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On the optimum separation distance for minimum noise
of contra-rotating rotors

P. Chaitanya*, P. Joseph, S. D. Prior, A. B. Parry
University of Southampton, SO17 1BJ Southampton, UK.

Abstract

Overlapping rotor systems are currently used on some urban flight vehicles and
will become increasingly common in future electric propulsion, since they pro-
vide one of the most compact platform volumes per thrust. This paper presents
the results of a detailed experimental investigation of co-axial contra-rotating
rotor configuration at hover condition. A detailed parametric study is performed
to investigate the sensitivity of radiated noise to axial separation distance. An
optimum separation distance z to rotor diameter D of 0.25 has been identified,
whereby minimum radiated noise is obtained. The reason for this optimum has
been explored and the balance between various interaction noise sources in co-
axial configuration is discussed in the paper. It is also shown that the minimum
radiated noise was roughly found where the aerodynamic efficiency is maximum.

Keywords: Contra-rotating rotors, Optimum separation distance, Source
balance, Potential field interactions, Tip vortex interactions.

1. Introduction

The global interest in small multi-rotor drones, Unmanned Aerial Vehicles
(UAV’s) and remotely piloted aircraft systems (RPAS) is growing rapidly. By
2023, the FAA now predicts there will be 835,000 commercial drones, which
represents a tripling of their number over the next two years. It is now widely
accepted that noise is one of the main factors that could limit the public accep-
tance and adoption of these systems [1].

Drones are currently designed for performance, with relatively little consid-
eration given to noise. As the drone delivery market intensifies over the coming
years, the payload requirement will inevitably increase by a factor of between
50 and 100, leading to further problems with public acceptance. One way to
achieve this increase in payload capability is by the use of compact drone archi-
tectures, such as co-axial or overlapping rotors. As we shall show in this paper,
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the noise from co-axial contra-rotating rotors is highly complex due to the po-
tentially large number of aerodynamic sources that can exist due to the two
rotors individually and their interaction. Moreover, each of these rotor-alone
and interaction sources have tonal and broadband contributions. Whilst there
has been some work on the prediction [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21| and measurement of individual tonal and broadband
sources on co-axial contra-rotating rotors, there has been very limited work in-
vestigating the relative balance between these various noise contributions. This
paper is a detailed experimental investigation into the balance of rotor-alone
and interaction noise sources, with particular emphasis on the variation of the
source balance with varying separation distance between rotors. This paper
is restricted to co-axial contra-rotating configurations with zero net torque at
hover.

Aerodynamic studies

Co-axial contra-rotating rotors suffer from losses in aerodynamic perfor-
mance due to the interactions of the downstream rotor operating in the wake of
the upstream rotor. To maximise efficiency, therefore, the rotors are separated
at the optimum distance at which the wake of the downstream rotor will be
coincident with that of the contracted upstream rotor wake. A comprehensive
review of the early research related to the aerodynamic performance of co-axial
contra-rotating rotors, their wake characteristics, and methods of performance
analysis has been presented by Ref. [22]. Important contributions to the mea-
surement and analysis of the performance of co-axial rotor configurations were
carried out by Ref. [23] and co-workers during the late 1970s and early 1980s.
They proposed that co-axial contra-rotating rotors performance could be op-
timised with an appropriate selection of rotor parameters, such as blade pitch
and separation distance, which would lead to an improvement in performance
compared to a single rotor delivering the same thrust. An optimum pitch angle
combination between upstream and downstream rotors was identified for a given
rotor separation distance.

Much later Leishman and Syal [24] applied momentum theory in an attempt
to development of appropriate figure of merit expressions for a co-axial contra-
rotating rotor system. The maximum efficiency of the co-axial rotor system was
shown to occur at the rotor separation distance at which the downstream rotor
operates in the fully developed slipstream of the upstream rotor. In a different
experimental study, Lei et al. [25] performed a sensitivity study into the effect
of separation distance on aerodynamic performance on a co-axial rotor system.
The performance was measured for seven rotor separation distances z varying
from z/D=0.16 to 0.38, where D is the rotor diameter. The best aerodynamic
performance was found to occur at the separation distance of z/D=0.19, which
was attributed to the minimum aerodynamic interactions between the top and
bottom rotor. No comparison with the theoretical prediction was provided.

Brazinskas et al. [26] performed a systematic parametric study on aerody-
namic performance due to the effect of rotor separation distance. They demon-
strated that for distance greater than z/D equal to 0.25 there is no signifi-
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cant effect on the overall aerodynamic performance. Co-axial contra-rotating
rotors were found to give a 4% improvement in rotor efficiency compared to
co-rotating configurations, which they attributed to the effects of swirl. Other
studies on the aerodynamic performance of co-axial rotors such as Ref. [27, 28]
have found that, for the same combined thrust, the thrust from the downstream
rotor increases while the thrust from the upstream decreases as the separa-
tion distance is reduced. Furthermore, the overall performance of the co-axial
contra-rotating rotors was found to be independent of the separation distance for
z/D > 0.15. More detailed investigations into the aerodynamic characteristics
of contra-rotating rotors have been performed by Ref. [29, 30] who demonstrated
that the performance depends on the various vortex-vortex, vortex-vortex sheet
interactions between the rotors, which was found to affect the spatial and tem-
poral characteristics of the structure of the wake from the upstream rotor, and
hence affect overall aerodynamic performance. All the previous aerodynamic
studies are performed on wide range of applications from Helicopters to small
drones. However, the effect of the Reynolds number is not fully understood.

