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ABSTRACT
In this study, both tonal and broadband analytical models for the prediction of fan noise based
on low computational costs simulations or experimental data are applied and validated. Various
inflow conditions are considered to verify the ability of the tonal noise model to reproduce the
tendencies between the different cases. The tones predictions are in very good agreement when
using the numerical input data. For the prediction based on the experimental data the reduction
of the tones with the flow control devices is well captured and the frequency-dependent variation
of the tones amplitude is reproduced. The broadband noise is well predicted by a trailing-edge
noise model over a wide frequency range and confirms that the trailing edge noise is the main
broadband noise source mechanism in case of isolated axial fans.

INTRODUCTION
Due to strict governmental restrictions and the increasing consideration of comfort factors the

acoustic performance of fans, whose usage is subject of our everyday life, becomes more and more
important. Although numerical methods are widely used in the design process of fans, the calculation
of the acoustics of fans is still a challenging issue. Since the computational costs for direct accurate
acoustic simulations are too high for industrial applications, the noise emission predictions are often
based on empirical models and iterative, lengthy experimental measurements. In the present work,
analytical models of noise specific mechanisms are investigated for a ducted low-speed axial fan. Such
models require temporal averaged input data that can be obtained by unsteady Reynolds Averaged
Navier-Stokes (URANS) simulations.

In case of isolated ducted axial fans, the major annoyances are the perceived overall noise level
and its tonal content (subjective noise). The latter is generated by the fluctuating blade forces induced
by an inlet distortion, and radiated at the blade passing frequency (BPF) and its harmonics. Large
flow structures sucked into the fan section, can be accelerated and amplified near the blade leading
edge and create a non-axisymmetric and time-varying incident velocity field to the rotor blade (Sturm
and Carolus, 2013a). The large flow structures are related to any flow asymmetry and installation
effects. Moreover, they may be unsteady and responsible for unsteadiness of the sound levels at the
BPF (Sturm and Carolus, 2014).

In the present work, the inlet distortion generation mechanism and the associated tonal noise are
experimentally investigated on a 5-blade low-speed axial fan installed in a cylindrical duct where
a controlled pressure-rise is applied. The bell mouth ended-duct open in an anechoic wind-tunnel.
The flow conditions inside the anechoic room yields a massive and slow flow recirculation that is
responsible for the inlet distortion (Sturm and Carolus, 2013a). The tonal noise related to the upstream
distortion can be strongly reduced using flow conditioners. Hot wire measurements of the inflow
are conducted in a plane one diameter upstream the fan for three inflow conditions investigated.
Unsteady SAS (Scale Adaptive Simulations) are performed to complement the experimental database
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and provide input for an analytical software. Two inflow boundary conditions are investigated: a case
of pure axial inflow and the free inflow case of the experiments is also achieved numerically by using
the hot wire data.

The tonal content of the fan noise spectra is investigated using an analytical prediction tool
OPTIBRUI that uses the analytical response of Amiet (1976b) for stacked flat plates to discretize
the rotor blade geometry and the acoustic power upstream of the fan is obtained by using Goldstein’s
acoustic analogy (Goldstein, 1976). Several cases are considered for the analytical tonal model: the
hot-wire measurements for the different inlet flow conditions and several extraction planes from the
two numerical simulations, in particular the amplification effects of the distortion is investigated. The
broadband component of the fan is thought to be the self-noise mechanism and is not affected by
the flow conditioner (Sturm and Carolus, 2013b). Consequently, the model based on the generalized
Amiet’s model (Roger and Moreau, 2005; Rozenberg et al., 2010) with pressure fluctuations recon-
structed according to Rozenberg’s model (Rozenberg et al., 2012) is applied only on the results of the
simulation with the disturbed inflow to predict the broadband noise of the fan.

The paper is organized as follows: in the methodology section the experimental configuration
and the hot-wire measurements are first described, then the numerical parameters of the simulations
and the analytical models and their specific inputs are finally presented. In the results section, the
extraction from the numerical simulations is first analyzed, then the tonal prediction based on the
numerical and experimental data are compared with the experimental sound power levels. Finally the
trailing-edge noise predictions are compared with the acoustic measurements.

