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Abstract

The flow recirculation effect on the noise measurement of a multi-rotor unmanned aircraft system (UAS) hovering in a
closed anechoic chamber is experimentally characterized in this work. The measured acoustic spectrogram reveals that the
recirculation forms around 30s after the UAS’s take-off, manifested as prominent fluctuations in blade passage frequency
and its harmonics. However, the instantaneous overall sound pressure level shows no obvious increase with the development
of the recirculation. The result indicates that the recirculation effect does not significantly change the total acoustic energy
but increases the uncertainties in the spectral distribution, which can be quantified by spectral entropy. The quantitative
analysis of different noise components shows that the recirculation has a minimal effect on the tonal noise levels but slightly
increases the broadband noise level out of the rotors’ plane. The results from parametric tests suggest that this broadband
noise increment has a positive correlation with the UAS’s hover height but a negative correlation with the UAS’s gross mass.
The comparison with existing studies highlights the difference in the recirculation effect on the noise of isolated rotor(s) and

free-flying multi-rotor UAS in confined spaces.
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1 Introduction

With the anticipated future operation of multi-rotor unmanned
aircraft system (UAS) in densely populated urban areas for
various applications, the issue of their noise emissions is one
of the major factors affecting public acceptance [1]. The
growing public attention surrounding UAS noise necessi-
tates the implementation of certification and regulations to
mitigate this potential risk to public health [2]. The certi-
fication process requires accurate noise assessment of the
UAS. Anechoic chambers provide controlled low-noise ane-
choic environments for accurate noise measurements and are
widely used in aerospace and acoustic research. Such facili-
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ties have been extensively utilized for studying the acoustic
characteristics of multi-rotor UASs and their propulsion units
in a controlled and echo-free setting, enabling detailed analy-
sis of their noise generation mechanisms [3-5]. Recently, the
International Organization for Standardization (ISO) pub-
lished a standard on the noise measurements for UAS [6]. The
standard specifies the procedures and requirements for noise
measurements of UAS using anechoic chambers. However,
due to the confined space, the presence of flow recirculation
within anechoic chambers can introduce additional complex-
ities to the noise measurements [7]. Since the rotors propel
the fluid to produce thrust, the turbulent wake from the rotors
can recirculate within the space and finally be ingested by the
rotors. The ingestion of this turbulent flow leads to additional
unsteady loading on the rotors’ blades, which can signifi-
cantly alter the aerodynamic and aeroacoustic characteristics
of the rotors from them being operated in a clean inflow
condition [8]. Therefore, investigations into this flow recir-
culation effect are important for a better understanding of the
UAS noise measurements using anechoic chambers.
Previous research has been done to investigate the recircu-
lation effect on isolated rotors. Stephenson et al. [7] tested the
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noise of a small-scale propeller with a diameter D = 240 mm
operating at 5200RPM in a closed anechoic chamber. The
results suggest that recirculation can increase the measured
noise by over 15dB at the blade passage frequency (BPF)
harmonics. They attributed this phenomenon to the unsteady
loading caused by the recirculation, as the increase occurs
predominantly out of the rotor plane. With the rotor pro-
ducing a 0.751b (3.34N) thrust, the formation time of the
recirculation is around 4s. Subsequently, with the same
experimental setup, Weitsman et al. [9] studied the effect of
recirculation on the force and torque measurement, as well as
several treatments to mitigate the intensity of recirculation.
They found that as the recirculation manifests, apart from
the evident amplification in BPF harmonics, the broadband
noise is also amplified. Meanwhile, the envelope of the mea-
sured thrust is modulated, and the rotational rate of the rotor
presents higher fluctuation levels. The downstream mesh was
found to effectively prolong the onset and reduce the intensity
of the recirculation. Nadari et al. [10] performed numerical
simulations and found that the flow recirculation leads to
a nearly 5dBA increase in the overall sound pressure level
(OASPL) contributed by the increased SPL at BPF harmon-
ics. Their beamforming-based source identification results
suggest that the dominant mechanism for excessive noise is
the leading-edge interaction at around 80% of the blade span,
which is effective in the low-to-middle frequency range. A
slight enhancement in the high-frequency range due to the
trailing-edge noise mechanismis also identified. Buetal. [11]
measured the noise of dual small-scale (D = 280 mm) rotors
operating in a co-planar configuration in an anechoic cham-
ber. At a rotational speed of 5400 RPM, the comparison with
a single rotor case shows that the dual propeller configuration
shortens the formation time of the recirculation from 4.5 to
2.5s.