Aeroacoustics studies

The previous research on the aerodynamics of contra-rotating rotors has
highlighted the rotor separation distance as being one of the key parameters
in the design of small-scale co-axial contra-rotating rotors. However, no com-
parable studies have been performed on the effect of separation distance on
their acoustic characteristics. All previous acoustic measurements on contra-
rotating rotors were confined to very large co-axial Contra Rotating Open Ro-
tors (CRORS) for use on civil aircraft [31, 32, 33, 34, 35, 36].

Woodward [33] performed a detailed parametric study on the measured noise
radiation from a high speed advanced contra-rotating rotor in the 9-by 15-
Foot Anechoic Wind Tunnel at the NASA Lewis Research Center. The rotor
was operated over range of blade pitch settings, tip speeds and the three rotor
separation distances of z/D =0.1371, 0.1710 and 0.2419. They found that at
the cruise condition, where the axial Mach number equals 0.8, increasing the
rotor separation was found to reduce tonal noise due to interaction between
the rotors by up to 7 dB, while rotor-alone tones showed little sensitivity to
rotor spacing. However, at the slightly lower axial Mach numbers of 0.72 and
0.76, another study performed on the same rig, Dittmar [34], the noise was
found to increase as the rotor separation distance was increased, contrary to the
behaviors observed at M = 0.8. A possible explanation for this behaviour was
attributed to the interaction of the tip vortex with the downstream rotor. At
the lower axial Mach numbers, it was speculated that the area over which the
tip vortex interacts with the downstream rotor increases as the tip vortex grows
due to increasing separation distance, causing an increase in noise. By contrast,
at the higher Mach number of 0.8, the tip vortex misses the downstream rotor
as it convects downstream.

In an attempt to reduce the noise due to tip vortex interaction, Dittmar
et al. [37] investigated the benefits of cropping of the downstream rotor. In a
CROR with upstream and downstream rotor diameter of 0.620 m and 0.607 m
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the downstream rotor was cropped to 0.537 m ( 10%), resulting in overall noise
reductions of 3 dB. The noise reduction was attributed to reductions in the inter-
action "tones’ occurring at the sum and difference frequencies w,,,, = mQ+T4+nQ~
and the tones occurring at the downstream rotor harmonics m£~ due to tip vor-
tex interaction. This mechanism is explored in greater detail in Section 7 and
8 below. [35] performed an exhaustive study into the effects on aerodynamic
and aeroacoustic performance due to rotor separation distance, blade numbers,
angle-of-attack, pylon proximity, mismatched rotor speeds, and the effect of
cropping. Two different rotor separation distances of z/D of 0.17 and 0.24 were
investigated with and without cropping of the downstream rotor. Enhanced
noise reductions of up to 5.5 EPNdB (Effective perceived noise in decibels) were
observed with increasing rotor separation distance for the case of the down-
stream cropped rotor compared to a 1.5 dB EPNdB without cropping. The
reason for this enhanced reduction in the interaction tones was again attributed
to the prevention of the tip vortex from interacting with the downstream rotor
and also due to an increased decay of the upstream blade wakes with increased
rotor spacing.

Recently, McKay et al. [38] performed an experimental investigation of ef-
fect on the noise of a single stationary contra-rotating rotor due to variations
in rotor diameter, rotor spacing, and blade numbers. They observed that inter-
action tones were about 20 dB higher than rotor alone tones. However, their
investigation was limited to only two separation distances and therefore clear
optimum spacing could not be identified.

With the exception of the recent work of McKay et al. [38, 39, 40|, all the
previous work surveyed above was performed on high speed co-axial Contra Ro-
tating Open Rotors (CRORS). The balance between the different noise sources
are likely to be very different for typical rotors on drones whose chord-based
Reynolds number (< 10%) will be significantly lower. Moreover, apart from the
previous work on CRORs no other work has appeared in the open literature on
the balance between the various noise sources and their variation with separation
distance for the purpose of identifying the optimum low-noise rotor separation
distance. Psychoacoustic analysis of contra-rotating rotor on the current paper
data is presented in Ref. [40]. Based on psychoacoustic metrics, the optimal
rotor axial separation distance z to rotor diameter D is identified between 0.2 to
0.4. However, physical insights and the reason behind the optimum separation
distance between the rotor are not investigated in Ref. [40].

