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SUMMARY

The flow and the acoustic field of an axial fan is analyzed by a hybrid CFD/CAA method. In a
first step, the tip clearance flow in a ducted axial fan is predicted by a large-eddy simulation
(LES). The simulations are based on a multi-block structured finite volume method for a single
blade using periodic boundary conditions in the circumferential direction. Computations are
performed with undisturbed inflow as well as disturbed inflow conditions using a synthetic
turbulence generation method. The turbulent interaction at the inlet dissipates the tip leakage
vortex and triggers transition on a larger surface area of the blade. The acoustic field on the near
field and the far-field is determined by solving the acoustic perturbation equations (APE) on a
mesh for a single blade grid. The acoustic source terms are determined from the flow field
results. The results from the CAA for the acoustic pressure field and noise spectra are in a good
agreement with experimental data.

INTRODUCTION

For axial fans the aerodynamically generated noise is typically dominant over mechanically
generated noise from e.g. vibration or the noise caused by the motor. There are various aerodynamic
sound sources generated by individual physical mechanisms [1]. For large tip clearances the flow
from the pressure to the suction side of the blade creates a three-dimensional and possibly unstable
tip vortex, which increases the boundary layer thickness on the suction side and the turbulence level
on the blade and thus the emitted noise. The contribution of the flow field near the tip gap to the
emission of the broadband noise has been shown by Jacob et al. [2] and Camussi et al. [3]. In
addition, it was found that a quasi periodic interaction of the tip vortex with the downstream blade
can generate broadened tonal noise components [4, 5]. Such noise can be reduced by minimizing
the tip clearance [6]. Another important noise source is a non-uniform incoming flow to the fan. If
the flow disturbance is steady, it will generate a purely periodic fluctuating blade loading and thus
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generate narrow band tones at the blade passing and higher harmonic frequencies. A careful design
of the inlet avoiding a non-axisymmetric flow field is necessary to reduce such noise, in real
technical fan installation such sources usually cannot completely be avoided. The sound amplitude
from such sources are, however, typically easier to predict than the broadband noise generated by
non-uniform unsteady inflow such as a turbulent flow generated by some upstream obstacles. In this
case, the emitted broadband sound pressure spectrum will depend on the details of the turbulence
state of the incoming flow such as turbulent length and time scales. For small tip clearances, such
noise is often dominating the sound spectrum for low speed axial fans. Although various models
exist for the prediction of such broadband noise from unsteady fluctuations [7, 8, 9], the
assumptions such as isotropy of the turbulence scales may not fulfilled, especially when the
turbulence generating obstacles are mounted close to the fan blades. Another assumption often
made is that the length scale of the turbulence is much larger than that of the blade chord, which is
also not valid in many practical applications. Therefore, an attempt is made in this paper, to predict
such sound from axial fans by resolving the major turbulence scales in the incoming flow by large
eddy simulation and to predict the resulting sound field by a CAA method which uses sound
sources from the flow field solution. This prediction method allows to predict the sound field by a
minimum set of models for the turbulent flow and noise generation and as such should allow an
accurate prediction of the noise level. The article possesses the following structure. First, the
numerical methods are introduced. Second, the numerical setup and boundary conditions are
presented. In the subsequent results section, a comparison of different flow field quantities of a 72
fan section with and without incoming turbulence are compared and the resulting acoustic fields are
presented and compared to experimental data. Finally, the essential findings are summarized and
some conclusions are drawn.

