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ABSTRACT

Engine cooling fans must be efficient and quieter, as their
acoustic contribution is today more noticeable consider-
ing the reduced noise from electric motors. Therefore,
more effective noise reduction technologies must be de-
signed. This paper investigates how noise reduction tech-
nologies, designed for an isolated fan, are impacted by the
presence of a radiator pulling upstream. Two modifica-
tions to the baseline fan geometry are studied: (i) one with
a ring shape that mitigates the backflow-rotor interaction
and (ii) one with stator vane azimuthal spacing optimized
to reduce rotor-stator interaction tonal noise. They are as-
sessed with high-fidelity simulations performed both on
an isolated fan and a full cooling module including the
radiator, which is simulated using an equivalent porous
medium. Results reveal that the modified ring shape ef-
fectively prevents backflow-rotor interaction on the iso-
lated fan, reducing broadband noise by radially redirect-
ing the backflow. However, its performance is less effec-
tive when a radiator is present due to the presence of the
casing. Conversely, stator vane optimized spacing shows
robust noise reduction in both configurations, because the
effect of distributing tonal energy across several modes is
not altered by the presence of the radiator.
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1. INTRODUCTION

With the transition to electric motors, reducing car com-
ponent noise emissions has become a critical focus. This
shift has led the scientific community to investigate sev-
eral conventional [1] and bio-inspired [2] noise reduction
strategies.

One of the main noise contribution for low-speed fans
is tip-clearance noise, generated by coherent vortex struc-
tures present in the tip-gap region [3]. Tip-clearance noise
is usually mitigated by introducing a rotating ring [4] to
prevent the formation and growth of coherent structures
responsible for sub-harmonic humps. However, a rotat-
ing ring may generate unwanted flow patterns if the fan is
subjected to a pressure rise, causing backflow end increas-
ing unsteady loading noise. It has been demonstrated that
rotor-backflow interaction is a major source of unsteady
loading noise even at design conditions [5, 6]. Strategies
such as tailored short ducts [7], porous leading edges [8],
or serrated bio-inspired designs [9] have been conceived
to mitigate this noise source, albeit they increase high-
frequency broadband noise.

Rotor-stator interaction is another significant noise
source [10] for fans. If the rotor-stator axial clearance
is short, aerodynamic potential effect dominates over
wake impingement [11]. Geometrical azimuthal inhomo-
geneities might increase noise [12] and give rise to addi-
tional azimuthal pressure modes. Unevenly spacing the
vanes with specific modulations, as done by Duncan [13]
and Mellin-Sovran [14], is a typical solution. However,
these approaches act only in a discrete fashion on the
vanes spacing, eventually discarding optimal solutions, as
repoted in Ref. [15].

A comprehensive understanding of how these strate-
gies influence backflow-rotor interactions still deserves
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Figure 1: Tested automotive engine fan. The main
parts in which the fan consists are shown with differ-
ent colors.

further studies. Deterministic unsteady loading contri-
butions such as non-viscous rotor-stator interaction are
rarely addressed, and optimization procedures to mitigate
these effects are almost absent. Finally, most noise reduc-
tion techniques are evaluated on isolated fans rather than
on the real installed configuration. This must be consid-
ered when the same casing, for the fan and the radiator,
is used to test different configurations [16]. This aspect
is expected to impact the efficacy of noise reduction tech-
niques when applied to a baseline fan.

This paper examines numerically the influence of
shape modifications of the rotating ring to mitigate the
backflow-rotor interaction noise and explores the effects
of stator-vane uneven spacing to minimize rotor-stator in-
teraction tonal noise. Furthermore, the paper considers
how the radiator installation impacts the performance of
noise reduction strategies in typical operations.

2. FAN AND RADIATOR GEOMETRY

The fan consists of a 465 mm diameter (D) rotor with
B = 11 unevenly spaced blades connected to a ring, a
hub, a driving electrical motor, N, = 20 unevenly spaced
stator-vane, and a shroud, as shown in Fig. 1. The fan tip-
clearance is equal to 0.009D. The radiator consists of a
heat exchanger of 1.44D x 1.48D placed 0.02D upstream
of the fan hub and of a square casing that joins it to the fan,
as shown in Fig. 2.

