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This study presents the development and validation of a compact open-jet anechoic
wind tunnel (2.5 m x 2.5 m x 2.5 m) with multi-layered sound-absorbing walls. The
chamber’s acoustic performance was evaluated through sound uniformity tests and
aerodynamic noise measurements using a G.R.A.S. 40PH free-field microphone. Results
confirmed effective suppression of reflections above 500 Hz, with sound pressure levels
showing <5 dB variation across measurement points. The tunnel demonstrated strong
mid-to-high frequency (1-10 kHz) absorption, critical for airfoil trailing-edge and
turbulence noise studies. However, low-frequency (100-500 Hz) performance indicated
minor non-uniformities, suggesting opportunities for improved damping. Aerodynamic
noise followed a power-law scaling (P « U%%), revealing structural vibrations as a
secondary noise source alongside flow-induced noise. The design met ISO 3745
standards for free-field conditions while maintaining turbulence intensities below 0.2%,
suitable for fundamental aeroacoustics research. Key innovations included optimized
wedge-type absorbers and a modular construction approach, enabling cost-effective
replication. The study provides a validated framework for small-scale anechoic wind
tunnels, addressing gaps in affordable, precision aeroacoustics testing infrastructure.
Keywords: Future work should target enhanced low-frequency absorption and vibration isolation
Anechoic; wind tunnel; aeroacoustics to expand operational bandwidth.

1. Introduction

Anechoic wind tunnels are essential tools in aeroacoustics research, providing controlled
environments for the study of noise generation and sound propagation from aerodynamic sources.
Unlike traditional wind tunnels, which are typically used for aerodynamic performance testing,
anechoic wind tunnels are designed to eliminate sound reflections from the walls, floor and ceiling,
thus simulating a free-field condition. These specialized facilities are crucial in fields such as aircraft
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design, automotive engineering and environmental noise control, where understanding noise
emissions is as important as measuring aerodynamic forces [1-3].

The primary function of an anechoic wind tunnel is to provide a low- reflection acoustic
environment, allowing for accurate noise measurements without interference from reflections. To
achieve this, the walls of the test section and surrounding chamber are typically lined with sound-
absorbing materials. In general, the chamber should meet international standards such as I1SO
3745:2012 [4], which specifies precision methods for determining sound power levels of noise
sources in anechoic and hemi-anechoic rooms. The chamber should also comply with ISO 26101:2012
[5], which defines the criteria for free-field environments necessary for accurate noise measurements
[6,7].

Despite the importance of such facilities, the design and construction of anechoic wind tunnels,
especially small-scale versions, present unique challenges. Large anechoic wind tunnels, such as the
NASA Langley 14- by 22-Foot Subsonic Tunnel, are well-known for their complex acoustic treatments
and size, allowing for high-speed airflow and precise aeroacoustic measurements [8]. However,
smaller wind tunnels, designed for laboratory-scale or university research, must strike a balance
between maintaining low noise levels, ensuring an adequate aerodynamic test environment and
optimizing construction costs. For example, Delft University’s small-scale Open Jet Facility (OJF)
employs an anechoic chamber of approximately 3 m x 3 m x 3 m, capable of handling low-speed
airflow and aeroacoustic measurements [9]. These smaller designs prioritize free-field acoustic
conditions while accommodating limited budgets and spatial constraints, making them comparable
to the wind tunnel presented in this work.

This paper presents the design, fabrication and validation of a small open anechoic wind tunnel.
The test section is housed inside a custom-built anechoic chamber measuring 2.5m x 2.5m x 2.5m,
optimized for low- speed aerodynamics and aeroacoustics. The chamber incorporates multi- layered
sound-absorbing materials following ISO 354:2003 [10-12] standards for acoustic absorption,
ensuring that noise reflections are minimized and that free-field conditions are met inside the
chamber. The system was designed to provide a background noise level below 10 dB(A), making it
suitable for precision measurements of low-noise aerodynamic systems.

The objective of the wind tunnel design is twofold:

i. to provide a small- scale, cost-effective platform for aeroacoustic testing in a controlled,
low-noise environment

ii.  to ensure that the wind tunnel meets the requirements of I1SO standards for free-field
conditions and noise measurement.

