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Introduction
The accurate and efficient numerical simulation of fan noise
is a challenging task. It requires a proper treatment of motion,
turbulence, sound propagation and the boundary conditions.
Classical direct noise calculation (DNC) approaches often
suffer from difficulties with non-reflecting boundary
conditions which balance contradicting acoustics and flow
requirements. High computational costs arise due to long
required physical simulation times in combination with
inefficient sound transport with discretized Navier Stokes
Equations. If such simulations are additionally based on wall-
resolved Large Eddy Simulation (WRLES), substantial near-
wall mesh resolution requirements are added and make
industrial computations almost unaffordable.

On the acoustics side, hybrid simulation approaches, that
couple an incompressible flow simulation with a convective
wave equation, offer a well-established solution to overcome
these challenges for low-speed aeroacoustics. On the flow
side, wall-modeled Large Eddy Simulation (WMLES) is a
promising method to reduce the mesh count and obtain
accurate transient fluctuations at reasonable computational
costs.

A hybrid simulation that combines these two aspects within
the second order finite volume framework of Simcenter
STAR-CCM+, is demonstrated on the EAA benchmark case
of a wall mounted axial fan [1] and validated against the
available experimental data, showing good agreement.
Furthermore, the importance of accurate boundary conditions
and interface treatment, between the rotating and stationary
domains, are illustrated.

Axial fan benchmark case
EAA’s benchmark case consists of an axial fan with 9 blades,
located in a duct with an internal diameter of 0.5 m, as shown
in Figure 1. The fan is operated at = 1,486 rpm. It reaches
a volumetric flow of 1.4 m3 s-1 and a pressure difference of
125.6 Pa.

Figure 1: Experimental setup of the axial fan benchmark
case, from [1].

Among others, the public database contains the time signals
of the wall pressure fluctuations at 15 locations on the duct
wall, the time signals that were obtained by 7 far field
microphones on the fan’s suction side, as well as time
averaged data of the meridional velocity on the pressure and
the suction side of the fan. For all discussed data sets, the
exact locations are sketched in the related figures.

Numerical Methodology
Within the framework of Simcenter STAR-CCM+, we apply
an automated workflow for hybrid aeroacoustic simulations
of cases whose flow physics can be captured by a constant
density assumption.

The workflow splits the computational domain into a rotating
and stationary part. Both resulting domains are discretized
with volume meshes that must be interfaced during the whole
simulation. For this purpose, some domain boundaries on
each side are marked as being in contact, such as the red
surfaces in Figure 2 (left). A projection of the two sides
identifies the faces that can be coupled and treats the
remaining faces with their original boundary conditions. The
coupled faces are then intersected and subdivided, such that
an airtight seal between the two discrete domains is realized
at each point in time, see the yellow surface in Figure 2 (right).

Figure 2: Illustration of the domain interfacing procedure.
Left: Initial discretized domain boundaries. Right: Interfaced
and intersected seal between the two domains.

The automated workflow then consists of two steps. First, we
run a precursor steady state Reynolds Averaged Navier Stokes
(RANS) phase in which the rotation of the fan is modeled
using a moving reference frame. Then, the second step, a
transient simulation phase is initialized from the results of the
steady state run. In the transient phase, the rotation of the fan
is modeled using rigid body motion. Turbulence modeling is
realized using a WMLES approach based on the Wall-
Adapting Local Eddy-Viscosity (WALE) subgrid-scale
model [2]. In general, WMLES utilizes a wall-model, such as
Reichardt’s law, to calculate a wall-shear stress from the flow
field. The WMLES approach helps to overcome the
substantial mesh requirements of WRLES in the vicinity of
the wall and utilize coarser meshes with larger ,= . (1)

Here,  is the distance to the wall,  the wall-shear stress,
the kinematic viscosity of the fluid and  its density. In
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contrast to RANS approaches, it is not desirable in WMLES
to extract the flow data at the near-wall cell. Since this
treatment introduces a direct dependency between the flow
and the boundary conditions, it results in effects such as the
log-layer mismatch. Therefore, we sample the LES filtered
flow quantities away from the wall, extrapolate the wall-shear
stress and use it as a boundary condition for the flow solution,
see Figure 3.

Figure 3: Basic principle of WMLES. The LES filtered
solution is sampled away from the wall and fed into a wall-
model that calculates a wall-shear stress  and uses it as a
boundary condition.

