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Abstract
The research dedicated to the investigation of dif-

ferent gray-area mitigation approaches towards accu-
rate aerodynamics and aeroacoustics is presented. The
recent modifications of hybrid RANS-LES DDES ap-
proach based on combinations of new adapting sub-
grid length scales (∆̃ω , ∆SLA and ∆lsq) and LES
models (σ and S3QR) are considered. The object
of investigation is an immersed subsonic turbulent
jet. The simulations are carried out on a set of re-
fining meshes using two different scale-resolving nu-
merical algorithms realized in the compressible codes
NOISEtte and OpenFOAM. The evaluation of dif-
ferent approaches is focused on the analysis of far
field noise. The results show that all the consid-
ered techniques provide appropriate accuracy to pre-
dict the noise generated by the turbulent jet. The study
clearly demonstrated the importance of both numer-
ical scheme and subgrid turbulence model. The pe-
culiarities of considered approaches are revealed and
discussed.

1 Introduction
Computational AeroAcoustics (CAA) requires ac-

curate numerical solutions in the hydrodynamic region
as these feed the acoustic solver. If hydrodynamics and
turbulence are not well-resolved, acoustics will neither
be. In this context, two main issues in the numerical
method can be studied: how does the numerical dis-
cretization of the differential operators affect the qual-
ity of the results and, if turbulence is modelled, how
does this modelization affect the results.

As acoustics is highly sensitive to the quality of
the hydrodynamic fields used to compute noise, high-
order schemes are in great demand. In this sense, Bo-
gey (2018) or Shur et al. (2005,2016) both used high-
order schemes when simulating jets using structured
meshes. However, these kinds of methods have two
main problems: first, their implementation on general
mesh, i.e. unstructured meshes, is not straightforward.
And second, the kinetic energy is not well-preserved

if symmetric schemes are not used. Consequently, in-
stead of using high-order schemes, one other option
is to use 2nd order low-dissipative ones on meshes
satisfying special quality requirements. Tyacke et al.
(2017) or Fuchs et al. (2018) both used 2nd order
schemes when simulating a jet. Another option is to
use 2nd order higher-accuracy schemes with extended
numerical stencils. Bres et al. (2017) and Duben and
Kozubskaya (2019) exploit algorithms based on such
kind of schemes for jet aerodynamics and noise simu-
lation.

The other issue of the algorithm that affects the
acoustics is how the turbulence is modelled. Hybrid
RANS-LES methods have the most interesting balance
between accuracy and computational cost as they can
simulate high Reynolds numbers without requiring ex-
cessively large meshes. Inside these hybrid methods,
one of the most widely used and extensively validated
approach is the non-zonal DES family, which is still
studied and evolving nowadays. Their recent inves-
tigations are focused on solving the so-called gray-
area problem that appears when solving shear layers.
This problem is mainly the delay of RANS-to-LES
transition from steady RANS to the mesh-resolved
turbulence. The usual methodology to mitigate the
gray-area phenomena is the joint usage of an special
length scale, such as ∆ω (Chauvet et al., 2007), ∆̃ω

(Mocket et al., 2015), ∆SLA (Shur et al., 2015) or ∆lsq

Trias et al. (2017), with advanced LES models, such
as σ or WALE models (Nicoud et al., 2011) or S3QR
model (Trias et al., 2015) instead of Smagorinsky.

Our research is dedicated to the investigation of
different gray-area mitigation (GAM) approaches to-
wards accurate aerodynamics and aeroacoustics. The
recent paper continues the study Pont-Vı́lchez et al.
(2021) where their evaluation for shear layers is based
on incompressible flow problems and focused on aero-
dynamics. We present the results of simulation of
the immersed subsonic turbulent jet on a set of re-
fining meshes. Analysis of the characteristics of
the jet plume region is partly demonstrated in Pont-
Vı́lchez et al. (2021). Here we are mostly aimed at



evaluation of the jet aeroacoustics. The far field jet
noise is very sensitive to the properties of any GAM
approach because it is fully defined by the correctness
of simulation of the shear layer evolution. Inappropri-
ate amount of subgrid turbulent viscosity (either lack
or redundancy) in any part of the shear layer can result
in not only the delay of RANS-to-LES transition but
either generation of spurious (related with numerics)
noise or its damping at particular Strouhal numbers.

