodynamic noise radiated by a Mach 0.9 jet at Reynolds number 6.5 x 10*. The
mean flow and turbulence intensities, as well as sound directivity and sound levels, were found to be in good agreement
with experimental data. Bodony, D. J. and Lele, S. K. (2005) conducted a systematic investigation of LES’s capability for
jet noise predictions at the Reynolds number range from 1.3 x 10* to 3.36 x 10°. Noise predictions for the unheated and
heated jets were found to be in agreement with experimental data (Tanna, H. K., 1977). Bogey, C. and Bailly, C. (2006)
observed that the spatial structure of inflow disturbances can significantly impact the jet flow development and the radiated
noise predicted by compressible LES at high Reynolds numbers. The pronounced sensitivity of jets to variations of the
inflow conditions has been demonstrated experimentally (Brown, 2005; Zaman, K.B.M.Q., 1985) as well as numerically
(Stanley and Sarkar, 2000; Bogey, C. and Bailly, C., 2005). Some attempts on round jets at higher Reynolds number
have been made by Choi, D. and Barber, T. J. and Chiappetta, L. M. (1999) and Boersma, B. J. and Lele, S. K. (1999).
Nevertheless, except for some studies (Bogey, C. and Bailly, C., 2002, 2003b; Bogey, C. and Bailly, C. and Juvé, D., 2003;
Bodony, D. J. and Lele, S. K., 2005) the highest Reynolds numbers reached by LES are still far bellow those of practical
interest.

2. IMPLICIT LES METHODOLOGY

As an alternative approach to the traditional LES methods based on eddy-viscosity type models, in this work was
developed an implicit LES methodology based on the approximate deconvolution model (ADM) (Stolz, S. and Adams,
N.A., 1999) to compute the noise radiated by subsonic jets at high Reynolds number. High-order spatial filters (Gaitonde,
D. V. and Visbal, M. R., 1999) were used to implicitly model the energy content present in the poorly resolved smallest
scales of the flow. This aproach does not require any additional subgrid scale stress or heat flux terms in the flow equations.
Although the filter is applied explicitly to the evolving solution, this approach is referred as implicit LES, since the
application of the spatial filter is a fundamental component to mantain stability by removing high-frequency spurious
numerical oscillations. The basis of this approach is that the numerical truncation error associated with the discretization
has similar form or action to the subgrid scale model. Such approach falls into the class of structural models, since there
is no assumed form of the subgrid flow and the subgrid model is entirely determined by the structure of the resolved flow
(Sagaut, P., 2001). Nevertheless, even with the recently increase of interest in implicit LES, there is not a consensus on
the appropriate form of the discretization error, since it is assumed that the numerics provide sufficient modeling of the
subgrid terms to allow correct dissipation of turbulent kinetic energy.

In order to satisfy stringent requirements of aeroacoustic computations, such as the large difference of scales between
the flow and the acoustic field, high-order compact finite difference schemes were used for spatial discretization and im-
plicit filtering, and a fourth-order Runge-Kutta method for time integration. In principle, to mantain acceptable numerical
acurracy and proper resolution of low wavenumbers, the filter accuracy should be equal or greater than the corresponding
accuracy of the spatial discretization scheme. Thus, the flow variables were sequentially filtered in every spatial direction
at the final stage of each time step with sixth-order implicit filters (Gaitonde, D. V. and Visbal, M. R., 1999). The analysis
of the impact of spatial discretization errors on the filtered solution establishes the need of high-order spatial filtering.
The high-order filtering of the compressible Navier-Stokes equations should provides dissipation at the higher modified
wave numbers only, where the spatial discretization already exhibits significant dispersion errors, and enforce numerical
stability on nonuniform grids. The filtering also should eliminate numerical instabilities arising from poor grid quality,
unresolved scales, or boundary conditions, which left to grow can potentially corrupt the flow solution.
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2.1 High-Order Implicit Filtering

The filtering operation is defined by Leonard, A. (1974) in the physical space as

flx) = /Q f(@")G(z,a';6)da’ )

where (2 is the entire domain, G is the filter kernel and § is the filter width associated to the smallest scales retained by the
filtering operation. Thus, f defines the size and structure of the small scales.

