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An experimental investigation of the noise and forces generated by tandem eVTOL rotors in
simulated forward flight was performed in the University of Florida Anechoic Wind Tunnel.
The campaign consisted of 48 test conditions sweeping through the tip Mach numbers and
freestream velocity to cover a range of realistic eVTOL flight conditions for two rotors. The
mean rotor forces and noise at 90 microphone locations below the rotor plane were measured
for each test condition. The results showed that the noise and forces of the rear rotor were
effected by the wake of the front rotor. Additionally, the inclusion of a wing and boom reduced
overall noise levels and increased the rear rotor thrust coefficient. The results emphasize the
importance of rotor-rotor and rotor-airframe interactions on eVTOL noise.

I. Introduction

The urban air mobility (UAM) campaign laid out by NASA seeks to provide high-density air-taxi operations within
metropolitan areas by way of improved electric vertical take-off and landing (eVTOL) flight-vehicles [1]. This

increased air traffic places a high demand on noise reduction during the vehicle design process. Rizzi et al. [2] wrote
that this noise reduction can be achieved by either controlling noise generation at the source or by designing flight paths
which limit noise propagation to observers. In order to apply either of these methods, the dominant noise sources and
sound directivity must be understood. As further stated by Rizzi et al. [2], models for the highest amplitude sound
sources must be developed and validated against experimental data captured in realistic eVTOL flight conditions.

The experimental results presented in this paper will aide in these goals by analyzing aspects of the lift+cruise
eVTOL design shown in Fig. 1(a). When transitioning between takeoff and cruise this flight-vehicle operates in low
speed forward flight with both the front tilt rotors (TR) and rear lift rotors (LR) operating to maintain lift. This transition
stage includes complex rotor-rotor and rotor-airframe interactions, which alter both the noise and forces generated by
the flight-vehicle. In order to analyze these interactions; general rotor noise and force trends will be presented for both
isolated (no wing and boom) and installed (with wing and boom) configurations of the simplified geometry shown by
the dashed line rectangle in Fig. 1(b).

For this tandem rotor configuration, rotor-rotor interactions are caused by the TR wake altering the flow-field around
the LR [3]. This interaction has been analyzed by several authors focusing mainly on quadcopter configurations, which
utilize multiple uncanted identical rotors and a negative vehicle angle of attack. Misiorowski et al. [4] performed
simulations of a quadcopter in edgewise flight and found that the wake of the front rotors induces a downwash velocity
on the rear rotors leading to thrust reductions and torque increases. Healy et al. [3, 5] produced similar findings from
high fidelity simulations of tandem eVTOL rotors and found that the downwash could be alleviated by either increasing
the rotor separation distance or by canting the rotors outwards. Lou et al. [6] applied an analytical model for the induced
velocity in a multi-rotor configuration and found good agreement between the modeled thrust change and high fidelity
CFD simulations. Lou et al. [6] further showed that the major factor in determining if this interaction is beneficial or
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detrimental to rotor forces is the proximity of the wake to the rear rotor. These studies showed the importance of the TR
wake passage distance below the LR in the current configuration, and this will be investigated further in this study.

Installation effects on eVTOL rotor forces has received very little attention, and to the authors, knowledge, there have
been no published studies analyzing the effects of a lifting rotor operating behind a wing. The effects of a boom below a
lifting rotor has been investigated though, by Zhu et al. [7] for a quadcopter in forward flight and by Zawodny and Boyd
[8] for an isolated rotor in hover. Both studies found that the boom acts as a partial ground plane causing an increase in
mean rotor thrust. In this study, the effects of installations are analyzed by comparing the isolated and installed thrust
and torque coefficients of the tandem rotors. It should be noted that the installations will alter the TR wake trajectory so
that rotor-rotor and rotor-airframe interactions can not be analyzed independently. Further emphasizing the importance
of applied studies using installed configurations.

The noise from these multi-rotor vehicles can be looked at as a superposition of the tonal, broadband, and impulsive
noise sources from the individual rotors and the airframe. The rotor tonal noise component is centered on the blade pass
frequency (BPF) and its harmonics. Where the BPF is the product of the number of blades (B) and the rotation rate
(Ω). As shown numerically by Roger and Moreau [9] and experimentally by Goldschmidt et al. [10], the tonal noise
levels of low tip speed eVTOL rotors are driven by the periodic unsteady loading around the rotor path. For multi-rotor
configurations, Roger and Moreau [9], Jia and Lee [11], and Zawodny and Pettingill [12], all showed that this noise
source is altered by the nonuniform downwash from the rotor-rotor and rotor-airframe interactions. The broadband
component of the rotor noise is comprised of multiple sources, each of which dominates a different frequency range
in the acoustic spectrum. Low and mid frequency broadband noise is generated by stoichaistic blade loading from
interactions with the rotors own turbulent wake (blade wake interaction noise) and the turbulent wake of adjacent rotors
(turbulence ingestion noise) [12]. High frequency broadband noise is alternatively driven by pressure fluctuations in the
boundary layer and near wake of the rotor blades (trailing edge noise) and is independent of rotor-rotor interactions
[13]. As shown experimentally by Goldschmidt et al. [10], this change from mid-frequency blade wake interaction
noise (BWI) to high-frequency trailing edge noise occurs at approximately 30 BPF. As discussed by Rizzi et al. [2],
impulsive blade vortex interactions (BVI) noise can occur for multi-rotor configurations when the tip vortices from one
rotor interacts with neighboring rotors. Jia and Lee [11, 14] showed that for tandem-rotor configurations, significant
BVI noise can occur from the rear rotors ingesting the tip vortices of the front rotors, and the airframe can increase this
noise by redirecting vortices into the rotors. As originally shown by Patterson and Amiet [15], this BVI noise can be
identified by a pulse in the acoustic time history and by additional tonal harmonics in the frequency domain, and this
feature will be used in the current study to locate BVI occurrences.