METHODOLOGY
Experimental Configuration
In this study the standardized test rig for acoustic measurements of fans at the University of Siegen

is used. This test rig has been used in several studies (Sturm and Carolus, 2013a,b), and hence only
the main features are repeated here. The fan takes air from a large anechoic room and exhausts into
a duct with an anechoic termination. The flow inlet is located off-center in the reverberant floor. The
low pressure fan unit contains five cambered and swept blades which are designed with an in-house
design software for axial fans. The rotor of diameter d2 is manufactured with a production tolerance
of at least 0.1 mm and balanced with very high precision (at least G6.3 according to (DIN ISO 1940-
1)) to avoid any non-aeroacoustic sound sources. A bell mouth type inlet nozzle with a 1/4 rotor
diameter radius is employed. Thin supporting struts are positioned one rotor diameter downstream of
the rotor. No other obstructions are present.

The acoustic measurements are conducted by using three free-field microphones (Bruel & Kjaer
type 4190) with a radial distance of 1.3 m from the leading edge of the rotor, an angular spacing of
35◦ from the axis of rotation and 1.35 m above ground. The signals are recorded with a sampling
frequency of fs = 25.6 kHz for an acquisition time of 10 s. The evaluated sound power spectra are an
average of the three microphones with a frequency resolution of ∆f = 1 Hz:

SWL(f) = 10 log

(
1

3

∑
100.1·Lp,i(f)

)
+ 10 log

AM
A0

+ 10 log
(ρa)0

ρa
(1)

where Lp,i are the measured sound pressure levels at the three microphone positions, AM = 2πr2 is
the measurement surface, A0 = 1 m2 the reference area and (ρa)0 = 400 kg/m2s the characteristic
acoustic impedance. For details of the sound power estimation, see (Carolus et al., 2015). All mea-
surements were performed at a rotational speed of n = 3000 rev/min and at the fan design operating
flow rate coefficient φdesign = 0.195. The uncertainty is less than 2 % for aerodynamic measurements
or less than 2 dB for acoustic measurements respectively, see (Carolus et al., 2015).

The application of two inflow conditioners as shown in Fig. 1, allows the investigation of the
tonal noise related to the inflow distortion. The Hemispherical Flow Conditioner (HFC) consists of
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a combination of a fluid conditioner structure, which reduces the lateral turbulence, and a down-
stream layer of wire mesh to reduce axial disturbances (Scheimann and Brooks, 1980). A second
inflow conditioner is a plane layer of small tubes, inserted into the duct upstream of the fan (Tubular
Flow Conditioner, TFC). The axial position of the TFC with respect to the rotor is shown in Fig. 2.
Geometric details of the flow conditioners have been described by Sturm and Carolus (2013b).

(a) Tubular Flow Conditionner (TFC). (b) Hemispherical Flow Conditionner (HFC).

Figure 1: Inflow conditioners.

To capture spatial variations of the flow field in the intake a cross section of the duct one fan
diameter upstream of the leading edge is scanned by a 3D hot-wire probe. The anemometer operates in
a constant-temperature mode. The measured signals are temperature corrected by using a temperature
probe. The hot-wire probe is calibrated in a low turbulence wind tunnel.

Figure 2: Lateral view of the axial fan section (left) and top view (right).

The orientation of the polar coordinate system for the hot wire measurements is indicated in Fig. 2
(right). The probe is attached to an automatic two axis positioning system, which is able to move the
probe in circumferential and radial direction without disturbing the flow inside the duct. The device
has a positioning accuracy of 0.02 mm and 0.15◦. The uniformly arranged measurement points in
the cross sectional plane of the duct have an angular distance of ∆ϕ = 5◦ and radial distance of
∆r = 5 mm, respectively. Together with the center of the plane, this leads to 2017 measurement
points. All measurements are conducted over a time interval of two seconds with a sampling rate of
fs = 25.6 kHz.

