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A generic fan assembly consisting of a low pressure axial impeller including an optional turbulence generator is
investigated. The flow field is simulated with different state-of-the-art unsteady computational fluid dynamic
methods. All results are compared with each other and with hot wire flow velocity and surface pressure mea-
surements. From the numerical data, the relevant dipole sound sources, i.e. the unsteady forces on the fan blades
are derived. A free field formulation in the time domain (acoustical analogy by FFOWCS WILLIAMS and
HAWKINGS), and a boundary element formulation in the frequency domain (SYSNOISE®) are employed to
predict the radiated sound field based on the numerical source data. The acoustical results are compared and con-

trasted with measurements.

1 Introduction

Fans often operate under highly turbulent inflow condi-
tions, e.g. due to their installation in a duct, downstream of
struts or a radiator. This results in highly unsteady aerody-
namic blade forces which in turn cause excessive sound
radiation. Advanced state-of-the-art computational aero
acoustic methods (CAA) allow increasingly reliable sound
predictions. They usually require a detailed knowledge of
the unsteady flow field, obtained by a simulation with a
computational fluid dynamic method (CFD).

Ideally, a Direct Numerical Simulation (DNS) solves the
Navier Stokes equation without further simplifications and
predicts the unsteady flow and the corresponding acoustic
field. However, a DNS is not feasible for a complex geome-
try such as a realistic fan because of its immense numerical
costs. Finding the unsteady flow field with affordable ef-
forts requires modelling at least parts of the turbulent fluc-
tuations. Mainly two different strategies have been used to
reduce the computational costs: (i) ensemble averaging
which is known as the Unsteady Reynolds Averaged Navier
Stokes Simulation (URANS) and (ii) filtering of the full
Navier Stokes equations which leads to the Large Eddy
Simulation (LES).

With URANS the reduction of computational costs is im-
mense, the trade-off, however, is the large degree of ap-
proximation. All random turbulent fluctuations are mod-
elled, thus only tonal sound sources of an axial flow fan can
be predicted. A LES solves coarse turbulent structures di-
rectly and only small, high-frequency fluctuations are mod-
elled. The numerical costs are still very high. To combine
the advantages of a URANS with the higher resolution of a
LES, hybrid methods like Detached Eddy Simulation
(DES) or the Scale Adaptive Simulation (SAS) have been
developed. The DES [1] combines a classical Reynolds
averaged Navier Stokes simulation (RANS) with elements
of a LES. The RANS method is applied in the near wall
regions whereas the LES is active in detached flow re-
gimes. The SAS is an improved URANS method. It has
been developed by Menter et al [2, 3]. The key idea is to
introduce the von Kérman length-scale into the turbulence
scale equation and subsequently adjust dynamically the
turbulence model as a function of the flow field, independ-
ent of the numerical grid.

The objective of the present paper is to investigate the ca-
pability of these different methods in terms of predicting
gust noise sources of a rather complex technical object, a
complete axial flow fan. For the investigation we have car-
ried out four unsteady CFD simulations with URANS,
SAS, DES and LES for a low pressure axial flow fan as-
sembly with grid generated turbulent inflow. Eventually the
sound radiation is predicted from the simulated sources by
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applying (i) FFOWCS WILLIAMS and HAWKINGS’
analogy to the isolated impeller under free field conditions
in the time domain and (ii) and with the casing as reflecting
walls via a Boundary Element formulation in the frequency
domain.

2 Fan assembly

The investigated fan impeller has a diameter of D = 300
mm and a hub/tip ratio v = 0.45. It is installed in a circular
duct without guide vanes and rotates at » =3000 rpm, result-
ing in a circumferential Mach number Ma = 0.14. The six
cambered blades have a NACA 4509 profile. The Reynolds
number, based on the chord length C of the blade and the
mean relative flow velocity, varies from 118,000 at the hub
to 178,000 at the tip. The radial tip clearance is 0.5 mm,
which corresponds to 0.18 % of the rotor diameter D. The
operating point of the maximum efficiency corresponds to a

volumetric flow rate of ¥ = 0.59 m®/s. This operating point
was selected for all the investigations in this study. A grid
type turbulence generator is installed 0.56D upstream of the
impeller’s leading edge plane (hereafter, referred to as “ref-
erence plane”, fig. 1). The turbulence generator consists of
nine struts with a square cross-section of 15 x 15 mm’
placed at a distance of 60 mm from each other.
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Fig.1 Fan assembly with main flow from right to left

3  Aerodynamic simulation

3.1 Numerical Methods

The numerical flow code employed throughout the LES is
named FrontFlow/Blue. It has been developed by C. Kato
and successfully used for several applications [4, 5]. The



code is based on a finite element discretization of the fil-
tered incompressible continuity and Navier Stokes equa-
tions.

