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Abstract: The calculation of noise generated by a jet of viscous compressible gas flowing out from a conical nozzle is considered.
The calculations used the implicit version of the LES (Implicit LES, ILES), in which the role of the subgrid turbulence model performs
numerical dissipation used finite-difference scheme. The distributions of the gas-dynamic and acoustic characteristics of the jet upon
changing the conditions of its outflow are discussed. The analysis of the modal composition of the received noise is carried out and the
correspondence between the features of the received directionality of the noise is determined by its various components and sources.
The numerical simulation results are compared with the available experimental and calculated data.
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1. INTRODUCTION

The problem of improving the acoustic perfection of the de-
sign of jet engines is one of the priorities in modern aviation.
Noise, being a harmful environmental factor, can cause signifi-
cant harm not only to living organisms, but also to the materi-
als of the aircraft structure. In a certain frequency range, it has
a direct effect on human organs and the system of his cranial
nerves. One of the major contributors to aircraft engine noise
is jet noise.

Supersonic jets are a canonical flow that includes both com-
plex shock wave interactions and turbulent mixing. The jet has
three noise sources with different mechanisms of action: tur-
bulent pulsations in the mixing layer, vibration of shock waves,
interaction between shock waves and turbulence. At low spe-
eds, only turbulent pulsations contribute.

The results of experimental and numerical studies of super-
sonic jets and their generation of noise have been reflected in
a large number of publications [1-4]. Difficulties in calculating
noise are partly related to the impossibility of rigorously dis-
tinguishing acoustic density (or pressure) fluctuations against
the background of vortex and entropic disturbances present
in a turbulent flow. In practice, empirical models of the main
characteristics of aerodynamic noise (spectral composition,
radiation pattern) are used, obtained on the basis of experi-
mental studies of model and full-scale gas jets on open acous-
tic stands.

To improve the accuracy of describing turbulent flows in
the presence of shock waves, relations are used that limit the
growth of turbulence energy and turbulent viscosity near
shock waves [5, 6]. The most common methods for modifying
the turbulence model are to develop approximate relations
for the terms responsible for the effect of compressibility on
turbulence in the equation for the transfer of kinetic energy

of turbulence [7, 8], as well as in changing the constants of the
turbulence model [9, 10]. Various approaches to the calcula-
tion of noise generated by cold and heated subsonic jets are
compared in the work [11]. A simplified semi-empirical model
for calculating noise is proposed in the work [10]. Turbulent
mixing noise consists of two separate sources: noise genera-
ted by Mach waves (large-scale structures) and propagating
downstream, as well as noise generated by small-scale structu-
res that are dominant in the vicinity of the jet boundary. The
gas-dynamic and acoustic characteristics of jets outflowing
from conical nozzles are discussed in [12, 13], and self-oscilla-
tory processes in supersonic jets are discussed in [14].

Despite the advances in turbulence modeling and the de-
velopment of aeroacoustics, accurate calculation of the cha-
racteristics of jet stream noise is still a difficult task. There are
models of various levels of accuracy for calculating the noise
of a jet stream: direct numerical simulation, simulation of large
vortices, and acoustic schemes based on the solution of the
Reynolds-averaged Navier-Stokes equations. The modern
approach for calculating noise is based on eddy-resolving mo-
deling of the flow field in the jet, using Kirchhoff surfaces and
the integral form of the wave equation (for example, the FW-H
equation) in the far acoustic field outside the jet. For practical
use of aeroacoustics methods necessary to optimize use of
computing technology that eliminates or minimizes the unne-
cessary costs of computing resources.

This article considers the calculation of the noise genera-
ted by a subsonic jet, and discusses the distributions of the
gas-dynamic and acoustic characteristics of the jets when the
conditions of their outflow change. The analysis of the modal
composition of the received noise is carried out and the corre-
spondence between the features of the received directionali-
ty of the noise is determined by its various components and
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sources. The numerical simulation results are compared with
the available experimental and calculated data.

2. NUMERICAL SIMULATION

2.1. Computational domain and mesh

The geometric parameters of the jet outflowing from the
conical nozzle are the diameter of the nozzle outlet section d,
and the nozzle half-opening angle 6 . An axisymmetric conical
nozzle with a nozzle exit diameter d_ = 76.20 mm and a nozzle
half-opening angle 8, = 25° is used to form the jet. The inner
diameter of the cylindrical section is d. = 145.48 mm, and its
outer diameter is d_ = 185.20 mm.

The computational domain is a rectangle [0, L] x [0, L].
The length of the computational domain is 80d,, where d is
the outlet section of the conical nozzle. The distance from the
nozzle exit to the front boundary of the surrounding space is
10d_, which is equal to the distance from the inlet boundary of
the jet stream to the outlet section of the conical nozzle. The
distance from the axis of rotation of the nozzle to the upper
boundary of the surrounding space is 35d .

