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This paper presents a comprehensive investigation into the noise radiation characteristics of two rotors in 
a tandem configuration. Through an extensive experimental campaign, the study explores the effect of the 
separation distance between two rotors on the noise directivity patterns, spectral characteristics and temporal 
features of the radiated noise under both hovering and edge-wise flight conditions. The directivity patterns of 
the overall sound pressure level obtained from the polar and side arrays demonstrate a dependence on the 
separation distance and advance ratio. Spectral characteristics elucidate the influence of separation distance on 
tonal and broadband energy content. While the high-frequency broadband noise increases for both hovering 
and edge-wise flight similarly, the low-frequency broadband energy strongly depends on the advance ratio and 
the rotor separation distance. The results reveal a distinct envelope in the design space, where the radiated 
broadband noise for tandem configurations can be minimized, offering potential insights for noise reduction 
strategies. Additionally, the wavelet analysis for tandem configurations reveals that the emitted noise at the 
first and second blade passing frequency is strongly intermittent with amplitude modulation, which shall be 
considered for annoyance perception.
1. Introduction

The last decade has witnessed a tremendous effort from the scientific 
community to improve air transport across the globe through Urban Air 
Mobility (UAM). Manned and unmanned UAM technologies aim to rev-
olutionise civil transportation, rescue operations, medical supply, and 
surveillance sectors. With the help of fast-growing electric propulsion 
technology, the multi-rotor distributed electric Vertical Take-off and 
Landing (eVTOL) vehicle market became one of the most competitive 
sectors. The challenge of developing electrified UAM vehicles does not 
necessarily arise from the aerodynamics perspective but also from the 
acoustics perspective. One main target for the UAM sector is improving 
urban mobility vehicles for public acceptance [1,2]. The goal to min-
imise the noise pollution from Vertiports, where the UAM vehicles take 
off and land, is challenged by the broad design space of the aircraft 
design with a unique noise signature for each vehicle [2–4].
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The literature on large-scale VTOL, such as helicopters’ aerodynam-
ics and aeroacoustics, is well established [5–8]. However, helicopter 
noise theories may be applied directly to eVTOL vehicles (such as air 
taxis and drones) since UAMs may have more complicated layouts with 
multiple small-scale rotors designed to work at lower Reynolds numbers 
at lower velocities. The potential flow approximations used to design 
and optimise large-scale rotors with high Reynolds numbers are not 
proven to be valid for rotors employed for eVTOLs and drones. Studies 
in literature have addressed the issue of degraded hover performance of 
small-scale rotary wings compared to large-scale counterparts, such as 
helicopters [9,10]. Several investigations to understand the flow physics 
on small-scale rotors evidence stall cells, laminar separation bubbles 
(LSB) and turbulent transition on the wings [11–13]. Studies showed 
that tripping the rotor can eliminate the LSB and associated detrimental 
effects on aerodynamics [14]. Furthermore, a comprehensive experi-
mental study showed the Re number dependency of aerodynamic per-
formance, i.e., thrust and power coefficients, which was not observed 
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for a full-scale rotor [15], followed by a slipstream study to explore the 
effect on the vehicle as well as the other aircraft in wake [16–18].

Similar knowledge transfer difficulties are also evident in aeroacous-
tics, where the existing literature is built on helicopter investigations. 
The noise sources for a rotor are mainly classified into two main groups, 
i.e., tonal noise and broadband noise [7,19–23], and are identified 
with several driving mechanisms depending on the flight conditions 
and stage. The tonal noise (discrete-frequency noise) is generated due 
to steady loading, thickness effect, blade vortex interaction and im-
pulsive motion [24]. Broadband noise component has dipolar nature 
[25] and arises due to self-noise, i.e., turbulent boundary layer inter-
action with trailing edge, interaction with turbulence ingestion, and 
blade wake interaction noise [20]. For rotors in helicopters operating 
at high Reynolds number (Re) and tip Mach numbers, tonal noise is 
identified as the dominant component at low frequencies. In contrast, 
the broadband noise dominates at mid-to-high frequencies [8,24,26]. 
For small-scale propellers, Mach and Re numbers decrease significantly, 
and the flow regime over the blades significantly varies compared to 
large-scale blades. Recent studies, which primarily target understand-
ing the noise characteristics of small-scale rotors for hover and forward 
flight conditions, conclude that, unlike helicopters, broadband noise at 
low-to-mid frequencies is significant [27–33]. It is worth noting that the 
tonal noise components, i.e., thickness and loading noise, have monopo-
lar and dipolar behaviour, respectively [25].

The small-scale rotors employed in the emerging UAM market result 
in vehicle design with multiple rotors and propellers due to low lift and 
propulsion generation capacity. The layout of the rotors varies vastly for 
each design in conjunction with the purpose of the vehicle [34]. These 
multi-propeller-powered vehicles create complex flow interactions and 
noise radiations. Shukla and Narayanan [35] performed static tests, i.e., 
no freestream flow, for two side-by-side rotors and showed that close 
proximity of rotors at low Re numbers degrades the aerodynamic per-
formance due to high inter-rotor wake interactions. The addition of 
the inflow at low speeds showed that vortices emanating from rotors 
interact more at higher Re numbers [36]. Zhou et al. [37] and Chae 
et al. [38] experimentally showed that the interaction between rotors 
enhances the force unsteadiness with no significant effect on the aver-
age values. Misiorowski et al. [39] investigated the rotor interactions 
for a quadcopter for two different layouts in edge-wise flight and ex-
plored the aerodynamic performance of each rotor. Vries et al. [40]
investigated the aerodynamic interaction between propellers in various 
layouts for forward flight scenarios and demonstrated that an induced 
in-plane velocity component creates loading variations on the blade, 
which supports the observations in previous studies.

