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In order to reduce the noise of the axial fan, an uneven blade spacing was used to optimize tonal noise and blade
leading edge triangles were added to optimize the broadband noise. First, different angular distribution schemes
were designed on the basis of ensuring the dynamic balance of the fan, and the noise of the different schemes
was simulated by using the computational aeroacoustics (CAA) numerical simulation method. Then, the best
optimal angular distribution design was selected for experimental verification, which confirmed the reliability of
the numerical calculation. The test results also show that the uneven blade spacing has little effect on the fan
pressure and efficiency. Additionally, triangular leading edges were added to each blade based on the uneven blade

spacing design. Combining these two optimization schemes proved to reduce the fan noise by 13.4 dBA.

NOMENCLATURE

Acronym

BPF Blade passing frequency

CAA  Computational Aeroacoustics
SPL Sound pressure level

FW-H Ffowcs-Williams-Hawkings
NVH Noise, vibration, and harshness

Greek
Q; Blade spacing angle
s Circle ratio
1) Density
0(f) Dirac generalized function

I Viscosity

Roman

N Order

n Number of blades

R Fan speed in rpm

J Serial number of blades

A Phase modulation angle

s Number of groups

t Time

Co Speed of sound

€ij Viscous stress tensor

P Air pressure

T;; Lighthill tensor

U Velocity component

x Spatial coordinate components

Vi Normal velocity component

L; Blade wall load components

H(f) Heaviside’s generalized function
Subscript

¢t No.

7 No.

n  Normal

1. INTRODUCTION

Fan noise is usually characterized by discrete and broadband
noise. Discrete noise is caused by periodic fluctuations in blade
loading and is usually dominated by the BPF and its higher har-
monic tones. Therefore, it is also known as tonal noise. The
broadband component originates from the separated flow in the
impeller and is distributed over a wide frequency range in the
noise spectrum. A great deal of research has been conducted
on fans to reduce the overall noise level by reducing both com-
ponents.

As early as 1967, Lowson first proposed the idea of us-
ing circumferentially randomized blades to reduce rotor dis-
crete noise.! It was first theoretically investigated and the-
oretically proven by Mellin and Sovran in 1970.2 Based on
this, Enwald et al.> proposed a sinusoidal modulation method
for rearranging the blade spacing of an axial fan rotor; this
method reshaped the noise spectrum without causing any un-
desirable mechanical imbalance or aerodynamic losses, and
they achieved a reduction in the fundamental frequency noise
of 8 dB by using a 22-blade axial fan. In 1986, Sun XF de-
rived the sound radiation formula of an uneven fan through
S.E. Wright’s BLH-theory* and proved through testing that un-
equal pitch arrangement can effectively reduce the noise up to
10.67 dB, and also verified that the angle change rate within
20% will not have a large impact on the efficiency and air
volume.” Recently, unevenly arranged fans have been stud-
ied more and more extensively, based on S. Lewy’s research,®
a random modulation method was proposed as an alternative
method, and demonstrated good results.”-8

The use of the unequal spacing arrangement method can ef-
fectively reduce the order noise when the total sound pressure
level reduction is limited. As a result, the industry for the fan’s
vortex noise proposed the front bend and changed the line of
thinking to effectively reduce the broadband noise.” Ouyang'”
using the forward-skewed blade design and the results have
shown a great improvement of aerodynamic and acoustic per-
formance. Cai Na'! found that the aerodynamic noise of the
curved swept blade fan was always lower than that of the radial
blade fan by about 4 dB in all flow ranges of variable condi-
tions, and the noise was reduced in the whole wide frequency
band. Boyan Jiang!? combined the unevenly spaced blades and
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Figure 1. Fan structure.

the forward-curved-blades design which showed that a reason-
able blade distribution designed by this method could reduce
tonal noise without negatively affecting the aerodynamic per-
formance and the overall noise level.

In recent years, more studies have been proposed. Mehdi
Yadegari. et al.'’> explored the use of perforated surfaces
as an innovative method for noise reduction. Lai, Y. et al.!4
investigated how different installation setups (free field, wall
mounted, and in-vehicle) affect fan noise.

In this study, the optimization of noise is carried out by
designing the blade angle using the sinusoidal modulation
method as well as through adding a triangle in front of the
blades to achieve the forward curvature design. Then, the ver-
ification of the design will be completed by both acoustic sim-
ulation and experimental validation.

