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Abstract

Check for

This work was part of a major investigation for coaxial jet noise prediction and refers to a study of geometrical and velocity
parameters and their influence on the noise generated by coaxial nozzles. The Reynolds Averaged Navier-Stokes (RANS)
approach coupled with a fluctuation synthetization model and the integral formulation of Curle’s Acoustic Analogy were
employed to calculate the noise spectrum and compare it to experimental data from JEAN EU project. A sensitivity analysis
was carried out by making variations of the secondary to primary stream velocity ratio and the secondary to primary
exhaust area ratio. Also, the influence of these parameters in the flow turbulence and noise field were investigated.
Encouraging agreement of the predicted far field sound directivity and spectra with measurements was obtained. The
noise spectrum was well computed into the range of 100 up to 10000 Hz corroborating the experimental data by pointing
that the lower the secondary to primary velocity ratio and higher the area ratio, the lower the related noise field shall be.
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Introduction

Flow from dual-stream (coaxial) nozzles is a field of inter-
est in several engineering applications, such as combustion
chambers, cooling systems and pre-mixers among others.
However, one the most well-known application is the pro-
pulsion system of modern aircrafts by medium and high-by-
pass turbofan engines. For application of the jet as a way of
obtaining thrust for an aircraft, the presence of a secondary
stream has prerogatives such as increased thrust (due to the
increase in mass flow), more efficient mixing and especially
low noise emission [1].

From the physical point of view, the secondary stream
(cold-jet) imposed upon a primary flow (hot-jet) brings ad-
ditional complexity to this turbulent flow as two potential
cores must coexist, one central and conical core (primary)
and a secondary annular flow. Thus, two shear-layers are also
identified: one between the primary and the secondary flow
and other between the secondary and the surrounding ambi-
ent-flow. Figure 1, as presented by [2] shows this highly-tur-
bulent, three-dimensional and complex flow.

These flow structures are naturally linked to the noise
production in a subsonic dual-stream jet, therefore requir-
ing knowledge to describe such turbulent interactions and
its correlation with frequency and magnitude. Additionally,
the problem with dual-stream jets also presents regions of
laminar, transitional and fully turbulent flows. To better know
the physics of such problems, several works tried to decom-
pose the flow in distinct regions and associate them with the
acoustic signature [2-4] among others.

The problem itself is also governed by external variables
which alters the whole flow pattern. The velocity ratio (VR)
is one important variable and defines the ratio between the
secondary to the primary flow speeds (V/Vp). Following the
same path, the density ratio (p/pp) expresses the compress-
ibility effects, and the area ratio (AR) that describes the geo-
metric parameter for the nozzle configuration (A/Ap). The AR
is an important parameter to indicate the flow pattern [1],
mainly the length of the potential core and the spreading rate
of the coaxial jet. It is also possible to identify other mixing
mechanisms related to the absolute value of flow speeds [5].
Bringing more complexity, there are other variables that in-
fluences in @ minor or major proportion the fluid dynamics
of dual-stream jets and consequently the noise emission: The
nozzle thickness, boundary layer development, temperature,
boundary conditions such as wind gusts and humidity.

Due to the flow complexity, the aeroacoustics of du-
al-stream jets is not a straightforward problem to tackle. Still
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Figure 1: Schematic representation of a dual-stream jet discharging from a coplanar nozzle. Source [2].
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today, one of the major obstacles to predict the acoustic field
of coaxial jets is the difficulty to rightly calculate all the fluc-
tuations in the flow field with accuracy in terms of magnitude
and frequency [6]. Other authors such as [7], [8] and [9] add-
ed relevant information about the flow field and acoustics of
dual-stream jets, mainly provided by experimental observa-
tions.