A first modification to the ring geometry was per-
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Figure 2: Tested radiator. The heat exchanger is
shown in light blue (solid part) and yellow (coolant
tubes part), while the square casing is shown in grey.

y/R [

Figure 3: Baseline and low-noise stator-vane az-
imuthal distributions.

formed with the scope of preventing the backflow to in-
teract with the blades. The ring shape was modified to
further redirect the backflow from the blades. The axial
spacing between the ring and stator-vane was reduced by
30% to mitigate adverse flow in the tip-clearance. The
shroud was shifted forward in the x direction of the top
structure to keep constant the axial spacing with respect
to the ring.

A second modification concerned the stator vane az-
imuthal distribution. The spacing was designed following
the random spacing approach as described in Ref. [15].
This allows to redistribute more efficiently the acoustic
energy of the rotor-stator interaction tones. In Fig. 3 the
baseline and low-noise stator-vane azimuthal distributions
are represented.
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Figure 4: Sketch of the computational domain in the
plane aty/D = 0.

3. NUMERICAL SETUP

Simulations have been performed with the commercial
software 3DS PowerFLOW version 6, based on the lattice-
Boltzmann method (LBM) [17].

The computational domain used to simulate all the
configurations is shown in Fig. 4. A large fluid domain of
135D x 135D x 135D was built to simulate a free-field
environment that encloses the fan. The ceiling and the
floor of the simulation domain were modelled as a solid
reflecting wall, while both inlet and outlet had a static am-
bient pressure boundary condition. A discretization strat-
egy based on 11 Variable Resolution (VR) regions was
adopted. The regions with maximum resolutions were set
around the rotating blades and near the tip gap region,
where there are 11 voxels in the tip-clearance. The reso-
Iution in the tip gap region was similar to the one adopted
by Avallone et al. [18]. The voxel size between one VR
region and the adjacent one was doubled. In the VR3 re-
gion, a sponge region was defined by an artificial change
of viscosity of a factor of 100, with an exponential func-
tion between the inner and outer region, as outlined in Fig.
4. Both the increase in voxel size and the sponge region
were used to mitigate reflections of acoustics waves at the
domain boundaries.

In the isolated fan configuration, an anechoic wall
separating the two environments was introduced so that a
pressure rise Ap across the fan could be imposed [6]. The

fan maximum efficiency point was simulated, correspond-
Ap

ing to a load coefficient of ¢ = +—5— = 0.14, where p
2 ti
is the ambient density and vy;), is theptip velocity, and a
: _ v —
flow coefficient of ¢ = o e 0.10, where

V is the volume flow rate through the fan. Ry;;, and Ry
are respectively the tip and hub radii. In the full cooling
module configuration, the heat exchanger was modelled
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as an equivalent porous medium [19]. No pressure dif-
ference was imposed in this configuration, as the equiva-
lent porous medium provided the fan with a pressure loss
which corresponded roughly to the maximum efficiency
point of the complete cooling module system.

A physical time of 20 revolutions was simulated at a
resolution of 1200 voxel per diameter (vox/D) in the finest
VR region. A grid resolution study was performed on this
setup in a previous work [6]. Data was saved only dur-
ing the last 10 revolutions. Two planes parallel to the fan
were sampled at /D = —0.14 and /D = —0.06 to
compute averaged flow fields. The locations correspond
respectively to the rotating ring upstream boundary and
the rotor-stator interstage. Pressure on all the solid sur-
faces of the cooling module was sampled at a frequency
of 48,000 H z and the volume flow rate was sampled, at
the same frequency, on a plane at « = 0/D. Finally, a
fully circular array of 12 equally spaced far-field probes,
located in the plane z/D = 0 at a radius r/D = 2.15 far
from the fan centre, was used to sample directly the acous-
tic field from the simulations. The spectral content of the
signals was computed through the Welch averaging algo-
rithm [20] with 8 Hamming windows and 50% of overlap,
resulting in a frequency resolution of 11.8 H z.

4. RESULTS
4.1 Isolated fan

AT [%] AV %] AQ (%] | An[%]
+2.0 +6.4 +10.9 -6.0

Table 1: Aerodynamic performance variation be-
tween the baseline and low-noise geometries in the
isolated fan configurations.

First, the effects of the proposed noise reduction
strategies on the aerodynamic performance is discussed.
In Tab. 1 the variations of axial thrust force (7°), vol-
ume flow rate through the fan (1), aerodynamic torque
(Q), and aerodynamic efficienc of the low-noise geometry
with respect to the baseline geometry are reported. The
efficiency is calculated as

T

v
W(R?ip*szmb

QQ ’
where (2 is the fan rotational speed in rad/s. The low-
noise configuration displays an increase of both thrust and

(1
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Figure 5: Mean axial velocity in the near-tip region
(0.8 <7r/Ryp < 1.1),atz/D = —0.14, azimuthally
averaged.

torque due to the increase of aerodynamic surface, as well
as an increase of volume flow rate through the fan that can
be explained with a decrease in backflow. However, both
the increase in thrust and flow rate cannot compensate the
increase in torque, leading to an aerodynamic efficiency
reduction.