NUMERICAL METHOD

Hybrid LES/APE approach

An LES model based on a finite-volume method is used to simulate the compressible unsteady
turbulent flow by solving the Navier-Stokes equations. The equations are spatially discretized by
using the modified advection upstream splitting method (AUSM) [10]. A second-order 5-stage
Runge-Kutta method is used for the temporal integration. A detailed description of the numerical
methods, i.e., the discretization and computation of the viscid and inviscid fluxes is given by
Meinke et al. [10]. For the LES the monotone integrated LES (MILES) approach [11] 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., in [12, 13]. To deal with rotating components, the Navier-Stokes equations
are formulated in a rotating frame of reference attached to the fan blade by using the relative time
derivatives of the relative flow variables [14, 15]. The Coriolis acceleration and the centrifugal
acceleration are considered as a source term in the momentum equations as well as the energy
equation. To determine the sound propagation and to identify the dominant noise sources the
acoustic perturbation equations (APE) are solved using a hybrid approach. A hybrid approach uses
two steps to compute the acoustics. In the first step the flow field is computed within a small
domain. This filed is then used as the source to determine the acoustics within a larger domain.
Since a compressible flow problem is considered, the APE-4 system, in which the perturbation
density is eliminated by combining the energy and continuity equation, is used in a rotating frame of
reference [16, 17]. To accurately resolve the acoustic wave propagation described by the APE-4
formulation, the acoustic perturbation equations are discretized in space using the 9-point 6th-order
dispersion-relation preserving (DRP) scheme proposed by Tam & Webb [18] in the interior domain
of integration and a special formulation of the DRP summation by parts scheme(SBP-DRP) [19]on
the boundaries. A 4th-order alternating 5-6 stage low-dissipation and low-dispersion Runge-Kutta
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method originally proposed by Hu et al. [20], and modified by Stanescu and Habashi [21] is applied
for the temporal integration.

Synthetic Turbulence Generation Method

To efficiently perform large-eddy simulations of a flow entering the CFD domain the concept of
synthetic turbulence generation [22], which is an extension of the approach of [23], is used to
prescribe the turbulent inflow field. To physically mimic the turbulence at the inlet plane a
superposition of coherent structures is performed. These structures are generated over the LES inlet
plane by superimposing virtual eddy cores, which are defined in a virtual volume downstream of the
inlet plane which has the streamwise, the wall-normal, and the spanwise dimensions of the turbulent
length scales. A detailed description of the reformulated synthetic turbulence generation formulation
for flat plate simulations in zero, favorable, and adverse pressure gradients for Reynolds numbers
based on the momentum thickness Res < 3500 can be found in [22, 24].

EFFECT OF THE INFLOW CONDITION ON THE FLOW AND THE ACOUSTIC FIELD

In this section, the flow through a rotating low Mach number axial fan is numerically investigated.
The flow field is analyzed at a tip-gap width s/D, = 0.001 and a flow rate coefficient
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the hub is D; = 135mm. The rotational speed is n= 3000 rpm. In the first part, the effect of a
disturbed inflow condition using a synthetic turbulence generation method on the flow field is
discussed and the findings are compared to the results imposing an undisturbed inflow condition
[17]. All computations are performed at a fixed Reynolds number based on the rotational velocity
and the diameter of the outer casing wall
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Effect of the inflow condition on the flow field

A schematic view of the axial fan with and without a turbulence grid is shown in Fig. 1. The axial
fan properties for the configuration with the turbulence grid, i.e., LES TG, match the axial fan
properties for the configuration without the turbulence grid, i.e., LES. The fan has five twisted
blades out of which only one has been resolved in the LES and CAA computations to reduce the
computational costs.

(@) (b)

Figure 1: Schematic view of the LES domain; (a) the ducted axial fan configuration;
(b) the ducted axial fan configuration with a turbulence grid denoted by TG.

To provide the inflow data for the LES of the configurations, an additional LES to predict the flow
downstream of the turbulence grid is performed using a flow solver, based on unstructured
Cartesian meshes. The pattern width of the turbulence grid is defined by axa = 15x15 mm, and
bxb = 60x60 mm [25]. The computations were performed in the absolute frame of reference at a
fixed volume flow rate V' = 0.650 m3/s and a fixed Reynolds number Re = uad/v = 9134.72,
which is based on the mean axial velocity ua.xand the beam width of the grid, i.e., a = 15 mm. At the
inflow, a fixed mass flow rate and a zero pressure gradient, whereas at the outflow a fixed static
pressure and zero gradients for all other primitive variables are imposed. Three grids with approx.
6.3 x 106, 38 x 10¢, and 300 x 10¢ grid points were used to analyze the sensitivity of the numerical
results with respect to the grid resolution. The mesh resolution on the beams for the finest grid is
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approximately Axi/D, = 9.9 x 10-4. For the simulations of the turbulence generating grid, the fan
blades were neglected. Fig. 2(a) shows a computational mesh resolving the turbulence grid with
approx. 300 million cells and Fig. 2(b) illustrates the instantaneous Q-criterion showing the vortical
flow structures generated by the turbulence grid which are convected downstream.