The current paper presents the results of a detailed experimental investiga-
tion into the breakdown of the different noise sources on a small-scale contra-
rotating fan and its sensitivity to the rotor axial separation distance. The range
of rotor diameters considered in the study are 14-18 inch and range of Tip Mach
numbers investigated in the present study are 0.2. It will be shown in the paper
that the separation distance for which the radiated is a minimum noise occurs
at the optimum separation distance z/D = 0.25, which is observed closely to
the distance of maximum aerodynamic efficiency, roughly consistent with the
previous work cited above. The balance of sources and the reasons for this
optimum separation distance will be investigated in this paper.
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Section 2 deals with an overview of the dominant noise generation mech-
anisms on two contra-rotating co-axial rotors. Section 3 describes the exper-
imental setup and experimental procedure. Section 4 is the main section in
this paper and describes the acoustic measurements, where a clear optimum
separation distance is identified. This section also provides a breakdown of the
dominant noise sources. Section five provides a characterisation of the unsteady
velocities downstream of the upper rotor in an attempt to characteristic the
flow impinging upon the lower rotor. Section 6 provides an overview of the
time-space variation in velocity in attempt to understand the noise generation
mechanisms. Section 7 is the first section dealing with individual sources and is
concerned with the role of the tip vortex on broadband noise. Similarly, section
8 examines the influence of separation distance on the tonal noise. Section 9
examines the effect of rotor dimeter mismatch on the radiated noise. Finally,
aerodynamic performance is discussed in section 10 followed by some conclusions
in section 11.

2. A review of dominant noise generating mechanisms in contra-
rotating rotors

The noise radiation mechanisms due to
two closely coupled rotors is complex owing

to the potentially large number of distinct - 5511
self-noise and interacting sources that may = =2 o
be present, as identified in figure 1. The )—gx—ﬁ—,:\-/—)))@
noise source in this figure at the hover con- (C-? . =

dition can be categorised into three broad e ’3,_;
categories: 1) Rotor self-noise, 2) Rotor in- 32,3b —— )))@
stallation noise, 3) Rotor-Rotor interaction = (%jz.n, 26
noise. This paper will lay particular empha- p +- =0

sis on 3) which we shall show below is the
dominant source for contra-rotating rotors.

Each of these categories themselves com-
prise a number of complex source mecha-
nisms. The primary dominant rotor self-noise sources have been summarised in
Ref. [41] and are: (1) tonal self-noise, which is generated by the volume dis-
placement and steady aerodynamic blade loading; (2) blade-vortex interaction
(BVI), which occurs when the blade tip vortex impinges on a subsequent blade;
(3) blade-wake interaction (BWI), which occurs when the turbulent wake formed
by one blade impinges on a subsequent blade; and (4) Turbulent boundary layer-
trailing edge self-noise, which is due to the turbulent boundary layer interacting
with the trailing edge. For a rotor operating in an otherwise low-turbulence
mean flow, of these various sources the tonal components due to steady blade
loading and aerofoil thickness are usually dominant, while the broadband noise
component is relatively weak. In addition, there are quadrupole noise sources
at high speeds.

Figure 1: Dominant sources of noise
for contra-rotating rotor system
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Another important noise source from a single-rotating rotor is its interaction
with any adjacent booms that may be present. A recent study by NASA has
shown that rotor self-noise can be increased by up to 25 dB by introducing
a small boom in close proximity to the rotor [42]. This tonal and broadband
noise source is generated when the wake and the potential near field from the
rotor interacts with the boom (See 2a and 2b in Fig. 1). We have performed a
parametric study on the noise due to rotor-boom interaction and observed that
the potential field interactions are dominant when boom is much closer to the
rotor (d/D<0.2), where d is the distance between the rotor and boom Hence, the
boom is placed at d/D=0.2 from the rotor. The rotor self-noise therefore only
includes rotor alone tones and broadband noise, with only a small contribution
arising from the noise due to boom-wake-rotor interaction and rotor-wake-boom
interactions. Similarly, Rotor-Rotor interaction noise occurs when the spiralling
wake and tip vortex from the upstream rotor interact with the downstream rotor
rotating in the opposite direction (See 3a and 3b in Fig. 1). In addition, in
this paper we shall show that periodic chopping of the large-scale tip vortices
will generate pseudo tones from the downstream rotor [6], which becomes the
dominant noise source, especially at sufficiently large separation distances. At
sufficiently small separation distances, we will further show in this paper that
the dominant source of noise is the tones arising from the interaction of the
potential field of each rotor with the adjacent rotor (See 3¢ in Fig. 1). Finally,
this paper will demonstrate that the optimum separation distance for minimum
noise occurs when these sources are roughly equal.

3. Experimental set-up and procedure

3.1. Contra-rotating rotor rig

The experimental investigation into the balance of noise sources and their
sensitivity to separation distance was performed on a contra-rotating fan rig,
typical of a mid-size drone (16 inch), corresponding to blade-chord based Reynolds
number of 2 x 10°. The rotors were powered by two FOXTECH W61-35 brush-
less DC (BLDC) (16 poles) 700 W motors mounted on a carbon fibre beam
as shown in figure 2a, which allows for maximum rotor speeds of 5000 RPM,
a maximum thrust of 40 N for the largest diameter rotor. Three commer-
cially available T-Motor rotors with diameters of 14 inch, 16 inch and 18 inch
were investigated. The rotor blade geometry was optimised for use in isolated
propulsion systems and for specific use in contra-rotating systems. Two Hy-
perion HP-EM2-TACHBL sensors were used to measure the precise rotational
speed (Rotations Per Minute, RPM) of the rotors. Two Maytech 40A-OPTO
speed controllers were used to accurately control the BLDC motors. Varying
rotor separation distance between z/D between 0.05 and 1 was achieved by the
use of a custom linear actuator which allows the continuous traverse of the up-
stream rotor with respect to a fixed downstream rotor. A detailed description
of the rig is presented in Ref. [26].