For the numerical calculation, a hybrid computational grid
with block structuring elements is used. In the near flow field,
where it is necessary to resolve the largest range of turbulence
scales, a block-structured computational grid is built. Close to
the nozzle walls, the mesh is refined anisotropically to a step
of 2.54x10° m at a value of y*~1.8. This makes it possible to
calculate the near-wall boundary layer with good accuracy.

Refinement of the mesh near the jet flow region provides
adequate resolution of instability waves of the shear layer,
shock-wave structure, propagation of acoustic waves in the
near field. In the direction of the output boundaries, the com-
putational grid is roughened (the size of large cells is about
25 times the wavelength).

2.2, Calculation method

For a complete calculation of aeroacoustics, as a problem
that is part of a gas-dynamic calculation, in the near and far
fields, it is necessary to discretize the space over the entire re-
gion of propagation of acoustic waves to determine the entire
range of turbulent pulsations. For most tasks, such an appro-
ach can be not only unreasonable, but also impracticable due
to the amount of required computational costs.

To circumvent such limitations, hybrid methods have been
developed in which the turbulent flow zone and the region
in which acoustic waves propagate are separated. In this app-
roach, the near-field flow is calculated using vortex-resolving
turbulence models, and the linearized Euler equations are sol-
ved in the region of acoustic wave propagation. This approach
has some limitations, such as the impossibility of considering
many aerocoustic effects that do not arise in the near flow
field, which can greatly affect the accuracy of the solution. Ne-
vertheless, this approach allows one to solve with good accu-
racy most practically significant problems without the use of
large computational costs.

The processes of excitation and generation of sound by gas
flows are inextricably linked with the general problem of de-

scribing turbulent flows. In accordance with the theory of the
development of perturbations, turbulence is considered as an
essentially nonlinear stage in the evolution of small perturba-
tions, characterized by intense irregular mixing of macrosco-
pic liquid volumes and energy transfer to smaller volumes [15].

There are several main approaches to the numerical mo-
deling of the gas dynamics of turbulent flows: the app-
roach in modeling based on the solution of the Reynolds
Averaged Navier Stokes (RANS) equations, the Large Eddy
Simulation (LES) method, the direct numerical modeling me-
thod (Direct Numerical Simulation, DNS). The direct numerical
method in computational gas dynamics involves the solution
of non-averaged, three-dimensional, and non-stationary Na-
vier-Stokes equations at all turbulence scales, which makes it
possible to obtain instantaneous characteristics of a turbulent
flow. This approach provides the highest accuracy. In practice,
the computational resources required to accomplish the task
using DNS are often too large, which significantly narrows the
range of tasks that can be solved by this method. RANS is ba-
sed on solving Reynolds-averaged Navier-Stokes equations.
RANS is most widely used in engineering practice, largely due
to its small requirements for computing resources. This me-
thod introduces the hypothesis of the existence of isotropic
turbulence at each point of the flow, due to which this app-
roach simulates the entire spectrum of turbulent pulsations
and does not reveal the vortex structure of the flow, which is
often extremely important from a practical point of view. LES
is performed by solving the full Navier-Stokes equations with
the elimination of small-scale turbulence by a filtering opera-
tion. In contrast to DNS, in LES, the Navier-Stokes equations
are calculated only for large eddies that carry the maximum
Reynolds stresses and are directly affected by the boundary
conditions. Through this approach LES much less exacting to
computing resources, rather than DNS, and provides a much
more accurate results than the RANS. Unlike RANS, LES reveals
the vortex structure of the flow.

The calculations used the implicit version of the LES (Implicit
LES, ILES), in which the role of the subgrid turbulence model
performs numerical dissipation used finite-difference scheme.
The role of subgrid viscosity is played by the numerical dissi-
pation of the used computational scheme. This is since, when
calculating the noise of turbulent jets by the LES method, it
is important to provide a realistic description of the transition
from laminar to turbulent flow in the mixing layers adjacent
to the nozzle edge. This process at high Reynolds numbers
occurs quickly, which determines the range of noise frequen-
cies that are resolved within the LES. Resolution of small-scale
vortex structures coming from the boundary layer on the no-
zzle wall and leading to turbulence of the mixing layer turns
out to be impossible due to high requirements for computati-
onal resources. As a rule, the use of classical (explicit) models
of subgrid viscosity leads to a delay in the transition process.
One of the ways to eliminate this drawback is based on repla-
cing real turbulent pulsations at the nozzle exit with artificial
ones. However, this approach introduces spurious noise that is
difficult to filter from the true one.
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2.3. Results

Consider the calculation of acoustic noise in the far field
from a compressible turbulent jet flowing from a converging
nozzle into a flooded space. The main defining parameters
of the problem are the Mach number of a fully expanded jet,
equal to 0.9, and the Reynolds number, constructed from the
parameters corresponding to the nozzle exit, which is 1.2x106.
The time step is 107 s (about 1.8x106 steps for the entire cal-
culation). The time step is chosen from the Courant condition
(CFL~0.8).