2 Case formulation
The immersed jet exiting from a conical noz-

zle at Mjet = 0.9 and ReD = 1.1 · 106 based
on the jet diameter D and jet exit velocity Ujet is
considered. The jet aeroacoustics was investigated
experimentally by Viswanathan (2004). The com-
putational domain, mesh and boundary conditions
can be obtained from the study was carried out by
Shur et al. (2010). This case was used in different
investigations: Shur et al. (2015,2016), Duben and
Kozubskaya (2019) and partly in Pont-Vı́lchez et al.
(2021). The simulation of the jet follows a two-
stage approach when nozzle and jet-plume computa-
tion is performed using RANS at the first stage, while
only the jet-plume region is considered at the second
stage, with profiles from the first stage imposed at
the nozzle exit boundary surface. These profiles of
gas-dynamic and turbulence model variables were pro-
vided by M. Shur and M. Strelets from Peter the Great
St. Petersburg Polytechnic University. The structured
(hexahedral) meshes Grid 1, Grid 2 and Grid 3 from
the paper Shur et al. (2010) are used for computations.
They have 64, 80 and 160 cells in the azimuthal direc-
tion and contain 1.52M, 4.13M and 8.87M nodes in
total, correspondingly.

Figure 1: Instantaneous flow field in the jet plume region
(from the f lsq simulation using NOISEtte).

3 Description of numerical algorithms
The vertex-centred unstructured numerical algo-

rithm realized in the research code NOISEtte is based
on quasi-1D vertex-centered EBR (Edge-Based Re-
construction) schemes (Abalakin et al., 2020). It ex-
ploits the adapting blend of 4th order centered and 5th
order upwind schemes (Duben&Kozubskaya, 2021)
using a special hybridizing function (Guseva et al.,

2017). The parameter which controls the amount of
diffusivity of the discrete convection scheme, σupw,
is limited in both the upper and the lower limit via
a known previous distribution (Duben&Kozubskaya,
2021). The 4th order Runge–Kutta explicit numerical
scheme is used for time integration.

OpenFOAM is based on a collocated unstructured
finite-volume approach. The used convective scheme
consists in the hybrid convection scheme of Travin
et al. (2000), which provides a blend of a 2nd or-
der central scheme and a 1st order upwind scheme.
The temporal integration is done via implicit second-
order scheme already implemented in OpenFOAM.
The used solver to compute the simulations in this
work has been sonicFoam.

The integration surfaces (marked by magenta solid
lines in Figure 1) for performing acoustic post-
processing consist in a set of conformal surfaces to the
underlying mesh, i.e. three different kinds of integra-
tion surfaces are considered, one for each mesh. Each
of these integration surfaces is subdivided onto differ-
ent sets; this enables the possibility to use all or only
different parts of the integration surface.

To predict far-field acoustics, the Lighthill acoustic
analogy in the form of a modified version of the inte-
gral Ffowcs Williams and Hawkings (FWH) method is
used.

The NOISEtte postprocessor is based on formu-
lation 1A proposed by Farassat in terms of retarded
times.

Acoustic post-processing of the OpenFOAM re-
sults is done via an in-house FWH solver. This solver
is based on Ffowcs-Williams Hawkins equation after
performing Fourier Analysis, obtaining the equivalent
FWH equation but in Fourier space. This, effectively,
removes the requirement of retarded time computa-
tions, which is substituted by its equivalent in Fourier
space: a phase shift between observer and source.