While stationary-mounted rotors offer more control author-
ity and fewer uncertainties in the anechoic chamber tests, the
results may not directly reflect the recirculation effect on
actual multi-rotor UASs operated in such confined spaces.
The presence of an airframe and the acoustic interference
of different rotors can alter the noise features of a multi-
rotor UAS from isolated rotors. Moreover, as no mounting
structure is attached to a free-flying UAS and the rotors are
not controlled at constant speeds, the system can have more
degrees of freedom. Therefore, investigating the recirculation
effect on the noise testing of multi-rotor UASs within con-
fined spaces is necessary, which is the aim of this study. We
conducted experimental campaigns to capture the changes in
noise characteristics resulting from flow recirculation, with
systematic quantitative analysis to enhance our understand-
ing of the underlying mechanisms and their implications for
noise assessment.

The following sections are arranged as follows: Sect.2
first illustrates the experimental setup and the test procedures
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to capture the formation of the recirculation. Then, the test
matrix for the parametric studies on the influences of hover
height and UAS mass is listed. Section3 presents the char-
acterization of the recirculation effect on noise, including
the time-frequency spectrogram features and the quantita-
tive analysis of sound pressure levels (SPL) of different noise
components. Then, the effects of the two influencing factors
are analyzed and the possible mechanisms are discussed. Sec-
tion4 summarizes the work.

2 Experimental Setup and Methods
2.1 Test Apparatus

The experiments were conducted in the anechoic cham-
ber of the Aerodynamic and Acoustic Facility at the Hong
Kong University of Science and Technology. The chamber
has wedge tip-to-tip dimensions of 8.1 m (L) x 6 m(W) x
5.1 m (H) and a cut-off frequency of 100 Hz. Figure 1 shows
a photo of the experimental setup.

A DIJI Phantom 4 Pro quad-rotor UAS was used in the
experiment. The UAS is lifted by four fixed-pitch, two-
bladed, type 9450 rotors with a diameter of 240mm. The
diagonal rotor distance is 350mm and the gross mass is
1.4kg. During the tests, the position of the UAS was remotely
controlled by a pilot outside the chamber and maintained
by the visual sensing module equipped by the UAS. The
onboard camera transmits real-time images to the remote
control terminal and serves as a reference for the UAS to
hover above the center mark. The UAS’s height is estimated
from its multi-sensor fused data and indicated on the remote
control terminal.

The noise was measured using five 1/4" GRAS 46BE
free-field condenser microphones, which were individually
calibrated using a GRAS 42AG sound calibrator. The micro-
phones were in a vertical plane that passes the horizontal
center of the chamber. All microphones were equipped with
windscreens to alleviate the influence of airflow on measured
noise. The detailed dimensions of the microphone setup are
illustrated in Fig. 1. A National Instruments PXIe-4497 mod-
ule with a PXIe-1073 chassis was used to record the acoustic
data. The sampling rate was 50kHz, and a record time of 60 s
was used for each test.

2.2 Test Methods

To capture the formation process of flow recirculation and
its effect on noise measurements, a test protocol was deter-
mined. The procedures are illustrated as follows:

Step 1 Recording starts; meanwhile, the rotors of the UAS
rotate at an idle speed.
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Fig. 1 Left: photo of the experimental setup in the anechoic chamber. Right: detailed dimensions of the microphone setup with a 3.2 m UAS hover

height (view perpendicular to the microphone plane)

Step 2 Control the UAS to climb to the target hover position
quickly (duration < 3s).

Step 3 Maintain hovering at the target position until the 60-s
sampling period is over.

Step 4 Land the UAS.

Step 5 Wait for at least 5min to ensure an environment with
quiescent air before the next test.

Two factors that can influence the flow recirculation are
investigated in this work. One is the hover height of the UAS,
as it determines the recirculation flow pattern in the cham-
ber and the turbulence intensity at the rotors’ positions. The
other one is the gross mass of the UAS, which determines
the rotor speeds and mass flow rate through the rotor disks,
consequently affecting the recirculation flow speed and over-
all turbulence intensity. The test matrix for the parametric
investigation on these two factors is shown by Table 1. Three
test data points were designed for both parameters, and four
repeated tests were conducted for each data point. The head-
ing angle of the UAS was varied such that its front, left, back,
and right directions were aligned with the microphone plane
in the four repeated tests, respectively.

