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Abstract The flow and the acoustic field of an axial fan and a helicopter engine jet
are computed by a hybrid fluid dynamics – computational aeroacousticsmethod. For
the predictions of the flow field a high-fidelity, parallelized solver for compressible
flow is used in the first step. In the second step, the acoustic field is determined
by solving the acoustic perturbation equations. The axial fan is investigated at a
Reynolds number of Re D 9:36 � 105 for two tip-gap sizes, i.e., s=Do D 0:001

and s=Do D 0:01 at a fixed flow rate coefficient ˚ D 0:195. A comparison of the
numerical results of the pressure spectrum and its directivity with measurements
show a good agreement which confirms the correct identification of the sound
sources and the accurate prediction of the acoustic duct propagation. Furthermore,
the results show in agreement with the experimental data a higher broadband noise
level for the larger tip-gap size. In the second application, jets from three different
helicopter engine nozzles at a Reynolds number of Re D 7:5 � 105 are investigated,
showing an important dependence of the jet acoustic near field on the presence of the
nozzle built-in components. The presence of the centerbody increases the OASPL
compared to the clean nozzle, where the inclusion of struts reduces the OASPL
compared to the centerbody nozzle owing to the increased turbulent mixing caused
by the struts which lesses the length and time scales of the turbulent structures shed
from the centerbody.

1 Introduction

The prediction and reduction of noise generated by turbulent flows has become one
of the major tasks of todays aircraft development and is also one of the key goals
in European aircraft policy. Compared to the year 2000 the perceived noise level of
flying aircraft should to be reduced by 65% until the year 2050. To comply with
new noise level regulations, reliable, efficient and accurate aeroacoustic predictions
are required, i.e., for low noise design of technical devices such as axial fans or
helicopter engine nozzles.
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Fan industry increasingly demands for quieter and more efficient axial fans in
a wide range of applications. A systematic quiet fan design, however, requires
prediction methods for the acoustic field and sufficient details of the flow field
to understand the intricate flow mechanisms, e.g. in the tip-gap region of the fan
blade. Since measurements of the flow field in the rotating fan environment are
difficult to perform, time-accurate numerical simulations such as highly resolved
large-eddy simulations (LES) have shown to successfully predict the main flow
phenomena [22–24], especially those in the tip-gap region since these can be a
significant source of aerodynamic losses and noise emission.

Appreciable progress has been achieved over the last 20 years in the decrease of
jet noise by using various noise reduction techniques such as high bypass ratio and
design variations on the nozzle casing. These techniques have primarily focused on
increasing the turbulent mixing by altering the nozzle design. In modern engines,
the bypass ratio has already reached the limiting value and any further increase
will aggravate the engine performance. Flow control inside the nozzle by additional
built-in components such as wedges vanes etc. is an alternative approach and
increasingly used to suppress the noise in the jet near field [14, 20].

The overall reliability of an acoustic prediction is prominently restricted with
the quality of the flow field solution. To accurately capture the essential part
of the turbulent spatial and temporal scales generated in the flow field highly
resolved LES calculations are a must. That is such aeroacoustic analyses of high
Reynolds number flow with complex geometries included in the computational
domain require advanced computing resources.

In this paper the acoustic fields of a ducted axial fan and a helicopter engine
nozzle are predicted by a hybrid fluid-dynamics-acoustics method. In a first step,
large-eddy simulations are performed to determine the acoustic sources. In a second
step, the acoustic field on the near and far-field is determined by solving the acoustic
perturbation equations (APE) [6] on a mesh. The acoustic results of the axial fan are
compared to experimental data [27].

This paper is organized as follows. First, the numerical methods are presented
in Sect. 2. Subsequently, the LES and aeroacoustic results of the axial fan and
nozzle-jet simulations are discussed in Sects. 3 and 4. Computational features and
scalability analysis are given in Sect. 5. Finally, some conclusions are outlined in
Sect. 6.