Installation effects on multi-rotor vehicle noise has been investigated numerically by Jia and Lee [11, 14] and
experimentally by Zawodny and Pettingill [12]. Both studies showed that the airframe increased broadband and tonal
noise levels due to the forward flight rotor wakes interacting with the airframe. Bahr et al. [16] analyzed the effects of
wing shielding on open rotor noise and found that the wing can lead to significant noise reductions, but this reduction
is highly dependent on the wavelength of the acoustic waves. These previous studies will be used to develop logical
conclusions for the effects of the wing and boom on the measured noise in the current experiments.

The goal of this study is to build on previous eVTOL aeroacoustic research by simultaneously measuring the forces
and noise of an isolated and installed tandem rotor configuration. A total of 48 test conditions with variable tip Mach
numbers and free stream velocities were used to analyze basic trends from rotor-rotor and rotor-airframe interactions.
The noise measurements were performed with 90 microphone locations below the rotor plane to characterize the noise
directivity. The results from these extensive experiments will give key insights that can be used for future modelling of
tandem eVTOL rotor noise.

(a) (b)

Fig. 1 (a) Lift+cruise eVTOL (Archer [17]), (b) Geometry for current experiments outlined by red box.
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II. Experimental Facility and Test Hardware
The experiments in this work were conducted in the Anechoic Wind Tunnel Facility in the Department of Mechanical

and Aerospace Engineering at the University of Florida. This facility was adapted by Goldschmidt et al. [10] to study
the aeroacoustics of a single sub-scale eVTOL rotor in edgewise flight and will be extended in this work to analyze
the aeroacoustics of both isolated and installed tandem sub-scale eVTOL rotors. The tandem rotor experiments were
conducted using a five-blade TR and a two-blade LR, fixed at a single tilt rotor angle and vehicle angle of attack. The
installed experiments were performed by placing a wing and boom between the rotors to investigate installation effects
on rotor noise and forces. During experiments, microphones were installed on a maneuverable arc to capture noise
levels in a hemisphere below the rotor and rotor forces were measured using two six-axis load cells. The individual
components of the set-up will be described in more detail below.

A. Wind Tunnel Facility
The Anechoic Wind Tunnel contains an open jet test section with dimensions of 0.74 m by 1.12 m and anechoic

room dimensions of 5.5 m long by 5 m wide by 2.3 m high. The anechoic cut-off frequency is approximately 105 Hz
and the tunnel is capable of velocities up to 50 m/s with free stream turbulence levels less than 1% [18]. The wind
tunnel velocity was monitored using a Pitot-static tube connected to an Omega PX277 differential pressure transducer
with accuracy of 0.15 psi. The velocity was maintained to within ±1% of the set point using a LabView PID controller
that sent an analog voltage to the wind tunnel fan VFD through a NI 9263 analog output card. The ambient temperature
and relative humidity were measured using an Omega HX94B Relative Humidity/Ambient Temperature Transmitter
with accuracies of ±0.6 ◦C and ± 2.5%, respectively. The ambient pressure was measured with a Druck PMP 4015
pressure transducer with an accuracy of ±0.006 psi. The analog voltages from the sensors were digitized through a
NI 9239 analog input card at a sampling rate of 2 kHz and were related to their physical values using manufacturer
provided calibrations. The moist air density (𝜌) was calculated using the method laid out by Picard et al. [19], the 95%
confidence bounds were found using a Monte Carlo simulation with 10,000 simulations and random distributions based
on the random and bias errors of the individual sensors. The fully labeled test setup can be seen in Fig. 2(a).

B. Dual Rotor Geometry
The experiments utilized two counterclockwise rotating rotors with radii of 0.1143 m as seen in Fig. 2(c). The

five-blade tilt rotor was manufactured from 2024 aluminum with a machine roughness of 0.8 µm. The two-blade lift
rotor was made out of carbon fiber with identical geometry to the rotor used in Goldschmidt et al. [10]. Both rotors
have Clark-Y airfoils and chord based Reynolds numbers at 75% radius (𝑅𝑒𝑐 (0.75𝑅)) in the range of 104 to 105 for all
test conditions. Based on these conditions, the flow along the blades is assumed to be in a laminar-turbulent transition
regime [20]. For the installed experiments, a 3.06 m carbon fiber wing with a NACA 6-series airfoil and a cylinder
boom capped with 3D printed fairings were placed between the rotors as seen in Fig. 2(b) and Fig. 2(c). The rotors,
wing, and boom were further connected to an 80/20 bar [21], which could be tilted to simulate vehicle angle of attack
(𝛼) changes. Further details of the tandem rotor geometry can be seen in Table 1 and Fig. 2(d).

Table 1 Dual rotor geometry related to Fig. 2(d).