The inflow velocity profiles are evaluated in terms of the axial velocity cm, the circumferential
velocity cu and the radial velocity cr, according to the coordinate system indicated in Fig. 2. Due to
the fact that the data of the hot wire measurements are not recorded simultaneously at the different
measurement points, only time averaged data is evaluated assuming a statistically stationary state and
used as a stationary inlet boundary condition for the simulations. All velocity components are made
non-dimensional by the volumetric averaged velocity cvol inside the duct.
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Numerical Simulations
For the numerical simulations the fan section, as depicted in Fig. 2, is modeled using the com-

mercial meshing tool ANSYS IcemCFD. As shown in Fig. 3, the computational domain includes the
ducted fan with the hub and is divided into three subdomains, where the rotating rotor domain is
separated by sliding mesh interfaces from the stationary subdomains. The inlet is located one fan di-
ameter upstream of the leading edge, while the outlet is placed two diameter downstream the trailing
edge. The small tip gap of s/d2 = 0.1 % is fully resolved by the numerical mesh. The unstructured
mesh consists of 21.4 million cells including 5 prism layers with a 10 % growth rate at walls and
refined regions in the vicinity of the blades. The dimensionless wall distance on the blades is y+

avg = 4
(y+
min = 0.38, y+

max = 29.8).

Interface 1 Interface 2
Inlet Outlet

Figure 3: Computational domain and numerical mesh of the simulated fan section.

The pressure outlet boundary condition is set to a gauge pressure of 0 Pa. Two cases, which differ
only in the inlet boundary condition are investigated: (i) a pure axial, undisturbed inflow achieved
by a constant inlet velocity according to the design flow rate and (ii) a disturbed inflow where the
velocity data of the hot wire measurements is used for the inlet boundary condition. While the latter
are the real inflow conditions, the former represents an ideal inflow condition which can be achieved
only numerically.

The simulations are conducted using the commercial solver ANSYS Fluent 14.5.7. Although time
averaged simulation results are sufficient for the application of the presented noise models, the SAS
approach is chosen to obtain instantaneous data which can be compared with intermediate results of
the acoustic models like the spectra of the blade pressure fluctuations. All quantities are solved using
second order schemes. The SIMPLEC algorithm is used to solve the pressure-velocity coupling. The
time step is 5 × 10−6s, which leads to a resolution of 4000 time steps per blade-passage. The input
data for the tonal noise model is extracted at three different planes shown in Fig. 2: extraction plane
EP1 at the leading edge, extraction plane EP2 one quarter chord length upstream of the leading edge
and extraction plane EP3 midway between the leading edge and the interface upstream of the rotor.

Tonal and Broadband Noise Models
This section presents the tonal and broadband analytical models used for the acoustic predictions

and comparison with experimental measurements. These models are integrated in the OPTIBRUI
software for noise prediction of axial turbomachinery developed at Université de Sherbrooke. The
geometrical modeling of the fan is identical for the two noise mechanisms. The fan is mounted in an
annular duct of constant section. The cylindrical reference frame Rd(rd, θd, zd) is fixed to the duct
with its axial direction corresponding to the machine axis oriented towards the exhaust of the duct.
In order to account for the complex blade geometry, the blade is split into several annular strips of
identical span dr. At each strip rd, the blade element is described as a flat plate of constant chord
C (rd) and stagger angle χ (rd). The radial stacking of the blade elements is parametrized by the lean
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and sweep angles (ϕLE(rd),ψLE(rd)) that define the positioning of the blade element leading-edge
with respect to a rotational and a meridional plane crossing the blade leading-edge at the hub. Similar
angles at the trailing-edge (ϕTE(rd),ψTE(rd)) can be deduced from the chord and stagger parameters.
Each annular strip can be unwrapped into a rectilinear cascade geometry. A local Cartesian reference
frameRc(xc, yc, zc) is defined to compute the blade element acoustic response. The (O, xc) direction
is aligned with the flat plate pointing downwards, the (O, yc) direction is normal to the blade element
and the (O, zc) is aligned with either the leading or the trailing edge of the blade element depending
whether a noise mechanism at the leading or the trailing edge is computed and is pointing towards
the tip of the blade. The matrix from the coordinate systemRc to the coordinate systemRd is written
Q. Hanson (Hanson, 2001) provides the transfer matrix fromRd toRc that includes three successive
rotations of angle α, θ and β related to the lean, sweep and stagger angles of the blade element.

Tonal noise model with in-duct propagation
The rotor is assumed to be located in an infinite annular duct with a constant section and rigid

walls. For the acoustic propagation, only an inviscid mean axial flow of Mach number Ma is con-
sidered. Within these assumptions, the Goldstein’s analogy (Goldstein, 1976) provides the acoustic
pressure in the duct resulting from the force ~f exerted by the blade surface S on the fluid using the
annular duct Green’s function G:

p(~x, t) =

∫ T

−T

∫∫
S

∂G (~x, t| ~x0, t0)

∂x0,i

fi ( ~x0, t0) dS (~x0)dt0 (2)

with t0 and t the emission and observer times and ~x0 and ~x the emission and observer positions
respectively in the duct coordinate system.