With the increasing in the computing power and the
speed of data processing, it has been possible to use a direct
approach such as DNS (Direct Numerical Simulation) or even
LES (Large Eddy Simulation) to evaluate the acoustic fields
of jets [10]. This means that the flow field is resolved with
enough accuracy to capture even the smallest structures
present in the flow in the case of DNS approach or by solving
directly the large structures and modeling the minor scales
with a sub-grid theoretical model when applying the LES ap-
proach. In both cases, the velocity and pressure fluctuations
are directly computed and can be converted into an acoustic
field anytime. The acoustic information can be propagated
to the far field by using acoustic analogies or linearized Euler
equations [11]. By following these high-fidelity approaches,
Lattice Boltzmann methods were also applied for high-speed
non-isothermal jet exhausting from a short-cowl coaxial noz-
zle [12]. Although these methods are promising for solving
the flow field and acoustics with more accuracy, they still
have some numerical issues to be tackled and some restric-
tions in terms of computational resources.

The current work is in the branch of hybrid-approach of-
fering a less costly methodology to solve the aeroacoustics of
dual-stream jets. It consists of using RANS coupled to turbu-
lence modelling and a technique to synthetize the fluctuating
field. Thus, the method presented was envisaged to serve as

a tool to predict and optimize nozzles to be applied in the
aeronautical industry. The utilization of hybrid methods has
already presented in literature [13] and the synthetization
technique also employed for a similar purpose [14]. Howev-
er, the contribution of this work was to analyze, by using this
approach, the influence of velocity ratio (VR) and area ratio
(AR) in the noise emission from a coplanar nozzle operating
at subsonic speeds. The most important observations were
related to the noise reduction found for velocity ratios below
1.0 which are associated to the role of shielding the internal
noise sources by the secondary potential core. In that mat-
ter, it was possible to see a correlation between noise reduc-
tion by decreasing the VR and by increasing the AR. Also, the
correlation of the noise emitted by the jet with the external
shear-layer development, as well as peak of turbulent kinetic
energy was investigated. Although the results were consid-
ered satisfactory, it was also possible to identify some flaws
and limitations of the method used in the analyzes which are
presented and discussed as part of an approach for predicting
coaxial jet noise.

Methodology

The nozzle geometry used in this study is shown in Fig-
ure 2. The coplanar nozzle has been used in the EU JEAN proj-
ect and in a research collaboration program between ISVR
(Institute of Sound and Vibration) and Federal University of
Uberlandia following previous works [2] and [15]. For this
coplanar nozzle, only acoustic experimental data was avail-
able for different area ratio (AR = A/Ap): AR = 0.87; 2 and
4; different velocity ratio (VR = V/Vp)5 VR = 0.63; 0.79 and
1.0. One matrix of simulation could be generated according
to Table 1, following the nomenclature, as for instance A8V7,
which means area ratio 0.87 and velocity ratio 0.79, and so
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Figure 2: Description of observer locations and shape of coplanar nozzle [2,13].

Table 1: Specifications adopted for the configurations.

Area ratio (AR)
0.87 2.0 4.0
Velocity Ratio (VR) 0.63 A8V6 A2V6 A4V6
0.79 A8V7 A2V7 A4V7
1.00 A8V1 A2V1 A4V1

on. It is important to mention that in the database the primary velocity (Vp) was almost constant during the experiments and
the secondary velocity (V) was varied to achieve the desired velocity ratios.

Hybrid numerical approach

The steady-state flow field has been achieved by employing a RANS (Reynolds Averaged Navier-Stokes equations) approach
to solve the three-dimensional (3D) problem of the flow from a subsonic dual-stream jet discharging by a coplanar nozzle
with different area and velocity ratios in accordance with Table 1. What is referred to hybrid approach is the fact that the
aeroacoustics of the problem is evaluated in two steps: a) Characterization of an averaged flow field by depicting the flow and
turbulent variables (source calculation); b) Use of a method or technique to generate the unsteadiness related to the problem
(fluctuation of the field); c) Propagation of the noise generated by this field to the location of the observer through a integral
propagation solution [16]. It means that the noise signature is not directly calculated by a simple set of equations as described
by LES or DNS approach.