2 Numerical Method

An LESmodel based on a finite volumemethod is used to simulate the compressible
unsteady turbulent flow by solving the Navier-Stokes equations. For the LES
an implicit grid filter is assumed and the monotone integrated LES (MILES)
approach [2] is adopted, i.e., the dissipative part of the truncation error of the
numerical method is assumed to mimic the dissipation of the non-resolved subgrid-
scale stresses. This solution method has been validated and successfully used, e.g.,
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in [1, 16]. The governing equations are spatially discretized by using the modified
advection upstream splitting method (AUSM) [19]. The cell center gradients are
computed using a second-order accurate least-squares reconstruction scheme [10],
i.e., the overall spatial approximation is second-order accurate. For stability reasons,
small cut-cells are treated using an interpolation and flux-redistributionmethod [25].
A second order 5-stage Runge-Kutta method is used for the temporal integration.
A parallel grid generator is used to create a computational hierarchical Cartesian
mesh featuring local refinement [18]. The interested reader is referred to [19] for
the details of the numerical methods, i.e., the discretization and computation of the
viscid and inviscid fluxes. To determine the sound propagation and to identify the
dominant noise sources the acoustic perturbation equations (APE) are applied. Since
a compressible flow problem is considered, the APE-4 system is used [6].

To accurately resolve the acoustic wave propagation described by the acoustic
perturbation equations in the APE-4 formulation [15] a sixth-order finite difference
scheme with the summation by parts property [13] is used for the spatial discretiza-
tion and an alternating 5–6 stage low-dispersion and low-dissipation Runge-Kutta
method for the temporal integration [11]. On the embedded boundaries between
the inhomogeneous and the homogeneous acoustic domain an artificial damping
zone has been implemented to suppress spurious sound generated by the acoustic-
flow-domain transition [26]. A detailed description of the two-step method and
the discretization of the Navier-Stokes equations and the acoustic perturbation
equations is given in [7].

3 Effect of Tip-Gap Size on Fan Aeroacoustics

In this subsection, a rotating low Mach number axial fan is investigated. In the first
subsection, it is discussed how the gap size between blade tip and the outer casing
wall affects the flow field at different operating conditions. All computations are
performed at a fixed Reynolds number based on the rotational velocity and the

diameter of the outer casing wall Re D ��D2
on

�
D 9:36 � 105 and a fixed Mach

number M D �Don
a D 0:136. Afterwards, the acoustic field is analyzed at the flow

rate coefficient ˚ D 4 PV
�2D3

on
D 0:195 for two tip-gap widths s=Do D 0:001 and

s=Do D 0:01.

3.1 Effect of Tip-Gap Size on the Overall Flow Field

The axial fan investigated in this section is shown in Fig. 1. The fan has five
twisted blades out of which only one has been resolved in both LES and CAA
computations to reduce the computational costs. The diameter of the outer casing
wall isDo = 300mm and the inner diameter of the hub isDi = 135mm. The rotational
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Fig. 1 Instantaneous contours of the Q-criterion inside the ducted axial fan configuration colored
by the relative Mach number showing the vortical structures generated by the tip leakage flow at
˚ D 0:195 and s=Do D 0:005

speed is n= 3000 rpm. As depicted in Fig. 1 for ˚ D 0:195 and s=Do D 0:005,
the existence of a gap between the blades tip and the outer casing wall and the
pressure difference between the pressure and the suction side of the blades, lead
to the development of a tip-gap vortex. Depending of the operating conditions the
tip-gap vortex can be a major noise source in the axial fan, especially at low flow
rate coefficients ˚ , as demonstrated in [22] at ˚ D 0:165 and a tip-gap size of
s=Do D 0:01. At low flow rate coefficients the highly unsteady turbulent wake
generated by the tip-gap vortex is shifted further upstream and impinges upon the
leading edge of the neighboring blade. The intermittent interaction leads to a cyclic
transition on the suction side of the blade. Acoustic measurements have shown
broadband peaks in the specific sound power spectrum at frequencies corresponding
to these phenomena. The decrease of the tip-gap width from s=Do D 0:01 to
s=Do D 0:005 at˚ D 0:165, stabilizes the tip-gap vortex and reduces the wandering
motion of the turbulent wake such that the interaction with the leading edge of the
neighboring blade and the cyclic transition triggered by this interaction vanish as
discussed by Pogorelov et al. [23]. Instead, a permanent turbulent transition, which
is triggered by a separation bubble at the leading edge was observed. The reduction
of the tip-gap width leads to a strong decrease of the noise level. However, for
the smaller tip-gap size, the turbulent wake still interacts with the pressure side of
the blade. To separate the noise generated by the interaction and the phenomena
triggered by this interaction from the self-generated noise of the tip-gap vortex
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Fig. 2 Turbulent kinetic energy contours in several radial planes from � D 30ı to � D 70ı , for
s=Do D 0:01 (left) and s=Do D 0:005 (right)