The Green’s function can be written on the duct mode basis using the indices n and j for the
circumferential and radial modes respectively in the frequency space:

G (~x, t| ~x0, t0) =
i

4π

+∞∑
n=−∞

+∞∑
j=0

Enj(r0)Enj(r) e
in(θ−θ0)

Γnj

∫ ∞
−∞

e−i(γ
±
nj(x−x0)+ω(t−t0))

κnj
dω (3)

with k0 = ω/c0, Enj the duct radial function depending on the eigenvalue χnj of norm Γnj/2π,
γ±nj =

Mak0±κnj

β2 the axial acoustic wavenumber and κ2
nj = k2

0 − β2χ2
nj the cut-off criteria. The

superscript ± is related to the direction of propagation for z > z0 and z < z0, respectively.
The force can be related to the pressure jump across the blade: ~f = ∆P~n with ~n = sign (Ω)~ey,c

the local normal of the blade. Assuming identical blades uniformly distributed, the pressure jump is
identical for each blade but delayed in time by 2π(j−1)

ΩB
for the j th blade and can be decomposed into a

Fourier series to account for the rotational periodicity. The Fourier coefficient of the p harmonics is
written ∆P ( ~x0, t0).

A change of reference frame is required to exchange the integration order by integrating over
a fixed surface. For T → ∞ and uniformly distributed blades, the acoustic pressure becomes the
summation of tones. The acoustic pressure at the harmonic frequency sBΩ is:

p̂± (rd, θd, zd, t) =
+∞∑

n=−∞

+∞∑
j=0

Enj(r) e
i(nθ−γ±njzd)P±nj,sB−ne

−isBΩt (4)

The modal coefficient can be computed by splitting the surface integration first along the circum-
ferential extent of the blade and then along its span:

P±nj,sB−n =
−sign (Ω)B

2πΓnjκnj

∫ RT

RH

{
−iQ23

∂

∂r0

− n

r0

Q22 + γ±njQ21

}
Enj (r0)

×ei(γ
±
njzd,LE(r0)−nθd,LE(r0))I±nj,sB−ndr0 (5)
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with (xd,LE, yd,LE, zd,LE) the coordinates of the leading-edge and I±nj the chordwise integral of the
pressure jump. The hub-to-tip spanwise integration in Eq. (5) is replaced by a discrete summation
over the annular strips of the blade. The chordwise integral I±nj is approximated assuming a chordwise
wavenumber without sweep or lean effects. Following the acoustic response for an isolated flat plate
of Patterson and Amiet (1976), the pressure jump chordwise integral can be computed analytically
and related to the harmonics of the incident upwash velocity gust ŵp on the leading-edge considering:

I±nj,sB−n =
C

2r0

∫ 2

0

∆̂P sB−n(x∗c) e
i c
2

(
n
r0

sinχ+γ±nj cosχ
)
x∗cdx∗c = 2πρ0WŵsB−n

(
L1
nj + L2

nj

)
(6)

withW the relative velocity andL1
nj andL2

nj the blade response and the back-scattering of the trailing-
edge respectively for supercritical gusts defined in (Reboul, 2010).

Finally the acoustic power is obtained by considering only the cut-on modes that fulfill κ2
nj > 0

(Meyer and Envia, 1996):

Π±s =
+∞∑

n=−∞

+∞∑
j=−∞

Γnj β
4 k0,s κnj

ρ0c0 (k0,s ±Maκnj)
2 |P

±
nj,sB−n|

2 (7)

The acoustic power measured upstream of the fan is directly compared to the Π−s estimation.

Broadband noise with free-field propagation
For the case of broadband self-noise model, the acoustic propagation is computed in free-field

following the extension of Amiet’s theory (Roger and Moreau, 2005) applied for each uncorrelated
blade strip (Moreau and Roger, 2007; Guedel et al., 2009). The radiated sound field is calculated by
integrating the induced surface sources on the actual chord length, C and the strip span, dr, assuming
convection of frozen turbulent boundary-layer eddies past the trailing edge. In the assumption of large
aspect ratio dr/C, the spectral density of the sound pressure in the far field is obtained using:

Spp(~xc, ω) =

(
ωCyc

2πc0 S2
0

)2
dr

2

∣∣∣∣L( ω

Uc

k̄zc
S0

)∣∣∣∣2 Φpp(ω)lz(ω) (8)

where L is the aeroacoustic transfer function, derived analytically (Amiet, 1976a), and taking into
account leading-edge back-scattering, supercritic and subcritic gusts (Roger and Moreau, 2005).