2.3 Acoustic Data Post-processing

The short-time Fourier transform (STFT) is applied to the
raw acoustic data to obtain the time-frequency noise char-
acteristics, alongside Welch’s method is used for smoother
spectra [12, 13]. The STFT calculation uses a fast Fourier
transform (FFT) size of 10* and a Hann window with 50%
overlap, resulting in a frequency resolution of 5 Hz and a time
resolution of 0.1 s. For the time-averaged acoustic spectra, a
selected data segment is processed using an FFT size of 10*
and a Hann window with 50% overlap. Figure 2 shows a

representative SPL spectrum obtained from microphone #3
when the UAS hovered at a height of 2.7 m.

To extract the tonal and broadband noise components for
quantitative analyses, different techniques are applied to the
raw spectrum. For the broadband noise, a moving median fil-
ter is applied to the raw spectrum to filter out the tonal spikes
[14]. However, due to the wide tonal spikes caused by the
fluctuations in rotor speeds, the filtered result is biased toward
a higher level. Thus, a moving minimum filter is applied to
the raw spectrum to account for this bias effect, and the result
is averaged with the moving median spectrum. Finally, the
averaged spectrum is smoothed by a Gaussian filter, which
results in the desired broadband noise spectrum, as shown
by the dark dashed line in Fig. 2. Considering the wide tonal
spikes, tonal SPL is calculated by narrow-band integration.
The band of a specific tone is defined as the part with SPL no
lower than —20dB of the peak value, as shown in the right
part of Fig. 2.

3 Results and Discussions
3.1 Characterization of the Recirculation Effect

Since the effect of recirculation on noise measurement of
UASs can vary a lot depending on the specific test setup, a
characterization of the recirculation effect is crucial before
any quantitative analysis. A representative SPL spectrogram
is shown in the Fig. 3. From the spectrogram, it can be
observed that before the moment a (~5s), the BPF shows
a trend of increase—decrease—increase and then becomes
constant, which corresponds to the UAS’s acceleration-
deceleration and hover motion. From the moment a, the tones
on the spectrogram have almost no drift, indicating the UAS
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Table 1 Test matrix for the parametric investigation on the influences of hover height and gross mass

Influence factor (variable) Hover height (m) Gross mass (kg)
Hover height 2.2 1.4
2.7
32
Gross mass 2.7 1.6
1.8
2.0

The UAS itself weighs 1.4kg, payloads were added to vary the gross mass

raw spectrum
- = = = broadband spectrum - - = = moving minumum

T
- - - = moving median 60

integration

20 dB
band

107 10°
Frequency (Hz)

10* 140 160 180 200 220 240
Frequency (Hz)

Fig. 2 Left: raw spectrum, spectra processed using moving median and moving minimum algorithms, respectively, and the resultant broadband
spectrum of a test case. Right: zoomed view at the SPL spike at BPF, the band of this tone is defined as the part with SPL no lower than —20dB of
the peak level, and the tonal SPL is calculated by the spectral integration within this band

entered a relatively stable hover condition. At around the
moment b (~30s), prominent random fluctuations of BPF
harmonics arise on the spectrogram as a result of the unstable
rotor speeds. This is inferred to be caused by the recirculation
of the rotors’ wake, which leads to the turbulent inflow of the
rotors and disturbances to the stable hover state. The fluctua-
tions in BPF harmonics are a consequence of the UAS trying
to maintain its position under these disturbances. Therefore,
the moment b can be regarded as the transition from a pre-
recirculation flow regime to a post-recirculation regime. It is
worth noting that the precise determination of this transition
moment is not feasible as the intensity of the tonal fluctua-
tions increases gradually.