Turbulence modeling

The closure turbulence-problem is solved by the use a non-linear k-€ turbulence model, named cubic k- model [17]. With
the use of this model it is possible to evaluate the averaged fluctuation term pL_t:u_'j , as described below:

Y 2 k k k
pu; = S, + gé‘ikk +Cy, ;(SikSk/ -1/3 SuSud; ) +Cyy, ;(QikSkj +Q, S, ) +CGy, ;(Qiijk -1/3Q, Q,9; ) + )
k2 k2 k2 kZ

(Skinj + Skau ) S+ Cv,— (Qille +5,Q Qmj - 2/3 8,2, 2,0, ) +Cy, gSijSlekl +Cy, ?Siijlel

Im [/
e y

Cyv —

47t e2

Where Sij is the rate-of-strain tensor, and Ql.i is the rate-of-rotation tensor. For brevity, the details of formulation in the
k-g cubic model is shortened here. Additional details the reader should consult [17] or other sources like [18] and [19].

Turbulence synthetization

This section describes the main equations for generating a field of synthetic or artificial, velocity fluctuations from a given
set of turbulence statistics obtained by the previous RANS formulation. The turbulence synthetization allows a prediction of
the acoustics perturbation that can be used as a source term in the wave equation to propagate the perturbation signal until
the receptor [10]. In this case, the turbulence synthetization can be used for the generation of full- or part-spectrum synthetic
noise sources that can be used with numerical or analytical acoustic wave propagation methods. A synthetic reconstruction of
turbulence is attractive because it offers an inexpensive method of generating an unsteady flow field from any localized set of
RANS statistics [20,21]. Recent developments for synthesis of turbulence are seen in the work of [22].

In the work of [21] a formulation for a velocity transient field is developed based on previous work of [20]. After, the work
of [20] improved the method by avoiding the procedure of finding an orthogonal transformation tensor that would diagonalize
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a given anisotropic velocity correlation tensor. Details are given to [20].

A new transient field is generated by using Eq. 2. For brevity, a one-dimensional equation is shown:

v (%) = Aik\/%z;v_l[é” (/;")cos(/éf ')?+a)”f)+;7” (E”)sen(l&f ~fc+a)"fﬂ (2)

A

where N is the number of Fourier modes, k" represents the wave number vector (weighted) in the x-direction.

2t ~, Nz

(4)

The vectors 7" and 7" in Eq. 2 are given by:
q*n (kn) — ei]-k é_;nk:n,;;n (kn) — ei/-k 5/1121:1 (5)

where Siik is the permutation tensor used in the vector product operation in Eq. (5). The vectors 4’" and f" are chosen
randomly following a normal gaussian distribution.

According to [5] the fluctuations distribution in the jet is slightly different from a gaussian curve.

The variables K" e @" represent a sample of n wave-number vectors and frequencies of the modeled turbulence spec-
trum [21].

) 12
E(K) =16|=| «* exp(—ZKZ) (6)
T
Therefore, this method generates a field that does not fulfill the mass conservation equation. Additionally, the generated
flow structures stretch in the direction of the main correlation. Due to this reason, it is fundamental to use an anisotropic
non-linear turbulence model such as cubic k-€.

Simulation parameters

The computational domain has been sized according to [2] as illustrated in Figure 3. The rectangular box has 50 D_in the
streamwise direction (x) and 10 D_in the (y) and (z).