Variable Description Value
𝑅 Rotor Radius 0.1143 m

D𝐵 Boom Diameter 0.0508 m
C𝑤 Wing Chord 0.15 m
X𝑇𝑅 Distance from wing quarter chord to tilt rotor 0.1875 m
X𝐿𝑅 Distance from wing quarter chord to lift rotor 0.2425 m
𝛼 Vehicle angle of attack 5◦

𝛾 Tilt angle 70◦
Δ
𝑅

Rotor offset from boom 0.3636
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(a) (b)

(c) (d)

Fig. 2 Experimental set up: (a) Labeled wind tunnel facility, (b) rotor set up with wing, (c) zoomed in view of
the LR, TR, wing, and boom, (d) dual rotor geometry.

C. Rotor Test Stand
Each rotor was mounted on top of a test stand shown in Fig. 3(a). The test stand included a tilting mechanism, a 10

pole Scorpion HKII–4235–630 KV brushless DC motor, a Phoenix Edge 100-Amp electronic speed controller (ESC),
and an ATI gamma load cell. During experiments a LabView PID controller was utilized to maintain motor RPM to
within ±0.1% of the setpoint. This controller sent a variable duty cycle PWM signal to the ESC based on the motor
RPM as measured from the ESC feedback signal. The motors were attached to the load cells using a floating mount
system, which contained a bottom plate attached to the load cell, a piece of 50 OO Durometer hardness polyurethane
rubber, and a top plate which was attached to the motor as shown in Fig. 3(a). This mounting system was implemented
to dampen vibrations which could damage the load cell and to eliminate thermal drifting of load cell measurements.
The top and bottom of the mount were connected using zip ties around 6 symmetric notches and the motor was leveled
using a digital inclinometer with an accuracy of ±0.2◦.

The ATI Gamma Load Cells were used for force and torque measurements in three directions relative to the rotors
as shown in Fig. 3(b). The analog load cell voltages were digitized by a NI 9202 analog input card at a rate of 10 kHz
and converted to the measured force values using the manufacturer provided calibration matrices. The full-scale range
of the load cell for Fz, Fx, Fy, Tz, Tx, and Ty are 100 N, 32 N, 32 N, 2.5 N-m, 2.5 N-m, and 2.5 N-m, respectively and
the bias uncertainty as a percentage of the full-scale range are 0.75% N, 0.75% N, 0.75% N, 1.50% N-m, 1.00% N-m,
and 1.25% N-m, respectively. These measurements were only used for steady force evaluation due to motor and test
stand vibrations which contaminated the unsteady force measurements.

D. Microphone Arc and Data Acquisition
The noise measurements were performed using five GRAS 46 BE 1/4 in. CCP free-field microphone sets with

dynamic ranges of 35 to 160 dB and flat frequency responses (±1 dB) from 10 Hz to 40 kHz. The microphone signals
were acquired at a rate of 100 kHz through an NI PXI 4472 analog input card, and the microphone sensitivities were
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calibrated with a GRAS 42AG pistonphone. The microphones were attached to a maneuverable arc centered between
the two rotors, which allowed for hemispheric measurements below the rotor plane. The five microphones were fixed at
\ = [0◦,−20◦,−30◦,−40◦,−50◦], and the arc was rotated in 10◦ increments in the azimuthal direction (𝜙) from 50◦
to 130◦ on the rotors advancing side and 230◦ to 310◦ on the rotors retreating side. Each microphone was located at
a different radial distance from the arc center to maximize the distance from the open jet shear layer as seen in Fig
3(c). Therefore, the sound pressure level results are propagated to an observer distance of 8.5𝑅, which is the closest
microphone position, using the inverse square law and the microphone positions on this simulated observer sphere can
be seen in Figs. 4(a) and 4(b). For installed experiments, the azimuthal angles 90◦ and 270◦ could not be captured
due to the presence of the wing and in the results section the noise levels are interpolated over this region. In order to
improve visibility of the noise directivity, the results will be presented using a Lambert conic projection of the observer
sphere as shown in Fig. 4(c). The right side of the figure represents the advancing side of the counterclockwise rotating
rotors, and the left side represents the retreating side of the rotors. The arc and motor mounting system were additionally
wrapped with ceramic fiber and acoustic absorbing foam to minimize acoustic reflections.

(a) (b) (c)

Fig. 3 (a) Labeled rotor test stand, (b) directions of forces measured with the load cell, (c) microphone arc.

(a) (b) (c)

Fig. 4 Microphone locations: (a) isometric view, (b) top view. The freestream flow (𝑈∞) enters from the left side
of the image so that the tilt rotor is represented by the black box and the lift rotor is represented by the red box.
Figure (c) is a Lambert projection of the microphone positions below the rotor plane, where the black arrow
represents the counterclockwise rotation of the rotors and 𝑈∞ enters from the top of the figure.
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III. Experimental Campaign
The test campaign analyzed the effects of varying both the LR and TR tip Mach numbers. These are normalized by

the hover tip Mach numbers of the respective rotors, and are denoted as �̄�𝑡
𝐿𝑅 and �̄�𝑡

𝑇𝑅, respectively. The experiments
were performed at three different freestream velocities (𝑈∞) 10 m/s, 15 m/s, and 20 m/s. The tip Mach numbers and
forward flight speeds were chosen to represent realistic flight conditions for a full scale eVTOL vehicle. The full range
of 48 test conditions can be seen in Fig. 5. The experiments were performed at a single tilt angle (𝛾) and a single
vehicle angle of attack (𝛼) as described in Section II.B. Each experiment was performed for 90 seconds and for each test
condition a full sweep of acoustic measurements was performed.