2. FAN NOISE ANALYSIS

2.1. Fan Structure

As shown in Fig. 1, the axial fan is a 7-blade double
curved blade type with a diameter of 500 mm, a hub diame-
ter of 160 mm, average chord length 89.3 mm, blade length
170 mm, average thickness 6 mm, a C-shaped wind protec-
tion ring structure, anticlockwise rotation with a rated speed of
2500 rpm and a blade tip speed of 0.2 Ma.

2.2. Noise Testing

Figure 2 is the structure of the Thermal Management Sys-
tem (TMS) which includes radiator, motor, fan and brackets.
Testing was done in a semi-anechoic chamber with an ambient
noise level of 38.0 dB. According to industry specifications,
the noise measurement point needs to be one meter to the side,
so a microphone was installed 1 meter to the side of the cool-
ing fan for testing. This was arranged as shown in Fig. 3, 1 m
from the radiator frame and 0.75 m in height from the ground.

LMS test equipment as well as PCB microphones were used
for testing, with a sampling frequency of 20480 Hz. Testlab
software was used for data processing, with the FFT method to
convert the time domain data to frequency domain data, using
the Hanning Window Function, with a frequency resolution of
1 Hz and A-weighting, to obtain the spectral data as well as the
RMS value of the sound pressure level.

B Radiator Fan

Figure 2. TMS structure.

Figure 3. Noise Test.

In order to confirm the influence of the radiator and grille
on the noise, a TMS, a TMS without radiator, a TMS with
simplified metal bracket were tested separately.

Table 1 shows the noise results at different speeds, they are
very close, with a maximum deviation of 0.5 dB, so the grille
and heat sink have a relatively small effect on the overall noise
level.

The analyses in the following sections are based on the TMS
test result, 98.0 dBA at 2500 rpm.
2.3. Fan Aerodynamic Noise Analysis
2.3.1. Analyzing fan blade passing noise

The formula for N-th order of BPF (blade passage fre-
quency) is:

BPF =N -n-R/60; (€))
where, n is the number of blades, R is the fan speed in RPM,
N is the harmonic number and is taken as a positive integer.
The base BPF frequency of a 7-blades fan at 2500 rpm is:

BPF, =1-7-2500/60 = 291.7 Hz. )

Table 1. Comparison of different test samples.

RPM T™S TMS without | TMS without grill (instead
radiator of simplified metal bracket)

1000 | 73.3 dBA 73.4 dBA 73.1 dBA

1500 | 83.5dBA 83.9 dBA 83.6 dBA

2000 | 91.1 dBA 91.6 dBA 91.5 dBA

2500 | 98.0 dBA 98.3 dBA 97.9 dBA
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Figure 4. Waterfall diagram of the noise spectrum.

2.3.2. Analyze the noise spectrum data of the fan at
2500 rpm.

From the test data in Fig. 4, it can be concluded that the
noise energy is mainly concentrated in the frequencies of
292/583/875/1167 Hz, and the order frequency coincides with
the calculated BPF order frequency.

3. OPTIMIZATION OF BPF NOISE
3.1. Reduce BPF Noise

The BPF belongs to the discrete noise that occurs as a re-
sult of periodically induced non-stationary forces, and its fre-
quency is mainly related to the blade speed and the number of
blades.

As the fan is uniformly arranged, when the fan rotates, the
blades periodically cut the air, which will cause the blades to
beat the air uniformly according to the number of times the
blades are counted in each rotational cycle, thus forming BPF
noise.

A number of technical means have been proposed to reduce
the tonal noise of cooling fans. The most important design
method is the uneven arrangement of the blades.

3.2. Optimization of Uneven Blades

Arrangement

The design of uneven blades mainly considers two aspects
of the constraints, one is the blade arrangement changes, which
allows for meeting the dynamic balance conditions of the im-
peller operation; and the second is the angle between the blades
cannot be too large, otherwise the aerodynamic performance of
the fan may cause large changes.

When considering the static and dynamic balance of the fan,
the angles between the 7-blade fan «; need to satisfy the Eq. (3)
as seen below:

Z;:l Cos ZZ:I al) = O
S (Sie)=0 O
S a; = 360°

Since the constraints can be solved by an infinite set of so-
lutions, the clamping angle between the blades is modulated
by a blade grouping self-modulation scheme, which groups
the seven blades and sets the phase modulation angle for each
group of clamping angles. According to the company’s histor-
ical product development experience, the grouping and phase

Table 2. Comparison of perspectives of different optimization scenarios.

Angle | Unevenl | Uneven2 | Uneven3 | Uneven4d
Phase 3.3 4.5 6.7 8.6

1 53.5 55.90 58.7 59.8

2 50 45.0 40.9 39.3

3 46 49.8 48.8 48.4

4 61 58.6 63.1 64.9

5 46 49.8 48.8 48.4

6 50 45 40.9 39.3

7 53.5 55.9 58.7 59.8

modulation angles need to satisfy the Eq. (4):

) j
aj+1:j~%+ASin (sZm) — ay; )
=1

where n is the number of blades, A is the phase modulation
angle, and s is the number of groups.