The chamber’s performance will be validated through sound measurements using a G.R.A.S. 40PH
free-field array microphone, which is compliant with IEC 61672-1:2013 standards [13,14], ensuring
accurate sound pressure level (SPL) readings across a wide frequency range.

For a wind tunnel to be useful in aeroacoustic measurements, the noise from the tunnel itself
must be well below the noise generated by the test object [15]. Background noise is typically
generated by the blower or fan system, turbulent flow in the settling chamber and test section and
structural vibrations. In anechoic wind tunnels, particular attention must be paid to the design of the
blower and the use of silencers [16]. Also, problems due to blower noise could be magnified when
large contraction ratios are used because the contraction acts like a horn. Therefore, contraction
ratios of between about 6 - 9 are normally used [17].

The anechoic nature of a wind tunnel refers to its ability to absorb sound and prevent reflections
within the test section [18]. Wedge-shaped foam absorbers, made from high-density polyurethane
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or fiberglass, are typically used to line the walls of the test section. These wedges are designed to
absorb sound waves over a wide range of frequencies, creating a “free-field” condition where no
sound reflections interfere with the measurements [19]. Properly designed anechoic wind tunnels
should achieve absorption across frequencies relevant to aeroacoustic research, generally ranging
from 200 Hz to 20 kHz [20].

In addition to acoustic treatment, an anechoic wind tunnel must also provide a stable, low-
turbulence flow. High turbulence can lead to noise generation from boundary layers and flow
separation, which can contaminate aeroacoustic measurements. The design of the nozzle, flow
straighteners and diffusers play a key role in achieving a turbulence intensity below 0.2%, which is
typical for high-quality aeroacoustic testing facilities [21].

However, most existing studies focus on large-scale anechoic tunnels, leaving a gap in optimized
designs for compact, cost-effective systems suitable for laboratory or academic research. Small-scale
tunnels face unique challenges, such as limited space for acoustic treatment and higher susceptibility
to structural vibrations, which can distort noise measurements. This study addresses these gaps by
presenting a meticulously designed small open-jet anechoic wind tunnel that balances acoustic
performance, aerodynamic stability and affordability. The significance of this work lies in its potential
to democratize high-quality aeroacoustic research, enabling institutions with limited resources to
conduct precise noise measurements. By validating the tunnel’s performance against ISO standards
and characterizing its frequency response, this study provides a replicable framework for small-scale
anechoic wind tunnel design, filling a critical need in experimental aeroacoustics.

Fig. 1. Sketch of the anechoic chamber.
The size of the chamber is 2.5m x 2.5m x
2.5m

2. Methodology
2.1 Anechoic Chamber Design

Figure 1 illustrates the anechoic chamber constructed for aeroacoustic investigation. The
chamber is a fully enclosed structure with external dimensions of 2.5 m x 2.5 m x 2.5 m, providing
sufficient space for small-scale aeroacoustic experiments:

Vehamber = 2.53 = 15.625 m3 (1)

However, for accurate aeroacoustic measurements in an anechoic wind tunnel, it is essential that

the test object is sufficiently separated from the walls to maintain free-field conditions. Guidelines
from standards ISO 3745:2012 and ISO 26101:2017 emphasize the need for minimizing reflections,
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which typically necessitates that the object occupies only a small fraction (often less than 10-15%) of
the total chamber volume. Thus, for a chamber of 15.625 m3, keeping the object volume to about 10-
15% (= 1.56 to 2.34 m3) is recommended.

The walls of the chamber are treated using a multi-layered design to ensure optimal sound
insulation and absorption. As depicted in Figure 2, the wall layers consist of an inner layer of 9 mm
plywood that provides structural integrity. A 50 mm rockwool layer, is included for its excellent sound
absorption properties. Rockwool helps to dissipate acoustic energy across a broad frequency range,
minimizing the reflection of sound waves inside the chamber. A second layer of 9 mm plywood, is
added as structural support while also contributing to the sound barrier. The outermost layer is 90
mm acoustic foam, designed specifically to attenuate high-frequency noise and further reduce
external sound from entering the chamber. The combination of these layers provides both structural
stability and sound attenuation, creating an environment suitable for aeroacoustic testing. The walls
are designed to absorb noise across a wide frequency range, particularly those relevant to the noise
generated in wind tunnel experiments.