The far field (infinity) condition was applied in the surrounding faces of the domain by prescribing values of ambient tem-
perature and pressure. The nozzle wall was defined as a non-slip condition. A small velocity value (1 m/s) was adjusted in the
left-face of the domain to help the entrainment condition for the coaxial jet near the nozzle. As initial condition, the level of
turbulent intensity from the free stream was set to 2% which is achieved close to the mixing layer. Also, the eddy viscosity
ratio given by the ratio between the turbulent viscosity and the molecular dynamic viscosity (i /u) was set to 11, as seen in the

(E::[} Moise Sources Region
-/,— Fa

Figure 3: Computational domain and location of noise source region (acoustic mesh).
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work of [23]. Based on this value, the turbulent kinetic-energy
and dissipation rate were calculated and prescribed. Inside
the nozzle at the respective faces for primary and secondary
flow, the stagnation pressure and temperature in accordance
with the desired thermodynamic state was imposed. A sum-
mary of ambient condition and boundary values for one of
the configurations tested in this work is presented in Table 2.

Details of the mesh refinement are given in Figure 4. Mesh
refinement is seen close to the nozzle walls to obey the y+
restriction (y+ < 30) in the boundary layer region. A two-layer

Table 2: Boundary conditions - configuration A8V6.

AMBIENT CONDITIONS

PAmMB 100300 PA
TAMB 289.3K
BOUNDARY VALUES

PRIMARY STREAM SECONDARY STREAM
V[m/s] 213.8 135.9
D[mMmMm] 43.0 58.2
M, [-] 0.642 0.398
T, [K] 298.5 293.6
P, [PA] 132343.99 111868.97

approach [24] was adopted for solving the RANS equations
towards the nozzle walls, which provides reliable results as y+
stays below 300.

Two different mesh refinements were applied to discret-
ize the coplanar nozzle, a first mesh with 3.0 million elements
for area ratio of 0.87 and 2.0, and a second mesh with 4.01
million elements for the area ratio of 4.0. Both meshes have
a fixed density of elements per domain length, in the prox-
imity of the nozzle is around 1.5 elements for mm of domain
extension. Mesh refinement and grid independency study for
this class of problem was presented by [2] and [15] and it will
be not showed here for brevity. However, it should be men-
tioned that the number of points per wavelength, as well as
the mesh refinement in the nozzle region, has an influence
on the results as seen in any type of numerical method. Spe-
cifically, for coaxial nozzle simulations, both flow and acous-
tic fields are dependent of the development of the primary
and secondary shear-layers as well the jet’s spreading which
could be improved with more attention to mesh refinement.
Thus, it is believed that in this work the mesh refinement was
consistent with the configurations to be analyzed, providing
at the same time reliable results and good leading time.

Noise propagation to far field

Once the synthetization procedure had reconstructed the

(a) Mid-plane

[T

[NERER

(b) Details of nozzle discretization

Figure 4: Close view of the mesh discretization (a) Mid-plane and (b) Nozzle proximity.
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fluctuating velocity field for a calculated set of turbulence statistics the resulting acoustic pressures as a function of position (x)
and time (t) could be evaluated following the volumetric integral acoustic analogy as the Curle’s formulation [16], also used by
[11]. A solution to Curle's equation, which is valid for arbitrary r can be written as (see, for example, [25]):

1 11, &°T. 311.—-68,0T. 3l1.-06. ~
(x,,t) = — R R R A — 7 ) 4 7
P'{x1) 47[LH a:R o’ alr ot R 7 v

where R = |X - Yl and T, is the stress tensor of Lighthill [6]. The Eq. (7) is already simplified to only account for the quad-
rupoles sources associated to the fine-scale turbulent fluctuations. Therefore, Eq.(7) was solved in a “tuned” adjusted mesh
that is a rectangular volumetric region defined as source region in Figure 3, and illustrated in Figure 5, as an example.

Fluid Dynamics Results

The acoustic field is intrinsically related to the fluid dynamics and a good prediction of the dual-stream jet will lead to sat-
isfactory noise spectra. Due to limitation of space, only part of the fluid dynamics results is presented in this section, covering,
as example, radial profiles of u-velocity, axial normalized velocity-profile in the jet centerline and radial profiles of turbulent
intensity.

The profiles were extracted in the radial direction at normalized location y/D_and in the longitudinal direction x/D,, corre-
sponding to the centerline of the jet, as described in Figure 6.