Fig. 5 Experimental test matrix with test points marked by "*".

IV. Data Processing

A. Load Cell Data Processing
The mean rotor forces were processed using the block averaging method laid out in Goldschmidt et al. [10]. For

each experiment, the forces were separated into blocks containing 10 rotor revolutions. The average forces (�̃�) were
found by taking the mean of the respective block averages. The standard deviation of the block averages then represented
the random error for a single experiment. After calculating the mean forces, the coefficient of thrust (𝐶𝑡 ) and coefficient
of torque (𝐶𝑞) were calculated using,

𝐶𝑡 =
�̃�𝑍

𝜌(𝑅Ω)2𝜋𝑅2 (1)

and
𝐶𝑞 =

𝑇𝑍

𝜌(𝑅Ω)2𝜋𝑅3 , (2)

respectively. Here, �̃�𝑍 is the mean force normal to the rotor or rotor thrust, 𝑅 is the rotor radius, Ω is the rotation rate,
and 𝑇𝑧 is the mean torque. The 𝐶𝑡 and 𝐶𝑞 were then averaged over the number of experiments for each test condition or
equivalently the number of azimuthal microphone arc locations. The total error was then found using the law of total
variance [22] by including errors of density, rotation rate, individual experiment random error, and random error across
all experiments. It should be noted that the dominant error sources for both 𝐶𝑡 and 𝐶𝑞 come from the inherent bias error
of the load cell. The 𝐶𝑡 and 𝐶𝑞 were then normalized by their respective hover coefficients and denoted as 𝐶𝑡 , and 𝐶𝑞

respectively. The maximum error in the 𝐶𝑡 , and 𝐶𝑞 were 0.012 and 0.017, respectively.
In order to analyze the impact of the wing and boom on the, 𝐶𝑡 and 𝐶𝑞 , the percentage change between the installed

and isolated configurations (Δ𝑤𝑖𝑛𝑔),
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Δ𝑤𝑖𝑛𝑔 (%) = 100(𝐶𝑡
𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 − 𝐶𝑡

𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑

𝐶𝑡
𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑

) and 100(
𝐶𝑞

𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 − 𝐶𝑞
𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑

𝐶𝑞
𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑

) (3)

was calculated for each respective coefficient.
An additional metric that was used for analyzing rotor-rotor interactions is the separation distance (𝑑𝐿𝑅) between

the LR hub and the center of the TR wake assuming a skewed cylindrical wake as shown in Fig. 6. This distance was
found using the geometric relations between the rotors and the tilt rotor wake skew angle (𝜒) solved as,

𝜒 = tan−1 ( `𝑥

_
) (4)

with edgewise advance ratio (`𝑥 =
𝑈∞cos(𝑖)

Ω𝑅
) and total inflow ratio (_ =

𝑈∞sin(𝑖)+𝑣
Ω𝑅

), where 𝑣 is the induced velocity
and 𝑖 is the angle of incidence shown in Fig. 6. The total inflow ratio was found using the Newton-Raphson solution
presented by Johnson [23] (Chpt. 5 pg. 126),

_𝑛+1 = _𝑛 −
_𝑛 − `𝑧 − _̂𝑖𝑛

1 + _̂𝑖𝑛_𝑛

_2
𝑛+`2

𝑥

𝑓 (5)

with axial advance ratio (`𝑧 =
𝑈∞𝑐𝑜𝑠 (𝑖)

Ω𝑅
), hover induced flow ratio (_ℎ =

√︃
𝐶𝑡

2 ), relaxation factor ( 𝑓 =0.5), and iterative
induced flow ratio (_̂𝑖𝑛),

_̂𝑖𝑛 =
_ℎ√︁

_2
𝑛 + `2

𝑥

. (6)

The iterative solution converged in 10 iterations with initial conditions,

_ =
_2
ℎ√︁

(_ℎ + `𝑧)2 + `2
𝑥

+ `𝑧 . (7)

Fig. 6 Wake distance below lift rotor based on geometry and tilt rotor wake skew angle.

B. Acoustic Data Processing
The acoustic data was processed with an ensemble averaged spectrum to reveal key information about the various

noise sources in the frequency domain. The ensemble averaged spectrum was computed with a Discrete Fourier
Transform (DFT) as detailed in [24]. The Fourier transformed pressure signal (𝑃( 𝑓 )) was computed using

𝑃( 𝑓 ) = 1
mean(𝑤)𝐷𝐹𝑇 [𝑤𝑝′ (𝑡)], (8)

with blocks of 105 points and a Hanning window (𝑤) with 50% overlap. This results in a spectral resolution (Δ 𝑓 ) of 1
Hz. The amplitude correction factor, (1/mean(𝑤)) in Eqn. (8), recovers the correct amplitude of the tonal noise in the
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spectra after windowing. This biases the total energy in the data by ∼50% or ∼3.55 dB. The ensemble averaged (<>)
power spectra 𝑆𝑝𝑝 ( 𝑓 ) was computed using 180 blocks as,

𝑆𝑝𝑝 ( 𝑓 ) =< 𝑃( 𝑓 )𝑃( 𝑓 )∗ >, (9)

where, ’∗’, denotes a complex conjugate. This related to a random error 𝜖𝑟 = 7.36% [24]. The averaged spectrum was
then converted to sound pressure level (SPL) using,

SPL( 𝑓 ) = 10 log10 (𝑆𝑝𝑝 ( 𝑓 )/𝑝2
ref) − 20 log10 (𝑅𝑠/𝑅𝑚) (10)

with a reference pressure (𝑝ref) of 20 `Pa. Observer distance is normalized by propagating the SPL from microphone
distance, 𝑅𝑚, to the spherical distance 𝑅𝑠 = 8.5𝑅 assuming far field spherical spreading.