At the first stage, the problem is solved in the full computa-
tional domain within the RANS solution. In this case, a mesh
is used that is sufficient to resolve the boundary layer on the
nozzle walls, but coarser in coordinates tangential to the wall
than that required in the LES. At the second stage, LES calcula-
tion of the jet field is performed. In this case, the distributions
of flow parameters obtained at the RANS stage (profiles of pre-
ssure and stagnation temperatures, as well as profiles of entry
angles) are used as boundary conditions at the nozzle exit. The
instantaneous velocity field is shown in Fig. 1.
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Fig. 1: Instantaneous velocity field after establishment of current

Instantaneous pressure fields are shown in Fig. 2 in two ver-
sions corresponding to the choice of gas-dynamic and acous-
tic scales of pressure change. Low-frequency waves are clearly
visible on the pressure distribution on the acoustic scale. The
instantaneous field of the derivative of pressure with respect
to time is shown in Fig. 3.

The calculation of the sound pressure away from the noz-
zle is performed using the acoustic analogy method. For this,
in the computational domain, a special surface is allocated,
covering the jet from the outside, from which the values of
the fields of velocity, density and pressure are taken during
the calculation. These values are subsequently processed by
a special subroutine that calculates the integral FW-H. The
noise level is determined at the points located at a distance
r/d = 98 from the nozzle exit, where d_ is the nozzle exit dia-
meter, in the range of polar angles 20°-160°. The obtained data
are additionally averaged over 10 azimuth angles. Comparison
of one-third-octave far-field noise spectra with experimental
data [16] shows Fig. 4. Comparison of the directional patterns
of the integral jet noise with the experimental data [16] and
[17]is shown in Fig. 5.
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Fig. 2: Pressure fields in the gas-dynamic (a) and acoustic (b) sca-
les
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Fig. 3: Field of the derivative of pressure with respect to time after
the establishment of the flow

In the range of Strouhal numbers 0.2<St<1.5, the spectra
are in satisfactory agreement with the experimental data. The
spectral energy is distributed evenly with some bias towards
high frequencies, while its integral level corresponds to the
experimental one.
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Fig. 4: Comparison of the calculated (continuous lines)
one-third-octave far-field noise spectra with experimental data
[16] (symbols) at 6 = 30°(1, +), 90° (2, °), 120°(3,)
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Fig. 5: Comparison of the calculated (continuous line) radiation
patterns of the integral noise with experimental data [16] (sym-
bols °) and [17] (symbols +)

The calculation of the distribution (continuous lines) of the
integral sound pressure level along the angular coordinate at
different Mach numbers at the nozzle exit (subsonic outflow
mode) is shown in Fig. 6, which is compared with the experi-
mental data of [18] (symbols) at ¥/D = 53.
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Fig. 6: Distribution of the integral sound pressure level along
the angular coordinate at various Mach numbers M = 0.6 (1, +),
0.75(2,°),0.9(3)

The distribution of the sound pressure level over frequenci-
es at different angular coordinates and a fixed Mach number
at the nozzle exit (M = 0.75) is shown in Fig. 7 in comparison
with the experimental data from [18] (symbols).

150,SPL. 4B

145

140

120

115

110

. I
0.02 0.05 0.1 0.5 1 5
St

Fig. 7: Distribution of the sound pressure level over frequenci-
es at different angular coordinates ¢ =30°(1, ) and 90° (2, °)

3. CONCLUSION

Compared to classical gas dynamics, computational aero-
acoustics problems are characterized by an increased degree
of complexity. One of the reasons is that the characteristic size
of acoustic waves in air is several orders of magnitude larger
than the size of the pulsations responsible for energy transfer.

Another difficulty is that in many cases the acoustic energy
is only a small fraction of the total energy. Due to the signifi-
cant scatter in the characteristic scales, the correct calculation
of the acoustic field seems to be rather difficult for numerical
simulation of the generation and propagation of sound.

A numerical study is carried out and the influence of the out-
flow parameters on the characteristics of the jet outflowing
from a conical nozzle, as well as the distribution of parameters
along the jet axis is shown. Comparison of the obtained re-
sults with experimental data shows that the calculation results
reproduce the jet structure rather well, and the local and inte-
gral flow parameters are in good agreement with the physical
experiment data.

The developed approaches make it possible with satisfac-
tory accuracy to carry out calculations of unsteady three-di-
mensional turbulent flows of a viscous compressible gas and
acoustic processes occurring during the outflow of gas jets
from a nozzle into a flooded space, and the use of supercom-
puter technologies leads to a reduction in the time spent on
research.
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