(@) (b)
Figure 2: (a) Computational mesh of the LES domain; (b) Instantaneous vortical structures around the
turbulence grid visualized by the Q-criterion and colored by magnitude of the relative velocity.

To focus more on the turbulent structures, the flow velocities in the x-, y-, and z-direction are
shown in Fig. 3. They show large variations especially for the axial velocity component. To
quantify the target inflow data to be used for the subsequent LES with the upstream turbulence grid,
the time averaged radial distribution of the axial velocity and the axial velocity fluctuations from
the LES are computed and compared with experimental data [26] in Fig. 4. An acceptable
agreement between the numerical and experimental results for the grid generated turbulence is
obtained. In the following, the flow field and turbulent statistics data are extracted to provide input
for the synthetic turbulence generation.

The LES computation is performed using a synthetic turbulence generation method [22]. First, the
mean velocity profile at the inflow obtained from the LES computation with the grid is averaged in
time in the azimuthal direction, which enforces azimuthal periodicity. The target data contain the
primitive variables, the radial velocity, the tangential velocity, and all components of the Reynolds
stress tensor. Second, velocity fluctuations at the inflow are generated by a modified method
proposed in [27]. A total number of 200 virtual eddies are seeded in a virtual box upstream of the
fan at the inlet region. The virtual box comprises a 72° segment, starting at the inlet and extends to
x/D,=0.1333. Sponge layers are applied to reduce spurious hydrodynamic pressure fluctuations
generated by the method.

Fig. 5 shows the multi-block structured LES mesh. The mesh size is approximately 829x521x321 in
the streamwise, radial, and azimuthal direction. The tip-gap region for the configuration is resolved
by allocating 21 grid points for the tip-gap sizes s/Do = 0.001. The spatial steps based on the
diameter of the outer casing wall in the streamwise, radial, and azimuthal direction are 1.67 x 10—4
< AX/Do < 1.67 x 10-2, 5.0 x 10-5 < Ay/Do < 1.67 x 10—-3, and 5.0 x 10-5 < Az/Do < 7.67 x 10-3.
On the blade surface and hub surface, a no-slip boundary condition is applied complemented by a
zero normal pressure and density gradient and an adiabatic wall assumption. On the casing wall, a
rotating

Figure 3: Instantaneous contours of absolute velocities in the x-, y-, and z-direction
for the LES with grid generated turbulence.

() (b)
Figure 4: Time averaged radial distributions at the inlet of LES domain for the turbulent
inflow configuration computed from the turbulence grid simulation;
(a) axial velocity profile; (b) turbulence intensity of the axial velocity component.

boundary condition about the x-axis is imposed with maximum circumferential velocity Ue = mD,n.
At the inlet, an axial velocity profile corresponding to the experimental data [25] which satisfies a
fixed volume flow rate and a zero-pressure gradient is imposed. Note that due to the measurements,
the applied inlet velocity profile serves as a disturbance-free inflow through the axisymmetric
AMCA nozzle located upstream of the fan test rig. At the outlet, a subsonic outflow boundary
condition is applied with apriori known static pressure rise based on the performance curve of the
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axial fan. A fully rotationally periodic boundary conditions including the symmetry line treatment is
developed and imposed in the azimuthal direction. Moreover, a buffer zone is used far downstream
of the blade for the outflow boundary to drive the instantaneous density and energy to the time
averaged solution. A time step of At = 7.225 x 10-*D, /U is chosen for the time integration, which
is close to the stability limit of the explicit scheme. The fully developed flow field obtained after
two full rotations of the rotor and data of another two full rotations were used for time averaging
and the statistical analysis of the flow field. To be more precise, 10 snapshots per blade passing
period during 2 fan rotations were recorded. In total, 1440 samples were used which required 8.6
TB of disc space. The simulation time was approx. 200 hours using 6000 cores for the LES
computations.

(@) (b)

Figure 5: The multi-block structured mesh;
(a) topology of the mesh; (b) mesh resolution on the hub and blade surface.

