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1. Introduction

In modern engineering applications, the reduc-
tion of aeroacoustic noise has become a critical
challenge, particularly in HVAC systems. These
systems, designed to ensure thermal comfort and
air circulation in residential, commercial, and
industrial environments, often generate signifi-
cant noise due to the interaction between airflow
and mechanical components. Among these, ax-
ial fans play a fundamental role in driving the
airflow, but their operation inevitably produces
aerodynamic noise, which can degrade acoustic
comfort and, in some cases, lead to regulatory
non-compliance.

The noise generated by axial fans primarily orig-
inates from two sources: tonal noise, associ-
ated with periodic interactions such as blade
passing frequencies, and broadband noise,
linked to turbulent flow phenomena. While
tonal components can be mitigated through
structural modifications or phase-shifted blade
arrangements, broadband noise remains partic-
ularly challenging to control due to its stochastic
nature. This form of noise arises from the com-
plex interaction between turbulence and solid
surfaces, making its prediction and suppression
a subject of ongoing research in aeroacoustics.
In HVAC applications, excessive noise levels are
not only a nuisance but also a factor that influ-

ences the perception of product quality and en-
ergy efficiency. As urban environments demand
quieter and more sustainable solutions, optimiz-
ing fan blade design to minimize noise without
compromising aerodynamic performance has be-
come a strategic goal for engineers and man-
ufacturers alike. The present work addresses
this challenge by exploring advanced blade op-
timization strategies aimed at reducing broad-
band noise, leveraging a combination of compu-
tational fluid dynamics (CFD) and aeroacoustic
modeling techniques.

2. Methodology

The generation of aeroacoustic noise is inher-
ently linked to turbulence, as the chaotic and
fluctuating nature of turbulent flow gives rise to
pressure disturbances that propagate as sound
waves. The fundamental mechanism behind this
phenomenon lies in the behavior of turbulent ed-
dies, which vary in size and intensity throughout
the flow field.

In general, larger eddies are responsible for
generating more intense noise, as they con-
tain greater kinetic energy and induce stronger
pressure fluctuations. Conversely, smaller and
faster-rotating eddies produce noise at higher
frequencies, since their rapid fluctuations cre-
ate more frequent variations in the pressure



field. This direct relationship between turbu-
lence characteristics and noise emission is at the
core of aeroacoustic modeling.
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Figure 1: Representation of the basic idea be-
hind sound generated by turbulence eddies

To accurately predict and analyze the noise gen-
erated by a fan operating in an HVAC system,
it is essential to select an appropriate numer-
ical approach. Given the complexity of tur-
bulent flows, Reynolds-Averaged Navier-Stokes
(RANS) equations are used in this study to
model the mean flow and its turbulent properties
efficiently. While higher-fidelity methods such
as Large Eddy Simulation (LES) could provide
more detailed insights, their computational cost
remains prohibitive for industrial applications.
RANS, by its very nature, does not resolve indi-
vidual eddies but instead models their statistical
effects. This means that the direct simulation of
turbulence-generated noise is not feasible within
a RANS framework.
However, the Proudman model [1| pro-
vides a way to bridge this gap by lever-
aging the turbulence quantities computed by
RANS—specifically, turbulent kinetic energy k
and dissipation rate e—to estimate the acoustic
power radiated by broadband noise sources. In
particular,
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where:

- . is a model constant set to 0.1;

- po is the far-field density;

- € is the turbulent dissipation rate;

- k is the turbulent kinetic energy;

- ag is the far-field sound speed.
While more advanced formulations, such as the
Ffowes Williams-Hawkings (FW-H) analogy, are
better suited for tonal noise analysis, Proud-
man’s approach is particularly effective in as-
sessing broadband noise, which dominates in
HVAC applications.

Among the various RANS models available, the
k—w Shear Stress Transport (SST) model is em-
ployed due to its superior accuracy in capturing
boundary layer effects and flow separation. This
hybrid model effectively blends the strengths of
the £ — ¢ model (which performs well in free-
stream turbulence) and the k£ —w model (which
excels in resolving near-wall turbulence), making
it an ideal choice for analyzing fan aerodynamics
and its associated noise sources.