The flow solution was computed by the non-conservative form of the fully compressible Navier-stokes equations,
which does not require the density-weighting or Favre filtering average. Sixth-order compact finite difference schemes
(Lele, S. K., 1992) were employed for spatial discretization and a fourth-order Runge-Kutta method was used for time
integration.

At the interior grid points ¢ = 4, ..., N — 3, the implicit filtering approach is defined as follows

4
arficr+ fi+apfiy = Z %(fifn+1 + firn-1) 3)

n=1

where the coefficients a,, are derived in terms of the filtering parameter oy by Taylor and Fourier series analysis (Gaitonde,
D. V. and Visbal, M. R., 1998, 1999), which must satisfy the inequality —0.5 < «ay < 0.5. Filters less dissipative are
obtained with higher values of oy within the given range, and for ory = 0.5 there is no filtering effect. By contrast, for
oy = 0 the explicit filtering operation displays significant degradation of the spectral frequency response. Here, oy was
fixed as 0.40. However, filters less dissipatives with larger values of oy will be tested in future works.

As equation (3) has a right-hand side stencil of seven points, obviously it can not be employed near the boundaries of
the domain. Thus, the following implicit filter was used at the grid points 7 = 2 and 3:

7
affici+ fi +apfipn = Zan,ifn 4

n=1
and analogously, at the grid points ¢ = N — 2 and N — 1. While at the boundary points ¢ = 1 and [V, the flow variables
were kept without application of any filtering operation.

2.2 Approximate Deconvolution Model

An implicit LES approach re-interpreted in the context of an approximate deconvolution model (Stolz, S. and Adams,
N.A., 1999) was used to compute the filtered solution variable f by the following filtering operation

f=Gxf= /G(m — ') f(z")dx' 5)

where G is the filter transfer function. By supposing that G has an inverse (), an approximation of the unfiltered variable
f, denoted by f*, may be obtained by the deconvolution of the filtered variable f as

fr=Qxf ©)
where the inverse filter transfer function () may be obtained by the truncated power series expansion

N

Qv =) (I-G) (7)

v=0

where [ is the identity matrix and N = 1,2, 3,... the number of filtering steps. The family of inverse filter transfer
functions, @)y, is based on an iterative deconvolution method (Galdi, G. P., 2000). High-order approximations f* from
the unfiltered variable f, can be derived by sucessive filtering operations applied to the filtered quantities

F=f+U-G)+F+I-GC)=(IT-G)*])+.. ®)

In smooth regions of the flow, these filters have strong stability properties and high-order consistency error O(§2V+2),
where § is the filter width. As reported by Stolz, S. and Adams, N.A. and Kleiser, L. (2001a), the truncation order of the
Eq.(8) determines the level of deconvolution. Here we choose the third level quadratic extrapolation:

PR Qaf =3 —3F+ 7 ©)

since it affords a sufficiently high-order consistency error O(5°).
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3. MULTI-BLOCK MPI PARALLEL SOLVER

As stated above, the main goal of the present work is to perform the implicit LES of the aerodynamic noise radiated
by round jets at high Reynolds number. However, this task is difficult or almost impossible to be executed using a single-
block domain sequential code, due to the large memory requirement and high computational cost of 3D aeroacoustic
computations. Thus, a multi-block MPI parallel solver with finite-sized overlap interface communication was demeed
to properly recover the interior high-order accuracy of the differencing and filtering schemes of the original single-block
sequential solver. The accurate treatment of the interfaces between blocks is a major issue in multi-block domain compu-
tations. Interfaces with high overlap interface treatments have shown to be stable and accurate even for general curvilinear
meshes and viscous flows, however they substantially increase the CPU time due to the increase of overlap interface com-
munication. Therefore, in this work we chose to implement a multi-block MPI parallel processing strategy with one
processor per block and nine-points overlap interface for inter-block communication.