The impact of complexions in the flow field echoes in aeroacous-
tic investigations and understanding. Studies under static trust for a 
multirotor drone show that nonharmonic noises are as crucial as har-
monic noises generated by the rotor [41]. Furthermore, the authors 
show the intermittent characteristics of the noise generated at the first 
blade passing frequency, attributing it to quadratic interactions and sub-
tle differences in motor speeds. Poggi et al. [42] examined the Mach 
number scalability effect on the aeroacoustics numerically and showed 
that the emitted noise is scalable with the blade tip Mach number. Fur-
thermore, the authors demonstrated that in the case of counter-rotating 
propellers, the phase between propellers could be manipulated to atten-
uate the noise radiation. Bu et al. [43] studied the effect of separation 
distance on noise radiation with a side-by-side propeller rig in a propul-
sion state. The study showed that the noise radiated by a dual propeller 
could be estimated by superimposing the noise radiated by each pro-
peller, except for the observers at the wake region. Reed et al. [44]
investigated the effect of both the vertical and horizontal separation 
distance between two rotors in static conditions, and in contrast to pre-
vious observations, showed that the OASPL levels are higher than two 
isolated rotors. Afari and Mankbadi [45] performed an extensive nu-
merical study to address multi-rotor noise generation for hovering and 
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forward flight scenarios. The study demonstrates a significant increase 
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in broadband noise and a modification of tonal noise compared to a 
single-rotor case for the hover case due to intense vortex generation 
and interaction between the gaps of the rotors. For forward flight con-
ditions, the increased interaction between propellers due to convection 
enhances the noise radiation.

The present investigation provides a comprehensive experimental 
analysis of noise generated by small-scale rotors in the tandem config-
uration under hovering and edge-wise flight conditions compared to a 
single rotor case. The study aims to explore the effect of the stream-
wise separation distance between rotors on the acoustic signature to 
provide design guidelines for UAM vehicles and experimental data for 
prediction tools. Furthermore, the study also investigates the intermit-
tency characteristics of the generated noise via time-frequency analysis 
due to its importance for annoyance perception. The paper is orga-
nized as follows. Section 2 introduces the experimental set-up, tandem 
rotor rig, and instrumentation with brief details of post-processing tech-
niques. Section 3 provides a detailed discussion of the results in three 
sub-sections. Section 3.1 presents the overall sound pressure directivity 
results, followed by Sec. 3.2 with details of the noise spectrum. Sec-
tion 3.3 presents results on the time-dependent nature of the radiated 
noise. Lastly, the paper is concluded in Sec. 4 with some future remarks.

2. Experimental methodology

The experiments were performed at the University of Bristol’s Aeroa-
coustic facility. The chamber is anechoic down to 160 Hz with physical 
dimensions of 6.7 m x 4.0 m x 3.3 m. The nozzle had a contraction ratio 
of 8.4:1 and had dimensions of 500 mm in width and 775 mm in length, 
which allows a steady operation from 5 m/s to 45 m/s and normal tur-
bulence intensity levels below 0.2% [46].

Two identical rotor rigs were utilized to achieve the tandem config-
uration. The schematics of the rig are presented in Fig. 1. Each rig had 
an off-the-shelf 10”x5” two-bladed Graupner electric propeller. The ro-
tors were driven by a 24-pole T-Motor Antigravity MN4006 brushless 
motor powered by a DC bench power supply. The rotational speed of 
the rotors was measured with an ICP Laser Tachometer. The separation 
distance, 𝑆 , between rotors was varied 0.2R < 𝑆 < 1.2R with an incre-
ment of 0.2R. For brevity, the results and discussions are presented for 
the separation distances of 𝑆 = 0.2R, 0.6R and 1R compared to a single 
rotor case. The rotor rotational speed was fixed at 6000rpm. In order to 
address a broad range of operational envelope, the wind tunnel speed 
was varied between 0 𝑚∕𝑠 < 𝑈 < 24 𝑚∕𝑠, which corresponds to an ad-
vance ratio range of 0 < 𝜇 < 0.3. Advance ratio is defined as,

𝜇 = 𝑈

Ω𝑅
, (1)

where Ω is the rotational speed, 𝑅 is the radius of the blade and 𝑈 is 
the free stream velocity.

Far-field noise measurements were obtained using 35 1/4 inch GRAS 
40PL microphones, which have a large dynamic range and an upper 
limit of 142 dB, covering a frequency range between 10 Hz and 20, 000
Hz. Two far-field arrays were used to obtain both the polar and side 
planes of sound radiation. These microphones were arranged onto a 
far-field array arc, allowing measurement between 40◦ and 150◦ polar 
angles at a distance of 1.75 m from the centre of the rotor system. A 
second side array spanning the angles between 110◦ and 240◦ at 1 m 
distance was also used. All the results were distance corrected to 1 m 
distance. All microphones were calibrated using a GRAS 42AA piston-
phone calibrator. The far-field noise data were acquired using a Na-
tional Instruments PXIe-1082 data acquisition system. Matlab R2016a 
was used to interface between the data acquisition system and the mi-
crophones to run the data acquisition code. The noise measurements 
were performed for 16 s at a sampling frequency of 216 Hz.