In the study presented in this paper, alongside the acoustic measurements
were detailed measurements of the fan rig’s aerodynamic performance, such as
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Figure 2: a) Test-rig side view showing the maximum axial rotor separation [26] b) Photograph
of overlapping rig inside the ISVR anechoic chamber.

thrust, torque and input electrical power to understand the relationship between
noise radiation and efficiency. Two Zemic L6D shear load cells of capacity of
98 N (10 kg) located at the ends of both the arms of the test rig were used to
measure the individual thrust of each rotor, as shown in figure 2a. RTS-100
reaction torque sensors were mounted underneath each rotor to adjust torque
in order to maintain zero net torque. The sensor data-gathering and test rig
control system are fully automated and achieved using National Instrument’s
Labview and Phidgets modules [26]. Both voltage and current are measured
simultaneously to calculate the overall efficiency of the multi-rotor propulsion
system. Two Allegro ACS712T Hall Effect type 30 A current sensors using
Phidget 1122 breakout boards were used to measure individual BLDC motor
currents, while a National Instruments NI 9215 module was used to directly
measured the voltage.

3.2. Far-field noise and aerodynamic measurements

Far-field noise measurements on the contra-rotating rig were carried out in
the anechoic chamber at the Institute of Sound and Vibration Research with
dimensions of 8 m x 8 m x 8 m as shown in figure 2b. The walls are acoustically
treated with glass wool wedges whose cut-off frequency is 80 Hz.

Far-field noise measurements were made using 10, half-inch condenser mi-
crophones (B&K type 4189) located at a constant radial distance of 2.5 m from
the centre of the fan rig. These microphones are placed at emission angles
ranging between 0° and 85° measured relative to the rotor axis. Note that the
microphone at 0° emission angle is located upstream of the upper rotor. Mea-
surements were carried for 10 s duration at a sampling frequency of 50 kHz, and
the noise spectra were calculated with a window size of 1024 data points cor-
responding to a frequency resolution of 48.83 Hz and a Bandwidth-Time (BT)
product of about 500, which is sufficient to ensure negligible variance in the
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spectral estimated with this frequency resolution.

The acoustic pressure at the microphones were recorded at different com-
bined trust settings varying from 2 to 20 N in steps of 2 N for 16 separation
distances (z/D) varying from 0.05 to 1. The noise from each rotor in isolation
was also measured for value of thrust between 1 to 10 N in steps of 1 N. Sound
Power Level spectra PWL(w) = 101log;4(Sw(w)/Wyes) were calculated by inte-
grating the Power Spectral Density (PSD) of the acoustic pressure over the 10
microphones using the equation 1,

i=N-—1

Z [Spp(w,0;) + Spp(w,0;41)] mR? cos(0) AY;

&
=1 p

(1)

where S,,(w) is the spectral density of the sound power radiated between the
radiation angles [0° — 85°], W.es = 10712 W and S, (w, 0;) is the acoustic pres-
sure PSD (Power Spectral Density) measured at angle 6; with respect to rotor
plane and N is the number of microphones, R is the radius of the microphone
array, Af is the angle between two adjacent microphones, p is the density of the
ambient air, and c is the speed of sound.

The rotors are placed around 1.5 m above the ground to avoid recircula-
tion in the presence of ground. A time-frequency analysis is also performed to
investigate the influence of recirculation on the radiated noise. A very small
differences are observed due to re-circulation. The noise measurements are in-
sensitive to the positioning of the rig suggesting that the re-circulation is not a
significant effect on the radiated noise.

A thin layer of absorbing material has been used on the structure to min-
imise sound reflections without significantly effecting aerodynamic performance.
However, a thicker layer is tried but this enhanced the noise as the surface is
moved closer to the rotor. Hence, a parametric study is performed to iden-
tify an optimum foam of 20 mm thick is used to avoid sound reflections. The
measurement plane is perpendicular to the setup to avoid any additional noise.

Measurements of the steady and unsteady velocity between the two rotors
was carried out using Hot-wire anemometer (TSI IFA-300 CTA) to understand
the flow characteristics impinging on the downstream rotor due to rotating
upstream rotor. The hot wire probe was traversed along 20 radial locations,
2 cm above the downstream rotor for 16 separation distances z/D at the two
combined thrust conditions of 10N and 16N. The single hot-wire probe was
oriented horizontally and was therefore sensitive to flow arriving in the vertical
plane.

4. Acoustic performance

4.1. Typical noise spectral characteristics

Before investigating the source breakdown for the contra-rotating fan rig we
first present a typical sound power spectrum in order to illustrate its general
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Figure 3: A typical sound power levels spectrum for contra-rotating rotors at a separation
distance of z/D = 0.1 and combined thrust of 16 N.

character and complexity. Figure 3 shows a typical sound power level spec-
trum for the contra-rotating fan rig, with the upstream and downstream rotors
operating at the two different RPMs of 2960 and 4084 respectively, at a sep-
aration distance of z/D = 0.1 and combined thrust of 16N. These tones can
related to rotor alone tones at the blade passing frequencies of individual rotors
Wm0 = mBTQT and wy, = nB~Q~ and also the sum and difference interaction
tones at frequencies wy, , = mQ+ +nQ~. These frequencies (m,n) are indicated
for some of the dominant tones. The dominant noise sources in relation to figure
1 are also indicated in this figure. The spectrum is dominated by tones espe-
cially below 1000Hz (= 10** harmonic) and by broadband noise at frequencies
above about 2000Hz. It is clear that the interaction tones are dominant over
the rotor alone tones for this configuration, which we shall show below includes
contributions from the rotor potential fields, tip vortex interaction and wake
rotor interactions. This paper seeks to identify the relative importance of each
these individual component sources at different operating conditions and rela-
tive separation distances between the rotors, for the purpose of identifying an
optimum separation distance for minimum radiated noise. The reason behind
this optimum distance is explored.