To illustrate the data exchange between two adjacent blocks, in Fig. 1 are shown details of the single-block domain and
the multi-block domain decomposition with nine-points overlap communication. The single-block domain is decomposed
in two adjacent blocks L-1 and L, with nine-points overlap (depicted in blue). Data are exchanged between the two
adjacent blocks at the end of every subtime-step, as well as after each application of the implicit filtering operation. In
block L, the flow solution values at points 1 to 4 are set to be equal to the updated values at points N-8 to N-5 of block L-1.
Similarly, the values of points N-3 to N of block L-1 are given through the points 6 to 9 of block L. The arrows indicate the
data transfer direction at each point in the interface, except for the points in the middle of the overlap (points 5 and N-4),
which are solved independently and do not transfer data directly from/to adjacent blocks. This dual solution facilitates
detecting any "drift" between the solutions in the adjacent blocks, since at every subtime-step of the Runge-Kutta time
integration method, the flow solution is advanced independently in each block in the same manner as in a single-block
domain computation. In order to reduce memory allocatain on the multi-block parallel processing, each worker process
is successively initialized by the master process with its corresponding portion of the single-block domain. Thus, the
multi-block parallel solver needs only to allocate memory to the block which is being currently initialized by the master
process. As the memory required by each worker process is inversely proportional to the number of blocks, this procedure
substantially reduces the need of memory allocation, especially in 3D computations.

Single block domain

Nine-point overlap multi-block domain decomposition
Block L-1

N-8 N-7 N-6 N-53-N-4N-3 N-2 N-1 N
H E I B EEEEEEEEEEEEEEEN

v

Block L

Figure 1. Schematic of a single block domain for sequential computation and a multi-block domain decomposition for
MPI parallel processing with nine-points overlap interface communication. The arrows indicate the direction of data
transfer between the adjacent blocks L-1 and L.
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4. Jet flow configuration

In the implicit large-eddy simulation of the subsonic round jet, the jet nozzle exit has been modeled by imposing the
following hyperbolic-tangent mean streamwise velocity profile

ug (1) = % (1 4+ tanh (TO%_QT)> (10)

where Uj is the jet inlet centerline velocity, r, is the jet radius and dy is the shear-layer momentum thickness. For the
present computations, the jet inlet transverse and spanwise velocities were set to zero. The Reynolds number Rep =
UjD/V was set to 6.5 x 10* and the Mach number to M = U; /co = 0.90, where D = 2r, is the jet diameter, v the
kinematic viscosity and ¢, the sound speed in the ambient medium. The choice of this Mach number may be justified
by the considerable amount of numerical and experimental studies at similar flow conditions. The Reynolds number
adopted is an intermediate value between jets obtained by DNS (Rep < 10%) and experimentally (Rep > 10°). The inlet
momentum thickness was chosen as 9 = 0.05r,, to afford the development of turbulence after the jet nozzle exit and
before the end of potential core. The mesh was discretized in Cartesian coordinates with 2552 ~ 16.6 million grid points.
The physical domain extends to 50r, in the streamwise direction and from —25r, to 257, in the transverse directions.
To increase the dissipation of large-scales vortex structures of the flow before they interact with the outflow boundary, a
buffer zone with grid stretching was attached just downstream of the physical domain until to 80r,.

4.1 Near-inflow forcing disturbance

In order to startup earlier the transition and seed turbulence in the jet shear layer, a low-amplitude random forcing
disturbance of incompressible nature, i.e. with zero divergence (Bogey, C. and Bailly, C., 2005) was superimposed to the
velocity field, just downstream of the jet inlet. This disturbance presents an axisymmetric structure of a vortex ring with
velocity components

o 2,,,0 Ai r (T B TO)

Uy, ¢ = exp |—In(2) -2 (x — x,) cos 7y (11)
A, A2 :

Uy, (x —x,) sin 7y

where A2 | = (z — o) + (1 —7,)% 7 = sin~!(y/r) and r = \/y2 + 22 # 0. A, is the minimum grid spacing in the
jet shear layer and z,, the axial location of disturbance, chosen as x, = 0.80r,.
The velocity fluctuations given by Eq.(11) were then superimposed onto the local flow velocity components

Uy Uy Ug, n
uy o=3 uy 249y, pU; D> an€ncos(fn + bp) (12)
U, U, Uy, i=0

where a,, ¢, and 6,, are, respectively, the amplitude, phase and azimuthal angle of each one of the n + 1 modes of
the disturbance. The parameters of the random disturbance were set as 6, = nf, ¢, = [-1,1], ¢, = [0,7] and
a, = 2.5 x 10~%, where n was set to 9.