it is important to analyze the acoustic field at higher flow rate coefficients and
small tip-gap widths where no interaction with the neighboring blades is evident.
Pogorelov et al. [24] analyzed the flow field at ˚ D 0:195 for the tip-gap widths
s=Do D 0:005 and s=Do D 0:01. This study has demonstrated the strong impact
of the tip-gap width on the size and shape of the tip-gap vortex. It has been shown,
that due to the stronger curvature and the smaller diameter of the tip-gap vortex
for s=Do D 0:005, the entire turbulent wake passes the neighboring blade without
any interaction, where for s=Do D 0:01 several vortical structures of the turbulent
wake reach the trailing edge of the blade at the pressure side, as depicted in Fig. 2.
Therefore, for tip-gap sizes below s=Do D 0:005 no interaction with the neighboring
blades is expected. In the following subsection, the acoustic field of the flow field
at ˚ D 0:195 for s=Do D 0:001 and s=Do D 0:01 is analyzed. For the source
computation, required for the acoustic analysis LES have been conducted for both
operating conditions. The computational mesh resolving one out of five blades has
approx. 140 million grid points. Two full rotations have been required to obtain a
fully developed flow field. Data from another two full rotations has been used for
statistical analysis. In total, 1440 samples were recorded which required 8.6 TB of
disc space. The CPU time was approx. 200 h and the computations were conducted
on approx. 6000 CPUs.

3.2 Effect of Tip-Gap Size on the Acoustic Field

In the following, the acoustic field is numerically analyzed by a hybrid fluid-
dynamics-aeroacoustics method. The acoustic field on the near field and far field
is determined by solving the APE [6] in the rotating frame of reference on a mesh
for a single blade consisting of approx. 1060 � 106 grid points which comprises
a 72ı segment of a rotating axial fan with periodic boundary conditions in the
azimuthal direction. The computations are performed for two tip-gap sizes namely,
s=Do D 0:001 and s=Do D 0:01 at the flow rate coefficient ˚ D 0:195. Based on
the LES solution of the turbulent flow field, from which the acoustic sources are
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Fig. 3 (a) Schematic view of the LES and (b) the acoustic configuration of an axial fan

Fig. 4 The multi-block structured mesh in the acoustic source region resolving one out of five
blades of the axial fan; (a) view of the overall mesh; (b) detailed topological view of the mesh

determined, the near far-field acoustics is computed by solving the APE-4 system.
Since the contribution of entropy and non-linear terms can be neglected in this study,
only the vortex sound sources are taken into account.

A schematic view of the present computational setup is shown in Fig. 3 In a first
step, the turbulent flow fields are determined by LES for the two configurations
for 24 full rotations. Subsequently, the source terms are computed in the source
region which contains approximately 122 million grid points with the same mesh
resolution as the corresponding LES mesh. Figure 4 shows the computational mesh
used for computing the source terms. The instantaneous distribution of the dominant
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Fig. 5 Instantaneous contours of the Iso-surface of axial component of the fluctuating Lamb
vector showing the major sound sources around the blade; (a) configuration s=Do D 0:001; (b)
configuration s=Do D 0:01

Fig. 6 The multi-block structured mesh for the acoustic domain resolving one out of five blades
of the axial fan; (a) view of the overall mesh; (b) detailed view of the mesh at far-field

fan noise sources, which is the fluctuating Lamb vector L0 D .˝ � u/0, for the two
configurations is shown in Fig. 5