Φpp(ω) is the wall-pressure spectrum upstream of the trailing-edge that has to be reconstructed
from the RANS or URANS simulation or directly extracted in the case of the SAS while lz(ω) is the
corresponding spanwise correlation length described by Corcos’ model.

In case of rotation, the far-field sound pressure level of a low solidity fan with B uncorrelated
blades is given by an integration over all possible circumferential positions of the single airfoil for-
mulation Eq. (8) (Paterson and Amiet, 1979):

Spp(~x, ω) =
B

2π

∫ 2π

0

(
ωe(Ψ)

ω

)2

SΨ
pp(~xc, ωe)dΨ. (9)

The factor ωe(Ψ)/ω accounts for Doppler effects due to the rotation (Sinayoko et al., 2012). The
acoustic power measured upstream of the fan is directly compared to the sound power estimated by
the integration of Eq. (9) over a hemisphere centered on the fan and looking towards inlet:

Π−(ω) =
2πR2

ρc0

∫ π

π/2

Spp(R,Θ, ω)dΘ (10)

with R and Θ the spherical distance and polar angle of the observers measured from the fan center
and machine axis (O, zd).
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The wall-pressure spectrum upstream of the trailing-edge is obtained by using Rozenberg’s spec-
tral model (Rozenberg et al., 2010, 2012) which is developed for attached turbulent boundary layer
with adverse pressure gradient and accounts for Reynolds-number effects. This model is based on sev-
eral characteristic parameters of the boundary layer. For each strip centerline at the extraction point
close to the trailing-edge on the suction, an extraction coordinate system is built (~xt, ~yn, ~er) along the
tangential, normal directions to the suction side of the mid-strip profile and the radial direction of
the cylindrical coordinate system, respectively. The quantities are extracted from a phase-averaged
snapshot (over a fan revolution) of the SAS simulation for the five blades and averaged. The rela-
tive velocity magnitude w and the relative total pressure are extracted along the ~yn direction. As the
flow is incompressible, the boundary layer thickness δ99 is determined by the height where the total
pressure recovers the exterior constant value. Then the velocity profile is integrated to obtained the
displacement δ∗ and momentum θ thicknesses. The Rozenberg’s model requires also the maximum
value of the normal shear-stress τM = max

0<yn<δ

[
µ ∂w
∂yn

]
along the extraction line. The wall pressure

gradient along the strip centerline ∂p
∂xt

is computed at the same extraction position. For the Corcos’s
model the convective velocity is determined as 80% of the exterior velocity Ue = w (yn = δ99).

RESULTS
Parametric Study of the excitation of the fan
The main input of the tonal noise mechanism is the relative velocity distortion seen by the leading

edge. Along the simulation, the instantaneous velocity is extracted in three planes shown in Fig. 2.
As can be observed in Fig. 4(a), the instantaneous velocity field is strongly influenced by the rotor
potential field, even in the plane EP2 or EP3. Such velocity would generate high and unphysical
harmonic at the blade rotation harmonic. To avoid this spurious effect, the potential effect of the
rotor must be removed. The velocity is therefore averaged in the duct reference frame. A preliminary
study has shown than 20 instantaneous fields to cover each blade passage period were sufficient to
successfully remove the potential effect. The averaged field over a blade passage for the disturbed
simulation is clearly non-axisymmetric as shown in Fig. 4(b).

(a) Instantaneous flow field. (b) Flow field averaged over one blade
passage in the duct reference frame

Figure 4: Dimensionless azimuthal component of the absolute velocity in the EP1 plane for the dis-
turbed case.