By combining RANS-based turbulence model-
ing with Proudman’s acoustic power formula-
tion, this methodology enables a comprehensive
evaluation of the noise generation mechanisms
within the fan. This approach ensures an op-
timal balance between computational efficiency
and predictive accuracy, allowing for an effec-
tive design optimization process aimed at re-
ducing noise emissions while preserving aerody-
namic performance.

Lastly, the fluid is treated as incompressible, a
common assumption in low Mach number ap-
plications such as HVAC fan systems. In these
scenarios, the density variations due to pressure
fluctuations are negligible, allowing the govern-
ing equations to be significantly simplified with-
out compromising accuracy. This assumption
is particularly justified since the Mach num-
ber remains well below 0.3, a threshold beyond
which compressibility effects typically become
relevant. By adopting this simplification, the
computational cost is reduced while still captur-
ing the dominant aeroacoustic mechanisms gov-
erning broadband noise generation.

3. Optimization

The initial fan design consists of a conventional
axial configuration, developed to provide suffi-
cient airflow within HVAC systems while bal-
ancing efficiency and manufacturability. The fan
features 3 blades, designed with a standard aero-
dynamic profile and an orientation optimized for
volumetric flow rate rather than noise reduction.
One of the primary concerns with the baseline
fan is its high broadband noise emission. This
noise originates from the turbulent structures
forming in the boundary layer along the blades
and in the wake regions downstream of the trail-
ing edges. The interaction of these turbulent
eddies with the surrounding flow generates sig-
nificant acoustic disturbances.



To mitigate this issue, a multi-faceted optimiza-
tion strategy was devised, focusing on the fol-
lowing key aspects:

1. blade number effect;

2. blade angle optimization;

3. inverted profile strategy.
Each of these modifications was systematically
applied and analyzed to quantify its effect on
both aerodynamic performance and noise gener-
ation.

3.1. Blade number effect

A fundamental aspect of fan design is the num-
ber of blades. The baseline fan features a rel-
atively low blade count, which results in large
flow separations between blades and pronounced
tip vortices. These flow disturbances contribute
significantly to turbulent noise generation.

To address this, the blade count was increased
from 3 to 5. This modification offers two key
benefits:

e reduced load per blade: by distribut-
ing the aerodynamic load across a greater
number of blades, each individual blade ex-
periences lower pressure differentials, lead-
ing to a reduction in flow separation and
turbulence;

e higher frequency noise shift: The in-
teraction between the fan and the down-
stream flow field generates tonal and broad-
band noise components. By increasing the
blade count, the characteristic frequency of
this interaction shifts toward higher values,
where human auditory perception is less
sensitive.

CFD simulations confirm that the increase in
blade count significantly smooths the velocity
field, reducing turbulent kinetic energy and min-
imizing the amplitude of large-scale eddies re-
sponsible for broadband noise.
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Figure 2: Blade number effect on acoustic power
level

3.2. Blade angle optimization

While increasing the number of blades provides
immediate benefits, further improvements were
achieved by refining the blade angles to better
align with the incoming and outgoing airflow.
The original blade geometry exhibited subopti-
mal incidence angles, leading to flow detachment
and energy dissipation in the wake region.

The optimized blade orientation was achieved by
adjusting:

1. leading edge incidence angle: the new
configuration ensures that the incoming air-
flow encounters the blade with minimal in-
cidence, reducing flow separation and tur-
bulence;

2. trailing edge outflow angle: most of the
modifications focused on the outlet angles,
refining the exit flow to guide the airflow
more smoothly downstream. This adjust-
ment minimizes velocity fluctuations and
turbulence intensity, which are key contrib-
utors to noise generation.

It is important to note that modifying the blade
angles also influences the fan head, a crucial per-
formance parameter. The optimization process
carefully balanced angle adjustments to main-
tain the same fan head while reducing noise and
turbulence. The refined blade orientation thus
ensures that aerodynamic efficiency is preserved,
while noise levels are significantly diminished.