Since the number of blades is 7, and according to experi-
ence, the number of groups is set to 2. Considering the im-
pact on the aerodynamic performance of the fan and according
to experience, the phase modulation angle takes the value of
0-10°. In order to study the difference of the angle between
different phase modulation angles, a total of four groups of
different angles are taken for simulation and comparison.

3.3. Validating Optimization Schemes

CAA refers to Computational Aeroacoustics, which is a
cross-cutting and marginal discipline between aerodynamics
and acoustics, and mainly studies the generation mechanism,
propagation of aerodynamic noise caused by gas flow and its
interaction with objects.

One of the first outstanding theoretical contributions to mod-
ern aerodynamic acoustics was the fruitful work of Lighthill'
in the 1950’s. Lighthill developed the theory of acoustic mod-
elling. Lighthill’s equations can be derived from the funda-
mental equations of fluid dynamics, the N-S equation, and the
continuity equation. By differentiating the continuity equation
with respect to ¢ and taking the divergency of the momentum
equation, respectively, and subtracting the results, the Lighthill
equation is given:

02p . 0T
P _avy = o0
atz axlﬁxj

®)

where, p/ = p — po , it is the fluid density fluctuations, T5; is
the Lighthill stress tensor. T;; = pu;u; — eij + ;5 (p — cdp) is
the Lighthill stress tensor ej is the viscous stress tensor, and,

o 8uz 8uj 2 auz .
€ij = 1 (&cj + oz, 361189%) ; (6)

The Lighthill equation is obtained under the assumption of
free space, Ffowcs Williams&Hawking discussed the acoustic
radiation of an object in arbitrary motion, and applied the gen-
eralized Green’s function method to consider the problem of
sound emission at the boundary of a solid moving in a fluid,
and based on Lighthill’s equation, the FW-H'6 acoustic propa-
gation equation is derived:

1 62])/ an/ -
a? 02 9x2
0 0 02
% [« Vad (f)] — Bz, [Lio(f)] + G ([T H(f)]. ()
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Inlet Rotating domain Wall Outlet

Figure 5. CFD simulation model.

The first term on the right-hand side of the FW-H equa-
tion is a monopole source due to the periodic rotation of the
blade (mass/thickness source term); the second term is a dipole
source due to the force acting on the fluid at the surface of the
object (force pulsation source term); and the third term is a
dipole and quadrupole source due

to the change in volume caused by the displacement of the
object (stress pulsation source term).

3.4. Simulation Model

A hybrid approach is used to predict the radiated noise in
the free field. The transient flow field around the fan blade is
first accurately simulated based on CFD analysis to obtain its
surface pressure data, and then the radiated noise of the fan
blade is predicted using the CAA method.

Figure 5 is the CFD model of the fan, which has a total of
78722314 elements and a minimum element size of 0.2 mm.
Considering the convergence of the numerical calculation, the
inlet is selected as a square area with reference to the structure
of the radiator. The outlet is a cylindrical area, the medium in
the simulation model basin is flowing air, the total pressure of
the inlet and outlet is relative to the atmospheric pressure, and
there is no additional pressure in the inlet and outlet, and the
atmospheric pressure is given as 0 Pa. The inlet and outlet are
both set to be the pressure inlet and outlet, and other places
are set to be the wall. The fan blade is set as a moving wall
condition with zero rotational speed with respect to the rotating
domain. The rotating domain is set as an air fluid, and when the
rotating domain rotates at 2500 rpm, it drives the fan to rotate
at this speed. The steady state operation is performed based on
the RNG k -e turbulence model using Ansys Fluent software,
and the transient operation is performed using the Large Eddy
simulation (LES) model after convergence. The total number
of grids is close to 80 million, meeting the LES calculation
requirements. The time for the fan to make one revolution at
2500 rpm is 0.024 s, so the step time of transient simulation
was set to 0.000133 s, and export 600 steps.

Figure 6 is the CAA simulation model using ACTRAN, in-
cluding the fan rotation region, the dynamic-static interface
sound source region, the body sound source region, the sound
propagation region, and the monitoring microphone.

The noise source generated by fan rotation is integrated into
the dynamic-static interface of the fan as well as the region of
the body sound source. Then, the sound propagation is calcu-
lated to monitor the sound pressure at the specified point (1 m
at the side).