The noise results are presented in terms of the frequency-dependent 
energy content of the pressure fluctuations. The energy content is ex-( )

pressed in terms of dB/Hz and is calculated as 10 log10 𝜙𝑝𝑝∕𝑝2𝑟𝑒𝑓 , 
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Fig. 1. (a) Schematics of the test rig with angle definitions, (b) Image of the experimental facility and rig.
where 𝜙𝑝𝑝 is the power spectral density of the measured far-field pres-
sure fluctuations, and 𝑝𝑟𝑒𝑓 = 20 μPa is the reference sound pressure. The 
power spectral density of the pressure fluctuations (𝜙𝑝𝑝) was estimated 
by using Welch’s method [47], where the data from the transducers are 
segmented for 32 equal lengths with 50% overlap and windowed by the 
Hamming function, resulting to a frequency resolution of Δ𝑓 =2 Hz. 
The data obtained yields an absolute uncertainty of ±0.05 dB with a 
95% of confidence level. Hereafter, 10 log10

(
𝜙𝑝𝑝∕𝑝2𝑟𝑒𝑓

)
will be referred 

to as power spectral density (PSD) for brevity. The overall sound pres-
sure level (OASPL) was estimated by integrating the energy spectrum 
over the range of 90 Hz to 16 kHz as,

𝑂𝐴𝑆𝑃𝐿 = 10 log10

( ∫ 𝑃𝑆𝐷(𝑓 )𝑑𝑓
𝑝2
𝑟𝑒𝑓

)
. (2)

The last part of the analysis was performed in the time-frequency do-
main employing wavelet transform to analyze intermittent events. The 
wavelet transform was applied by projecting the acquired signal onto 
the basis of compact support functions localized in the time domain and 
the transformed space. Formally, the wavelet transform of a time signal, 
in this case, the pressure signal 𝑝(𝑡), was defined as the inner product 
between 𝑝(𝑡) and the wavelet family 𝜓(𝑡) [48,49]:

𝑤(𝑠, 𝜏) = 𝑠−1∕2
∞

∫
−∞

𝑝(𝑡)𝜓∗
(
𝑡− 𝜏
𝑠

)
𝑑𝑡, (3)

where 𝑠 ∈ ℜ+ was the scale dilation parameter, whose inverse cor-
responds to the frequency. 𝜏 ∈ ℜ was the translation parameter cor-
responding to the position of the wavelet in the physical space, and 
𝜓∗( 𝑡−𝜏

𝑠

)
was the complex conjugate of the dilated and translated 

mother wavelet 𝜓(𝑡). For the sake of clarity all the results will be re-
ported with respect to frequency.

In order to highlight the predominance and the intermittent be-
haviour of the detected signatures, the obtained wavelet coefficient was 
normalized with respect to the maximum value obtained in the time do-
main for each frequency as,

∗ ||𝑤(𝑓, 𝜏)||2

3

𝑤 (𝑓, 𝜏) =
𝑚𝑎𝑥(||𝑤(𝐵𝑃𝐹 , 𝜏)||2)𝑡 , (4)
where ∥ . ∥ denotes absolute value.

3. Results and discussions

In this section, the far-field noise measurement results are presented 
and discussed in detail. In order to identify the overall effect of employ-
ing two rotors in tandem configuration with varying streamwise sepa-
ration distances, a comparison of OASPL directivity is presented. The 
effect of separation distance on the noise characteristics is elaborated 
with extensive discussions of BPF directivity, spectrum analysis and 
time-frequency (wavelet) analysis. The experiments were conducted for 
separation distances of 0.2R < 𝑆 < 1.2R and for incoming velocities of 
0 m/s < 𝑈 < 24 m/s. However, the discussion primarily focuses on the 
results obtained at 𝑆 = 0.2R, 0.6R and 1R for brevity and their repre-
sentative nature of the noise radiation patterns. Nonetheless, the results 
pertaining to other separation distances and incoming velocities are in-
cluded in some of the figures to enhance the discussion when necessary.

3.1. Overall sound pressure level directivity

Far-field OASPL directivity results obtained from the polar and side 
microphone arrays are presented to provide an overall understanding 
of the radiated noise. Fig. 2 shows the far-field OASPL directivity re-
sults measured on the polar microphone array at four different advance 
ratios 𝜇 = 0, 0.1, 0.15 and 0.2 at three separation distances in compari-
son with the results of a single (isolated) rotor. In the case of the hover 
condition, 𝜇 = 0, the OASPL directivity pattern for all configurations, 
including the single rotor, displays a dipolar behaviour. The dipolar na-
ture of the directivity demonstrates that loading noise and broadband 
noise dominate the far-field behaviour [25]. The OASPL results for all 
the tandem configurations exhibit a significant increase compared to 
the single rotor case, i.e., ≈ 6 dB/Hz, consistent with the previous ob-
servations [50].

The dipolar directivity pattern observed for the hover case (𝜇 = 0) is 
evident for all edge-wise flight cases, 𝜇 = 0.1, 0.15 and 0.2, and are pre-
sented in Fig. 2b, c and d. When the rotors are subjected to an incoming 
flow, i.e., 𝜇 = 0.1 (Fig. 2b), the quick decay of noise radiation at the ex-

tremes of the polar angles becomes milder, and the difference between 
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Fig. 2. OASPL directivity on polar array for separation distances of S=0.2R, 0.6R and 1R in comparison to single rotor results at an advance ratio of (a) 𝜇=0 (0
m/s), (b) 𝜇=0.1 (U=8 m/s), (c) 𝜇=0.15 (U=12 m/s) and (d) 𝜇=0.2 (U=16 m/s).