4.2. Optimum separation distance

We now present the variation in the overall sound power level versus the
rotor axial separation distance z/D for 16” diameter rotors. We note that in
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this case the net torque has been maintained at zero and hence the RPMs of
identical rotors are almost identical QF ~ Q~, resulting in an unequal thrust
distribution T and T~ between the two rotors. The overall sound power levels
are calculated by integrating the power over the frequency range encompassing
the first 40 harmonics of blade passing frequency. Figure 4 shows the over-
all sound power level plotted against non-dimensional separation distance z/D
varying from 0.05 to 1 for four different total thrust settings T = T + T~ of
10, 12, 16 and 20 N. The sound power levels have been scaled by 7275, which
can be seen to provide excellent collapse of the overall noise data for the four
thrust settings, particularly at values of z/D < 0.5. The collapse of the noise
reduction values when appropriately scaled is better than 1 dB. This scaling of
the noise with T is well established for single rotors, and arises from the well
known observation that fan noise varies as rotational velocity as U°® and that
thrust T varies with velocity as T o U2. Figure 4 indicates that this scaling
is also valid for contra-rotating rotors where the basic aerofoil noise generation
mechanisms are fundamentally the same.

Further insights into the scaling of the radiated sound power with rotation
RPM N and rotor diameter D may be obtained by following the dimensional
analysis presented in [43] for single rotors. [43] suggested that the radiated sound
power P is a function of the rotor mechanical power P;, the blade tip Mach num-
ber M; and chord-based Reynolds number Re.. Assuming identical upstream
and downstream rotational speeds N and diameters D, the radiated acoustic
power may be related to the available mechanical by the non-dimensional func-
tions f and g as,

10
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2 oc f(My)g(Re.) (2)
The mechanical power imparted to the rotor is well known to be proportional

to N3D5 and therefore,

P
~ips & (ND)*(ND?)" (3)
The effects of Reynolds number on the acoustic efficiency P/P; are more difficult
to identify. Cory [43] argues that the index b should varying in the range of
0 > b > —1 depending on the degree of flow separation on the blades. Here
we adopt the average value of b = —0.5 and, assuming the blades radiate as
aerodynamic dipole sources suggests a value of a=3. Combining these power
laws, Cory [43] argues that for a single rotor, the radiated acoustic power varies
as Pox N>®D7. The total noise therefore follows a thrust scaling law of T27° and
velocity scaling law of U, which is identical to the scaling law characteristics
of aerofoil leading edge noise [44].

The second key results from the figure 4 is the clear existence of an optimum
separation distance at z/D = 0.25 at which minimum radiated overall sound
power level occurs. This figure suggests this optimum distance is almost inde-
pendent of thrust and particularly well defined for the largest thrust setting at
which the radiated noise is greatest. The reason behind this optimum separa-
tion distance will be shown in Section 8 below to be due to the balance between
potential field interactions and tip vortex interactions.

The validity of the optimum separation distance observed for 16” rotor di-
ameter is now extended for a smaller and larger rotor diameter. Figure 5 shows
the overall sound power levels plotted against non-dimensional separation dis-
tance z/D for all three different rotor diameters of 14”, 16” and 18”. Note that
in order to maintain a constant combined thrust of 16 N in each case, the rotor
speeds were adjusted appropriately. This figure reveals two important features.
The first is a consistent value for the optimum separation distance zo/D for
the three rotor diameters of about 0.25. Secondly, the overall sound power
level is observed to reduce as the rotor diameter is increased while maintaining
constant overall thrust. To maintain constant thrust when increasing rotor di-
ameters from 14” to 18”7, the rotor RPM was reduced from 5117 to 3201 RPM.
According to the scaling law N°°D7, this change in N and D should provide an
overall noise reduction of 3.5 dB. This prediction is roughly consistent with the
results in figure 5, suggesting that larger diameter rotors operating at a lower
RPM are quieter. The data for rotor with the mid-size diameter can be seen
to deviate slightly from this scaling law, which may be attributed to the onset
of additional sources, possibly due to flow separation at some radial locations
along the blade. Also, note that the optimum distance doesn’t change for dBA
weighted noise data.

11
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4.8. Source breakdown

In this section we attempt to decompose the total overall radiated noise
into the various dominant constituent noise sources discussed in Section 2. For
counter-rotating rotors these sources can be broadly classified into rotor-self
noise and rotor interaction noise sources. In the current study we include
the noise due to the interaction with the adjacent boom as a rotor self-noise
source since we are unable to separate this contribution from overall self-noise
in the current rig. Rotor self-noise for the upstream and downstream rotors was
measured separately with the adjacent rotor stationary. To ensure compatibil-
ity with the contra-rotating case, the thrust of each rotor was adjusted to be
identical to that when operating in the contra-rotating configuration at every
separation distance.