Seven blade passages have been extracted once the blade force components have reached a sta-
tionary state. The Fourier coefficients of the upwash components of the relative velocity at mid
span of the blade in the EP2 extraction plane are given in Fig. 5 for the disturbed and undisturbed
simulations. The coefficient amplitudes are 10 times higher in the disturbed simulation than in the
undisturbed one. Also, some variations can be observed between the successive blade passage periods
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of averaging. The interpolation procedure induces some errors yielding a remaining fluctuation level
of 5 × 10−5 for the higher harmonics. However, some distinct fluctuations for the lower harmonics
remain in case of the disturbed inflow. The upwash velocity for the center strip is shown in Fig. 6(a)
for the disturbed and undisturbed simulations. The interpolated values obtained after the averaging
process show point to point variations that highlights the interpolation errors. These oscillations are
responsible for the non zero levels at high harmonics. Still, after smoothing with a low pass filter, the
undisturbed case show some large scale oscillations. These oscillations are responsible for the low
harmonics levels observed in Fig. 5(b). The remaining oscillations in case of the undisturbed may be a
numerical consequence of the mesh non-homogeneity close to the leading edge as shown in Fig. 6(b)
for the extraction plane. Since the same mesh was used for both simulations, these mesh-induced
oscillations should be also present in case of the disturbed case. However, it is clearly visible from
Fig. 6(a) that the oscillations in case of the disturbed inflow are much stronger which can only be
related to coherent structures emerging from the disturbed inflow.

(a) Disturbed case. (b) Undisturbed case.

Figure 5: Fourier coefficients of the upwash component of the dimensionless relative velocity at
the mid-span of the blade in EP2. Seven successive blade passage periods are shown with different
patterns.

(a) Upwash velocity fluctuations for the disturbed and
undisturbed simulations in EP2 location. Light dash lines:
interpolated values used in the analytical computation,
dark plain lines: low pass filtered values.

(b) Mesh view at the EP2 mesh loca-
tion.

Figure 6: Upwash velocity extractions in EP2 mesh location.

Tonal Noise Prediction based on Numerical Simulation
The tonal noise predictions computed for the first blade passage period distortion are compared

with the experimental measurements in Fig. 7. The predictions obtained from the three extraction
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planes reflect the tendencies observed in the experiments. At BPF the agreement of the prediction
for EP1 is within 1 dB, while it is up to 5 dB for higher harmonics. Comparing the different inflow
conditions the level of the BPF tone reduction of 10 dB is similar to the experimental reduction
obtained with the HFC inflow device. The extractions made in EP3 upstream of the annular section
provide the higher tone levels. The initial disturbances observed in EP3 are diminished as they are
propagated downstream. This could be due to either numerical dissipation or related to the extra
distortion caused by the bulk-head that is not present in EP3.

(a) Disturbed case. (b) Undisturbed case.

Figure 7: Comparison of the acoustic prediction from the tonal model based on numerical simulations
with experimental measurements upstream of the duct intake.

The tonal noise prediction based on the seven successive blade passage periods that have been
extracted are shown in Fig. 8. As observed in the experiments the harmonics levels are fluctuating
from one blade passage period to another. The levels of fluctuations are increasing for extraction
planes closer to the blade leading-edge. The captured fluctuations might be related to secondary flow
and strong unsteadiness captured close to fan blade by the SAS turbulent model.

Tonal Noise Prediction based on Hot-Wire measurements
The hot-wire measurements recorded one duct diameter upstream of the fan for the three inflow

conditions can also be used as distortion input in the analytical model. To account for the duct
contraction yielding flow acceleration and pre-swirl effects an amplification factor is computed for
each relative velocity components by evaluating the ratios of the velocity components between the
inlet plane and the EP1 plane. The velocity is averaged in the duct reference frame over a fan rotation
to remove any potential effects that could affect the calculation of the amplification. The calculation
considers only the annular area between the hub and the shroud and is an azimuthal average. The
radial, azimuthal and axial components of the amplification factor are shown in Fig. 9. A smoothing
of the hot-wire measurements was required to avoid unphysical high tones related to point to point
variations in the measurements. The acoustic predictions are shown in Fig. 7 with the filled symbols.
As for the predictions based on the numerical results extracted in EP3 plane the tones are higher than
the measured ones. This is attesting that the upwash velocity fluctuations are damped while there are
convected towards the fan. The reduction of the tones with the flow control devices is well captured.
Except for the second harmonics, the HFC input data yields a prediction of tonal noise lower than the
TFC one, showing that the former provides cleaner inflow conditions.
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(a) Disturbed case.

(b) Undisturbed case.