An additional metric that was used is the overall sound pressure level (OASPL), which is a representation of the
total noise in the spectrum. The OASPL is,

OASPL = 10 log10
©«

50000∑︁
𝑓 =150

10SPL( 𝑓 )/10ª®¬ , (11)

for a frequency range from 150 Hz to 50 kHz. The lower range of frequencies was chosen to avoid contamination from
the wind tunnel background noise. To analyze BVI noise, the OASPL in the range of frequencies corresponding to the
noise from 5 to 30 LR BPF harmonics was analyzed as,

OASPL𝐵𝑉𝐼 = 10 log10
©«

30𝐵𝑃𝐹𝐿𝑅∑︁
𝑓 =5𝐵𝑃𝐹𝐿𝑅

10SPL( 𝑓 )/10ª®¬ . (12)

This frequency range was chosen based on the frequency range of observed higher harmonic tonal peaks in SPL spectra,
which had visible BVI pulses in the time domain, as seen in Fig. 7. Additional processing included looking at SPL
differences between installed and isolated configurations as,

ΔSPL = SPL𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 − SPL𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 . (13)

Fig. 7 BVI noise example, with time domain pulses on the left and SPL spectra on the right with increased tonal
peaks between 5 and 30 LR BPF harmonics.

V. Results

A. Force Results
The normalized thrust and torque coefficients, 𝐶𝑡 and 𝐶𝑞 , respectively, were analyzed and the superscripts LR

and TR will be used to define the coefficients for each of the respective rotors. The 𝐶𝑡
𝑇𝑅 and 𝐶𝑞

𝑇𝑅 are shown as a
function of edgewise advance ratio (`𝑥) in Figs. 8(a) and 8(b), respectively. The 𝐶𝑡

𝑇𝑅, decreases up to approximately
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`𝑥 = 0.1 at which point it begins to increase. Johnson [23] (pg 328) described the transition point at `𝑥 = 0.1 in terms
of a change in the rotor wake structure from a cycloid to a circular wing like wake and emphasized that variations
in rotor forces for `𝑥 < 0.2 are due to distortions in the rotor wake. The increase in 𝐶𝑡

𝑇𝑅 for `𝑥 > 0.1 is similar to
the previously published results of both Kolaei et al. [25] and Stokkerman et al. [26] where after this point the slope
of increase is highly dependent on rotor angle of incidence. The 𝐶𝑞

𝑇𝑅 also shows a nearly linear increase between
`𝑥 = 0.1 and `𝑥 = 0.2. The Δ𝑤𝑖𝑛𝑔 for both the 𝐶𝑡

𝑇𝑅 and 𝐶𝑞
𝑇𝑅 are shown as a function of `𝑥 in Fig. 8(c). It can be

seen that the wing and boom have very little impact on the 𝐶𝑡
𝑇𝑅 with less than 2% variation over all test conditions.

The 𝐶𝑞
𝑇𝑅 alternatively increases with `𝑥 reaching a 9% increase at `𝑥 = 0.16.

(a) (b)

(c)

Fig. 8 Tilt rotor force results: (a) 𝐶𝑡
𝑇𝑅 vs `𝑥 , (b) 𝐶𝑞

𝑇𝑅 vs `𝑥 , (c) Δ𝑤𝑖𝑛𝑔 vs `𝑥 .

The 𝐶𝑡
𝐿𝑅 and 𝐶𝑞

𝐿𝑅 as a function of `𝑥 can be seen in Figs. 9 (a) and (b), respectively. The coefficients are seen to
follow the same general trend as the TR, but for each `𝑥 there are multiple values for each coefficient. As noted in the
literature review, the TR wake induces varying levels of downwash velocity on the LR, which alters the rotor forces.
Therefore, the 𝐶𝑡

𝐿𝑅 and 𝐶𝑞
𝐿𝑅 are shown as a function of 𝑑𝐿𝑅/𝑅 to analyze the rotor-rotor interactions in Figs. 9 (c)

and (d), respectively. The results show that for a single advance ratio, the 𝐶𝑡
𝐿𝑅 decreases up to a 𝑑𝐿𝑅 = 2𝑅, after which

it begins to increase. The 𝐶𝑞
𝐿𝑅 alternatively has two different trends: for `𝑥 > 0.1 it decreases up to 𝑑𝐿𝑅 = 1.5𝑅 then

increases. Then for `𝑥 < 0.1, 𝐶𝑞
𝐿𝑅 increases with increasing separation distance. These trends are not overly intuitive,

because as shown by Misiorowski et al. [4] the wake of a rigid rotor such as the TR in edgewise forward flight is highly
asymmetric and therefore does not travel linearly away from the rotor as was assumed in this analysis. Additionally,
many traditional analytical models do no account for the interaction between the TR and LR wakes because they were
designed for helicopters or quadcopters utilizing, multiple identical rotors at similar angles of incidence. Therefore,
further analysis of the TR far wake is needed to determine the physical importance of the 2𝑅 separation distance on the
rotor forces in lift+cruise eVTOL configurations.