Figure 6 shows a comparison of the overall sound power levels plotted against
z/D at a fixed thrust setting of 16N for the two rotors operating simultane-
ously and at respective thrust individually. Also shown is the interaction noise
obtained by subtracting the sum of rotor self-noise due to the upstream and
downstream rotors from the total overall noise. The overall interaction noise
has been further decomposed into its tonal and broadband noise contributions.
The broadband component was isolated from the overall noise spectrum by ap-
plying a median filter whereby the spectrum at each frequency point is replaced
by its median value from 10 points either side.

From this figure we can make the following key observations:

1. A clear optimum separation distance z¢/D exists for minimum noise.

2. Interaction noise is dominant at all separation distances.

3. The sum of the rotor self-noise from the two rotors (not shown in the
figure) is unimportant for most separation distances except close to the
optimum separation distance where it is less than 3 dB of the overall noise.
Thus, at the optimum distance there appears to be an equal contribution
to the overall noise from self-noise sources and interaction noise sources.

4. Tonal noise contributions are dominant at separation distances of z/D <
0.25, which we shall show in the next section is due to the interaction of
the rotor potential field with the adjacent rotor.

5. At separation distances z/D > 0.25 the tonal and broadband noise contri-
butions are within 1 dB of each other. We shall show in Section 7 that the
increase in broadband noise is due to enhanced turbulence impinging on
to downstream rotor at larger separation distances. We shall also show in
Section 8.2 that the dominant 'tones’ at these large separation distances
are pseudo-tones arising from the periodic chopping of the blade tip vortex
from the upstream rotor.

The main reason for the differences in radiated noise between upper and
lower rotor is due to difference in thrust between upper and lower rotor. The
upper rotor is driven to generates higher thrust to maintain zero net- torque.
The thrust from the lower rotor is reduced due to wake interactions from the
upper rotor. However, there will be a small contribution to interaction tones
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Figure 7: Sound power level color maps plotted against non-dimensional distance z/D and
blade passing frequency at a fixed combined thrust of 16 N.

due to the wake of the upper boom interacting with the upper rotor,. The
figure below, show the radiated overall sound power level vs thrust for both
rotors, demonstrating a small difference in the radiated noise due to the upper
rotor resulting from enhanced boom-rotor interactions. The main reason for
the difference in the noise due to upper and lower rotor self-noise in Fig. 6 is
therefore due to differences in thrust rather than wake-rotor interactions. The
difference in the thrust is the result of performing all these measurements sat
zero net torque.

To understand in greater detail the effect of rotor separation distance on
noise at a fixed combined thrust of 16 N, the total radiated sound power spec-
trum is plotted against z/D and frequency normalised on the Blade passing
frequency in Figure 7. The blade passing frequency tones are clearly observed.
Note that both rotors have almost identical RPM in this case as the net torque
is set to zero and hence the blade passing frequencies from both rotors are al-
most identical. A clear decay in sound power level at even harmonics of blade
passing frequency is observed for z/D < 0.25. This is attributed to decay in
potential field interactions which will be shown in Section 8.

For larger separation distances z/D > 0.25, figure 7 indicates that both tones
and broadband noise begin to increase as the separation distance is increased.
The reason for this behaviour will be shown below due to the tip vortex from
the upstream rotor interacting with the downstream rotor. The reason for
the increase is explained with detailed hot-wire measurements shown in next
Section 5.
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of 10 N.

5. Characteristics of unsteady velocity impinging on the downstream
rotor

This section presents hot-wire measurements performed 2 cm above the
downstream rotor for varying rotor separation distances, and aimed at char-
acterising the unsteady velocity impinging on the downstream rotor. The mea-
surements were made to understand the reasons for the increase in noise as-
sociated with increasing separation distance (z/D > 0.25). Figure 8a and b
show the mean velocity and RMS velocity color maps plotted against z/D and
normalised radius r/R at a fixed combined thrust of 10 N. These quantities
were deduced from the average of the hot wire signal measured over 20 s and
therefore represent the circumstantially averaged mean flow and turbulence val-
ues respectively. Clear ’S-boundary’ type flow behaviour can be observed in the
mean flow variation, which is consistent with momentum theory discussed in
previous aerodynamic studies [29, 30] on tip vortex evolution. Also shown in
the RMS velocity color maps is a strong tip vortex evolution near the tip. De-
pending on the separation distance, the radial location at which the tip vortex
interacts with the downstream rotor decreases, eventually becoming constant
and tending towards a value of approximately 0.75R for separation distances
z/D > 0.4. This behaviour can be readily predicted from simple momentum
theory where the mean velocity in the far wake region is predicted to double
while the area is predicted to halve, resulting in a reduction in radius by a factor
of 1/ V2.