It is clearly visible that the strongest sources occur in regions with the highest
turbulent kinetic energy, i.e., in the tip vortex, blade wake and on the hub region.
Moreover, the noise sources generated by the bigger tip-gap size s=Do D 0:01

exhibits higher amplitudes compared to the smaller tip-gap size s=Do D 0:001.
In a second step, the acoustic field is predicted based on the corresponding LES
results. The computational mesh used for the LES is extended in the axial and
radial direction up to 20Do. The grid spacing around the microphones positions is
�xmic=Do � 5�10�3, so that for 10 points per wavelength, the maximum frequency
resolvable by the grid is about 10 kHz. The acoustic mesh including some details
of the mesh resolution in the far-field are shown in Fig. 6. The time step of the
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Fig. 7 Instantaneous contours of the fully developed acoustic field showing the acoustic duct
propagation into the far-field; (a) configuration s=Do D 0:001; (b) configuration s=Do D 0:01

acoustic analysis is �t D 4:613 � 10�3Do=a1 to ensure a fully stable numerical
solution. Based on 1500 LES snapshots at a time interval of �tsrc D 0:0224Do=a1,
the source terms are computed and a least square optimized interpolation filter [9]
using N D 10 source samples is used to provide source fields at every Runge-Kutta
time-integration step. The acoustic computations are run for a non-dimensional
time period of 39Do=a1. Explicit low-pass filtering at every 5th Runge-Kutta time-
integration step is used to avoid numerical oscillations. Additionally, a sponge layer
is used in order to damp acoustic wave reflections at far-field and downstream of the
fan.

In Fig. 7 the acoustic fields generated by the turbulent structures of the rotating
axial fan for the two configurations are illustrated. The acoustic pressure field shows
noise generation at a higher frequency for the configuration s=Do D 0:01 with the
bigger tip-gap size and a noise generation at lower frequency for the configuration
s=Do D 0:001 with the smaller tip-gap size. In the following acoustic analysis, the
computed sound pressure spectra at the circle C1 which is defined in Fig. 8, are
compared with the experimental data [27]. For the comparison of the numerical
results with experimental data, the acoustic signals are analyzed on circle C1 and
circle C2, which are located 1.30 and 1.0m from suction mouth of the fan. The
acoustic measurements were carried out in the fixed frame of reference. In order
to compare the computed sound spectra in rotating frame of reference with the
experimental findings, 1001 probes are equally distributed on each circle of 72ı.
First, the position of the microphones are calculated in the fixed frame of reference
and then sound pressure spectrum for all processed microphones are computed.
Finally, the sound pressure spectrum of all microphones are averaged. The computed
sound pressure spectra at the circle C1 and circle C2 are shown in Figs. 9 and 10
respectively.
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Fig. 8 Schematic of the virtual microphone positions for the two acoustic configurations; (a) side
view; (b) front view

Fig. 9 Sound spectra at the far-field locations circle C1; (a) configuration s=Do D 0:001; (b)
configuration s=Do D 0:01; comparison of the (��) numerical results with the (—) experimental
results [27]

The evaluation of the sound pressure level at the circle C1 and the circle C2
show a convincing agreement especially at the broadband noise level. However,
considering the circle C2 towards center line of the axial fan, the computed sound
pressure level at the lower frequencies deviate from the experimental measurements
which is due to the fact that one blade acoustic simulations using periodic boundary
condition lacks certain low wave number ranges which is clearly observable in
corresponding spectral analysis. In addition, a higher noise level of the case with the
bigger compared to the smaller tip-gag size is clearly reproduced by the numerical
simulation method.
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Fig. 10 Sound spectra at the far-field locations circle C2; (a) configuration s=Do D 0:001; (b)
configuration s=Do D 0:01; comparison of the (��) numerical results with the (—) experimental
results [27]

Fig. 11 Rear section of the nozzle geometry (a) clean nozzle hj1, (b) centerbody nozzle hj2, (c)
centerbody-plus-strut nozzle hj3

4 Effect of the Interior Nozzle Geometry on Jet
Aeroacoustics

In this section, simulation results of round jets emanating from a three variants
of non-generic nozzle are presented. First the flow field of the three nozzle
configurations at a Reynolds number of Re = 7:5 � 105 and a Mach number of
MD 0:341 are conducted and thereafter, the acoustic field is computed whose
acoustic source terms are determined by LES data.