Inverted profile strategy

One of the most innovative modifications intro-
duced in this study is the implementation of an
inverted profile strategy.
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Figure 3: Trailing edge vortex rotation for stan-
dard and inverted profiles



Traditional fan blades are designed with a con-
vex suction side and a concave pressure side.
However, this configuration, while effective in
generating lift, can also contribute to pro-
nounced turbulent structures.

The inverted profile strategy involves reversing
the conventional blade camber, particularly at
the blade tip region. This modification leads to:

e a more gradual pressure gradient: this
reduces the adverse pressure gradient that
leads to flow detachment, effectively lower-
ing turbulence levels;

e formation of counter-rotating tip vor-
tices: at the blade tip, the inversion of
the profile induces the formation of two
counter-rotating vortices. These vortices
interact in such a way that they partially
cancel each other out, reducing the overall
vorticity and minimizing turbulent noise;

e enhanced wake recovery: the modified
profile facilitates a smoother wake develop-
ment, minimizing acoustic disturbances in
the downstream region.
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Figure 4: Tip feature effect on acoustic power
level

Simulation results demonstrate a clear reduction
in both turbulent kinetic energy and acoustic
power levels, confirming the effectiveness of this
unconventional approach. The counter-rotating
vortices play a critical role in breaking up larger
turbulent structures, thereby reducing broad-
band noise and improving aerodynamic perfor-
mance.

4. Results

The effectiveness of the proposed optimization
strategies was evaluated through a comparative
analysis between the baseline and optimized fan
configurations. Key performance indicators in-
clude broadband noise reduction, changes in tur-
bulent kinetic energy distribution, and aerody-
namic efficiency improvements. This section
presents the simulation results, highlighting the

impact of each design modification.

4.1. Aerodynamic performance

A key objective of the optimization process was
to maintain the same fan head. Given the
higher number of blades in the optimized de-
sign, achieving the same fan head required a
5% reduction in rotational velocity. This ad-
justment ensured that the pressure rise remained
unchanged while allowing for the intended aero-
dynamic and acoustic improvements.

The results confirm that the optimized fan
achieves the same pressure rise as the baseline
configuration. In particular:

Original fan Optimized fan
Ref. —0.6%

Table 1: Fan head comparison

However, the overall aerodynamic efficiency ex-
periences a non-negligible reduction due to the
increased blade count. This trade-off is unavoid-
able in order to achieve the primary objective of
reducing broadband noise generated by the fan.
Despite this, the efficiency of each individual
blade improves, as the optimized design provides
better flow control and a smoother pressure gra-
dient along the blade surface compared to the
baseline configuration. In particular:

nrr = 73.6%
nrr = 68.6%
Optimized (3 blades) 7nrr = 75.3%

Baseline

Optimized

Table 2: Total-to total efficiency comparison

A fair comparison must be conducted under the
same blade count. As shown in Tab. 2, when
comparing the baseline design with the opti-
mized configuration featuring only three blades,
there is a noticeable increase in total-to-total ef-
ficiency. This parameter provides a clear indica-
tion of how effectively the fan converts mechan-
ical power into useful aerodynamic work while
accounting for pressure losses.

However, as already stated, the primary objec-
tive of reducing broadband noise necessitated an
increase in the number of blades, despite its im-



pact on overall machine efficiency. Given that
the fan head remains unchanged, the reduction
in efficiency results in a 6% increase in absorbed
power compared to the original design.

4.2. Aeroacoustic performance

The optimization process led to a significant re-
duction in broadband noise levels. This im-
provement—directly linked to the reduction in
turbulent kinetic energy—experiences a 33% re-
duction in its integral value, as predicted by
Proudman’s acoustic power model. Addition-
ally, the refined blade geometry contributed to
a shift in the dominant noise frequencies toward
higher values, where human auditory perception
is less sensitive.