50mm acoustic foam
9mm plywood
50mm rockwoll

¢ 9mm plywood

Fig. 2. Absorption material

The chamber is also equipped with acoustic wedges on the interior walls, which are designed to
absorb incident sound waves and prevent their reflection back into the test section. This is crucial for
ensuring that sound measurements taken during wind tunnel experiments are free from interference
caused by reflected noise.

2.2 Noise Measurement Instrumentation: Free-Field Microphone

Figure 3 shows the G.R.A.S. 40PH free-field array microphone, used for precise noise
measurements inside the anechoic wind tunnel chamber. This microphone is specifically designed
for free-field measurements, meaning it captures sound pressure levels as they exist in a sound field
without interference from reflections, making it ideal for use in anechoic environments.

Fig. 3. G.R.A.S. 40PH free-field array microphone used
for noise measurements in the anechoic wind tunnel
chamber
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The G.R.A.S. 40PH is a precision condenser microphone that offers a broad frequency response
and high sensitivity, making it suitable for detailed noise analysis in the test chamber. Its small size
and omnidirectional characteristics ensure that it captures sound accurately from all directions,
providing a reliable measurement of the free-field conditions within the chamber.

Key specifications of the G.R.A.S. 40PH include:

i.  Frequency Range: 10 Hz to 20 kHz, which covers the full audible range of frequencies that
may be generated in the wind tunnel.

ii.  Dynamic Range: 18 dB(A) to 138 dB, allowing for accurate measurement of both low-level
background noise and higher intensity noise sources.

iii. Free-field Calibration: Calibrated for free-field measurements, ensuring that the
microphone accurately captures the noise levels without distortion from sound reflections
or standing waves.

iv. IEC Compliance: The microphone is compliant with the IEC 61094-4 standard for
measurement microphones [22], ensuring reliable performance in acoustic testing
environments.

The noise measurements performed in the wind tunnel chamber using the G.R.A.S. 40PH
microphone are conducted in accordance with 1ISO 3745:2012 [4], which specifies requirements for
anechoic and hemi-anechoic chambers for determining the sound power levels of noise sources.
Additionally, I1ISO 26101:2017 [5] provides guidelines for measuring noise in small enclosed spaces
like the chamber used in this setup. The G.R.A.S. 40PH microphone meets the performance
requirements outlined in these standards.

Figure 4 illustrates the layout of the noise measurement setup inside the small open anechoic
wind tunnel. The wind tunnel test section is fully enclosed within the anechoic chamber, ensuring
minimal reflections and external noise interference during the experiments. The noise source is
located at the centre of the anechoic chamber and measurements are conducted at six distinct
positions within the chamber, marked as Position 1 through Position 6.

The positions for noise measurement are distributed strategically within the test section to
capture sound pressure levels at various locations. A common guideline is to leave a clearance of at
least 0.5 m between the object and any wall. It is important to note that these calculations assume
that a 0.5 m clearance is sufficient to maintain the anechoic (free-field) conditions. In practice, the
required clearance may depend on the wavelengths of interest (e.g., for low-frequency
measurements, a larger clearance might be necessary).

The test procedure follows these steps:
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Noise

source | Position 1

Position 2

Position 3

Position 4
TEST SECTION
Fig. 4. Noise measurement positions inside the anechoic wind
tunnel chamber. Noise measurements are performed at six

positions, as indicated by the red dots, with the noise source placed
near the inlet

i.  Sound Source Placement: The speaker is positioned at the noise source location, centre
of the anechoic wind tunnel.
ii.  Sound Level Adjustments: The speaker emits sound at different frequency levels, typically
ranging from 500 Hz to 10000 Hz, across three different flow speed.
iii.  Noise Measurements: The sound pressure levels are recorded at each of the six positions
inside the chamber. The measurements focus on the attenuation characteristics of the
chamber and the uniformity of sound levels across different locations.

The goal of these measurements is to validate the chamber’s ability to maintain free-field
conditions and ensure that the wind tunnel operates within an acceptable noise range for
aeroacoustic experiments. By comparing the measured sound levels at various positions, we can
assess the chamber’s performance in terms of noise reduction and identify any areas where
improvements may be needed.