4 Results and discussion
The results of simulations using both NOISEtte

and OpenFOAM are presented in Figures 2-5. The
curves obtained from different simulations are labelled
as follows. The first character means the mesh used:
meshes Grid 1, Grid 2 and Grid 3 are marked by
”c”, ”m” and ”f”, respectively. The results using ∆̃ω

(Mocket et al., 2015), ∆SLA (Shur et al., 2015) or
∆lsq (Trias et al., 2017) are labelled by ”omeg”, ”sla”
and ”lsq”, respectively. The usage of alternative (not
Smagorinsky, as in the original DES formulation) sub-
grid LES models σ or S3QR is marked by ”sig” or
”s3qr”. The overall sound pressure levels’ (OASPL)
distributions (noise directivity) are presented in Fig-
ure 2. Figures 3, 4 and 5 demonstrate 1/3rd octave
integrated spectrums at the observer angles θ = 60◦,
θ = 130◦ and θ = 150◦, respectively (θ = 180◦ cor-
responds to the jet downstream direction).

Analysing the results, the following observations



and conclusions could be revealed. First of all, it is
common for all the considered approaches, mesh re-
finement leads to better correspondence both with the
reference data and with each other, except simulations
using ∆lsq (see noticeably overestimated noise levels
obtained on the ”m” mesh, m lsq).
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Figure 2: Noise directivity obtained using different ap-
proaches.

Evaluating the OASPL distributions (Figure 2) it is
seen that the usage of ∆lsq (especially with the S3QR
model) results in overestimation of the noise levels
at lower observer angles and underestimation at the
higher ones at the same time. The first could be due
to the spurious noise generation in the initial shear
layer region (responsible for higher Strouhal numbers,
St ≥ 1): it is clearly seen on the top of Figure 3 that
displays the results on the most coarse mesh, Grid 1.
Note that only fine mesh (Grid 3) allows to predict the
OASPL within the error lower than 1 dB compared
to the experiment. The prominent underestimation of
noise levels at θ > 130◦ comes from ”noise deficit” at
lower Strouhal numbers in the range 0.2 < St < 0.5

(see Figure 5). These trends are well correlated with
the distributions of averaged ratio between turbulent
and molecular viscosity presented in Figure 6. So
lower values of νt/ν lead to a slight overestimation
of noise levels, especially at the observer angles up-
stream of the nozzle exit.

10-1 100 101
55
60
65
70
75
80
85
90
95

  Exp.
 c_sla 60
 c_lsq 60
 c_lsqs3qr 60
 c_omegsig 601/

3-
oc

t 
SP

L 
[d

B
]

St

coarse

NOISEtte

10-1 100 101
55
60
65
70
75
80
85
90
95

  Exp.
 c_sla OF
 c_lsq OF
 c_omegsig OF

1/
3-

oc
t 

SP
L 

[d
B

]

St

coarse

OpenFOAM

10-1 100 101
55
60
65
70
75
80
85
90
95

  Exp.
 m_sla 60
 m_lsq 60
 m_lsqs3qr 60
 m_omegsig 601/

3-
oc

t 
SP

L 
[d

B
]

St

medium

NOISEtte

10-1 100 101
55
60
65
70
75
80
85
90
95

  Exp.
 f_sla 60
 f_lsq 60
 f_lsqs3qr 60
 f_omegsig 601/

3-
oc

t 
SP

L 
[d

B
]

St

fine

NOISEtte

Figure 3: 1/3rd-octave integrated spectrums at the observer
angle θ = 60◦.

It could be seen from the 1/3rd octave spectrums’
distributions that usage of ∆̃ω + σ LES model leads
to earlier decay of the spectrum compared to the re-
maining approaches. The explanation for it lies in the
higher levels of νt/ν provided by the σ LES model
too.