The results in sequence were obtained in a machine with 8 Intel® Core™ i7-3930K CPU @3.20GHz processors, 24 Gbytes of
RAM memory and operational system of 64 bits, taking approximately 60 hours of computation.

Figure 5: Example of acoustic mesh used to propagate the fluctuation field (noise source region).
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Figure 6: Location of lines for extraction of velocity and turbulent intensity profiles.
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Figure 7: Radial profiles (u-velocity) for the nozzle with AR = 0.87. Extraction line in the position (a) x = 0; (b) x =10 D_.

Figure 8: Normalized axial-velocity profile (u/V,) in the centerline for VR = 0.63; 0.79 and 1.0.

Figure 7 shows the radial profiles of u-velocity for an area
ratio of 0.87 with three different velocity ratios (VR = 0.63;
0.79 and 1.0). The potential core is extinguishing approxi-
mately at x = 10D_ (position where the velocity at the cen-
terline reaches approximately 95% of the primary velocity).
Moreover, for the velocity ratio of 0.79 the potential core is
slightly bigger when compared to VR = 0.63 and 1.0.

The influence of the velocity ratio on the potential core
length and decaying rate is almost negligible. Figure 8 cor-
roborates this observation, where calculated potential core
length was around 10 D..

Based on previous calculation with coaxial nozzles, de-
scribed in the works of [2] and [15], it is possible to affirm
that this kind of numerical approach generally overpredicts

the length of the potential core. It is believed that in the jet
centerline the actual size of the potential core is around 9D_.

Figure 9 presents the radial profiles of turbulent-intensity,
according to Eq. (8) for an area ratio of 0.87.

k
T

p

(8)

As the secondary velocity is increased (high values of VR),
the primary shear-layer has lower values of turbulent inten-
sity, while in the secondary shear-layer the levels are higher
in comparison. Although not all results are shown here, it can
be stated that flow velocity field for AR = 2.0 and 4.0 is very
similar to the field for AR = 0.87 except for the variation of the
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Figure 9: Radial profiles of turbulent-intensity for the nozzle with AR = 0.87. Extraction line in the position (a) x = 0; (b) x =2D_;
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secondary potential core length.

In Figure 10 the axial profiles of u-velocity in the center-
line extracted in the radial position (R_+ Rp)/2 (centerline of
the secondary jet), which is expected to demonstrate the
length of this secondary-stream. To complete this analysis, in
Figure 10a and Figure 10b it is illustrated the length of the
primary-stream, which is slightly variable with the area ratio.

The length of the secondary potential core is elongated
with higher values of AR and it is nearly unalterable with the
VR (at least in the cases investigated).

Experimental data from [5] indicates that for a coaxial-jet
configuration with VR = 0.8 and AR = 5.2, the secondary po-
tential core extinguishes before 2 D . According to Figure 10 it
is observed that for a VR = 0.79 and AR = 4.0, this length was
around 3.5 D_. The prediction of the secondary potential core
length is particularly important due to the shielding phenom-
enon that may reduce the noise emission.

Aeroacoustics Results

After the flow field calculation, with the averaged veloc-
ities and turbulent quantities k and g, it was employed the
synthetization technique for obtaining the fluctuation field

and getting the acoustic field associated. In this section the
noise spectra are presented for the cases studied. Again, due
to limitation of space part of the results are shown. Addition-
al details could be left to [15]. All the acoustics results have
been obtained with a time step of At =5.0 x 10 s, a sampling
time of 1.5 s, totalizing 30000 time steps with a Fourier num-
ber of 100. It is important to emphasize that several parame-
ters associated to this methodology has been tested in [15].

To summarize the set of results, only three angular posi-
tions are presented, respectively: 60°, 90° and 120°. The syn-
thetization technique and propagation procedure took about
38 hours, in average, to conclude. Thus, a complete simula-
tion (fluid dynamics and acoustics) totalized approximately
100 hours (4 days) of computing.