Fig. 3. OASPL directivity on side array for separation distances of S=0.2R, 0.6R and 1R in comparison to single (isolated) rotor results at advance ratios of (a) 𝜇=0 
m/
(0 m/s), (b) 𝜇=0.1 (U=8 m/s), (c) 𝜇=0.15 (U=12 m/s) and (d) 𝜇=0.2 (U=16

the single rotor and tandem configurations reduce to less than 5 dB/Hz. 
Notable differences emerge at higher advance ratios where the peak of 
the dipolar pattern tilts downstream, accompanied by a marked increase 
of the far-field noise for the separation distance of 𝑆=0.2R. The tilt of 
the peak location on the directivity pattern may be attributed to the 
asymmetric flow domain exacerbated with the incoming flow. A similar 
directivity pattern is evident in the 𝜇=0.15 case. Although the single 
rotor radiates significantly less noise than the tandem configurations, 
there is no discernible difference among the tandem configurations re-
garding the directivity patterns or the OASPL. However, at 𝜇=0.2, the 
tilted directivity pattern becomes more pronounced. Furthermore, the 
𝑆 = 0.2R case radiates significantly higher noise, while the S=0.6R 
case radiates slightly lower noise compared to the other tandem cases. 
Although not shown here for brevity and to align the study with practi-
cal applications regarding incoming flow speed, it is worth noting that 
as the inflow speed increases, the noise radiation for 𝑆 = 0.6R cases 
becomes comparable to the single rotor case. These results are consis-
tent with the findings in [44], where the authors assert that the fluid 
4

interaction between rotors shows a complex pattern and cannot be re-
s).

duced to a function of the rotor separation distance, i.e., the smaller gap 
between rotors does not necessarily radiate higher levels of noise.

The results obtained from the side array support the dipolar nature 
of the noise radiation observed in all cases at all advance ratios. Unlike 
the results observed on the polar array, the OASPL difference between 
the single rotor and tandem configurations is less pronounced except 
in the 𝜇 = 0 case. The noise levels are slightly higher at the bottom 
quadrant of the array 180◦ < 𝜙 < 270◦, which might be a footprint of 
increased wake interaction. The OASPL is significantly higher for the 𝑆
= 0.2R case at 𝜇 = 0.2 compared to other tandem cases across most ob-
servation angles. Additionally, it is worth noting that results for 𝑆 = 
0.6R case are slightly lower compared to the results of the other config-
urations at 𝜇 = 0.2 for 180◦ < 𝜙 < 240◦. These observations of increased 
far-field noise are consistent with the literature [44,45], where the in-
crease in the noise is attributed to complex rotor wake interactions.

3.2. Spectral characteristics

In this section, the spectral characteristics of the noise emitted by 

both a single rotor and tandem configurations are addressed by pre-
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Fig. 4. Comparison of the far-field noise PSD of tandem configurations for separation distances of 𝑆 = 0.2R, 0.6R and 1R against single rotor measured on the polar 
array at 𝜃 = 90◦ for advance ratios of 𝜇=0, 0.1, 0.15 and 0.2.
senting the individual power spectrum density of the sound pressure 
observed at the microphone 𝜃 = 90◦ and 𝜙 = 120◦. Furthermore, con-
tour plots of the spectrum across the range of separation distances 
and advance ratios that were tested are provided for a comprehensive 
discussion. The directivity of the 1𝑠𝑡 BPF is also addressed due to its 
significance in terms of annoyance and perception [51]. Discussions on 
the noise spectra will involve two main components, i.e., the tonal con-
tribution, which is due to blade passing frequency, and the broadband 
contribution, which is due to rotor self-noise, wake and turbulence in-
teraction. It is worth noting that the contribution of thickness noise is 
negligible in the present study due to the small Mach number.

Fig. 4 displays the power spectral density (PSD) of the pressure fluc-
tuations measured at 𝜃 = 90◦ on the polar array at 𝜇 = 0, 0.1, 0.15 and 
0.2. The PSD is estimated as 10log10[(𝜙𝑝𝑝∕𝑝20)], where 𝜙𝑝𝑝 is the energy 
spectra calculated by Welch’s method [47] and 𝑝0 is the reference pres-
sure (20 μPa). Focusing on the tonal components of the spectra, i.e., 
behaviour around BPF and its harmonics, it is evident that the peaks of 
discrete tones dominate the low-to-mid frequencies. At the hover con-
dition, i.e., 𝜇 = 0, the dominant nature of tonal components diminishes 
5

around 𝑓 = 3000 Hz for the single rotor case (dash line). Additionally, 
a significant level of tonal noise persists at the higher harmonics of the 
BPF for all tandem cases for all advance ratios. It is worth noting that 
the high energy harmonics over a broad frequency range observed at 
𝜇 = 0 case is attributed to blade-vortex interaction in literature [11,52]. 
At the 1𝑠𝑡 BPF, the 𝑆 = 0.2R case radiates significantly higher noise 
compared to the other cases. Moreover, the elevated noise levels from 
the 𝑆=0.2R case persist at the higher harmonics until approximately 
𝑓 ≈ 1000 Hz. The rich nature of tonal noise is also evident at higher ad-
vance ratios. It is worth noting that with the introduction of flow, the 
radiated noise levels show a marked increase at the 1𝑠𝑡 BPF compared 
to the hover case (about 30 dB/Hz for 𝜇 = 0.2 case). Across all advance 
ratios, the 𝑆 = 0.2R case radiates higher noise. Additionally, the be-
haviour at higher harmonics demonstrates a complex pattern and can 
not be easily generalized. However, it is worth noting that the tonal 
signature shows faster decay toward higher frequencies for most cases 
across all advance ratios compared to the results of the 𝜇 = 0 case.