4.1 Flow Field

The nozzle geometry corresponds to a divergent helicopter engine nozzle. Figure 11
shows the interior of three variants of the engine nozzle, the clean nozzle hj1, the
centerbody nozzle hj2, and the centerbody-plus-strut nozzle hj3 which are identical
except for the centerbody and the struts which support the centerbody.
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Table 1 Simulation features and mesh parameters of the flow and the acoustic field solutions

Clean nozzle (hj1) Centerbody nozzle (hj2)
Centerbody-plus-strut
nozzle (hj3)

Flow field

Mach number Mj 0.341 0.341 0.341

Reynolds number ReDe 750,000 750,000 750,000

Mesh points 335 � 106 329 � 106 328 � 106

Number of samples 2251 2251 2251

Acoustic field

Mesh points 108:5 � 106 108:5 � 106 108:5 � 106

Fig. 12 Contours of the Q-criterion color coded by density for three geometries (a) hj1, (b) hj2,
(c) hj3

The operating conditions of the last turbine stage are set at the inlet boundary
which were taken from the measurements of a full-scale turbo-shaft engine [21].
Isotropic synthetic turbulence is injected at the inlet plane with approx. 10%
turbulence intensity [17]. For the outflow and lateral boundaries of the jet domain,
static pressure is kept constant and other variables are extrapolated from the internal
domain. To damp the numerical reflections at the boundaries, sponge layers are
prescribed [8]. At the nozzle-wall a no-slip condition with a zero pressure and
density gradient is applied. Hierarchically refined Cartesian meshes are used for
the flow field computations and a grid convergence study of the centerbody nozzle
hj2 configuration is studied in [4, 5]. The essential mesh and simulation parameters
of the analysis of the flow and the acoustic fields are summarized in Table 1.

The overall turbulent structures in the jet are visualized in Fig. 12 by the contours
of the instantaneous Q-field [12] for the three configurations. Since the same
threshold value for the Q-contours is used, the various widening of the free jets
can be deduced from this illustration. In other words, Q-fields evidence the smaller
spreading of the jet exhausting from the clean nozzle hj1.

The modified turbulence field influences the jet characteristics downstream of
the nozzle exit. This is illustrated by the contours of the mean axial velocity in the
free jet region in Fig. 13. The mean velocity on the centerline decreases much more
strongly for the hj2 and hj3 geometries than for the clean nozzle which possesses a
standard jet plume shape. Furthermore, the asymmetric velocity distribution caused
by the struts is visible in the jet field just downstream of the exit. However, further
downstream hardly any asymmetric influence of the struts is observed.

The mean axial velocity distribution normalized with the average nozzle exit
axial velocity une D 1

A

R
u � ndA on the centerline starting at the rear face of the
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Fig. 13 Contours of the mean axial velocity in the free jet region for three geometries (a) hj1, (b)
hj2, (c) hj3
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Fig. 14 Streamwise distribution of the axial velocity on the centerline r=Re D 0 for (—) hj1,
(��) hj2, (-�-) hj3

centerbody x=Re D �2:3 where Re D De=2 is the nozzle exit radius, is presented
in Fig. 14. Note that the decreasing distribution between �2:3 < x=Re < �1:1

of the clean nozzle hj1 is due to the divergence of the nozzle casing. Besides the
impact of the diverging part of the nozzle, the velocity distribution on the centerline
of the clean nozzle hj1 undergoes the standard decay. Downstream of the exit of
the nozzle the centerline velocity remains constant till the free-shear layers start
to merge causing the decay of the centerline velocity. For the centerbody and the
centerbody-plus-strut configurations hj2 and hj3 the distribution of the streamwise
velocity on the centerline is characterized by the pronounced recirculation in the
base region of the centerbody. Downstream of this reversal flow neither the hj2 nor
the hj3 centerline velocity reach the value of the clean nozzle. To be more precise,
the peak value of the centerline velocity of the hj2 solution is diminished by 11%
and that of the hj3 solution by 22% compared to the hj1 value. When the velocity
decay sets in the hj2 and hj3 solutions approach the hj1 distribution such that at
x=Re � 35 the centerline velocities almost agree.