3.5. Validation of the Simulation Method

Comparing the simulation results of the fan with the test
data, the spectrum is shown in Fig. 7.

The blue curve is the test data, the noise overall value is
98.0 dBA, and the red curve is the simulation data, the noise

Microphone

< Propagatio

Figure 6. CAA simulation model.

TestData | SPL=98.0dBA
875Hz —— simData | SPL=37.5d84

N

SPL (dBA)

a 250 s00 50 1000 1250 1500 1750 2000
Frequency (Hz)

Figure 7. Comparison of simulation and test data.

OA value is 97.5 dBA, which is 0.5 dB different from the test
value, and the error is within the acceptable range (£3 dB). The
peaks corresponding to the order noise coincide with the test
data.

3.6. Uneven Spaced Simulation

Comparing the simulation results in Fig. 8 of four different
designs, it is found that Uneven3, with the lowest noise (green
curve) at a phase modulation angle of 6.7°, is 90.1 dB. This is
7.4 dB lower than that of the original uniformly arranged de-
sign and eliminates the obvious order noise and also effectively
reduces the peak value.

3.7. Test

In order to validate the optimized uneven design, test of Un-
even3 was carried out on prototype.

The test result is 90.7 dBA, with a 7.3 dB decrease at
2500 rpm at rated operating conditions. Analyzing the spec-
trum at 2500 rpm.

As shown in Fig. 10, the results of spectral analysis show
that the uneven arrangement design reduces the fan noise by
7.3 dB.

The fan efficiency is the ratio of the fan flow rate multiplied
by pressure to fan input power. Based on ISO 5801:2017,!7
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100
---- Evenlayout | SPL=97.5dB
Unevenl | SPL=91.4dB
Uneven? | SPL=93.1dB
Uneven3 | SPL=90.1dR
—— Unevend | SPL=96.8d8

SPL (dBA)

250 500 750 1000 1250 1500 1750 2000
Frequency (Hz)

Figure 8. Comparison of uneven arrangement scheme and uniform arrange-
ment scheme.

Figure 9. Uneven3 prototype.

Fig. 11 shows the efficiency test conducted in a wind tunnel
where both the inlet and outlet areas are free boundaries. Ta-
ble 3 shows the air pressure and efficiency comparison results.

The test results show that the fan efficiency and heat dissipa-
tion capacity of the uneven blade arrangement design are less
affected compared to the uniform arrangement design, con-
firming that the scheme is feasible in optimizing the BPF noise.

4. OPTIMIZATION OF FAN VORTEX NOISE

4.1. Generation Mechanism of Broadband
Vortex Noise

Broadband vortex noise is mainly caused by the random
pulsation force acting on the blade. When the airflow flows
through the blades, it generates turbulent surface layers and
vortices, which cause pressure pulsations on the blades. This
pulsation is obviously chaotic and irregular, and thus this noise

Evenlayout | SPL=98.0dB
—— Uneven3 | SPL=90.7dB

100

SPL (dBA)

AR |

0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)

Figure 10. Comparison of 2500 RPM test spectra of uneven and uniform
samples.

Figure 11. Efficiency test in a wind tunnel.

Table 3. Comparison of fan performance test between uniform and uneven
samples.

Parametric Uniform | Uneven design
Capacity 2.75 m’/s 2.73 m’/s
Static Pressure 501 Pa 497 Pa
Efficiency 53.1% 53.0%

has a wide frequency range.

4.2. Blade Optimization

To reduce the fan vortex noise, an effective method is to add
triangular to the leading edge of the fan blade, it is a reason-
able approach as it minimally disrupts the blade profile while
effectively reducing noise.

The size of the triangle is the main factor affecting the op-
timization result of the blade. Considering the impact on the
aerodynamic layout of the original airfoil after increasing the
triangle area, the height of the triangle needs to be controlled
within a certain range, as well as the width. Therefore, on the
basis of the uneven arrangement scheme, the four sets of trian-
gle dimensions in Table 4 are defined empirically for analysis,
and the optimal values are taken to improve the design.

4.3. CFD Analysis Results

The left picture in Fig. 13 shows the CFD results of the orig-
inal design. The streamlines are more concentrated in the tip
area, generating local vortices. The right picture shows the
CFD results of the design with an added leading-edge triangle.

Figure 12. Add Leading edge Triangle.
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Table 4. Different forward bending scenarios.

[ Triangular | Triangle | Triangle | Triangle | Triangle
1 2 3 4
L (mm) 30 40 50 60
H (mm) 50 60 30 40

y

Figure 13. Comparison of CFD streamline results.