Having discussed the tonal behaviour, it is now pertinent to address 
the broadband component of the radiated noise. The broadband noise 
can be further categorized into low-frequency broadband noise (LFBN) 

and high-frequency broadband noise (HFBN) [53]. The HFPB noise may 
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Fig. 5. Comparison of the far-field noise PSD of tandem configurations for separation distances of 𝑆 = 0.2R, 0.6R and 1R against single rotor measured on the polar 
array at 𝜙 = 120◦ for advance ratios of 𝜇=0, 0.1, 0.15 and 0.2.
arise from various mechanisms such as boundary layer self-noise, turbu-
lent boundary layer noise and incident turbulence noise. On the other 
hand, the LFBN is due to random loading, which may be attributed 
to wake interaction or inflow turbulence [54,55]. For the tandem case, 
the interaction of rotor wakes, both in the hover case and forward flight 
cases, is expected to contribute to the broadband component. Compar-
ing the PSD results at mid-to-high frequencies, 𝑓 >≈ 4000 Hz, a 6 dB/Hz 
increase of PSD is evident for all tandem cases across all advance ratios, 
compared to the single rotor case. A closer examination of lower fre-
quencies at the hover case reveals some interesting phenomena. Above 
𝑓 ≈ 300 Hz, an increase in the low-frequency broadband energy content 
is evident for all tandem cases. Moreover, the 𝑆 = 0.2R case exhibits 
a marked difference, ≈ 3 − 4 dB/Hz, compared to other separation dis-
tances. The elevated broadband noise, particularly at low frequencies, 
may indicate increased wake interaction between rotors.

The presence of the incoming flow has a notable impact on the 
broadband behaviour of the PSD curves. For 𝜇 > 0, the broadband 
energy distribution becomes similar for all tandem configurations. A 
discernible broadband hump emerges at mid-to-low frequencies, i.e., 
6

500 Hz < 𝑓 < 3000 Hz. Moreover, higher inflow velocities develop 
a more prominent hump with a shift towards lower frequencies, as 
demonstrated in Fig. 4(c) and (d). The observed broadband hump at 
low-to-mid frequencies may be attributed to wake interaction. How-
ever, a similar low-frequency broadband hump is also evident in the 
single rotor case with a considerably lower magnitude. Based on these 
observations, it can be inferred that a significant amount of the low-
frequency broadband hump arises from the rotor’s self-interaction with 
its wake, as indicated by the single rotor results, and a quantifiable 
magnitude arises due to rotor-rotor interaction. The low-frequency in-
teraction noise peaks at 𝜇 = 0.2 and decreases at 𝜇 = 0.3 (not shown 
here for brevity). This variation in the noise levels may be due to the 
nature of the interaction and requires further flow field analysis. How-
ever, such a detailed flow field analysis goes beyond the scope of this 
manuscript. On the side array, Fig. 5, the PSD results are similar to 
those obtained from the polar array. During hovering, the 𝑆 = 0.2R 
case radiates the highest noise at the 1𝑠𝑡 BPF. Moreover, a discernible 
difference from the polar array results is that the 𝑆 = 0.6R case also 
radiates noise at a comparable level to the 𝑆 = 0.2R case. The ele-
vated energy at low frequencies mirrors the polar array results. The 

presence of the flow introduces a low-frequency broadband hump, but 
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Fig. 6. Comparison of change in broadband noise with respect to the single rotor case [ΔPSD =(PSD𝑆 -PSD𝑆𝑖𝑛𝑔𝑙𝑒)] for (a) 𝑆 = 0.2R, (b) 𝑆 = 0.6R, and (c) 𝑆 = 1R, 
over the advance ratio range of 0 < 𝜇 < 0.3.

Fig. 7. Comparison of change in broadband noise at advance ratios (a) 𝜇 = 0, (b) 𝜇 = 0.1, and (c) 𝜇 = 0.2 for the single rotor (S=0), and over the separation distance 
range of 0.2R <S < 1.2R.
lower in magnitude compared to the hover case. It is worth noting the 
results regarding the noise spectra obtained at 𝜙 = 230◦ (presented in 
Supplementary document, Figure S1), which can be attributed to noise 
perceived at the ground. The general trend of the spectral content is 
similar to the spectra measured at 𝜙 = 120◦ across all advance ratios. 
However, at 𝜇 = 0, the maximum noise radiation at the 1st BPF is from 
the S=1R case as opposed to the S=0.2R case for 𝜙 = 120◦. An over-
all comparison of the directivity and spectra results across Figs. 2 to 5
reveals that the S=0.2R case radiates significantly higher noise com-
pared to S=0.6R and S=1R cases, with accompanied elevated levels of 
1𝑠𝑡 BPF tonal noise across most advance ratios. Furthermore, the low-
est excess noise (OASPL) compared to a single rotor is achieved by the 
S=0.6R case due to a lower broadband noise signature.

Figs. 6 and 7 are presented to investigate further the effect of the sep-
aration distance and advance ratio over the broadband far-field noise 
7

radiation measured on the polar array at 𝜃 = 90◦. Fig. 6 displays the 
PSD difference between tandem cases, i.e., 𝑆 = 0.2R, 0.6R and 𝑆 = 
1R and the single rotor case over all the advance ratios tested, namely, 
𝜇 = 0, 0.1, 0.15, 0.2, 0.25 and 𝜇 = 0.3. For this analysis, the broadband 
component of the spectrum is extracted through a median filter for each 
case [56–59]. Once the broadband component is obtained, ΔPSD is cal-
culated as the difference between tandem cases and the single rotor 
case. A quick observation of the contour plots reveals positive values 
over the entire domain, indicating that tandem configurations gener-
ate higher broadband noise than the single rotor case, regardless of 
separation distances and advance ratios. Moreover, for all cases, the 
high-frequency content increases with higher inflow velocities, i.e., the 
advance ratio 𝜇, as expected due to an increase in the trailing edge 
noise of the rotors.