Figure 11 illustrates the comparison of numerical and ex-
perimental data in terms of noise spectra for the configura-
tion VR =0.63 and AR = 2.0. The observer location for each po-

)?| =129m

lar angle was respectively: |)?| =11.9 m (60°),
(90°) and |f(| =13.5 m (120°).

The experimental data available was in the frequency
range of 100 up to 40000 Hz while the numerical was adjust-

Ferreira and Almeida. J Aerosp Eng Mech 2020, 4(2):273-286

Open Access | Page 280 |



Citation: Ferreira FGT, Almeida O (2020) Aeroacoustics Analysis of a Dual-Stream Subsonic Jet. ) Aerosp Eng Mech 4(2):273-286

0.4

-
o

0.2f—-

7] SIS SRS S

15
w/Dg

(c) VR = 1.0 [1/D = (R¢+R,)/2]

u/ Vs

AR = 0,87
AR =2,0
AR = 4,0

40 50

(d) VR = 0.79 [1/D = (R;+R,)/2]

Figure 10: Axial profiles of u-velocity in the centerline for (a) VR = 1.0; (b) VR = 0.79 and in the intermediary radial position
(secondary-stream) for (c) VR = 1.0; (d) VR = 0.79 as a function of area ratio.

ed to have a cut-off frequency around 5000 Hz. This was due
to the size of the volumetric elements used in the calculation
procedure, which at the end reflects the number of points per
wavelength.

In Figure 11 two important aspects could be identified.
The first one was related to the SPL levels at 90°, which in this
case was underpredicted by the simulation. As well-known at
this observer location it is expected a close agreement to the
experimental data since the sound propagation is almost free
of refraction effects (not completely embedded in this meth-
odology). Even though the result did not match completely
the spectrum the trend was well-captured. Another point
was related to the noise prediction at shallow angles such
as 60°. In this case the result was closer to the experimental
data with a slightly overprediction in the medium part of the
spectrum (~1000 Hz). As pointed by [8], high sound pressure
levels are expected for lower angles of observation, evidenc-
ing the preferred directivity of the jet. Possible drawbacks of
this methodology showed by the deviation of the peak levels

for 90° were associated to the reconstruction of the turbu-
lent field under the refraction effects. It is also believed that
more points per wavelength would result in a better agree-
ment with the experimental data. Moreover, as pointed in
section 4, the generated flow structures have the tendency
of stretching in the direction of the main correlation in tur-
bulent synthetization technique, what could be influencing
the results. Such limitation could be tackled by correcting or
improving the turbulence model for dealing with such aspect
of the flow field more properly.

Although some discrepancies were seen between nu-
merical and experimental data for the configuration A2V6,
the simulations were extended for the other configurations:
A2V7 and A2V1; as presented in Figure 12. It was observed
that the levels are still underpredicted varying from 2 dB at
higher frequencies and reaching in the worst conditions at
lower frequencies values around 10 dB. The same trend was
observed for the other configurations showed in Table 1 and
simulated in this work.
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It is also important to emphasize that the primary veloc-
ity (Vp) was kept almost constant among the simulations, in
accordance to the experimental data, only varying the veloc-
ity of the secondary-stream. Thus, as pointed by Figure 11b
the levels are lower when compared to Figure 12a, because
of lower turbulent intensity levels in the shear-layer of the
coaxial jet. On the other hand, for the configuration A2V1,
the experimental data showed a lower primary velocity when
compared to other configurations. This discrepancy has made
the direct comparison a little more difficult.