The effects of the wing and boom on the 𝐶𝑡
𝐿𝑅 and 𝐶𝑞

𝐿𝑅 can be seen in Figs. 9 (e) and (f) respectively. Unlike the
TR, the installations increase the 𝐶𝑡

𝐿𝑅 and decrease the 𝐶𝑞
𝐿𝑅 for all test cases. The reason for these thrust and torque
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changes requires further investigation, as they could be caused by the partial ground plane effect from the boom, the
additional downwash from the wing wake, or by the redirection of the TR wake away from the LR. These results do
show though, the importance of including both rotor-rotor and rotor-airframe interactions in aerodynamic modeling.

Fig. 9 Lift rotor force results: (a) 𝐶𝑡
𝐿𝑅 vs `𝑥 , (b) 𝐶𝑞

𝐿𝑅 vs `𝑥 , (c) 𝐶𝑡
𝐿𝑅 vs 𝑑𝐿𝑅/𝑅, (d) 𝐶𝑞

𝐿𝑅 vs 𝑑𝐿𝑅/𝑅, (e) Δ𝑤𝑖𝑛𝑔

for 𝐶𝑡
𝐿𝑅 vs `𝑥 , (f) Δ𝑤𝑖𝑛𝑔 for 𝐶𝑞

𝐿𝑅 vs `𝑥 . Each line represents a different condition, and `𝑥 and 𝑈∞, are given in
the legend on the right of the figure.

B. Acoustic Results
The acoustic data will be presented through three characteristic test conditions to look at the fundamental trends

for the installed and isolated configurations. The conditions for the three cases A, B, and C can be seen in Table
2. The four main metrics analyzed for these three cases are the SPL at the TR BPF (SPL𝑇𝑅

𝐵𝑃𝐹), SPL at the LR BPF
(SPL𝐿𝐿𝑅

𝐵𝑃𝐹
), overall SPL (OASPL), and the blade vortex interaction OASPL (OASPLBVI). It should be noted though

that the OASPLBVI frequency range from 5 to 30 LR BPF’s, is the same frequency range that was shown to be
previously dominated by broadband blade wake interaction (BWI) and turbulence ingestion noise (TIN) for isolated
rotors [10, 27–29].
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Table 2 Tandem Rotor Test Cases

Test 𝑈∞ (m/s) �̄�𝑡
𝐿𝑅

�̄�𝑡
𝑇𝑅

A 10 1.07 1.05
B 15 1.02 1.02
C 20 0.95 1.00

The noise results are presented in terms of the interpolated levels over the Lambert projection of the observer
sphere as shown in Fig. 4(c). The results for the three isolated test conditions are shown in Fig. 10. All plots use the
same contour levels and each contour represents a 2 dB increment in SPL. All three conditions show similar SPL𝑇𝑅

𝐵𝑃𝐹

directivities with higher levels on the retreating side compared to the advancing side and increasing levels with increasing
𝑈∞ going from case A to C. The SPL𝐿𝑅

𝐵𝑃𝐹 results have similar trends with greater levels on the retreating side than the
advancing side. These trends are similar to the tonal noise results presented in Goldschmidt et al. [10] for a single
isolated eVTOL rotor. Where the tonal SPL increases for increasing 𝑈∞ and has increased levels on the retreating side.
These trends are also consistent with that of unsteady loading noise as presented by Roger and Moreau [9] and it can be
seen that the SPL𝐿𝑅

𝐵𝑃𝐹 is at least 8 dB greater than the other noise sources for majority of the observer sphere. This is
expected as the lift rotor has a reduced number of blades and therefore increased loading compared to the tilt rotor.
The OASPLBVI has similar retreating side noise levels for all three test cases and advancing side noise levels, which
decrease for increasing 𝑈∞. The OASPL noise levels and directivity are clearly driven by the SPL𝐿𝑅

𝐵𝑃𝐹 noise due to its
prominence over the other noise sources and although not shown here this trend held true for all test conditions.

Narrowband spectra are shown for all three test conditions for an advancing and retreating side microphone location
in Figs. 11(a) and 11(b), respectively. It can be seen that the tonal harmonics exceed the broadband noise levels up to 5
times the LR BPF. For spectra showing tonal harmonics past this point; such as case A in Fig. 11(a), there is BVI noise
present caused by the interaction of the TR wake with the LR. This rotor-rotor interaction will be discussed further in
the following section. The group of tones present at approximately 25 LR BPF are due to motor noise. The additional
tonal BVI noise in case A explains why the OASPLBVI follows the unexpected trend of decreasing with increasing 𝑈∞
instead of increasing which would be typical of broadband BWI noise [10] or broadband TIN [15]. This BVI noise
source is highly dependent on both the TR and LR operating conditions and therefore needs to be considered on a case
to case basis. On examination of the shape of the broadband portion of the spectra in Figs. 11(a) and 11(b); it can
be seen that the characteristic change in slope that occurs for changing from interaction noise to trailing edge noise;
occurs at 30 LR BPF on the advancing side and 30 TR BPF on the retreating side. This indicates that the retreating side
broadband noise levels are driven by TR BWI noise.