At 𝑆 = 0.2R, Fig. 6(a), the broadband noise increase is around 4-6 
dB/Hz for most of the contour plot. ΔPSD map reveals a significant in-

crease in broadband noise at low-to-mid frequencies for low advance 
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Fig. 8. 1𝑠𝑡BPF directivity on the polar array for separation distances of 𝑆 = 0.2R, 0.6R and 1R in comparison to single rotor results at advance ratios of (a) 𝜇 = 0 (0
m/s), (b) 𝜇 = 0.1 (8 m/s), (c) 𝜇 = 0.15 (12 m/s) and (d) 𝜇 = 0.2 (16 m/s).
ratios and at high frequencies for high advance ratios. Notably, at all 
separation distances, the increase in noise weakens at around 𝜇 = 0.15
for low frequencies. Increasing the separation distance reduces the ex-
cess broadband noise over the entire spectra and advance ratios. Further 
increasing the separation distance to 𝑆 = 1R leads to a slight increase 
in ΔPSD at mid-to-high frequencies. Additionally, elevated broadband 
noise is evident at mid-frequencies for higher advance ratios. Consid-
ering the results in conjunction with the wake interaction, it appears 
that there exists a critical advance ratio envelope where the interaction 
reduces, and the radiated access noise compared to a single rotor case 
partially decreases. This suggests that certain separation distance and 
advance ratio combinations may mitigate the excess broadband noise 
resulting from wake interactions in the tandem configurations. For all 
separation distances, the excess noise is minimised over 0.05 < 𝜇 < 0.2
for the frequency range of 500 Hz< 𝑓 < 2000 Hz. For this operational 
envelope, the excess noise is 3 dB/Hz or lower. The excess noise ΔPSD 
is higher than 5 dB/Hz for all separation distances for 𝜇 > 0.2. It is 
worth noting a few points regarding the low excess noise envelope ob-
served at 𝜙 = 230◦ for the broadband component following the previous 
discussions in Fig. 5. The Δ𝑃𝑆𝐷 results at 𝜙 = 230◦ (presented in Sup-
plementary document, Fig. S2) corroborate the observations in Fig. 6
where the lowest excess noise achieved around 0.1 < 𝜇 < 0.2. Further-
more, for S=0.6R and S=1R cases, the low excess noise region expands 
to higher and lower advance ratios over a broader range of frequen-
cies.

To provide a comprehensive view of the separation distance effect 
on the far-field noise across different advance ratios, contour plots dis-
playing the broadband PSD values over all separation distances tested at 
different advance ratios, i.e., 𝜇 = 0, 0.1 and 𝜇 = 0.2 are displayed. Fig. 7
illustrates the broadband PSD of the noise at advance ratios 𝜇 = 0, 0.1
and 𝜇 = 0.2 for all cases, starting from the single rotor case, 𝑆 = 0 (Sin-
gle), to all separation distances tested, 0.2R < 𝑆 < 1.2R. A remarkable 
finding from the results is the shift of mid-to-high frequency noise radi-
ation to low-to-medium range noise radiation with the introduction of 
the inflow, which convects the slipstream towards the downstream ro-
tor. Since the turbulence interaction noise is known to be a low-to-mid 
frequency range phenomenon [60], the shift of the dominant region of 
the spectrum can be attributed to the interaction of the downstream 
8

rotor with the wake of the upstream rotor. In addition, at a high ad-
vance ratio, the increase in the low-frequency broadband noise expands 
its bandwidth. This further highlights the impact of the separation dis-
tance and advance ratio on the broadband noise characteristics in the 
tandem configurations.

Before moving on to time-frequency analysis of the noise signatures, 
the directivity pattern at the maximum tonal noise, the 1𝑠𝑡 BPF, is also 
presented. Figs. 8 and 9 display the directivity patterns at the 1𝑠𝑡 BPF 
for polar and side array, respectively. It is worth noting that to allow a 
better interpretation of the results, the scales of the figures are not kept 
constant. At first glance, as the advance ratio increases, the radiated 
noise at the 1𝑠𝑡 BPF increases for all cases. Moreover, the directiv-
ity patterns do not show a radical change for edge-wise flight cases, 
Fig. 8(b-d). However, significant differences in the directivity patterns 
are evident among the hovering cases, as well as between the hover-
ing and edge-wise flight cases. Considering the hovering case, 𝜇 = 0, 
all tandem cases radiate more noise than the single rotor case. Among 
tandem cases, the highest far-field noise is radiated by 𝑆 = 0.2R case 
around 80◦ < 𝜃 < 100◦. In contrast, the S=1R case radiates more noise 
downstream around 120◦ < 𝜃 < 150◦. Inflow significantly changes the 
directivity pattern compared to the static case. An evident decay at the 
extremes of the dipolar pattern is observed for all cases. Moreover, the 
elevated PSD level for the 𝑆 = 0.2R case becomes more apparent com-
pared to the results of the 𝑆 = 0.6R and 𝑆 = 1R cases. At 𝜇 = 0.2, all 
cases display a similar directivity pattern with milder decay at the ex-
tremes of the dipolar pattern. In addition, the 𝑆 = 0.2R case radiates 
higher noise compared to other tandem cases, whereas the 𝑆=0.6R 
case radiates less. Although not shown here for brevity, at 𝜇 = 0.3, the 
𝑆 = 0.6R case radiates as low as the single rotor case. A similar be-
haviour is evident for the results obtained on the side plane, Fig. 5, 
with two significant differences to be underlined. First, at static condi-
tion, 𝜇 = 0 (Fig. 5(a)), unlike other cases, the directivity pattern displays 
a dipolar pattern. Secondly, the reduced far-field noise level for the 𝑆
= 0.6R case on the polar array at 𝜇 = 0.3 takes a different form, where 
a reduced level of far-field noise 120◦ < 𝜙 < 180◦ is accompanied by a 
significant increase at 180◦ < 𝜙 < 240◦. Moreover, at this advance ra-
tio, the 𝑆 = 0.2R case also radiates less noise for high 𝜙 angles than 

the single rotor case.
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Fig. 9. 1𝑠𝑡BPF directivity on the side array for separation distances of 𝑆 = 0.2R, 0.6R and 1R in comparison to single rotor results at advance ratios of (a) 𝜇 = 0 (0
m/s), (b) 𝜇 = 0.1 (8 m/s), (c) 𝜇 = 0.15 (12 m/s) and (d) 𝜇 = 0.2 (16 m/s).