The streamlines are dispersed over the entire triangular edge,
and the energy is dispersed resulting in fewer vortices.

4.4. Acoustic Simulation Results

A comparison of the CAA calculation results is shown in
Fig. 14:

The results show that Triangle 4 (green widening curve)
with a triangle width of 60 mm and height of 40 mm has the
lowest noise. The fan rated noise at 2500 rpm was 84.2 dB,
which was reduced to below the design target of 85 dB.

4.5. Test Validation

In order to verify the optimized leading-edge triangle based
on uneven design, the sample part was tested.

The test results show that the noise decreases at all speeds
compared to the original uneven arrangement scheme, and the
noise is 84.6 dBA at 2500 rpm at rated condition, a decrease
of 6.1 dB compared to the uneven arrangement scheme, and a
decrease of 13.4 dB compared to the original uniform arrange-
ment scheme.

The comparison of the spectral data is as Fig. 16, from which
it can be seen that the uneven arrangement + forward curva-
ture scheme (green curve) has a significantly lower noise level
over the whole wide band than the scheme designed for un-
even arrangement only, which proves that the optimized design
scheme is effective and achieves the design objectives.

100

————— Evenlayout | SPL=97.5dB
~=- Uneven3 | SPL=90.1dB

—— Triangle 1| SPL=85.5dB
—— Triangle 2 | SPL=88.7dB
—— Triangle 3 | SPL=87.0dB
—— Triangle 4 | SPL=84.2dB

80

2e-05 Pa))

60

pressure (ref:

a0

Fluid_P (dBA

20

0 250 500 750 1000 1250 1500 1750
Frequency (Hz)

Figure 14. Comparison of model simulation results for different forward
bending scenarios.

Figure 15. Test sample of the optimal leading triangle and uneven arrange-
ment design.

—— Evenlayout | SPL=98.0dB
100 Uneven3 | SPL=90.7dB
—— Uneven+Triangle | SPL=84.6dB

SPL (dBA)

500 1000 1500 2000 2500 3000 3500
Frequency (Hz)

Figure 16. Comparison of test spectra for uneven arrangement + forward
bending scheme.

To verify the effect of the optimized design on fan efficiency,
it was tested, and the comparison results are shown in the Ta-
ble 5.

The results show that due to the front bend increasing the
effective area of the fan resulting in a slight increase in both
wind pressure and air volume, the efficiency is 0.6% higher
than the initial scheme. This proves that the scheme is not
only effective in reducing the noise of the fan, but also has an
increase on the efficiency.

Aerodynamic noise, as the focus of NVH research, has many
influencing factors, system complexity and a certain degree of
randomness, and has always been the focus of the project in the
related product development process. At the same time, in the
field of fan noise, scholars and enterprises have also conducted
a lot of research and proposed many solutions from different
perspectives, such as the widely used bionic blade design'8-2°
in the fields of aerospace engines and other fields. The next
step will be to continue research in this area.

5. SUMMARIES

Through numerical simulation and experimental verifica-
tion, the uneven arrangement of the fan effectively reduced the
noise of 2500 rpm of the rated condition of the fan by 7.3 dB.
The unevenly arranged blades and leading triangle design ef-
fectively reduced the fan noise at 2500 rpm by 13.4 dB un-
der the premise of ensuring the performance of the fan, which

Table 5. Comparison of performance test for uneven arrangement + leading
Triangle scheme.

parametric Equal Unequal | Uneven + Triangle

airvolume | 2.75m%/s | 273 m’/s 2.76 m%/s
static pressure 501 Pa 497 Pa 506 Pa

efficiency 53.1% 53.0% 53.7%
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achieved the design goal and effectively solved the noise prob-
lem.

Compared with previous studies, this study not only focused
on the optimization of fan noise performance, but also pays
more attention to reducing noise while maintaining high effi-
ciency through the simultaneous comparison of simulation and
experiment. The efficiency requirements of traditional auto-
mobile radiator fans were generally not high, and the design
focused on optimizing blade shape and changing materials to
optimize noise. Although noise reduction solutions have been
proposed, they often sacrifice some fan performance.?!-?*> This
study successfully achieved noise reduction and improved per-
formance through the innovative design of non-uniformly ar-
ranged blades and leading triangles, filling this research gap.

These research results not only verify the effectiveness of
innovative designs in reducing fan noise, but also provide new
ideas and methods for fan design, which is of great significance
to related industrial applications, i.e., application scenarios that
require efficient cooling and are sensitive to noise, such as new
energy vehicles, computer cooling systems, and household ap-
pliances, the design scheme of this study has significant appli-
cation value.
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