All other simulations are carried out with the commercial
flow code ANSYS CFX10, which is based on a finite vol-
ume discretization. The URANS uses an implicit upwind
differential scheme with a numerical advection correction
which is formally of second order. The RANS part of the
DES and SAS method is solved with same scheme. To
avoid high numerical dissipation for the detached flow SAS
and DES switch to a central difference scheme for such
regions. The time integration is done by a second-order
backward Euler scheme for all three methods. In the LES
the sub grid scales (SGS) are modelled employing the dy-
namic Smagorinsky model proposed by Germano [6]. The
shear stress transport model (SST) [7] in combination with
an automatic wall function [8] is employed for the URANS.
The DES and SAS are both set up on the SST model. A
detailed description of the DES-SST formulation is given in
[9] and for the SAS-SST formulation in [3].

3.2 Numerical Grid and Boundary Con-
ditions

To meet the requirement of the different multiple frame
interface capabilities of the two flow solvers and the differ-
ent computational facilities two different hexahedral grids
with basically the same structure (fig. 2) are used.

In order to ensure an acceptable simulation time, the leak-
age flow through the tip clearance is not taken into account.
Also the overall number of the hexahedral elements for the
entire flow domain is limited to approximately 5 millions
for the LES. It is important to note that due to this limita-
tion of grid resolution the turbulent boundary layer on the
suction surface of the blades as well as on the casing wall
will not be resolved by the LES. In the DES, SAS and
URANS, only half of the impeller and the turbulence gen-
erator is meshed with approximately 1.5 million elements
(fig. 2 right). This allows reducing the numerical costs
while maintaining the same grid resolution.

For the LES a uniform axial velocity profile is set at the
inlet. The mass flow, the direction of the velocity and a
medium level of turbulence are defined as inflow condi-
tions for all the other simulations. In all simulations we use
a pressure outlet. In order to prevent reverse flow from the
outlet boundary during the LES-iteration, a dummy section
upstream of the outlet with a sudden expansion and a sub-
sequent gradual contraction of the cross sectional area is
installed. All remaining boundaries are set to no-slip wall
condition.

The time increment Afy, which is primarily determined

by the stability limit of the simulation is set such that
10,000 time steps correspond to one single revolution of the
impeller for the LES and 1,000 for all other simulations.
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Fig. 2 Numerical grid; left: LES, right: URANS (only every
third gridline is plotted)

3.3 Aerodynamic Results

In order to verify the accuracy of the flow prediction in a
first step the turbulence generator and the fan are investi-
gated separately. The statistical parameters (turbulent inten-
sity and correlation length) of flow downstream of the tur-
bulence generating grid are in good agreement with hot
wire measurements - for further details see [10, 11]. Look-
ing at all predictions and evaluating the steady state fan
design point the agreement with the experimental data is
always better than 10% [11].

An illustrative aerodynamic result is the snapshot of the
absolute velocity distribution in the complete assembly at a
coaxial surface as depicted in Fig 3. The velocity distribu-
tion of the URANS is dominated by the wakes of the struts,
which interact periodically with the impeller blades. Be-
cause of its high degree of turbulence modelling no coarse
structures develop. By contrast the DES and SAS show
turbulent structures from the wakes which move down-
stream and interact finally with the blades. Compared to the
LES these structures are relatively coarse. Unfortunately in
the LES some of the turbulent structures are destroyed nu-
merically by the dynamical oversetting between the impel-
ler and the turbulence generator grid.