We now focus on the characteristics of the unsteady flow at the optimum
separation distance zp/D = 0.25 and a single separation distance greater than
the optimum z9/D = 0.8 aimed at explaining the noise increase due to tip vortex
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Figure 9: PSD of velocity contours in dB plotted against normalized radius r/R and Blade
passing frequency at a fixed separation distance of z/D = 0.25 (left) and z/D = 0.8 (right)

interactions. Figures 9a and b show the PSD of the circumstantially averaged
unsteady velocity color maps plotted against Blade passing frequency (BPF)
and radius r/R for the two different separation distances. This figure reveals
two important observations. First, the unsteady velocity 2 cm above the down-
stream rotor is significantly greater at the tip region /R & 0.8 compared with
the in-board regions due to the turbulent wake from the upstream rotor. As the
separation distance is increased, the PSD at low frequencies (<1BPF) becomes
significantly increased compared to the levels at the optimum separation dis-
tance of z/D = 0.25. The second observation is the increase in the radial extent
of the tip vortex with the increase in separation distance. This behaviour has
been previously observed by Ref. [45]. We also observe significant RMS velocity
levels at sub-harmonic frequencies of BPF at large separation distances. The
reasons for this behaviour is discussed below.

One of the most important features of figure 6 is the increase in broadband
noise as the axial separation distance is increased beyond the optimum distance.
In an attempt to explain this behaviour the unsteady velocity PSD plotted in
figure 9 is integrated over the radius weighted by the cube of the mean flow
speed onto the downstream rotor according to,

Ttip
/ U(r)®Syu(w, r)dr. 4)
Thub

This velocity weighting of the turbulence provides a simple measure of the
total acoustically-weighted turbulence velocity spectrum. The velocity weight-
ing U3 appears explicitly in the expression for the far-field PSD for leading edge
noise and accounts for the acoustic response of the blade at mean flow speed
U [46]. The results of this integration are plotted in figure 10 for varying sep-
aration distance z/D of 0.1 to 1, against frequency normalised on BPF of the
downstream rotor.

Figure 10 shows that the velocity amplitude of the tones (m,0) associated
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Figure 10: PSD of unsteady velocity color maps in dB integrated over radius with U? weighting
plotted against blade passing frequency and separation distance at a fixed combined thrust of
10 N.

with the upstream rotor vary with increasing z/D while the amplitudes for the
downstream rotor tones (0,n) are independent of separation distance since they
are associated with its potential field and is therefore unrelated to z/D. The
velocity amplitudes due to the upstream rotor (m,0) are observed to decrease
with increasing separation distance with the notable exception of the tone at
0.5 BPF (0.5,0), which we discuss below.

The largest increase in broadband spectral content is observed in the low
frequency range significantly below 1BPF. The cause of sub-harmonic frequen-
cies can partly understood by plotting the variation in standard deviation of the
velocity obtained from the tip vortex as a function of blade angle 6 as observed
in the reference frame rotating with the upstream rotor. This was achieved by
relating the blade angle 6 at any instant in time ¢ by 6 = Qt, by the use of a
tachometer signal from the upstream rotor. The hot wire signal was adaptively
resampled to ensure that there was precisely the same number of data samples
for each blade rotation to allow averaging of the mean and rms velocity over
many rotations. Following resampling of the measured velocity signal u(t) at a
given position z and r was decomposed into the sum of the coherent average U (6)
plus a fluctuating random component corresponding to the turbulent velocity
fluctuations u,(6). The time varying velocity signal was ensemble-averaged over
a period of rotation T for a duration of 20 s according to,

U) = F{u(d)} = Jim % > u( + 2rk) (5)
K=0
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Figure 11: Standard deviation of the measured velocity at three different separation distances
of z/D=0.15, 0.25 and 0.5 at fixed upstream rotor thrust.

where K is the number of rotations & = 20/7', where precise values of T for
each rotation were obtained from the tacho signal sampled at 20 kHz.
Similarly, the f-variation of the velocity variance u2(6) is given by,

w2(0) = BO2(0)) = Jim = > (u(f +21k) - U(H))? (6)
K=0

Figure 11 shows the standard deviation ua(é) of the measured velocity signal
at three different separation distances of z/D=0.15, 0.25 and 0.5 at the radial
positions of r/R=0.8 and 0.75 respectively plotted against blade angle 6 at a
fixed upstream rotor thrust. These radial positions were chosen to be at the
centre of the tip vortex. Two distinct tip vortex signatures are clearly observed
for the cases of z/D=0.15 and 0.25. However, at the largest separation distances
z/D=0.5 the velocity profiles due to two tip vortices can be observed to merge.
The reason behind the increase in noise at 0.5 BPF sub-harmonics is likely to
be due to this merging of the two tip vortices, which can be clearly seen to
differ due to small blade-to-blade differences. In this case, therefore, the mean
velocity profile only repeats every one rotation of the rotor leading to tones at
0.5BPF. The reason for the presence of tones at 0.25BPF, implying periodicity
at every two rotations of the rotor is currently not understood for z/D > 0.25.

To demonstrate explicitly the reasons for the increase in low frequency noise
associated with increasing rotor separation distance, the PSD of unsteady ve-
locity shown in figure 10 is plotted again in figure 12 for the three representative
separation distances z/D of 0.25, 0.5 and 0.8, against frequency normalised by
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rotor plotted against frequency at three different separation distances of z/D =0.25, 0.5 and
0.8 at a fixed combined thrust of 10 N.

the BPF of the downstream rotor. The PSD level at the sub-harmonic frequen-
cies of (0.25,0) and (0.5,0) and low frequency broadband velocity can be observed
to increase by more than 10dB as the separation distance z/D is increased from
0.25 to 0.8.