The impact of the ring shape on the upstream flow is
analyzed. In Fig. 5 the time and azimuthally averaged ax-
ial velocity sampled on a plane at /D = —0.14 is shown.
The velocity is made dimensionless with the tip veloc-
ity. It is observed that the low-noise configuration reduces
the velocity gradient in the region 1.1 < r/Ry;, < 1.4;
@/vy;, does not attain negative values on the low-noise
configuration, proving absence of the backflow.

The azimuthal mode decomposition of the axial ve-
locity root mean square is shown in Fig. 6. The quantity is
sampled on a plane at ©/D = —0.14 and along a circular
line at /Ry, = 0.9. Results confirm previous observa-
tions, as the low-noise configuration is characterized by a
considerable decrease in the axial velocity modal content
among all the frequencies of interest. This is associated
with the redirection of the backflow achieved by the mod-
ified ring geometry, reducing blade-backflow interaction.

The relevance of stator-vane azimuthal distribution is
now discussed by looking at the azimuthal mode decom-
position of the mean axial velocity in Fig. 7. The veloc-
ity is sampled on a plane at /D = —0.06, which cor-
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Figure 6: Azimuthal mode decomposition of the ax-
ial velocity root mean square (rms) sampled on a
fully circular line at 7/ Ry;;, = 0.9 in a plane located
at /D = —0.14. n is the mode order and B is the
number of rotor blades.
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Figure 7: Azimuthal mode decomposition of the
mean axial velocity sampled on a fully circular line
at 7/ Ry, = 0.7 in a plane located at /D = —0.06.
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Figure 8: Pressure fluctuations at x/D = —2.15,

y/D =0,and z/D = 0.

responds to the rotor-stator interstage, and on a circular
line located at r/R;;;,, = 0.7. The low-noise configura-
tion positively contributes to the redistribution of energy
among several other modes n. In particular, the low-noise
configuration can substantially reduce the modal content
in the range 1.5 < n/B < 2, which has been previously
shown by the authors [6] to be critically dominated by
aerodynamic potential rotor-stator interaction on this fan
configuration.

Finally, the efficacy of the proposed noise reduction
strategies is discussed in Fig. 8, where the spectra of
sound pressure fluctuations sampled at /D = —2.15,
y/D = 0, and z/D = 0 are shown in terms of Sound
Pressure Level (SPL). The probe lies on the fan rotational
axis, at a distance of 2.15.D upstream of the fan. The fre-
quency axis is made dimensionless with the blade passing
frequency (BPF = wDB, where w is the fan rotational
frequency in Hz). The spectrum clearly shows that the
low-noise configuration is characterized by a considerable
decrease in broadband content for f/BPF > 1.5. This
improvement is attributed to the absence of backflow-
rotor interaction in the low-noise configuration, achieved
through the modified ring shape that redirects the back-
flow far from the blades. Moreover, it should be noted
that also the tonal content of the low-noise configuration
is reduced, especially in the range 1.5 < f/BPF < 2, as
a result of the optimized vane distribution. Both noise re-
duction strategies led to a decrease in Overall Sound Pres-
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AT [%] AV %] AQ (%] | An[%]
-0.4 -2.6 +2.9 -5.7

Table 2: Aerodynamic performance variation be-
tween the baseline and low-noise geometries in the
full cooling module configurations.
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Figure 9: Mean axial velocity in the near-tip region
(0.8 <7r/Ryp < 1.1),atx/D = —0.14, azimuthally
averaged.

sure Level (OASPL) of about 4.9 dBA.