Figure 4 depicts the predicted and measured [12] power
spectral density levels of the wall pressure fluctuations

PSDL,, =10log[d(p;,” /df)/(p," / f,)] dB on the blade

suction-side due to the ingested inflow turbulence. The data
have been evaluated at two monitoring points, one close to
the leading edge (left side, P1) and one near mid-chord
(right side, P2), both at approximately mid span. The pre-
dicted LES spectra are based on 10 impeller revolutions, all
others on more than two revolutions after the flow field has
become stationary in average. The power spectra from all
simulated blades are averaged in order to reduce statistical
uncertainties. At P1 (i.e. close to the leading edge) the pre-
dicted spectra show a satisfactory agreement with the
measurements. Both, the predicted and the measured spec-
tra show peaks at 200 and 400 Hz, which are clearly caused
by the wakes of the upstream turbulence generator struts.
These peaks are also well predicted by the URANS. The
figure shows that SAS and DES can only predict pressure
fluctuations lower than 1 kHz - the RANS in the boundary
layer acts like a low pass filter. The LES predicts the pres-
sure fluctuations up to 5 kHz.
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Fig. 3 Snapshot of the absolute velocity distribution nor-
malized with the tip speed at midspan (&; =0,5)

(right-hand legend) and C, = Ap /(O.5p(D7m)2) on all

body surfaces (left-hand legend); top left: URANS, top
right: DES, bottom left: SAS, bottom right: LES
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Fig. 4 Comparison of the predicted and measured [20]
power spectral density of the wall pressure fluctuations on
the suction side at mid span, top: close to the leading edge

(P1); bottom: mid chord (P2); (reference pressure
po =2 107 Pa, reference frequency f, = 1 Hz).

Comparing P2 with P1, the influence of the turbulent in-
flow ceases to exist. The level of the pressure fluctuations
decreases in the downstream direction. All applied methods
predict this behaviour well. However, the LES shows less
satisfying results at P2 when compared to P1. The deviation
is due to the fact that the grid is too coarse to resolve the
turbulent boundary layer accurately. Artificial coarse struc-
tures are developing and cause higher levels of pressure
fluctuations. Here DES and the SAS have a clear advan-
tage. Because of their RANS inside the boundary layer re-
gime, no over prediction of pressure fluctuation is ob-
served.
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4 Aeroacoustic Simulation

4.1 Methods

According to Curle [13] the sound radiation in a subsonic
flow - as in the present case - is dominated by the dipole
sound sources, which are caused by unsteady forces due to
interaction of the flow with the moving surfaces. Employ-
ing a far field approximation the acoustical analogy of
FFOWCS WILLIAMS and HAWKINGS [14] simplifies
for the sound pressure p in an observer point x as

r ai} ds(o). (1)

1
47c, Lm[rzz) oz |D|

Here D denotes a Doppler factor which takes the effect of
the moving sources into account. ¢, is the speed of sound
and r the place of the source in the relative coordinate sys-
tem o. The integral is solved at the retarded time 7 and in
the reference frame of the source.

The sound field under non free field conditions is predicted
with the commercial program SYSNOISE". The acoustical
model is setup as a multi domain Direct Boundary Element
Method (DBEM) where the sound pressure and velocity is
represented on the boundary elements. Fig. 5 depicts the
boundary element grid of the interior and the exterior do-
main. The coupling of the two domains takes place at the
crossover of the inlet nozzle to the duct. The overall grid
size of both domains is approximately 13,000 elements.
This corresponds to a discretization of at least 6 elements
per wave length up to a frequency of 1200 Hz. A non- re-
flecting boundary condition is set for both models on the
cut surface downstream of the impeller. The sound sources
of each blade are represented as a rotating dipole source in
the model. A trick helps to implement all direct sound
sources in SYSNOISE into account without loss of phase
information: the impeller is split into six (LES) or three
(SAS) impellers with one or two blades, respectively. The
circumferential position of the superimposed artificial im-
pellers is according to the full bladed impeller. In contrast
to the free field method this model is setup in the frequency
domain.

p(x,t)=

Coupling surface

Fig. 5 BEM-grid, left: internal grid, right external grid

4.2 Aeroacoustic Results

The sound pressure is calculated at various observer points
on a circle with a radius of one meter around the centre of
the impeller (fig. 6).