An unexpected noticeable overestimation of the
results obtained using the DDES with ∆lsq subgrid
length scale on Grid 2 (see m lsq curves on the graphs)
could be related to the delay of RANS-to-LES transi-
tion in the initial shear layer. While it is moved farther
downstream of the nozzle exit, it could result in the
generation of spurious noise. Nevertheless, this effect
requires more research, which will be done in the fu-



ture.
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Figure 4: 1/3rd-octave integrated spectrums at the observer
angle θ = 130◦.

The OpenFOAM results are characterized by dis-
tinguished trends compared with the NOISEtte ones.
As it is seen from the Figure 2 (2nd from the top),
while the predicted noise levels are well compared
with the experiment for θ < 120◦ (deviation does
not exceed 2 dB), they are highly underestimated for
the remaining observer angles, farther downstream the
nozzle exit. In contrast to the NOISEtte, all the con-
sidered approaches provide very similar far field re-
sults, both for overall values and spectral distribu-
tions. This obvious difference is related to the fact
that NOISEtte exploits a higher-accuracy numerical
scheme with extended stencils in contrast to Open-
FOAM, where a simple 2nd order scheme is applied.
So the OpenFOAM results depend on it more than the
subgrid LES model. Due to larger numerical dissipa-
tion, the noise levels are not so overestimated in the
region 1 < St < 4 for θ < 60◦. At the same time,
they are strongly underestimated (more than 10 dB for

St > 0.2 at θ < 150◦) for higher observer angles: the
accuracy provided by the scheme used in OpenFOAM
is not enough to resolve large vortexes mostly respon-
sible for the noise propagating far downstream the
nozzle exit. It could be concluded that usage of higher
accuracy numerical scheme (as used in the NOISEtte
simulations) allows to reveal the peculiarities of differ-
ent GAM approaches on coarser meshes.

10-1 100 101
55
60
65
70
75
80
85
90
95

  Exp.
 c_sla 150
 c_lsq 150
 c_lsqs3qr 150
 c_omegsig 1501/

3-
oc

t 
SP

L 
[d

B
]

St

coarse

NOISEtte

10-1 100 101
55
60
65
70
75
80
85
90
95

  Exp.
 c_sla OF
 c_lsq OF
 c_omegsig OF1/

3-
oc

t 
SP

L 
[d

B
]

St

coarse

OpenFOAM

10-1 100 101
55
60
65
70
75
80
85
90
95

  Exp.
 m_sla 150
 m_lsq 150
 m_lsqs3qr 150
 m_omegsig 1501/

3-
oc

t 
SP

L 
[d

B
]

St

medium

NOISEtte

10-1 100 101
55
60
65
70
75
80
85
90
95

  Exp.
 f_sla2 150
 f_lsq 150
 f_lsqs3qr 150
 f_omegsig 1501/

3-
oc

t 
SP

L 
[d

B
]

St

fine

NOISEtte

Figure 5: 1/3rd-octave integrated spectrums at the observer
angle θ = 150◦.

5 Conclusions
The simulation results of the immersed subsonic

turbulent jet on a set of refining meshes are presented.
Two different numerical algorithms realised in the
codes NOISEtte and OpenFOAM are considered. The
results show that all the GAM approaches provide ap-
propriate accuracy to predict the noise generated by
the turbulent jet. The study clearly demonstrated the
importance of both numerical scheme and subgrid tur-
bulence model. So usage of higher accuracy numer-
ical scheme allows to estimate the sensitivity of dif-
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Figure 6: Average of the turbulent to molecular viscosity
ratio over the lip line starting from the jet nozzle
exit (results on the Grid 3).

ferent GAM approaches more precisely. Nevertheless,
a more thorough analysis of the results is to be done
for better evaluation of the advantages, disadvantages
and limitations of the considered GAM approaches. In
addition, for a more detailed assessment of the capa-
bilities of the techniques under consideration and to
obtain a conclusion about the convergence of the re-
sults, it is necessary to conduct computations on an-
other finer mesh, that is planned for the nearest future.
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