Fig. 10. Normalized wavelet scalograms for the single rotor case calculated for far-field noise measured on the polar array at (a) 𝜃 = 90◦, (b) 𝜃 = 115◦, and (c) 
𝜃 = 130◦, and obtained on the side-array at (d) 𝜙 = 120◦,(e) 𝜙 = 150◦ , and (f) 𝜙 = 180◦ at an advance ratio of 𝜇 = 0 (U= 0 m/s).
3.3. Time-frequency analysis

Until this point, the effect of separation distance on the directiv-
ity, noise spectra and broadband noise of a tandem rotor configuration 
is analysed and discussed by relying on methods based on the Fourier 
Transform, i.e., power spectral density. The time-frequency analysis of 
the noise allows us to investigate the time-dependent nature of the 
radiated frequencies, providing a more detailed understanding of the 
noise characteristics. The time-dependent analysis may help to reveal 
both the intermittent nature and amplitude modulations of the noise. 
Although some contradictory results are presented in the literature 
[61,62], it is shown to influence annoyance perception of the noise. 
This study doesn’t aim to address annoyance directly; however, the 
data herein may help for further studies in annoyance modelling. This 
section will address the temporal behaviour of the radiated noise by ap-
9

plying wavelet analysis following the methodology explained in Sec. 2.
Fig. 10 displays the normalized wavelet scalogram at 𝜇 = 0 for the 
data obtained at three microphone locations for both the polar and side 
array. The wavelet analysis is presented for 𝜃 = 90◦, 115◦ and 130◦ on 
the polar array (Fig. 10a, b and c) and for 𝜙 = 120◦, 150◦ and 180◦ on 
the side array (Fig. 10d, e and f). The frequency axis is normalized with 
blade passage frequency to ease the interpretation of the data. Before 
delving into discussions, it is essential to note that periodic signals result 
in continuous lines in the scalograms [63]. The results from the wavelet 
analysis demonstrate a few important points to underline. Considering 
the results for the polar array, the scalogram results show that the noise 
radiated towards 𝜃 = 90◦, Fig. 10a, at the 1𝑠𝑡 BPF is slightly intermittent 
with amplitude modulation. However, as the observation angle moves 
downstream, the noise radiation becomes continuous, Figs. 10b and c. 
Furthermore, an intermittent and high amplitude 2𝑛𝑑 BPF is evident 
towards 𝜃 = 90◦ and 115◦, which weakens at 𝜃 = 130◦. On the side 

array, the wavelet results show a significantly dominant continuous 1𝑠𝑡
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Fig. 11. Normalized wavelet scalograms for the single rotor case calculated for far-field noise measured on the polar array at (a) 𝜃 = 90◦, (b) 𝜃 = 115◦, and (c) 
𝜃 = 130◦, and measured on the side-array at (d) 𝜙 = 120◦ ,(e) 𝜙 = 150◦, and (f) 𝜙 = 180◦ at an advance ratio of 𝜇 = 0.15 (U= 12 m/s).
BPF towards the plane of rotation, 𝜙 = 180◦ (Fig. 10f). It is also worth 
noting that the scalogram results show less dependency on the radiation 
angle on the side array. The presence of inflow has notable effects on the 
wavelet results, as evident in Fig. 11. The intermittent noise radiation at 
1𝑠𝑡 BPF towards the top array in hover, Fig. 10 completely evolves into a 
periodic dominant radiation. This periodic behaviour is also observed in 
the side array results across all angles. Furthermore, the results suggest 
strong periodic radiation at the 2𝑛𝑑 BPF, which might be due to the 
increased steady loading on the blades, considering that the 1𝑠𝑡 BPF and 
2𝑛𝑑 BPF emerges mostly due to steady loading [64,65]. It is crucial to 
underline that directivity patterns or spectral plots obtained employing 
Fourier Series analysis in Figs. 8 and 9 were not able to display the 
intermittent nature of the emitted noise, which is a significant factor of 
annoyance [66].

Following the discussions on the time-frequency analysis for a single 
rotor, the results regarding tandem configurations are now presented in 
Figs. 12 and 13. Fig. 12 displays normalized wavelet scalogram results 
for separations distances of 𝑆 = 0.2R, 0.6R and 𝑆 = 1R for the polar ar-
ray microphones at 𝜃 = 90◦ [Fig. 12(a-c)] and 𝜃 = 130◦ [Fig. 12(d-f)] at 
hovering conditions, 𝜇 = 0. The results obtained from the microphone 
at 𝜃 = 90◦ provide valuable insights into the effect of separation dis-
tance on the noise characteristics in tandem configurations compared 
to the single rotor case. For the S=0.2R case, the normalized wavelet 
scalogram results suggest nearly-periodic noise radiation at the 1𝑠𝑡 BPF 
with amplitude modulation. Additionally, intermittent radiations with 
strong amplitude modulation at the BPF harmonics are evident. This 
pattern is similar to the results observed for the S=1R case. However, 
for the S=0.6R case, the scalogram suggests strongly intermittent 1𝑠𝑡
BPF noise radiation, as indicated by the separated islands of intermit-
tent regions. Furthermore, the contribution from higher BPF harmonics 
is weaker compared to the results of the other cases. The intermittent 
nature of the noise becomes more widespread at higher frequencies, as 
evidenced by the presence of discontinuous patches of increased energy 
spots for all cases.