Under free field conditions the inlet duct section is assumed
acoustically transparent, which corresponds to the neglect
of the short inlet section existing in the experiment [11].
The small difference of the microphone positions in the
experiments and the position of the observer points with
respect to the impeller is neglected. Fig. 9 shows the pre-



dicted and the measured power spectral density of the
sound pressure PSDL, =1010g[a’(ﬁ;p2 /df’) /(pg / fo)] dB

for two different observer points: on the rotational axis and
at an angle of 45° to the rotational axis. With exception of
the URANS based predictions, the results are in satisfactory
agreement with the experimental data for both observer
points. The spectra show that a standard URANS can only
predict tonal sound. SAS and DES, however, are able to
predict broad band noise up to a frequency of 1 kHz. LES
yields acoustic predictions which are satisfactory up to 5
kHz in our test case.
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Fig. 5 Comparison of predicted and measured sound pres-
sure power spectral density in a distance of one meter to
the impeller centre point or the inlet nozzle; top: upstream
of the rotational axis, bottom: upstream and at an angle of
45° to the rotational axis; (reference pressure py =2 107
Pa, reference frequency fy = 1 Hz)

However, as soon as the effect of the casing is important,
the free field assumption is not valid any more.

The advantage of the DBEM method is depicted in fig. 6.
The figure shows the sound pressure amplitude at blade
passing frequency (BPF) and its third harmonic. At BPF the
directivity is omni directional, whereas at 3x BPF the main
radiation is at angles of 45° to the rotational axis. This is in
good agreement with experimental data, fig. 7. Fig. 7 shows
the directivity of the sound pressure for the BPF and the
first four harmonics. Both, the measurements and the pre-
dicted directivities points out that the waves are guided by
the duct only for smaller wave lengths. The predicted direc-
tivity patterns show a slight asymmetry. This might be due
to the fact that the simulated time period is too short to get
an averaged sound pressure power spectrum with a higher
frequency resolution. One reason might be that the experi-
mental setup includes effects which the simulations do not
take into account; for example, some coarse structures
could develop far upstream of the inlet nozzle due to the
test environment, or the impeller is not perfectly balanced.
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Fig.6 Predicted sound pressure amplitude distribution;
LES sources, left: BPF, right: 3xBPF
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Fig.7 Magnitude of the sound pressure power spectral den-
sity; top left: BPF, top right: 2xBPF,
bottom left: 3xBPF, bottom right: 4xBPF

5 Conclusion

In this study LES, DES, SAS and URANS are tested to
predict gust noise of a low pressure fan assembly with grid
generated highly turbulent inflow. As compared to
URANS, the SAS, DES and LES correctly predict the sta-
tistical parameters of the turbulence downstream of the tur-
bulence generator resolving an increasing range of frequen-
cies. The response of the blade leading edge region to the
inflow turbulence in terms of surface pressure fluctuations
is predicted accurately. The LES is capable of capturing
pressure fluctuations up to a range of 5 kHz. One drawback
of the LES are certainly the immense numerical costs.

The LES with its poor wall resolution tends to predict too
strong wall pressure fluctuations towards the blade trailing
edge which are attributed to numerical artefacts. The RANS
within the SAS and DES method tends to suppress the de-
velopment of such artificial structures because of its low
pass filter effect. URANS can only predict tonal compo-
nents of the pressure fluctuations caused by the wakes of
the turbulence generator struts.

The characteristic of the sound field on the suction side,
where the impeller more or less radiates into a free field, is
predicted very well employing the Ffowcs Williams and
Hawkings analogy fed from source data from the SAS,
DES and LES. Again, only the LES was able to predict
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sound up to realistically interesting frequencies up to 5
kHz. Although the source pressure fluctuations are in some
regions over predicted, the overall acoustic prediction is
found to be in good agreement with measurements. This is
due to the fact that the level of the well predicted surface
pressure (at the leading edge) dominates the overall acous-
tics by far.

The effect of the casing on the suction side sound field re-
flected better with the DBEM. The fundamental effects of
the casing on to the sound radiation are well predicted. The
radiation at higher frequencies is stronger influenced by the
casing. Although the computational effort for the frequency
domain DBEM is relatively low a drawback is the fact, that
only discrete frequencies can be resolved. Time independ-
ent spectra with a high frequency resolution require long
simulation times, which, however, are likely to become
more and more realistic in the near future.
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