Due to the similarity between the three analyzed test cases; only test case, C, is chosen to compare the noise metrics
between the isolated and installed configurations. The results for all four noise metrics are shown for both the isolated
and installed configurations in Fig. 12. Additionally the SPL difference between the installed and isolated test cases are
shown for the tonal noise at the TR BPF,

ΔSPL𝑇𝑅
𝐵𝑃𝐹 = (SPL𝑇𝑅

𝐵𝑃𝐹)𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 − (SPL𝑇𝑅
𝐵𝑃𝐹)𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 , (14)

the tonal noise at the LR BPF,

ΔSPL𝐿𝑅
𝐵𝑃𝐹 = (SPL𝐿𝑅

𝐵𝑃𝐹)𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 − (SPL𝐿𝑅
𝐵𝑃𝐹)𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 , (15)

the OASPL in the BVI frequency range between 5 and 30 LR BPF harmonics,

ΔOASPLBVI = (OASPLBVI)𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 − (OASPLBVI)𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 , (16)

and the OASPL,
ΔOASPL = (OASPL)𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 − (OASPL)𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑 , (17)

in Fig. 13. The wing and boom are shown to reduce the SPL𝐿𝑅
𝐵𝑃𝐹 on the advancing side with decreasing noise levels in

the direction of the freestream flow. For the SPL𝑇𝑅
𝐵𝑃𝐹 , the wing and boom increase noise levels over majority of the

advancing side with localized reductions below the wing; and reduces the noise on the retreating side below the wing.
For the OASPLBVI range, there is a clear switch from downwind to upwind noise dominance. This test case did not have
any indications of BVI noise therefore the increases are due to broadband noise increases in front of the wing. Since the
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SPL𝐿𝑅
𝐵𝑃𝐹 is the dominant noise source the reduction of the OASPL follows a similar directivity on the advancing side of

the rotors. On the retreating side where the ΔSPL𝐿𝑅
𝐵𝑃𝐹 is negligible, the ΔOASPLBVI range dominates the change in

OASPL. These results show that the wing and boom can have a positive influence on reducing the overall noise of the
tandem rotor configuration, but the resulting noise change is highly dependent on the observer location.

The ΔSPL is shown for all frequencies and observer locations for test case C in Fig. 14. This is done to provide
further information on the changes in SPL. As shown by Bahr et al. [16] the shielding of rotor noise by a wing is
strongly dependent on both the frequency and location of the observed noise and this shielding is enhanced for higher
frequencies due to increased noise scattering. In this study, there was an increase in SPL for frequencies which are both
adjacent to the LR BPF and at similar microphone locations; indicating that the observed reduction in the SPL𝐿𝑅

𝐵𝑃𝐹 noise
is likely due to changes in the unsteady loading noise source and not wing shielding. Additionally, the uniformity of the
broadband ΔSPL increase indicates that the wing and boom are likely acting as additional broadband noise sources.
These results are similar to the forward flight quad-copter experiments of Zawodny and Pettingill [12], where the wake
impingement on the fuselage generated increased levels of broadband noise. These results show that rotor-airframe
interactions need to be further analyzed to understand the observed increase in broadband noise levels.

Fig. 10 Noise levels and directivities for the SPL at the TR BPF (SPL𝑇𝑅
𝐵𝑃𝐹 ), SPL at the LR BPF (SPL𝐿𝑅

𝐵𝑃𝐹 ), blade
vortex interaction OASPL (OASPLBVI), and overall SPL (OASPL) for the test conditions in Table 2.
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(a) (b)

Fig. 11 SPL spectra for the test conditions in Table 2 for microphone positions: (a) 𝜙 = 90◦ and \ = −50◦, (b)
𝜙 = 270◦ and \ = −50◦. Dashed vertical lines are located at 30 LR BPF and 30 TR BPF for test case C.

Fig. 12 Noise levels and directivities for SPL at the TR BPF (SPL𝑇𝑅
𝐵𝑃𝐹), SPL at the LR BPF (SPL𝐿𝑅

𝐵𝑃𝐹),
blade vortex interaction OASPL (OASPLBVI), and overall SPL (OASPL) for both the isolated and installed
configurations for test case C given in Table 2.

Fig. 13 Difference between the installed and isolated configuration noise levels for the SPL𝑇𝑅
𝐵𝑃𝐹 , SPL𝐿𝑅

𝐵𝑃𝐹 ,
OASPL, and OASPLBVI for test case C given in Table 2.

13



Fig. 14 Difference between installed and isolated SPL’s for all frequencies normalized by the LR BPF and
observer locations, for test case C given in Table 2.
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C. Rotor-Rotor Interaction noise
As previously discussed, for tandem rotors in forward flight, the TR wake can interact with the LR to generate

impulsive BVI noise. BVI noise is characterized by sharp pulses in the acoustic time history and in the current study
is analyzed as increased tonal harmonics from 5 to 30 BPF. As discussed previously, this frequency range contains
multiple noise sources including TIN, BWI noise, and BVI noise. The first two noise sources are broadband in nature
and therefore do not appear as tones in the spectra. In order to analyze the significance of BVI noise; the SPL spectra
are shown for a single set of conditions (�̄�𝑡

𝐿𝑅
= 1.02 and 𝑈∞ = 20𝑚/𝑠) for all wake separation distances (𝑑𝐿𝑅) in Fig.