Although obvious fluctuations can be observed on the
spectrogram, the instantaneous OASPL integrated from 100
to 20,000Hz, as shown by the blue curve in Fig. 3, does
not show a significant deviation after the recirculation devel-
ops but presents slight higher fluctuation values up to 2dB.
Hence, the instantaneous OASPL value cannot distinguish
the transition into the post-recirculation flow regime. To
quantify these uncertain fluctuations that appear on the
spectrogram, spectral entropy (SE), a spectral descriptor
reflecting the irregularity of the signal in the frequency
domain, is introduced [15]. For a given power spectrogram
S(t, k), the frequency domain probability distribution within
a certain frequency band at time ¢ is:
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where k represents the frequency bin number, b1 and b;
are the frequency band edges in bins. The instantaneous SE
within this band is calculated as [16]:

— Y7, P(t, k) log(P(t, k)
log (b2 — b1)

SE(t) = (2)

Since the fluctuations of BPF harmonics occur in a rela-
tively low-frequency range, the frequency band of 100Hz
to 2000 Hz is chosen for SE calculations herein. An FFT size
of 10° and a Hann window with 50% overlap are used to
match the timescale of the spectral fluctuations. The result of
the test case is shown by the orange curve in Fig. 3. It can be
seen that from the moment a, following a dramatic drop after
the take-off maneuver, the SE stays at a relatively low value.
Around the moment b, which is in the transition region, the
SE gradually increases by about 0.1 (17%) and remains at a
relatively high value afterward. The SE exhibits a consistent
trend with the fluctuation intensity of the tonal frequencies
in the spectrogram and, therefore, can be used as a reference
to detect the formation of the recirculation.
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Fig.3 Top: the measured spectrogram at microphone #3 with a hover height of 3m and UAS gross mass of 1.4kg. Bottom: instantaneous OASPL

and SE values

The detailed SPL spectral difference between the pre- and
post-recirculation regimes in the aforementioned test case is
shown in Fig. 4. The SPL spectra are computed using 20-s
segments from the total 60-s data for the two flow regimes.
The segment for the pre-recirculation regime is from 5 to
25s, while the segment for the post-recirculation regime is
from 35 to 55s. It is evident that in the post-recirculation
regime, the tonal spikes become broader, and two or more
separated spikes can be present at high-order BPF harmon-
ics. Meanwhile, the peak values of the tonal spikes generally
decrease following the formation of the recirculation, and
the decrements are more prominent at higher BPF harmon-
ics. This phenomenon is attributed to the time-averaged
impact of rotor speed fluctuations caused by recirculation
disturbances.

Notably, the results of this experiment diverge from those
reported by the existing experimental studies, in which cases
substantial increases in SPL were measured at blade-passing
frequency (BPF) harmonics due to flow recirculation [7, 9,
11]. Several factors are speculated to account for the dis-
parity. First, the chamber used in our work is significantly
larger, approximately 8 and 12 times the volume of the ones
employed by Stephenson et al. [7] and Bu et al. [11], respec-
tively. This disparity results in lower turbulence intensity
within the recirculation zone and a longer onset time. Sec-

ond, the rotor-airframe interaction in our case is expected
to generate high SPLs at BPF harmonics, which can poten-
tially outweigh the effect of flow recirculation [17, 18]. This
interaction mechanism is unlikely to be dominant in other
studies as there are no structures in proximity to the rotor
blades. Last but not least, with more degrees of freedom, the
hovering UAS’s rotors in our case experience greater speed
fluctuations compared to a statically mounted single rotor,
causing the acoustic energy to disperse around BPF harmon-
ics rather than being concentrated at specific frequencies.

A quantitative comparison of the tonal SPL of the first
four BPF harmonics and broadband OASPL, as well as SE
between the pre- and post-recirculation flow regimes from
the test case are presented in Table 2. The SPL data are pro-
cessed using the method outlined in Sect. 2.3. The results
indicate that the tonal noise levels remain largely unaffected
by the presence of flow recirculation. Meanwhile, a slight
increase in the extracted broadband noise level is observed
particularly out of the UAS’s rotor plane. This increment is
inferred to be caused by the enhanced unsteady blade loading
due to the ingestion of the recirculated turbulent structures,
and the directivity trend is consistent with the characteris-
tics of loading noise [19]. The SE increases by 0.07~0.08
(12%~13%) at tested microphone locations, no prominent
directivity was found for the SE increments.
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Fig.4 Comparison of the SPL spectra measured in pre- and post-recirculation flow regimes at microphones #1 (top), #3 (middle), and #5 (bottom)

Table2 SPL variations of different noise components and SE variation between pre- and post-recirculation flow regimes

Microphone ASPL[BPF (dB) ASPLzBPF (dB) ASPL3BPF (dB) ASPL4BPF (dB) AOASPmeadbmd (dB) ASE
#1 —0.25 0.25 0.21 —0.54 1.08 0.068
#2 —-0.24 —0.84 0.66 —-0.27 1.26 0.073
#3 —0.16 —0.89 0.40 —-0.24 1.43 0.083
#4 —0.15 —0.69 0.39 —0.12 1.29 0.079
#5 —0.13 —0.53 0.04 0.02 2.03 0.082