As a completion of this work, the entire Table 1 was simu-
lated, and the data compared against the experimental data.
Values of diameters and exhaust velocities were modified in
manner to understand the influence of these parameters.
However, it is important to note that the mass flow informa-
tion was not considered in this analysis. The noise reduction
to be effective should keep the mass flow rate to the nozzle
(directly proportional to the thrust). This parameter was not
considered. Thus, to proceed with a comparison between
configurations and to determine if there was effective noise
reduction, normalization as proposed by [8] was considered,
following the equation:

, 14
SPL' = SPL-10log(4;)-79.8log| - (9)
’ a

According to the configuration, by applying Eq. (9) to the
data it is possible to infers if there was noise reduction or not,
as a function of area and velocity. Figure 13, Figure 14 and
Figure 15 illustrate these normalized data showing noise re-
duction related to the velocity ratio. The presence of a sec-
ondary-stream promotes a substantial decrease in noise, the
lower the velocity ratio, better is the gain in terms of reduc-
tion, as has been identified before. In the same figure, the
turbulent intensity plots were included as data correlation.

As visualized in Figure 13, Figure 14 and Figure 15, the
noise reduction was quite similar for all area ratios.

In Figure 16 and Figure 17, it is possible to observe a

noise reduction associated to an AR = 4.0. Even though the
noise levels were under predicted (at least for an observer
at 90°), the trends were well captured. The noise variation
between area ratios of 0.87 and 2.0 were not noticeable, ac-
cording to Figure 13 and Figure 14, since the exhaust area
was kept the same, according to (AS +Ap) = ﬂDf/4
with D_=0.058 m.

Conclusion

In this work the fluid dynamics parameters and noise
spectra from a coplanar nozzle operating at subsonic speeds
were addressed. A supposed computationally low-cost meth-
odology was considered, providing a complete analysis in a
timeframe of 40 h, considering the availability of a previous
well-computed steady flow field. The Randon Flow Genera-
tion technique was applied with some adjustments to gener-
ate an instantaneous and fluctuating turbulent field as sound
source.

Based on the results, it was possible to state that there
was no linear proportionality between the velocity ratio and
the levels of turbulent intensity. For all area ratio investigat-
ed, there was no pattern for the variation in the velocity ratio,
as the intermediary values of VR have presented lower levels
of turbulent intensity in the central region of the jet. More
detailed experimental data including more variations of VR
could help to explain such kind of confirmation.

It was also possible to affirm that the cubic k-€ turbulence
model had deficiencies for predicting turbulent quantities
with low level of shear, giving possibly underestimated turbu-
lent levels. As a consequence, the length of both primary and
secondary potential core was overestimated which implies in
a dislocation of the region with more turbulent activity in the
jet for downstream.

For velocity ratios below 1.0 it was identified a relatively
noise reduction. This may be related to the increase in the
length of the secondary potential core, what helps the mixing
process and plays a role of shielding the internal noise sourc-
es. A lengthier secondary potential core is preferred when is
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desirable a lower noise emission. It was possible to affirm that
there was correlation between noise reduction by decreasing
the VR and by increasing the AR. The noise emitted by the jet,
for all simulation, seemed to be correlated with the external
shear-layer, as well as the peak of turbulent kinetic energy,
found at the end of the primary potential core.

The methodology used in this work was not completely
able to predict low-frequency noise, with deviation of about
10 dB. However, it is expected that with mesh refinement and
tuning of more points per wavelength an improvement in the
results. The noise pattern found in the results agreed with in-
formation from literature, pointing out that the bigger the AR
lower is the noise and the lower the VR less noise is emitted,
at least for the investigated cases in the range VR = 0.63 up
to 1.0.

To establish the current methodology as a tool for as-
sisting the design of nozzles with low noise emission, more
work could be done in the direction of improving the Randon
Flow Generation technique by including spatial correlations
to avoid vortex-stretching and uncorrelated sources, as well
as increasing the size of points per wavelength (mesh refine-
ment) putting the cut-off frequency as high as possible.

For future and on-developing works, it is proposed a bet-
ter approach with more sophisticated non-linear turbulence
models, study and improvement of initial conditions and aug-
mentation of the computational power, which are flaws of
the current methodology.
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