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Abstract

Rotating systems such as axial flow fans and wind turbines play a vital role in cooling processes and clean
energy generation. However, a major challenge in their operation is the noise produced by flow instabilities,
particularly tip-leakage vortices. Consequently, the development of advanced noise-reduction technologies
has become an undeniable necessity. Recent studies have demonstrated that incorporating porous casings
can significantly mitigate noise levels. In this study, porous structures based on Triply Periodic Minimal
Surfaces (TPMS) were employed to evaluate their aeroacoustic performance. First, the sound absorption
coefficient of these structures was analyzed, and the Gyroid with ©+7 porosity was identified as the optimal
design. This structure was then applied to two key case studies: the casing of an axial fan and the duct
surrounding a ducted wind turbine. A combined numerical and experimental analysis was conducted to
investigate both aerodynamic characteristics and the mechanisms of noise generation and suppression. The
results indicate that the TPMS-based casing effectively reduces the strength and size of tip-leakage vortices
while attenuating turbulence intensity near the casing wall. Moreover, the optimized design suppresses both
blade passing frequency (BPF) noise and turbulence-interaction noise. Quantitatively, the proposed
approach achieved a 1 dBreduction (=) 7) in the axial flow fan and a Y7 decrease in accumulated acoustic
energy. For the ducted wind turbine, the porous structure improved acoustic behavior, leading to an A/
reduction in overall sound pressure level (OASPL). These findings confirm that TPMS-based designs offer
a promising and efficient aeroacoustic solution for noise reduction in rotating machinery.

Keywords: sound absorber, aeroacoustics, noise reduction, porous media.
Introduction

Noise pollution is among the most pervasive environmental problems in industrial societies, with diverse
sources, particularly rotating equipment such as wind turbines and industrial fans that affect environments
and human health [Y-Y]. Continuous exposure to such noises causes consequences beyond annoyance,
including sleep disturbance, reduced performance, mental health issues, and cardiovascular risks [£-1].
Conventional porous absorbers (polymeric foams and metal foams), despite effectiveness, suffer limitations
in mechanical strength, environmental durability, and broadband performance, restricting their use under
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strong flows [1-Y)]. Triply periodic minimal surface (TPMS) structures, manufacturable via additive
methods, offer high surface-to-volume ratios, tunable porosity/permeability, and favorable mechanical
properties, making them a promising alternative [)Y]. Studies report that TPMS can provide broadband
absorption and significant frequency reductions, in some cases exceeding Y+ dB [VY]. In turbomachinery,
primary noise sources are tip-leakage flows and associated vortices, which increase both noise level and
spectral extent [Y£5)°]. To address a research gap, this study first measures experimental absorption
coefficients of TPMS samples and selects an optimal geometry, then evaluates noise-reduction capacity
and the interaction mechanisms between the porous structure and turbulent flow through combined
numerical—experimental analyses on a fan casing and a turbine duct.

Methodology

To demonstrate the effectiveness of porous structures for noise mitigation, two key applications are
investigated: an axial-flow fan and a ducted wind turbine. For the axial fan, a combined approach is adopted,
comprising experimental acoustic tests and a purely aerodynamic numerical analysis. The experiments aim
to quantify the real acoustic performance of porous casings in an anechoic chamber, while the numerical
simulations focus on elucidating the physical noise-reduction mechanisms: such as modifications of tip-
leakage vortex structures, reductions in turbulent kinetic energy, and changes in the near-wall flow field,
rather than achieving strict quantitative aeroacoustic_matching. In-contrast, for the ducted wind turbine,
practical limitations in prototype fabrication andtesting motivate a fully numerical framework that
integrates aerodynamic simulations with aeroacoustic post-processing, enabling a continuous assessment
of noise sources and the influence of TPMS linings. In both systems, the use of advanced porous
architectures is expected to improve aeroacoustic behavior and reduce overall noise levels, demonstrating
an efficient, transferable strategy for airflow-noise control. For the axial-fan casing, TPMS-based liners
were first designed using MATLAB and subsequently fabricated via additive manufacturing. Performance
was evaluated experimentally in an acoustic chamber and numerically using XFlow. The tested fan
measured VY +xVY«xYo mm, featured seven blades, operated at Y+ rpm, and had a blade-passing
frequency of )£+ Hz; the hub radius, tip radius, and tip clearance were YY, ©©, and ¥ mm, respectively.
TPMS casings were printed from PLA, selected for its printability and ability to reproduce complex
geometries with high accuracy. Measurements were conducted in a ¥xYx ¢ m anechoic chamber witha Y+ +
Hz cut-off frequency. Sound pressure was recorded at ) Y locations distributed on a sphere of *,A m radius
around the rotor. The setup followed ISIRI 1YAf standards; signals were acquired using a PRM)
microphone at £ £, kHz and Y £-bitresolution, processed in MATLAB, and corrected for background noise.