4.2 Boundary conditions and buffer zone treatments

In present computations, the domain considered is large enough to allow wave propagation in the far-field, such that
the deviations from the flow velocity fluctuations are likely to be small owing solely to acoustic fluctuations. Therefore,
far-field non-reflecting boundary conditions were obtained by simply setting to zero the incoming waves at the outflow
and lateral boundaries. Reflections of spurious waves generated by the disturbance at the inflow boundary were minimized
by the application of a near-inflow absorbing zone (Moser, C. and Lamballais, E. and Gervais, Y., 2006).

Similarly to Colonius, T. and Lele, S. K. and Moin P. (1993), a buffer zone of aerodynamic dissipation was attached
downstream of the physical domain to damp large-scale vortical structures originated by the turbulent flow. These struc-
tures are effectively dissipated in the buffer zone, before they interact with the outflow boundary, by adding artificial
damping terms to the flow governing equations

9Q) _9Q

ot|, ~ o o»Q (13

dp

Q is the solution vector [u, p] and oy, is a damping function defined as

1 — 27,
Oap(r) = 1 (1 + tanh (a07“2607”>) (14)
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with 2 = 22 + y? and a, = 0.575.
The disturbance Q' in the Egs. (13) is computed at every time step ¢ as follows

Q') =Qu — (aQ-1) + (1 —a)Qq)) (15)

where Q(t_l) is the time-average solution computed in the previous time step and o = 0.90. Additionally, was applied
in the buffer zone the grid stretching to help to dissipate the large-scale disturbances of the jet flowfield.

5. NUMERICAL RESULTS
5.1 Flow dynamic characteristics of the subsonic round jet

The flow dynamic characteristics of a randomly excited round jet were investigated by the analysis of the streamwise
mean velocity U normalized by the inlet mean centerline velocity U;. In the top view of Fig.2, the longitudinal z-z plane
at y = 0 depicts the streamwise mean velocity development of the jet flow field. As expected, it was observed a similar
behavior of the streamwise mean velocity at the z-y plane at z = 0, owing to the axisymmetric structure of the round
jet. In the bottom views of Fig.2, the streamwise mean velocity was represented in transverse y-z planes positioned at the
locations z/r, = 6, 12, 18 and 24. The potential core (depicted in yellow) is defined as a region with almost unchanged
velocity (U/Uj > 0.95). The potential core region is located near the jet nozzle exit and along the central portion of the jet
enclosed by the shear layers, with an axial length z. = 12.17. As show Figs.2a-b, the region of potential core is gradually
reduced downstream by the continous increase of the shear layer thickness. The merging of shear layers downstream of
the potential core region (Figs.2c-b) gives rise to significant jet spreading and rapid mean velocity decaying.

._D
=0
-3
x/rg
a) x/r = b) x/r =12 c) x/r =18 d) x/r =24
3 0 3
yz"ro y)‘r0 yz"ro y/rg

Figure 2.  Mean velocity U normalized by the inlet mean centerline velocity U;. Top: longitudinal z-z plane at
y = 0 and bottom: transverse y-z planes at the streamwise locations: z/r, = 6, 12, 18 and 24.

The mean flow development along the jet centerline computed by implicit LES was compared in Fig.3 with previous
results obtained from the literature at similar flow conditions. A small damping in the mean centerline velocity, of around
2.5% of the inlet mean velocity U;, was observed in the present computations just before the potential core colapse.
However, this behavior within the potential core has already been detected experimentally (Islam, M. T. and Ali, M. A.
T., 1997) and numerically (Bogey, C. and Bailly, C., 2006). It is important to remark that the mean velocity decayng in
the turbulence mixing region obtained by implicit LES presents good agreement with the LES by Bogey, C. (2000) at the
same flow conditions (same Mach number and Reynolds number and momentum thickness) and the theoretical decaying
law: U./U; = B/x — x,, where z, = 0 is the virtual origin of the jet nozzle and the constant B characterizes the
centerline velocity decaying rate. The smaller decaying of curves U,./U; obtained by the LES of Uzun et al. (2003) and
experimentally (Arakeri, V. H. and Krothapalli, A. and Siddavaram, V. and Alkislar, M. B. and Lourencoa, L. M. (2003)
and Lau, J. C. and Morris, P. J. and Fisher, M. J. (1993)) is attributed to the smaller viscous dissipation effects associated
to the higher Reynolds numbers.
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Figure 3. Mean centerline velocity U, normalized by the inlet mean centerline velocity U;. Comparison of the
present implicit LES with LES (Bogey, C. (2000) and Uzun et al. (2003)), experimental data (Arakeri ef al. (2003)
and Lau et al. (1993)) and the theoretical decaying law.