Figure 15 shows the streamwise distribution of the axial and radial turbulence
intensity on the centerline. The intensity of the axial velocity fluctuations in Fig. 15a
rises rapidly downstream of the nozzle exit. At the nozzle exit the centerbody
nozzle hj2 and the centerbody-plus-strut nozzle hj3 solutions possess much higher
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Fig. 15 Streamwise distribution at r=Re D 0 of (a) the rms axial velocity and (b) the rms radial
velocity for (—) hj1, (��) hj2, (-�-) hj3

turbulence intensity than the clean nozzle hj1 solution due to the enhanced turbulent
mixing caused by the centerbody and the struts. Further downstream of x=Re � 15

all profiles of the rms axial and radial velocities show a similar decaying trend.

4.2 Acoustic Field

The acoustic perturbation equations (APE) are applied to determine the sound
propagation and to identify a dominant noise source excited by the hot jets. Since a
compressible flow problem is tackled the APE-4 system is used [6].

For the computations a time step �t D 0:011Re=a1 is chosen to obtain
stable numerical solutions. The acoustic analyses include the sound waves whose
maximum wavenumber kmax D 2�=�min is approximately 0:36�=Re. The source
fields are provided for all Runge-Kutta steps using a least squares optimized
interpolation algorithm [9]. The time interval reconstructed by the 2251 LES
snapshots is Ttotal D 148:5Re=ue.

The acoustic simulation setup and mesh details are discussed at length in [3].
In Fig. 16 the acoustic field determined by the aforementioned numerical

schemes is illustrated. The contours of the acoustic pressure are ranged in
p0 � 5 � 10�6�0a2

0 near the jet nozzle region. The acoustic pressure of the
configuration hj1 possesses smaller amplitudes than the other two configurations hj2
and hj3. At the nozzle exit in Fig. 13 the mean axial velocity in the radial direction
(r D p

y2 C z2) decreases for the clean nozzle configuration hj1. The turbulent
fluctuations in the shear layer are less pronounced for the single jet hj1 as discussed
in Fig. 15. These are the major reason of a low acoustic energy in the single jet hj1.

The overall acoustic level in Fig. 17 evidences the low acoustic emission of the
single jet hj1. The profiles of three acoustic fields are obtained by the microphones
aligned in the axial direction at the sideline location 8Re away from the jet
centerline. The dominant wave radiation occurs in the upstream position due to
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Fig. 16 Acoustic pressure contours in the range of jp0=�0a
2
0j � 5 � 10�6 on the z D 0 plane, (a)

hj1, (b) hj2, and (c) hj3
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Fig. 17 Overall sound pressure level in dB at the radial distance of 8Re from the jet centerline,
(—) hj1, (��) hj2, (-�-) hj3

the unperturbed jet core in the nozzle exit area. The microphone in a downstream
location captures the acoustic waves at a relatively farther distance from the end of
the jet core. The centerbody nozzle configuration hj2 generates the most powerful
acoustics which shows 3 dB larger OASPL at a streamwise position x D 10Re

compared to the single jet hj1. The additional turbulence mixing by struts in the
configuration hj3 reduces the acoustic generation by approximately 2–4 dB over
the streamwise position Re � x � 19Re. The acoustic directivity of the single
jet hj1 shows a silent zone in the upstream position x � 5Re. Compared with the
findings of the single jet (hj1) the axial profiles of the other jets (hj2 and hj3) show
an approximately 2–9 dB higher acoustic pressure.