3. Results and Discussion
3.1 Sound Uniformity in Anechoic Chamber Design

Sound uniformity is a critical factor in the design of anechoic chambers, particularly for
applications requiring precise acoustic measurements. In an ideal anechoic chamber, the sound field
is uniform; that is, the sound pressure level (SPL) remains consistent across the measurement region.
This uniformity is essential for several reasons. Uniform sound fields ensure that acoustic
measurements are independent of the sensor location within the chamber. This consistency is crucial
for obtaining accurate and reproducible results. International standards such as ISO 3745:2012 and
ISO 26101:2017 specify the requirements for anechoic or semi-anechoic rooms. These standards
mandate that the sound field be as uniform as possible to simulate a free-field environment. Non-
uniformities in the sound field often indicate the presence of unwanted reflections or standing
waves, which can distort measurements. Thus, sound measurement at six different points around
the sound source have been compared.

Figure 5 presents the sound pressure fluctuations measured at six different positions inside the
anechoic wind tunnel, as indicated previously in Figure 4. Each subfigure compares measurements at
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two positions. In Figure 5(a), the sound pressure levels (SPL) at Position 1 and Position 4 are 85.2 dB
and 89.1 dB, respectively. In Figure 5(b), the SPL values at Position 2 and Position 5 are 91.8 dB and
90.8 dB, respectively. In Figure 5(c), the SPL values at Position 3 and Position 6 are 98.8 dB and 85.5

dB, respectively.
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Fig. 5. Sound pressure fluctuations measured around the sound source of 400

Hz (point 1 to point 6)

The variations in SPL levels indicate that the measured sound levels are not perfectly uniform
across different positions. Position 3 exhibits the highest SPL at 98.8 dB, while Position 6 records the
lowest SPL at 85.5 dB. However, positions that are symmetrically located, such as Position 1 and
Position 4 or Position 2 and Position 5, have relatively close SPL values, which suggests a degree of
uniformity in sound distribution.

Examining the waveform characteristics, the pressure fluctuations at different positions do not
appear completely identical, although their general trends are similar. At Position 6, the waveform
amplitude is noticeably lower compared to Position 3, suggesting a reduction in acoustic energy in
that region. This could be attributed to either increased absorption effects in the anechoic chamber
or variations in wave propagation due to spatial positioning.

An ideal anechoic wind tunnel should exhibit a uniform sound field with minimal reflections. The
observed SPL variations suggest that while the chamber effectively minimizes unwanted reflections,
some differences in sound distribution persist. The reduction in SPL at Position 6 compared to other
positions might indicate the presence of additional absorption effects or specific positioning factors
relative to the noise source.

In conclusion, the anechoic wind tunnel demonstrates a reasonably high level of sound
uniformity, although it is not perfect. The SPL values across different measurement positions remain
within a reasonable range, with some variation likely due to the chamber’s acoustic absorption
characteristics. While the chamber effectively suppresses reflections, there are still spatial
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inconsistencies that influence the sound distribution. While these variations are typical, they can be
mitigated through improved acoustic panelling or refined chamber geometry, as suggested by Abdel
Aziz et al., [23].

Figure 6 presents the Power Spectrum Density (PSD) of the 400 Hz noise source measured at six
different positions inside the anechoic wind tunnel. Each subfigure compares the frequency spectrum
at two positions. In Figure 6(a), the PSD is compared between Position 1 and Position 4. Similarly,
Figure 6(b) compares Position 2 and Position 5, while Figure 6(c) shows the PSD for Position 3 and
Position 6.

The PSD results provide insight into the uniformity of the sound field within the anechoic wind
tunnel. Ideally, an anechoic environment should ensure a consistent and uniform acoustic field with
minimal reflections and spatial variations. The spectra across different measurement positions
exhibit similar overall trends, particularly in the low-frequency range, suggesting that the chamber
effectively minimizes external influences and reflections. However, some discrepancies between
corresponding positions can be observed.

In the low-frequency region, the sound pressure levels remain relatively high before gradually
decreasing as the frequency increases. This trend is consistent across all measurement points, which
confirms the controlled dissipation of acoustic energy. However, noticeable differences exist in the
PSD magnitude at certain positions. For instance, Position 3 exhibits a higher overall SPL compared
to Position 6, indicating that the sound distribution is not entirely uniform. Similarly, small variations
between symmetric points such as Positions 1 and 4 or Positions 2 and 5 suggest that the acoustic
absorption within the chamber may not be perfectly homogeneous.