15 (a). These changes in 𝑑𝐿𝑅 are directly related to variations in the �̄�𝑡
𝑇𝑅 in the original test matrix. The spectra are

shown for a single microphone position \ = −50◦ and 𝜙 = 250◦ marked by the red star in Fig. 15 (b) and each spectra is
offset by 50 dB. The frequency axis is non-dimensionalized by the LR BPF.

For the wake separation distances 𝑑𝐿𝑅 = 0.6𝑅 and 𝑑𝐿𝑅 = 0.9𝑅, there is a clear increase in isolated LR tonal
harmonics when compared to the installed cases, whereas for all other wake separation distances the installed and
isolated configurations have similar spectral characteristics. In order to confirm the presence of impulsive BVI noise,
partial time histories for the same five spectra are shown in Fig. 15 (c). For the cases where there are increased tonal
harmonics there are also clear pulses in the time domain related to impulsive BVI noise. Unlike the BVI noise of a
helicopter this noise is not necessarily periodic because it relies on the position of the unsteady far wake of the TR.
Therefore, as seen in the spectra for wake separation distance 𝑑𝐿𝑅 = 0.6, there is a large increase in both tonal and
broadband noise most likely due to a combination of the non-periodic BVI occurrences and TIN from the LR ingesting
the TR wake. In this study, the rotor phasing was also not controlled, so there is no knowledge if this will effect the
presence of BVI noise on full scale vehicles. It can be seen though that for the installed cases the wing and boom acts to
remove the BVI noise source, indicating that the wing moves the TR wake away from LR plane.

In order to further analyze the effect of the wing and boom on the BVI noise; the SPL spectra are shown in terms of
Δ𝑆𝑃𝐿 for all observer locations for two different wake separation distances in Figs. 15 (d) and (e). It can be seen that in
front of the wing (highlighted regions in Fig. 15 (b)) the BVI noise is dominant so that when the wing eliminates this
noise source there are large areas of negative ΔSPL in Fig. 15 (e). When BVI noise is not present as shown in Fig. 15
(d) there are large regions of positive ΔSPL in this region of the observer sphere. This shows that when BVI noise is
not present, the wing and boom generally increase the broadband noise of the tandem rotor configuration. When BVI
is present, a significant benefit of the wing and boom can be to interfere with the TR wake to reduce the BVI noise.
This BVI noise reduction can be significant depending on the noise metric chosen for certification of these new eVTOL
vehicles.

VI. Summary
The noise and forces generated by isolated and installed sub-scale tandem eVTOL rotors were investigated in a range

of realistic flight conditions. The force results showed that the tilt rotor thrust coefficient followed similar trends of
previously published studies with decreasing values for edgewise advance ratio less than 0.1 and increasing values for
edgewise advance ratio greater than 0.1. The tilt rotor torque coefficient also increased with edgewise advance ratio.
The wing and boom had minimal influence on the tilt rotor thrust coefficient and increased the torque coefficient with a
maximum increase of 9%. The lift rotor followed the same general trends as the tilt rotor but, for each edgewise advance
ratio the thrust and torque coefficients were dependent on the distance of the tilt rotor wake from the hub of the lift rotor.
The wing and boom were shown to increase the lift rotor thrust coefficient and decrease the rotor torque coefficient.
These force results show that rotor-rotor interactions have significant impact on the mean lift rotor forces. Additionally,
the wing and boom can act to alter the flow-field around both rotors to either increase or decrease the rotor forces.

The noise results showed that for this tandem rotor configuration, the overall noise levels were dominated by the
noise at the lift rotor blade pass frequency which had maximum levels on the retreating side of the rotors. For the
installed configuration the wing and boom favorably altered the unsteady loading noise source of the lift rotor and
decreased the overall noise levels. The broadband noise of the tandem rotor configuration was analyzed in the frequency
range from 5 to 30 times the lift rotor blade pass frequency. The isolated configuration showed that for small separation
distances between the lift rotor and modeled tilt rotor wake trajectory, there can be impulsive BVI noise. The installed
configuration alternatively removed this noise source which can most likely be attributed to an altered trajectory of
the tilt rotor wake. When present BVI noise was shown to be the dominant broadband noise source in front of the
wing where as behind the wing there were minimal changes in the broadband noise directivity. When BVI noise is
not present the wing and boom act to increase noise levels uniformly in front of the wing indicating that they act as
an additional broadband noise sources. These results show that the noise generated by a tandem rotor configurations
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contain a combination of multiple unsteady noise sources all of which require proper modeling of the tilt rotor wake and
unsteady loading around the respective rotor paths. Additionally, installations should be included when looking at the
expected noise levels of full scale eVTOL vehicles.

Fig. 15 Investigation of BVI noise from rotor-rotor interactions: (a) SPL spectra for microphone location
\ = −50◦ and 𝜙 = 250◦ and 4 different rotor wake distance for both isolated and installed configurations. (b)
Observer sphere showing regions dominated by impulsive BVI noise. (c) Acoustic time histories for four rotor
revolutions and each time history is associated with a spectrum shown in (a). (d) ΔSPL for wake separation
distance 1.6𝑅. (e) ΔSPL for wake separation distance 0.6𝑅.
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