In Fig. 18 the acoustic spectra of a single and two centerbody jets are compared.
The sound pressure is determined at the coordinates (x D 3Re, r D 8Re) for the
sideline acoustics in Fig. 18a and (x D 18Re, r D Re) for the downstream acoustics
in Fig. 18b. The sideline acoustics in Fig. 18a display a large increase of power
spectral density in the frequency range fDe=ue D 0:3 � 0:8, where f is the frequency
and ue nozzle exit average velocity. The peaks are located at fDe=ue D 0:45 for
the single jet hj1 and at fDe=ue D 0:5 � 0:6 for the jets with a centerbody hj2,
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Fig. 18 Power spectra of the acoustic pressure signals determined at the coordinates (a) x=Re D
3; r=Re D 8 and (b) x=Re D 18; r=Re D 8: (—) hj1, (��) hj2, (-�-) hj3

hj3. The downstream acoustics in Fig. 18b shows the pronounced low frequency
radiation at fDe=ue � 0:1. The acoustic peaks occur at the same frequency range
identified in the sideline acoustics. As indicated by the spectra of hj2 and hj3
the increase of the acoustic power becomes more prominent when the turbulent
fluctuations increase. The sound generation of a hot jet includes two features.
The first feature is the downstream acoustics due to the large scale turbulence
in the shear layers and the second one is the sideline acoustics enhanced by the
temperature gradient. Figure 18a illustrates the differences of the sideline acoustics.
The acoustic radiation almost perpendicular to the jet axis is clearly intensified for
the jets with a centerbody hj2, hj3 more than that of the single jet hj1. Besides, in the
frequency band 0:1 � fDe=ue � 0:5 the acoustic level of the centerbody-plus-strut
configuration hj3 is reduced compared to that of the centerbody configuration hj2.

5 Computational Specifications and Scalability Analysis

The simulations of the acoustic field were carried out on the CRAY XC40 at HLRS
Stuttgart, containing two socket nodes with 12 cores at 2.5GHz. Each node is
equipped with 128GB of RAM, i.e., each core has 5.33GB of memory available
for the computation. Strong scaling experiments were conducted to demonstrate the
scalability of the APE-4 solver. Five core numbers were used, i.e., 512, 1024, 2048,
4096, and 8192. Furthermore, the results are based in 100 integrated time steps using
a mono-block cubic grid with 2563 grid points and periodic boundary conditions.
The overall speedup as a function of the number of cores shown in Fig. 19 proves
the good scalability of the code.
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Fig. 19 Strong scaling experiment; Simulations were performed for 100 integrated time steps
using five number of cores, i.e., 512, 1024, 2048, 4096 and 8192

6 Conclusion

The flow and the acoustic field of a ducted axial fan and a subsonic jet including
the nozzle geometry were simulated by a hybrid CFD/CAA method. First, the flow
field was computed by an LES and subsequently, the acoustic field was determined
by solving the APE.

For the axial fan, two configurations with different tip-gap sizes, i.e. ,s=Do D
0:001 and s=Do D 0:01 at the flow rate coefficient ˚ D 0:195 were performed and
the results were compared to reference data. The findings showed that the diameter
and strength of the tip vortex increase with the tip-gap size, while simultaneously
the efficiency of the fan decreases. Increasingly the tip-gap size led to the strongest
sound sources occur in the tip-gap regions as well as at wake of the fan blade.
In the second step, acoustic field was determined by solving APE-4 system in
rotating frame of reference. The overall agreement of the pressure spectrum and
its directivity with measurements confirm the correct identification of the sound
sources and accurate prediction of the acoustic duct propagation. The results show
that the larger the tip-gap size the higher the broadband noise level.

Next, three turbulent jets emanating from of a clean divergent annular reference
nozzle, a configuration with a centerbody and a geometry with a centerbody plus 5
equidistantly distributed struts were considered. The results showed an important
dependence of the jet acoustic near field on the presence of the nozzle built-in
components. For example, on the one hand, the presence of the centerbody increased
the OASPL up to 6 dB compared to the clean nozzle, on the other hand, inclusion
of the 5 struts reduced the OASPL up to 4 dB compared to the centerbody nozzle
owing to the increased turbulent mixing caused by the struts which lessen the length
and time scales of the turbulent structures shed from the centerbody.
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