90 90
-~ 80 ~80
7170 7]',70
1 g
< 60 < 60
50 50
10° 102 10°
f (Hz) f (Hz)
(a) Point 1 and point 4 (b) Point 2 and point 5
90
80
270
T
£60
oo
50
40
10° 102

f (Hz)
(c) Point 3 and point 6
Fig. 6. Power spectrum density of 400 Hz noise source

These discrepancies may arise due to spatial differences in sound propagation, minor
asymmetries in the chamber’s acoustic treatment or slight variations in microphone placement.
Despite these variations, the overall similarity in spectral characteristics indicates that the anechoic
wind tunnel performs well in maintaining a largely uniform sound field. The reduction in sound
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energy at higher frequencies is consistent across all measurement points, further reinforcing the
chamber’s effectiveness in preventing unwanted reflections.

In conclusion, the anechoic wind tunnel demonstrates a reasonable degree of sound uniformity,
with spectral trends remaining largely consistent across measurement points. However, some spatial
variations in SPL levels indicate minor non-uniformities in the acoustic environment. While these
variations do not significantly affect the chamber’s overall performance, further optimization in
sound absorption distribution could enhance the uniformity of the sound field inside the test section.

Figure 7 presents a polar plot of the Sound Pressure Level (SPL) measured in decibels (dB) at one-
meter distance around the sound source, which is located at the centre of the anechoic chamber.
The angular position represents the azimuthal angle around the source, with the SPL values recorded
at multiple angles, spanning from 0 to 360 .

150°

180°

210°

240° 2 300°
270°

Fig. 7. Sound pressure level (dB)
measured one meter around the
sound sources located at the

centre of the anechoic chamber

From the plot, it is evident that the sound pressure distribution around the source is not perfectly
uniform, with SPL values fluctuating between approximately 75 dB and 100 dB at different angular
positions. Notably, higher SPL values are observed near the angles of 90 and 120 , suggesting
potential localized reflections or directional tendencies of the sound source. Conversely, the lower
SPL values near 270 could indicate areas of sound energy absorption or directional noise dissipation.

This pattern reflects the acoustic behaviour of the anechoic chamber, highlighting its
effectiveness in mitigating sound reflections and reverberations. The non-uniform distribution is
expected due to the imperfect source directivity and the chamber’s geometry, which may influence
sound propagation. In comparison to other small-scale anechoic wind tunnels, such as those
described by Liu et al., [24] and Yang et al., [25], this figure indicates that while the chamber performs
adequately at reducing sound reflections, certain angular positions may experience slightly higher
sound levels. This might be attributed to design factors such as the placement of acoustic materials,
source positioning or chamber dimensions.

The performance of this chamber can be benchmarked against ISO 3745, which specifies the
criteria for sound measurement in anechoic and semi- anechoic rooms. According to this standard,
variations in SPL within a chamber should be minimized to ensure uniform sound dissipation,
particularly in the regions near the sound source. By comparison, the measured SPL fluctuations seen
in this figure are within a reasonable range, although further optimization may be required to achieve
more uniform sound distribution across all angles.
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3.2 Aerodynamic Noise Measurement

Figure 8 presents the sound spectrum density for aerodynamic noise measured at three different
flow speeds: 15 m/s, 20 m/s and 25 m/s. The spectral characteristics of the noise are analysed across
a wide frequency range, with each speed represented by a distinct colour. Additionally, trend lines
are included to highlight the overall behaviour of the high-frequency components.
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Fig. 8. Sound spectrum density for aerodynamic noise at

three different speeds

The results demonstrate a clear dependence of the noise spectrum on flow velocity. At lower
frequencies, the spectral levels remain relatively high across all speeds, gradually decreasing as the
frequency increases. This trend is consistent with aerodynamic noise characteristics, where lower-
frequency components tend to dominate due to large-scale turbulence structures, while higher-
frequency noise components are generated by smaller turbulent eddies and shear-layer interactions.

A comparison of different speed cases reveals that increasing the flow velocity leads to an overall
increase in sound pressure levels across the entire frequency range. The 25 m/s case exhibits the
highest spectral levels, followed by the 20 m/s and 15 m/s cases. This behaviour aligns with
theoretical expectations, as aerodynamic noise typically scales with flow speed, often following a
power law relationship, such as SPL oc U", where U is the flow velocity and n is an empirical exponent
that varies depending on the noise source mechanism.