Immediately after computing the constant density Navier
Stokes equations, for a given time-step, a perturbed
convective wave equation is solved on the same mesh. This
equation provides the acoustic field and considers the
incompressible pressure fluctuations as aeroacoustic sources
within the whole computational domain. Its formulation is
based on the Linearized Perturbed Compressible Equation
(LPCE) as proposed by Seo and Moon [3] and reformulated
by Piepiorka and Von Estorff [4]. Assuming fluid flow with
constant density  and a constant speed of sound , the wave
equation for the acoustic potential  is defined as:DD 1 = 1 DD , (2)

where  is the time and  the incompressible fluctuation.
The substantial (total) derivative is based on the instantaneous
flow velocity  as:DD + (3)

The acoustic velocity  and the acoustic pressure  are
derived from the acoustic potential as

= and = DD . (4)

A pressure perturbation  can be defined by+ . (5)

The convective wave equation is discretized using a
Newmark-Alpha method that uses the second order Hilber-
Hughes-Taylor-  scheme to express the time-derivative of the
acoustic potential. The Newmark Alpha method introduces
additional dissipation at high frequencies to balance
numerical errors, while still being second order accurate.

Computational setup
The computational setup directly replicates the experimental
setup and consists of two large rectangular chambers that are

separated by a partition and the duct which hosts the axial fan.
The partition, as well as the top, bottom and side boundaries
are modeled as non-reflecting, rigid walls. The mass flow rate
is prescribed at the inlet on the suction side. At the outlet on
the pressure side of the fan, a pressure is enforced. Both inlet
and outlet are parallel to the partition. A cylinder which
contains the whole rotor and whose peripheral surface
separates the tip gap, is used to split the domain into a rotating
and a stationary part.

The whole domain is discretized with a polyhedral volume
mesh and includes all measurement locations. To capture the
propagating sounds waves a uniform mesh size of 6.8 mm is
employed between the fan and the far field microphones. This
spatial resolution ensures 12 cells per wavelength at 4 kHz,
see Figure 4.

Figure 4: Instantaneous acoustic pressure in the plane of the
far-field microphones (yellow). The volume mesh is refined
between the fan and the microphones, targeting a resolution
of 12.5 cells per wavelength at 4 kHz.

Around the rotor, the cell size was kept below 2.0 mm,
resulting in approximately 800 cells in the circumferential
direction of the rotating / stationary interface. In the tip gap,
the cell size did not exceed 0.8 mm. The mesh close to the
walls contains two additional layers of prism cells, which
leads to a relatively uniform volume mesh that reaches60 at the rotor blades, see Figure 5.

Figure 5: Instantaneous velocity magnitude on a section
through the duct (left) and instantaneous wall y+ on the
blades and the duct surface (right). The volume mesh
illustrates the high-y+ character of the volume mesh.

We simulate 4.5 revolutions, using 2,000 time-steps per
rotation, which equals 12.5 time-steps per period at 4 kHz.
Thus, the sound can be accurately propagated to the far field
microphones. The convective wave equation is activated after
the first rotation and the Newmark Alpha method uses =
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1 3. The acoustic data is sampled during the last 2.5
rotations. The convective wave equation uses no blending
functions to restrict the source term to an area with fine mesh,
and thus accounts for all sources in the computational domain.

All spectra are obtained with Welch’s method, analyzing
three Hann-windowed blocks that overlap by 50%. This
results in a spectral resolution of = 0.8 .

Results
Experimental validation
The transient simulation is able to predict the operating
pressure, with an error below 1.0% (see Table 1).

Table 1: Pressure in the chamber upstream of the fan.

Experiment Simulation
126.5 Pa 125.6 Pa

The time-averaged meridional velocity is accurately predicted
on the inner part of the of the blades for both, the pressure,
and the suction side of the rotor. However, it starts to deviate
closer to the tip gap, indicating some local differences (see
Figure 6). Similar results were shown by Junger et al. using
different flow solvers with different turbulence models and it
was argued that further refinement of the tip gap might resolve
these uncertainties [5].

Figure 6: Time averaged meridional velocity. The data
extraction locations are shown relative to the rotor.

Good agreement of the predicted pressure perturbation  with
the measured data was observed at the duct wall (Figure 7).
Measurement position 2 on the suction side shows excellent
agreement with the experimental data. At location 11, close to
the trailing edge of the rotor, an overprediction of the blade
passing frequency and its harmonics is found.