Another key contributor to noise reduction is the
implementation of the inverted profile strategy
at the blade tip. This modification promoted
the formation of two counter-rotating vortices
that interacted in such a way as to partially
cancel each other out, effectively reducing tur-
bulent fluctuations in the wake region. As a re-
sult, the optimized fan exhibits lower broadband
noise emissions while maintaining aerodynamic
performance, making it a more suitable solution
for noise-sensitive HVAC applications.
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Figure 5: Acoustic power level peak evolution

Figure 6: Acoustic power level at 5mm down-
stream of TE: original (left) vs.
(right)

optimized
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Figure 7: Acoustic power level at 4bmm down-
stream of TE: original (left) vs. optimized
(right)

Figure 8: Acoustic power level at 125mm down-
stream of TE: original (left) vs. optimized
(right)

Figure 9: Acoustic power level at 165mm down-
stream of TE: original (left) vs. optimized
(right)

5. Future developments

While the current study has focused on aero-
dynamic and aeroacoustic performance, a cru-
cial next step is evaluating the mechanical in-
tegrity of the optimized fan design. A detailed
structural analysis using Finite Element Method
(FEM) simulations will be conducted to assess
stress distribution and deformation under oper-
ating conditions. This will ensure that the op-
timized blade geometry withstands centrifugal
forces, pressure loads, and potential resonant vi-



brations.

Furthermore, modal analysis will be carried out
to identify the natural frequencies of the fan
blades. This is essential to prevent resonance
phenomena that could amplify vibrations, lead-
ing to structural fatigue and increased noise
emissions. By ensuring that the optimized de-
sign avoids resonance with operational frequen-
cies, the long-term reliability and durability of
the fan can be improved.

5.1. Biomimetic design

One of the most promising avenues for future im-
provement lies in the adoption of biomimetic de-
sign principles, drawing inspiration from nature
to enhance noise reduction capabilities. Several
bio-inspired modifications will be investigated:

e serrated trailing edges: inspired by owl
wings, this design feature has been proven
to reduce noise by breaking up coherent vor-
tices in the wake. The implementation of
trailing-edge serrations could further mit-
igate broadband noise emissions without
significantly impacting aerodynamic perfor-
mance;

e wavy leading edges: borrowing from the
pectoral fins of humpback whales, a wavy
(tubercle) leading edge could improve aero-
dynamic efficiency by delaying stall and re-
ducing flow separation. This strategy may
enhance noise performance by stabilizing
the incoming airflow over the blade surface.

Conclusion

This study has successfully demonstrated an op-
timized design approach for an axial fan used in
HVAC applications, achieving a significant re-
duction in broadband noise while maintaining
the same fan head. The optimization process
led to a substantial decrease in turbulent struc-
tures responsible for noise generation.

The results confirm that the optimized fan
achieves the same pressure rise as the baseline
configuration. While the overall aerodynamic
efficiency slightly decreases due to the increased
blade count, the efficiency per blade improves
thanks to better flow control and a more gradual
pressure gradient along the blade. A fair com-
parison under the same number of blades shows
an increase in total-to-total efficiency, highlight-
ing a more effective energy conversion process.

From an aeroacoustic perspective, the broad-
band noise analysis based on Proudman’s model
shows a significant reduction in acoustic power
levels. The combination of design modifications
led to a smoother velocity field with lower turbu-
lence intensity, ultimately reducing noise emis-
sions at critical frequencies. The implementa-
tion of the inverted profile strategy, particularly
at the blade tip, resulted in the formation of
counter-rotating vortices that interact destruc-
tively, further diminishing noise levels.

These findings assess the proposed design modi-
fications and provide a strong foundation for fu-
ture research. While this study focused primar-
ily on aerodynamic and aeroacoustic improve-
ments, future developments could explore me-
chanical performance, modal analysis, and the
integration of biomimetic features to enhance
both noise reduction and structural robustness.
The insights gained in this work contribute to
the advancement of quieter and more efficient
axial fans, aligning with the growing demand for
noise-conscious engineering solutions in HVAC
applications.
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