An overall view of the impact of inflow disturbances on the turbulent structures is shown in Fig. 6
which illustrates instantaneous contours of the Az-criterion [28] colored by the relative Mach
number. The turbulent interaction at the inlet dissipates the tip leakage vortex and triggers transition
on a larger surface area of the blade. This mechanism is observed in Fig. 7 which shows the
development of the turbulence intensity along the blade chord denoted by c. Note that the
turbulence intensity Tu is calculated inside the boundary layer thickness 6 and then integrated along

o N Y
the blade wall normal direction, i.e., 1 % = 100 * o5 o (\/(“fr +u +up)/3)dn,

Figure 6: Instantaneous contours of the A;-criterion inside the ducted axial fan configuration color coded by
the relative Mach number showing the vortical structures generated by the tip leakage flow
for s/D,=0.001 at ®=0.195; (top) undisturbed inflow; (bottom) turbulent inflow.

Effect of inflow condition on the acoustic field

In the following, the acoustic field is numerically analyzed by the aforementioned hybrid CFD-
CAA method. The source terms of the CAA computations are based on LES computations. The
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Figure 7: The time-averaged turbulent intensity distribution in several spanwise locations;
(@) 50 % of span; (b) 80 % of span.

acoustic field is analyzed for the configurations with undisturbed and disturbed inflow. First, the
effect of the undisturbed inflow condition on the acoustic field is discussed. Then, the effect of
disturbed inflow condition on the acoustic field is analyzed.
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Analysis of the acoustic field at undisturbed inflow condition

In a second step, the acoustic field is predicted based on the corresponding LES results. A mesh
approx. 1060 x 106 grid points, which comprises a 72° segment of a rotating axial fan with periodic
boundary conditions in the azimuthal direction is used. The computational mesh used for the LES is
extended in the axial and radial direction up to 20D,. The grid spacing around the microphones
positions IS Axmic/D, = 5 x 10-3, such that for 10 points per wavelength the maximum resolvable
frequency is about 10 kHz. The time step of the acoustic analysis is At = 4.613 x 10-3D,/a, to
ensure a fully stable numerical solution. The multi-block structured mesh for the acoustic domain
resolving one out of five blades of the axial fan and a schematic view of the CAA computational
setup are shown in Fig. 8(a) and Fig. 8(c).

The turbulent flow fields are determined for 24 full rotations, i.e, another 20 rotations are computed
after the first 4 rotations that had been run for the flow field. The additional 20 rotations are based
on a larger time step. 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. The source terms are computed based on 1500 LES snapshots at a time interval of
Atsc = 0.0224D,/a,. The instantaneous distribution of the dominant fan noise source, which is the
fluctuating Lamb vector L' = (Q x u)’, for the two configurations is shown in Fig. 9(a). 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 hub region. Moreover, the noise sources generated by the prescribed
turbulent inflow exhibits higher amplitudes compared to the prescribed undisturbed inflow
condition.

Based on the LES solution of the turbulent flow field, from which the acoustic sources are
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, i.e., the fluctuating Lamb vector are taken into account. A least square optimized
interpolation filter [29] using N = 10 source samples is used for the source fields at every Runge-
Kutta time-integration step. The acoustic computations are run for a non-dimensional time period of
39D,/ a,. Explicit low-pass filtering at every 5th Runge-Kutta time-integration step is used to avoid
numerical oscillations. Additionally, a sponge layer is used to damp acoustic wave reflections at the
far-field and downstream of the fan.

(b) (c)

Figure 8: (a) Overall CAA mesh for the undisturbed inflow condition; (b) CAA mesh for the undisturbed
inflow condition; (c) schematic view of the acoustic configuration of an axial fan
showing the far-field microphone positions.

(@) (b)
Figure 9: Instantaneous contours of the Iso-surface of axial component of the fluctuating Lamb vector
showing the major sound sources around the blade for the configuration with;
(a) undisturbed inflow; (b) disturbed inflow.

In Fig. 10 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 much
higher frequency for the configuration LES TG and a noise generation at lower frequency for the
configuration LES.