The presence of trend lines further clarifies the spectral decay behaviour at high frequencies. The
slopes of these trend lines indicate that while all cases experience attenuation at higher frequencies,
the rate of decay remains similar across different speeds. This suggests that while increasing velocity
leads to higher overall noise levels, the spectral shape remains largely consistent, implying that the
dominant aerodynamic noise mechanisms do not significantly change with velocity within this range.

Figure 9 presents the power-law relationship between wind speed and aerodynamic noise,
illustrating how sound pressure scales with velocity. The measured data follows a power-law trend
given by:

P « U2 (2)
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where P represents the sound pressure and U is the flow velocity. The exponent n = 2.91 is notably
lower than the values typically associated with aerodynamic noise generated by turbulent boundary
layers or jet flows. Classical aeroacoustic theory suggests that purely aerodynamic noise mechanisms,
such as trailing edge noise from turbulent boundary layers, generally scale with an exponent of
approximately n = 4 to 5. Jet noise, following Lighthill’s acoustic analogy, exhibits even steeper
scaling, with an exponent of n = 7 to 8. However, the observed exponent in this study falls within the
range of n = 2 to 3, which is characteristic of noise dominated by structural vibrations or mechanical
sources.

Noise Scaling: P oc U2

72

70 +

Sound Pressure (Pa)
& &

(o2
=y
T

62

60 & .
15 20 25

Velocity (m/s)

Fig. 9. Power of law for the effect of wind speed with
aerodynamic noise

The relatively low scaling exponent suggests that the dominant noise source in the wind tunnel
is not purely aerodynamic but is influenced by mechanical vibrations and structural noise. Potential
contributors include fan and motor-induced vibrations propagating through the wind tunnel
structure, resonance effects within the duct or diffuser system and oscillations of the tunnel’s panels
or mounting supports. These structural elements may amplify certain noise components, leading to
the observed power-law relationship. To mitigate these effects, future designs could incorporate
vibration isolation mounts for the fan and motor, add constrained-layer damping materials to critical
panels and optimize duct geometry to reduce flow-induced resonances. If the primary noise source
were dipole-type aerodynamic noise, typically associated with fluctuating surface pressures such as
trailing edge noise, the expected exponent would be closer to n = 4. The discrepancy indicates that
structural interactions are likely a significant factor in the measured noise levels.

The findings from Figure 9 suggest that improvements in the wind tunnel’s structural design and
noise control strategies could reduce unwanted mechanical noise contributions. Enhancing vibration
isolation, implementing additional damping materials or optimizing the aerodynamic design of the
tunnel could help minimize these effects and provide a clearer assessment of true aerodynamic noise
characteristics. A more detailed analysis, such as structural modal testing or noise source separation
techniques, could further clarify the contributions of different noise sources.

In conclusion, the power-law scaling observed in this study indicates that structural vibrations
and mechanical noise, rather than purely aerodynamic sources, play a significant role in the overall
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noise levels. This finding underscores the importance of addressing structural factors when analysing
aerodynamic noise in wind tunnel environments.

3.3 Noise Frequency Range in Anechoic Wind Tunnel Design

For airfoil aeroacoustic investigations, the frequency range of the anechoic wind tunnel must be
carefully designed to capture the dominant noise-generating mechanisms. The appropriate
frequency range depends on the flow conditions, airfoil dimensions and the specific aeroacoustic
phenomena under investigation.

Based on research and industry standards, a typical anechoic wind tunnel designed for airfoil
noise studies should provide anechoic performance in the range of:

fmin =100 Hz to fmax = 10 kHZ (3)

This ensures that both low-frequency airfoil self-noise originating from boundary layers and flow
interactions and high-frequency turbulence-related noise, such as vortex shedding and trailing-edge
noise, are accurately measured. The required frequency range is influenced by different airfoil noise
sources:

i. Low-Frequency Noise (100 Hz — 500 Hz): This range typically includes airfoil tonal noise
from laminar boundary-layer vortex shedding. If the flow remains mostly attached,
coherent vortex shedding may occur at well-defined tonal frequencies within this range.

ii.  Mid-Frequency Noise (500 Hz — 3 kHz): This region is crucial for studying trailing-edge
noise, which arises from turbulent boundary- layer interactions with the airfoil’s sharp
edge. Most trailing-edge noise falls within this range, particularly for moderate Reynolds
numbers in the order of 105 - 106.

iii.  High-Frequency Noise (3 kHz — 10 kHz and above): This range is important for turbulent-
boundary-layer noise and leading-edge noise caused by interactions with upstream
turbulence or impinging gusts. High-speed flows or small-scale turbulence contribute
significantly to noise levels in this region.