Results

Experimental acoustic tests demonstrate that a gyroid porous casing at 7 porosity outperforms both a
solid casing and the uncased condition: average SPL reductions of about ¥Y—¢ dB across frequencies and an
approximate Y17 reduction in accumulated sound energy (ASE) were observed (Fig. A). OASPL
distributions show directional noise reductions and a mean drop of 1 dB (~)\7) with the porous casing,
although localized higher levels appear due to counterclockwise rotor motion and interactions between
separation vortices and succeeding tip vortices (Fig. ?). Results indicate the porous casing alters the near-
wall flow, reduces absolute velocities, and weakens tip-leakage vortices, thereby lowering leakage
momentum and producing a smoother flow field (Fig. Y V). In the ducted-wind-turbine study, leading-edge
and inner-surface regions near the hub were identified as dominant noise sources (Fig. VV); implementing
gyroid liners over ~V+7 chord downstream of the leading edge and ~Y+7 of the inner surface produced
notable SPL reductions and lowered OASPL from ©71,Ye dB to ©Y,)1 dB (~A7 overall) (Figs. Y ¢-)°). The
primary noise-mitigation mechanism is vortex fragmentation: TPMS layers break large coherent vortices
into many smaller, dissipative structures, increasing viscous loss and suppressing strong tonal sources.



Conclusion

This study evaluated porous TPMS-based architectures for noise reduction in axial fans and ducted wind
turbines. TPMS structures, particularly a gyroid at ©+7 porosity, provided effective sound absorption with
minimal aerodynamic penalty. Experimental results for the fan showed an average OASPL reduction of
about 1 dB (=) )7%) and a Y1 decrease in accumulated acoustic energy. In the ducted turbine, TPMS lining
produced an overall sound-pressure-level reduction of roughly AZ. Numerical analyses indicate the
dominant mitigation mechanism is vortex fragmentation and dispersion, increasing viscous dissipation and
thereby weakening coherent noise sources.
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' triply periodic minimal surface (TPMS)
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Table Y. Mathematical formulation and microscopic detail for various types of TPMS structures.
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TPMS Structure

Mathematical expression

Microscopic detail

Primitive (P)

f(x, y,z) = cos(a)xx)+cos(a)yy)+cos(a)zz) =C
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Diamond (D)

f(x,y,z)=cos(w,x) cos(a)yy)cos(a)zz)

X z

—sin (@ x)sin(a)yy)sin(a) z)=C

Gyroid (G)

f(x,y,z)=sin(w.x) cos(a)yy) +sin(w,.z)cos(,x)

+sin(a)yy)cos(a)zz) =C
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Table Y. Porosity relations and extracted pore size coefficients for different TPMS structures.
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L. Derived Porosity Extracted Pore Size
Structure | Range of C Variations Relation Coefficients
3<C<3 P 1 IC a=0.8473 b=-0.1631
o 3<C< _1 1
Primiive =57 c=-00015 d=-00103
| 49<C<].42 P 1 35 c a=0.3982 b=-0.1795
Di d —1.42< . —— =
amen "= =5 7100 c=0.0010 d =-0.0448
1 1 a=0.4281 b=-0.1598
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Figure ). Porosity and pore size distribution and fitting curves for different types of TPMS
structures.
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power amplifier & signal analyzer
29 mm impedance tube .

loudspeaker

TPMS porous samples

Figure Y. Impedance tube setup for testing sound absorption properties.
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Figure 1. Schematic representation of experimental setup and microphone array.
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Fan and
Porous Casing
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(c) (b)

Figure V. A schematic of the experimental setup for measuring axial flow fan noise using a
single microphone: (a) Overall view of the acoustic chamber apparatus, (b) the casings

under investigation and (¢) Fan casing geometry.
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Figure A. Comparative analysis of sound pressure level and accumulated sound energy spectra for
fan with solid casing, uncased, and Gyroid porous casing under identical operating conditions.
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Figure 4. OASPL distribution curve for fan with solid casing, uncased, and Gyroid porous casing
under identical operating conditions.
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domain and boundary conditions and (b)

discrete schematic diagram of domain.
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(c) vorticity contours
Figure ). Comparison of aerodynamic characteristic contours for solid and porous casings: (a)
streamlines contour, (b) velocity vectors contour, and (c) vorticity contour.
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