Figure 8: Acoustic predictions from the tonal
noise model for seven successive blade passage
velocity fields extracted at the EP2 location.

Figure 9: Amplification factor for the radial,
circumferential and axial velocity component
cr, cu and cm.

Broadband Noise Prediction based on Numerical Simulation
For the trailing-edge noise model, the input data are extracted from an instantaneous field of the

disturbed simulation at the five blade strip locations close upstream of the trailing-edge. The flow
topology is shown in Fig. 10 where the trailing-edge is on the left hand side. The streaklines allow
identifying a large flow detachment at the hub and a small one near the trailing-edge at the tip. At mid
span the shear-stress lines are well aligned and parallel identifying a well attached boundary layer.
According to the pressure contours, higher pressure gradients are found on the upper part of the blade
span. The data are extracted for the five strips on the suction-side at 95% of the chord, following
the extraction procedure described in the methodology section. The extraction points are shown by
the purple spheres in Fig. 10. The acoustic predictions are compared with the experimental spectra in
Fig. 11. The contribution to the noise from each strip is also provided. Because of the flow detachment
the acoustic contribution from the first strip has a higher roll-off slope. Surprisingly, the second strip
has a larger contribution at low frequency than the other strips, probably a consequence of the flow
deflection coming from the hub recirculation. Indeed, the analysis of the extractions in Fig. 12 shows
the singularity of the second strip: with high boundary layer tickness and strong shear-stress. The
location of the second strip extraction point in Fig. 10 is right in the continuation of hub corner vortex
imprint on the surface, affecting the beneath boundary layer. Finally the total spectrum is within 3 dB
agreement of the broadband noise level captured in the experiments, except above 8 kHz where motor
drive additional noise could explain the higher levels in the experiments.

CONCLUSIONS
Unsteady numerical simulations have been performed using the SAS turbulent model on a 5-blade

low-speed axial fan in a duct for which several flow and acoustic measurements have been performed.
Inflow conditioners have shown to play a important reduction effect of the tonal noise. Two cases for
the simulation have been considered to mimic the effect of the flow conditioners at the duct inlet. An
undisturbed simulation using a uniform axial velocity inlet condition reproduces the hemispherical
flow conditioner (HFC) experimental case. A disturbed simulation reproduces the free inflow condi-
tion. The inlet profiles are radial, circumferential and axial velocity maps that have been measured
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Figure 10: Visualization of the flow
topology on the blade. The static pres-
sure is shown with color contours and
the streaklines are shown with the white
lines. Purple dots show the extraction lo-
cations.

Figure 11: Comparison of the acoustic prediction
from the trailing-edge noise model with experi-
mental measurements upstream of the duct intake.
The total noise spectra as well as the contributions
from the 5 blade strips is provided. From left to
right: boundary layer thicknesses, exterior stream
velocity, pressure gradient, normal shear-stress.

Figure 12: Boundary layer extractions along the blade strip.

downstream of the bell-mouth using a rotating hot-wire test rig. Analytical tonal and broadband noise
prediction available in the OPTIBRUI software have been computed using data extracted from both
simulations. The input for the tonal noise are the relative velocity maps upstream of the fan. An
averaging procedure in the duct reference frame allows removing the potential effect of the rotor on
the velocity components. The tone predictions for both the disturbed and undisturbed cases are in
very good agreement with the free and HFC inflow experiments. Although certain differences for the
different extraction planes can be observed when the distortion is present, the reduction of the source
mechanism as well as the relative influence of the first three harmonics is captured and independent of
the position of the extraction planes. Data extracted upstream of the bulk head provide tone levels 5
dB above the predictions from data extracted in the annular section. This reveals that the distortion is
damped while propagating towards the fan. Assuming a quasi-steady evolution and using extractions
from successive blade passage periods, fluctuations of the tone levels have been captured as iden-
tified in the experiments. Finally the analytical trailing-edge model has been applied to predict the
broadband noise component of the acoustic spectra. The wall-pressure spectra is reconstructed from
boundary flow data extracted close to the trailing-edge. The wall-pressure spectra model accounts
for the Reynolds effects and the adverse pressure that develops along the chord. The acoustic model
provides a good agreement with the broadband noise level in the measurements. The contributions
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from each strip can be related to the flow topology of the boundary layer on the blade suction side
demonstrating the relevance of the wall-pressure spectra model.
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