Figure 7: Comparison of the simulated near field pressure
perturbation = +  with experimental data at the
indicated positions, relative to the rotor.

This might be explained by the uncertainties in the flow field,
which lead to different structures of the tip vortices.
Nevertheless, the agreement of the broadband content is good.
At location 15, on the pressure side, the overpredicted
harmonics are no longer visible and the broadband agreement
is still good. All spectra show some high frequency noise
above 4 kHz, but due to the Newmark Alpha scheme, the
expected effect on the far field is low.

In the far field, we obtain promising agreement with the
measured spectra at all positions of the microphone array.
Microphone 4 and 5 are shown in Figure 8 and the results of
Microphone 7 can be seen in Figure 9, marked as “Original
simulation”. Especially at microphones 4 and 5 there is a good
agreement of broadband noise. Above 4 kHz the simulated
signals are damped by the Newmark Alpha method, which
helps to control the numerical noise that is present in the near
field.

Figure 8: Comparison of the simulated far field pressure
perturbation  with experimental data at the indicated
positions. Frequencies above 4 kHz are shaded to illustrate
the area of numerical dissipation due to the Newmark Alpha
method. Top: Microphone 4. Bottom: Microphone 5.

At Microphone 4, a few additional peaks can be observed
below 4 kHz. The possible reasons for these peaks will be
discussed in the next section of this paper. At Microphone 7,
the overall agreement remains good, but the levels below 300
Hz are underpredicted and a slight overprediction between 2.5
kHz and 4 kHz is visible. These findings correlate well with
the agreement of the wall pressure fluctuations on the suction
side and emphasize the consistency of our results. It is noted
that the far field results match the experiments better than
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those from [6], which used the same CFD code to simulate the
flow field but different models for the acoustics.

Impact of boundary conditions & interface modeling
Due to the observed differences at Microphone 7, the effect
of different boundary conditions on the far field noise was
studied. The acoustic behavior of the partition was modified
from “non-reflecting” to “perfectly reflecting”. Furthermore,
it was not immediately clear whether the shaft surface rotates
or whether it was encased, therefore we also changed its local
velocity in the rotating domain. The results of this comparison
showed very similar spectra away from the partition, but
significant differences were observed at low frequencies close
to it. One can see in Figure 9 that the levels increase by more
than 10 dB in this frequency range, which might indicate that
the applied foam at the partition was in fact only partially
absorbing.

Figure 9: Comparison of modified boundary conditions at
the partition and the rotating shaft on the simulated far field
pressure perturbation  at Microphone 7. Frequencies above
4 kHz are shaded to illustrate the area of numerical
dissipation due to the Newmark Alpha method.

Finally, we wanted to understand how the interface modelling
affects the results. The interface is discretized at three
different instances: The initial geometry tessellation, which is
represented by a chord length; the volume mesh cell size; and
the time-step size. The original simulation used an initial
chord length of 2°, whereas the volume mesh cells span only
0.46° with the moving domain being rotated by 0.18° per
time-step. In a modified setup, we varied only the initial chord
length to 8°, introducing a larger inconsistency. Due to these
discrepancies, small gaps could occur between the two
discretized sides of the interface and led to remainder faces
and larger vertex position changes within the intersection
procedure. In Figure 10, one can see that the coarser initial
surface introduces strong peaks around 4 kHz. We also found
that the projection mechanism failed on a few faces of the
modified setup, leading to remainder faces that are treated
with original boundary conditions at the interface. This
demonstrates the importance of ensuring consistent interface
modeling. The remaining discrepancies when using the finer
chord length might also be a reason for some of the spurious
peaks at Microphone 4 in the original simulation.

Figure 10: Comparison of modified initial interface
tessellation densities on the simulated far field pressure
perturbation  at Microphone 4. Frequencies above 4 kHz
are shaded to illustrate the area of numerical dissipation due
to the Newmark Alpha method.

Conclusions
A novel, automated, hybrid aeroacoustic simulation approach
in Simcenter STAR-CCM+ that uses WMLES and a
perturbed convective wave equation was successfully
validated on EAA’s axial fan benchmark. Despite the high-y+
character of the volume mesh, we obtained very good
agreement with the experimental data. Furthermore, we
investigated the effects of inaccurate boundary conditions and
inconsistent modeling of the stationary / rotating domain
interface, which clearly highlight the importance of these two
aspects.
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