Figure 10 presents the noise frequency sensitivity range, illustrating the variation in sound
pressure levels for different frequency components. The data includes measurements at three
representative frequencies: 500 Hz, 1500 Hz and 10,000 Hz, each corresponding to different noise
sources relevant to aeroacoustic studies. The figure provides insights into the effectiveness of the
anechoic wind tunnel in absorbing unwanted reflections and ensuring accurate aeroacoustic
measurements across a broad spectrum.
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The 500 Hz case (dotted blue line) represents low-frequency aerodynamic noise, which is often
associated with large-scale turbulence structures, vortex shedding and boundary-layer interactions.
The fluctuations observed in this range suggest that while the anechoic wind tunnel effectively
suppresses some reflections, minor variations indicate that low-frequency absorption may require
further optimization. Achieving good anechoic performance at low frequencies is inherently
challenging due to longer acoustic wavelengths, which require deeper acoustic wedges or hybrid
absorption techniques.

The 1500 Hz case (dashed red line) corresponds to mid-frequency noise, a crucial range for
trailing-edge noise and turbulent boundary-layer interactions. The relatively stable spectral
behaviour in this region suggests that the wind tunnel provides sufficient absorption, allowing for
accurate measurement of airfoil self-noise and other mid-frequency aeroacoustic phenomena. The
reduced spectral fluctuations indicate that mid-frequency reflections are well- controlled, confirming
the chamber’s effectiveness in minimizing interference from unwanted noise sources.

The 10,000 Hz case (solid green line) captures high-frequency noise, typically generated by small-
scale turbulence, shear-layer instabilities and leading- edge interactions. The spectral uniformity at
this frequency confirms that the anechoic chamber provides excellent high-frequency absorption,
effectively eliminating unwanted reflections. The smooth trend in the high-frequency range indicates
that the wind tunnel meets the necessary free-field conditions, making it highly suitable for precise
aeroacoustic investigations in this spectral region.

The results from Figure 10 highlight the overall quality of the designed anechoic wind tunnel for
aeroacoustic studies. The chamber performs exceptionally well in the mid- and high-frequency
ranges, ensuring reliable measurements of turbulence-induced noise, vortex interactions and shear-
layer instabilities. However, low-frequency noise exhibits some fluctuations, suggesting that further
refinements in acoustic treatment such as enhanced wall damping, deeper absorbers or alternative
hybrid suppression methods—may be beneficial in reducing standing waves and residual reflections.

In conclusion, Figure 10 validates the effectiveness of the anechoic wind tunnel for aeroacoustic
research. The chamber demonstrates strong anechoic performance at mid-to-high frequencies,
making it well-suited for studies on airfoil noise, turbulence-generated sound and aerodynamic
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instabilities. While low-frequency absorption could be further improved, the current setup provides
a high-quality anechoic environment for detailed aeroacoustic investigations.

4. Conclusions

This study presents the design and validation of a small open anechoic wind tunnel for
aeroacoustic testing. The results indicate that the chamber effectively minimizes reflections and
maintains a controlled acoustic environment. While slight variations in sound pressure levels exist
across measurement positions, the chamber provides sufficient uniformity for reliable noise
measurements. The power spectrum density analysis confirms that the tunnel suppresses external
noise and maintains consistent spectral trends, particularly at mid- to-high frequencies. However,
minor discrepancies in low-frequency absorption suggest the need for further optimization in
acoustic treatment. Aerodynamic noise measurements reveal a power-law scaling exponent of 2.91,
indicating a contribution from structural vibrations, which could be mitigated through improved
vibration isolation. The frequency response analysis highlights strong performance above 500 Hz,
making the tunnel well-suited for studying trailing-edge noise, boundary- layer interactions and
turbulence-induced noise. While low-frequency absorption remains a challenge, the overall results
validate the chamber’s effectiveness for aeroacoustic research. Further improvements in structural
design and acoustic treatment could enhance its performance for broader applications in
aerodynamic noise studies.
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