Further downstream on the polar array, i.e., 𝜃 = 130◦, a different 
picture can be observed, which reinforces the fact that interpretation of 
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the directivity and spectra plots are not sufficient to explain the nature 
of the radiated noise shows temporal variations as well as a spatial de-
pendency (directivity). When the rotors are at a minimum distance, 𝑆
= 0.2R, the noise radiation at the 1𝑠𝑡 BPF is slightly intermittent with 
significant amplitude modulation. Although the intermittency pattern 
is similar to 𝜃 = 90◦ for the noise radiated at the 2𝑛𝑑 BPF and 3𝑟𝑑 BPF, 
the contribution from 3𝑟𝑑 BPF significantly increases at 𝜃 = 130◦, as in-
dicated by the presence of high-intensity energy spots in the scalogram. 
As discussed for the results at 𝜃 = 90◦, the results of the S=1R case 
show similarity with the S=0.2 case, with notably lower amplitudes. 
Furthermore, for the S=0.6 case, the intermittent nature at the 1𝑠𝑡 BPF 
becomes clearer. With the presence of an incoming flow as displayed 
in Fig. 13, at 𝜇 = 0.15, the scattered low energy intermittent events 
at higher frequencies diminish. The increase of the blade loading in-
creases the contribution of the 1𝑠𝑡 and 2𝑛𝑑 BPF. At both 𝜙 = 90◦ and 
𝜙 = 130◦, relatively long duration strong intermittent events emerge 
at S=0.2R at the 1𝑠𝑡 BPF, with weak intermittent contributions from 
2𝑛𝑑 BPF. At S=0.6R, the long-duration intermittent events evolve into 
short-duration events, as indicated by multiple energy islands in the 
scalogram. Further increase in the separation distance to S=1R recovers 
the time-dependent energy distribution similar to that of the S=0.2R 
case with a periodic 1𝑠𝑡 BPF. The changes observed in the steady load-
ing behaviour may be related to complex wake interactions between 
two rotors. For brevity, the time-frequency analysis of the side array is 
provided in the supplementary document in Figs. S3 and S4 for 𝜇 = 0
and 𝜇 = 0.15, respectively. The results show that the amplitude modu-
lation and intermittency characteristics presented resemble those of the 
polar array results.

4. Conclusion

This study presents an experimental investigation of the noise ra-
diation characteristics of two rotors in a tandem configuration under 
both hover and edge-wise flight conditions, with a focus on the effect 
of the influence of separation distance. The far-field noise measure-
ment was conducted on two arrays for both tandem and single-rotor 
cases with a fixed rotational speed. The far-field noise results were 
comprehensively analysed and presented in terms of OASPL directiv-

ity, frequency-dependent energy spectra and temporal characteristics. 
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Fig. 12. Normalized wavelet scalograms for tandem configurations calculated for far-field noise measured on the polar array at 𝜃 = 90◦ (top-row) and 𝜃 = 130◦
(bottom-row). The results are presented for separation distances of (a,d) 𝑆 = 0.2R, (b,e) 𝑆 = 0.6R, and (c,f) 𝑆 = 1R at 𝜇 = 0 (U= 0 m/s).

Fig. 13. Normalized wavelet scalograms for tandem configurations calculated for far-field noise measured on the polar array at 𝜃 = 90◦ (top-row) and 𝜃 = 130◦
(bottom-row). The results are presented for separation distances of (a,d) 𝑆 = 0.2R, (b,e) 𝑆 = 0.6R, and (c,f) 𝑆 = 1R at 𝜇 = 0.15 (U= 12 m/s).
The OASPL results revealed similar directivity patterns for all cases, but 
the tandem configurations exhibited significantly higher noise levels 
compared to the single case. Among the cases with different separation 
distances, S=0.2R radiated the highest noise, and S=0.6R case radi-
ated the lowest noise on both measurement arrays. The narrowband 
behaviour showed significantly increased PSD levels at the 1𝑠𝑡 BPF for 
the shortest separation distance, corroborating with the 1𝑠𝑡 BPF directiv-
ity results. The increased level of broadband noise at both high and low 
frequencies indicates the increased level of interaction of rotors. The 
results show that as the advance ratio increases, the tandem configura-
11

tions radiate higher noise at lower frequencies on a broader bandwidth 
than the single rotor. The low-frequency energy content increase can 
be attributed to contributions from the wake and complex wake inter-
actions, which is consistent with the findings of Mankbadi et al. [45]. 
Furthermore, an increase in the low-to-mid frequency broadband noise 
may also emanate from an increase in blade self-noise, i.e., trailing edge 
noise and turbulent boundary layer noise, due to an increased advance 
ratio [25]. Further studies in the flow field are required to fully ex-
plore the underpinning mechanism, which is beyond the scope of this 
manuscript. The findings show an envelope of parameters that can mini-
mize the radiated broadband noise. Finally, the time-frequency analysis 

revealed the intermittent nature and the amplitude modulation of the 
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radiated noise at the 1𝑠𝑡 and 2𝑛𝑑 BPF. The wavelet results show that 1𝑠𝑡
BPF becomes strongly intermittent at S=0.6R case, generating the low-
est OASPL. Although the current study shows the complex nature of the 
noise radiation for a simple two-rotor tandem configuration, there ex-
ists a vast design space for future UAM layouts. To better understand 
the underlying physics of the observed behaviours, further work on de-
tailed flow field analysis is recommended as a follow-up study, which 
can provide a deeper understanding of the noise generation mechanism 
and aid in designing and optimizing the urban air mobility systems.
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