4.2 Full cooling module

The variations in aerodynamic performance for the full
cooling module baseline and low-noise configurations is
assessed in Tab. 2. Overall, the low-noise geometry re-
sults in smaller variations of almost every investigated
quantity. The thrust is mainly unaltered and the torque
is only slightly increased. However, the volume flow rate
through the fan is decreased, unlike the isolated fan con-
figurations. This is due to a different flow physics asso-
ciated with the backflow when considering the radiator
installation. These differences in aerodynamic quantities
lead to an aerodynamic efficiency decrease less important
than the one for the isolated fan configurations (Tab. 1).
In Fig. 9 the time and azimuthally averaged axial ve-
locity sampled on a plane at /D = —0.14 is shown for
the full cooling module configurations. The baseline and
low-noise configurations have an almost identical span-
wise trend of mean axial velocity near the tip, with a sub-
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Figure 10: Azimuthal mode decomposition of the
axial velocity root mean square (rms) sampled on a
fully circular line at 7/ Ry;;, = 0.9 in a plane located
atz/D = —0.14.

stantial reduction of the mean axial velocity gradient with
respect to the isolated fan, as seen in Fig. 5. This is asso-
ciated with the presence of the equivalent porous medium,
that has been previously shown by the authors [21] to lo-
cate the pressure losses on the fan disk up to r/ Ry, < 0.9.

The azimuthal mode decomposition of the axial ve-
locity root mean square at /D = —0.14 and r/Ry;, =
0.9 is shown in Fig. 10. It is observed an increase in the
low frequency modal content up to n/B < 2 which is
associated with the highly limited space in the radial ex-
tent due to the presence of the casing. This prevents the
backflow to be radially redirected. Conversely, a stronger
recirculation takes place in the casing upstream of the fan
and is expected to negatively influence the acoustic perfor-
mance of the system. The highly tonal content observed in
both the baseline and low-noise configurations is instead
associated with periodic recirculation spot in the casing
that are due to the flow distortion induced by the square-
to-round shape transition from the casing to the fan and
by the presence of several cylindrical screw holders that
are present in the casing. These features in the flow field
are outlined for the baseline configuration only in Fig. 11,
where Ay = —2.5-10°1 /s iso-surfaces are shown, colored
by velocity magnitude.

In Fig. 12 the azimuthal mode decomposition of
the mean axial velocity at /D = —0.06 and r/Ry;,
shows that the stator-vane distribution is consistently able

Figure 11: Mean Ay = —2.5 - 10°1/s iso-surfaces
coloured with velocity magnitude in the upstream
casing for the baseline configurations.
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Figure 12: Azimuthal mode decomposition of the
mean axial velocity sampled on a fully circular line
at /Ry, = 0.7 in a plane located at /D = —0.06.
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Figure 13: Pressure fluctuations at z/D = —2.15,

y/D =0,and z/D = 0.

to reduce the prominence of single modes n by heteroge-
neously distribute the energy, as seen also in Fig. 7 for
the isolated fan configurations. As a matter of fact, the
radiator installation does not influence the flow physics in
the interstage between rotor and stator, leading to consid-
erably similar results between the isolated fan and the full
cooling module configurations.

In Fig. 13 the spectra of sound pressure fluctuations
sampled at /D = —2.15, y/D = 0, and z/D = 0 are
shown. The probe location is upstream of both the fan
and the radiator. The low frequency (0.5 < f/BPF < 2)
broadband content of the low-noise configuration is higher
than the baseline configuration, meaning that the modifi-
cation on the ring shape is not consistently able to reduce
the backflow-rotor interaction noise contribution. This re-
sults in a higher noise contribution in the low frequency
range. From f/BPF > 2 the broadband content is
similar to the baseline configuration. Nevertheless, the
tonal content of the low-noise configuration is consistently
lower than the baseline configuration, as a result of the
stator-vane redistribution. It has been shown in Fig. 12
that the vanes are not influenced by the presence of the
upstream radiator. The OASPL is increased by 2.5dBA
because of the broadband content increase.
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5. CONCLUSIONS

Two modifications to the baseline geometry of an engine
cooling fan are studied: one with a ring shape that mit-
igates the backflow-rotor interaction and one with stator
vane’s spacing optimized to reduce rotor-stator interac-
tion tonal noise. They are investigated on an isolated fan
and a full module where the radiator is simulated as an
equivalent porous medium. Results revealed that the pro-
posed noise reduction strategies slightly reduced the aero-
dynamic performance, mainly because of the increased
aerodynamic surface of the modified ring shape that led
to a drastic increase in torque. The low-noise ring pre-
vented backflow-rotor interaction on the isolated fan, but
showed poor performance when the radiator is present be-
cause of its casing. On the other hand, stator vane spac-
ing showed robust noise reduction in both configurations
since the effect of distributing tonal energy across several
modes is not altered by the presence of the radiator up-
stream. Results shown in this paper highlight the impor-
tance of considering the radiator installation when design-
ing possible noise reduction strategies, especially when
the flow physics exploited to reduce noise can be substan-
tially altered by the presence of the radiator.
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