In the following acoustic analysis, the computed sound pressure spectra at the ,,circle C1° which is
defined in Fig. 11, are compared with the experimental data [26].
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For the comparison of the numerical results with the experimental data, the acoustic signals are
analyzed on circle C1, which are located 1.30m upstream of the inlet of the fan. The acoustic
measurements were carried out in the fixed frame of reference. To compare the computed sound
spectra in the rotating frame of reference with the experimental findings, 1001 probes are equally
distributed on each circle. 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,

(@) (b)
Figure 10: Instantaneous contours of the fully developed acoustic field for the configurations;

(@) undisturbed inflow; (b) turbulent inflow.

(@) (b)
Figure 11: Evaluation method for microphone data; (a) fixed frame; (b) rotating frame,
and schematic of the virtual microphone positions for the two acoustic configurations.

the sound pressure spectrum of all microphones are averaged. The sound pressure spectra on the
circle C1 is shown in Fig. 12. The evaluation of the sound pressure level on the circle C1 shows a
convincing agreement especially at the broadband noise level. However, the computed sound
pressure level in the lower frequencies deviate from the experimental measurements. This is
probably due to the fact that a one-blade acoustic simulation using periodic boundary conditions
lack certain low wave number mode which is clearly observable in the corresponding spectral
analysis.

Analysis of the acoustic field at disturbed inflow condition

The influence of disturbed inflow condition on the acoustic field for the configuration with the
turbulent inflow is investigated. The multi-block structured mesh for the acoustic domain resolving
one out of five blades of the axial fan is illustrated in Fig. 8(b). A mesh with approx. 1082 x 10¢
grid points, which comprises a 72° segment of a rotating axial fan, with periodic boundary
conditions in the azimuthal direction is used. Note that the turbulence grid is not resolved in the
computational mesh. Based on the LES solution of the turbulent flow field for the configuration
LES TG, from which the acoustic sources are determined, the near far-field acoustics is computed
by solving the APE-4 system. Fig. 9(b) illustrates the instantaneous distribution of the dominant fan
noise source, which is the fluctuating Lamb vector L' = (Q x u), for the configurations with
turbulent inflow. The incoming turbulent field triggers transition on almost the whole surface of the
blade and produces pronounced sound sources near the fan blade. Instantaneous contours of the
fully developed acoustic field is depicted in Fig. 12(b). The acoustic pressure field for the
configuration with the turbulent inflow shows the noise generation at a much higher frequency in
comparison with the acoustic pressure field for the configuration undisturbed inflow due to a much
higher level of turbulent activities generated in the flow field. To quantify the computed sound
spectra, the sound pressure spectra on the circle C1 for the both aforementioned configurations are
shown in Fig. 12,

(@) (b)
Figure 12: Sound spectra on the circle C1;
(a) configuration with undisturbed inflow; (b) configuration with turbulent inflow.

The sound pressure spectra for the configuration turbulent inflow underpredicts the sound pressure
level especially in low frequency range (below 1 kHz). This is probably caused by assuming
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isotropic turbulence in the synthetic turbulence generation method. Additionally, the assumption of
periodic conditions in the azimuthal direction can not capture low wave number components close
to the symmetry axis of the fan and influences the low frequency acoustic part. Therefore, it gives
motivation to investigate the influence of periodic boundary conditions on the turbulent scales in the
disturbed inflow conditions.

CONCLUSION

The flow and the acoustic field of a ducted axial fan 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 a tip gap s/D, = 0.001 at the flow
rate coefficient ® = 0.195 were performed and the results were compared to experiment [26]. The
configuration with the turbulence inflow was simulated by separately computing the turbulence
generating grid and the rotating blades. The time and azimuthal average of the velocity profile from
the computation of the turbulence generating grid superposed with synthetic turbulence were then
used as inflow condition for the computation of the fan blade. The findings showed that the
turbulent interaction at the inlet dissipates the tip leakage vortex and triggers transition on a larger
surface area of the blade. The most intense noise sources occur in regions with the highest turbulent
Kinetic energy, i.e. in the tip vortex, blade wake and near the hub region. In the second step, the
acoustic field was determined in rotating frame of reference. The overall agreement of the pressure
spectrum and its directivity with measurements confirms the correct identification of the sound
sources and accurate prediction of the acoustic duct propagation. Using a periodic condition could
not resolve low wave number contributions in the spectral analysis. However, in agreement with
experimental data, the results show that the prescribed turbulent inflow increases the broadband
noise level.
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