ASPL = SPLpost-recirculation - SPLpre—recirculation» ASE = SEpost-recirculalion - SEpre—recirculaﬁon

3.2 Effect of Hover Height

The results for the parametric study on the effect of hover
height are shown in Fig. 5. Significantly higher standard vari-
ations of the 1BPF tonal SPL when the UAS was hovering at
2.7m are present on the graph. After a data examination, this
is caused by the data from a single test and can be attributed
to testing uncertainty. The general SPL differences between
the two flow regimes are consistent with the aforementioned
test case, which is almost no variations in the tonal SPL, and
slight increases in the broadband OASPLs. The variation in
hover height does not have a prominent effect on the tonal
SPL differences, but the broadband OASPL increment has
a discernible increasing trend with the hover height. This
trend suggests that the intensity of the rotors’ interaction
with the recirculation enhances when the UAS hovers at a
higher height. Speculations for this phenomenon are that at
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a higher height, the UAS is hovering closer to the ceiling,
where the recirculated flow is expected to be less uniform
and non-axial to the rotors, leading to stronger disturbances
to the UAS and higher levels of unsteady blade loading [20].
While the UAS hovers at a lower height yet still far from
encountering the aerodynamic ground effect, the inflow of
the rotors becomes more aligned with the axial direction due
to the induced velocity, and the turbulence intensity can be
reduced after a longer convection distance.

3.3 Effect of Gross Mass

Figure 6 shows the SPL differences of the UAS hovering
under varied payload mass. Similar to the previous cases,
there are no obvious variations in tonal SPLs, but slight
increases in the broadband OASPLs are observed after the
recirculation develops. An interesting and counterintuitive
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result is that the broadband OASPL increment shows a
decreasing trend with the gross mass. Meanwhile, the uncer-
tainties in broadband OASPL also reduce. The reason for
this phenomenon is most possibly that the increased payload
mass adds inertia to the UAS, making it less vulnerable to
the disturbances caused by the recirculation. This stabiliz-
ing effect can lead to fewer rotor speed fluctuations, hence
reducing the enhancement of broadband noise.

4 Summary

The experimental results have characterized the effect of the
flow recirculation on the acoustic measurement of a free-
flying multi-rotor UAS in a closed anechoic facility. The
major effect is the disturbances caused by the recirculated
turbulent structures to the hovering UAS, leading to fluc-
tuations in rotor speeds and, consequently, uncertainties in
the tonal noise. These uncertainties lead to a more random
spectral distribution of the acoustic energy, but the measured
OASPL remains at the same level throughout the develop-
ment of the recirculation. Spectral entropy is introduced to
quantify these uncertainties in the frequency domain, and the
calculated SE shows a reasonable increasing trend with the
formation of the recirculation. The SPLs of different noise
components extracted using the proposed method indicate
that the recirculation has a negligible effect on the tonal SPLs
at the first four BPF harmonics but slightly (~2 dB) enhances
the broadband OASPL out of the rotor plane. The paramet-
ric investigation reveals that the broadband noise increment
due to recirculation has a positive correlation with the hover
height of the UAS but a negative correlation with the UAS’s
gross mass. Higher flow nonuniformity due to ceiling effect
and increased inertia are inferred to be the major reasons
accounting for these two correlations, respectively.

The effect of flow recirculation on measured noise in this
study differs from those reported in existing studies [7,9, 11].
Notably, a significantly lesser influence on the noise level
due to recirculation is observed. Although the difference in
the dimension of the test facility shall be acknowledged, the
comparison highlights the distinction between testing stat-
ically mounted propulsion unit(s) and free-flying UASs in
such confined environments. One aspect is the presence of an
airframe and multiple rotors can lead to strong interactions,
which make the noise characteristics of the UAS inherently
different from those of a propulsion unit mounted on a test
rig. Another aspect is that the recirculation can disturb the
hover state of the UAS and lead to fluctuations in rotor speeds,
which cause extra uncertainties in noise compared to rotors
controlled at constant speeds. Therefore, a characterization of

the flow recirculation effect before conducting any accurate
acoustic assessments is important for UAS noise assessments
in closed facilities.
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