As shows Table 1, the value of constant B = 10.9r, computed by implicit LES presents good agreement with results
obtained by DNS (Boersma et al., 1998) and LES (Bogey, C., 2000) and experimentally (Wygnanski and Fiedler, 1969;
Panchapakesan and Lumley, 1993; Hussein et al., 1994). The jet half-width d, /5 is a characteristic measurement of the jet
spreading defined as the radial location (z,7) where the jet mean velocity U (z, ) = U(z,7,)/2, with r = (y? + 22)1/2,
In the turbulence mixing region, the jet spreads linearly as 6, /2/r, = A x (z —x0) where A = 0.0747,. It is worth noting
that the value of constant A got by the present approach is slightly smaller than the values obtained by experiments, DN'S
and LES. Nevertheless, this undesirable behavior is being currently investigated and seems to be related to grid dissipation
effects associated with the relatively coarser resolution employed in the neighborhood of jet shear layer.

M Rep B/r, A/r, Methodology Reference

0.15 8.6 x10* 10.8 0.086 Experiment Wygnanski & Fiedler (1969)
0.08 1.1x10* 122 0.096 Experiment Panchapakesan & Lumley (1993)
0.16 9.5x10* 11.6 0.094 Experiment Hussein et al. (1994)

—  24x10® 11.8 0.095 DNS Boersma et al. (1998)
0.90 6.5x10* 11.0 0.096 LES Bogey (2000)
0.90 6.5x10* 109 0.074 Implicit LES Present approach

Table 1. Mean flow parameters obtained from experiments, DNS, LES and implicit LES.

5.2 Analysis of flow noise-sources and souund propagation

The aerodynamic flow noise-source region and the acoustic field propagation of a randomly excited subsonic round jet
were depicted in Fig.4 by the superposition of the instantaneous of vorticity and dilatation fields. The application of a low-
amplitude random disturbance near the jet inlet shear layer trigger an earlier startup and growth of Kelvin-Helmolholtz in-
stabilities, which give rise to the evolutive process of rolling up, vortex pairing and merging of two consecutive large-scale
vortex structures. The convected large-scale vortex structures are breaking down into smaller-scales vortical structures in
the turbulence mixing region, just downstream the potential core. The dissipative nature of the breakdown process con-
tinues to generate smaller and smaller scales far downstream. It should be noticed that the dominant noise source in the
jet shear layer are the acoustic waves propagating from the region where the vortex-pairing process takes place, without
any significant wave oscillations provided by the excitation. The particularly high directivity character of noise radiated,
especially noticed at high Mach numbers, is attributed to the axisymmetric quadrupolar nature of jet flow noise-sources
(Bogey, C. and Bailly, C., 2003a).
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Figure 4. Visualizations of the aerodynamic flow-noise source region (center) and the acoustic field propagation
(outer part of the domain) obtained by superposing snapshots of vorticity and dilatation fields. Representation of
the physical domain in the z-z plane at y = 0 excluding the region of the buffer zone, located after = /r, = 50.

6. CONCLUDING REMARKS

An implicit LES/ADM methodology was developed in the present work to perform highly accurate MPI parallel
computations of the aerodynamic noise radiated by a randomly excited Mach 0.9 round jet at Reynolds number 6.5 x 104,
with inlet shear layer momentum thickness 0.057,. Flow dynamic characteristics, such as the shear-layer momentum
thickness, mean centerline velocity decaying and potential core length were found to be in good agreement with previous
numerical results and experimental data taken from the literature at similar flow conditions. However, the jet spreading
rate is slightly smaller than values obtained by experiments, DNS and LES. The analysis of flow-noise sources and the
acoustic field propagation showed that the dominant sound source generated in the jet shear layer is the noise radiated
from the region where the vortex pairing process takes place, without any significant spurius wave oscillations provided
by the near-inlet random disturbance.
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