The most likely explanation for this increase is that the tip vortex grows
in size as it evolves along the helical path towards the downstream rotor, as
indicated in the unsteady velocity color maps of figure 8b. The growth of the
tip vortex results in increasing eddy length-scales and hence an increase in low
frequency turbulence velocity. The increase in unsteady velocity at these very
low frequencies in figure 12 is important for overall noise since this low frequency
turbulence energy will be scattered by the downstream rotor into much higher
frequencies according to the classical frequency scattering rule reviewed in the
next section.

6. The basic kinematics of rotor-rotor interaction noise

In this section we present the basic kinematic principles by which the un-
steady velocity from the upstream rotor due to the tip and wake interacts with
the downstream rotor to produce far field noise. Our objective here is to un-
derstand the relationship between the unsteady velocity spectrum versus z/D
measured in the stationary reference frame shown in figure 10 to the far field
acoustic pressure spectrum versus z/D plotted in figure 6.

For a contra-rotating rotor system, interpretation of aerodynamic and acous-
tic data due to interaction noise is made difficult since the main source of turbu-
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lence is generated in the reference frame rotating with the upstream rotor while
the unsteady blade loading, and hence noise radiation, occurs in the reference
frame rotating with the downstream rotor. To compound the difficulty, aerody-
namic flow measurements are often constrained to be in the stationary reference
frame. A framework is therefore needed to understand the relationship between
them.

Here, we summarise the essential scattering relationships associated with
rotor-rotor turbulence interaction noise in order to establish the relationship
between the velocity spectrum from the upstream rotor to the noise radiated
by the downstream rotor. In the following derivation we have retained only
the essential scattering effects in the direction of rotation. Moreover, in the
simple analysis we have assumed harmonic sound fields even though, as we shall
show, a dominant part of the noise spectrum is broadband and stochastic in
nature. A more complete analysis of the broadband noise due to the interaction
between the turbulence from an upstream rotor with a downstream rotor in a
Contra-Rotating Open Rotor (CROR) can be found in Ref. [16, 47].

Consider two rotors rotating in the opposite directions. The upstream and
downstream rotors are assume to comprise B+ and B~ blades and rotate with
angular speed Ot and —Q~ respectively (QF,Q~ > 0). In the reference frame
rotating with the upstream rotor, x™ = x*(r, z,6™), where 67 = 0 — Q7| the
unsteady velocity u(X*) due to the upstream rotor may be expressed as the sum
of a mean deterministic part U(x*) that upon interaction with the downstream
rotor produces the tones and a random component u,(X*) that is responsible
for generating broadband noise,

u(xt) =0 +u,(x) (7)

In Eq. 7 U(x") is the mean velocity variation obtained after averaging over
a large number of blade rotations, while the random component of velocity
u, (x) is assumed to be of the form,

U, (X7) = ou(X)n(x7) (8)

where n(xT) is a spatially varying random function has the same single-point
and two-point spatial statistics as the turbulent field but with zero mean and
unit standard deviation and o, (x") is the standard deviation of the velocity
obtained after averaging over a large number of blade rotations.

The absence of time 7 in Eq. 7 is the result of making the usual assumption
of frozen turbulence in which the turbulence velocity in the reference frame
moving with the mean flow appears unchanging with time.

Broadband Sound field

We consider first the noise generated by the random component

U (X7) = Y g, 2)e B0 9)

m
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so that Eq. (8) becomes,

u, (%) = 3 oum(r, 2)n(x )BT (10)
m
The velocity field u,(X~,7) in the reference frame rotating with the down-
stream rotor, where interaction noise is generated, may be obtained by putting,
0= =01t — (QF + Q7)7 in Eq. (10), and is of the form,

U (r, 2,07 —(Q+Q7)T) = 3 gum(r, 2)n(r, 2,6 +(QF+Q7)r))elm B0 B @y

m
(11)
Note that at any moment in time, the turbulence field n must be 27 periodic
and hence we can write the circumferential variation of turbulence in terms of
Fourier components ng(r, z, )

n(r,z,0— + QY +Q7)7)) = an(r, 2, T)ejq(é?(gﬁ*ﬂf)’) (12)
q

which is the ** harmonic of turbulence in the rotating reference frame. The tu-
bulence field in the rotating reference frame of the downstream rotor is therefore
of the form,

Uo (X7 8) =D ) Tum(r 2)ng(r, 2, )l (mBT+a)0 +i(mBT +a)(@T+Q7)T (13)

m q

This velocity expressed in the downstream rotor reference frame upon inter-
action with the downstream rotor will induce a pressure jump across a reference
blade Ap(®) with identical #~ and 7 dependence of the form,

Ap(o)(fc_, ZZAP(O) Tz, 7_ eJ(mB++q)§’+j(mB++q)(Q++Q’)T (14)

where Apg,(z(), (r,2z,7) is the (m,q)*™™ component of pressure jump due to (m,q)*"
component of upwash velocity of the form oy m (7, 2)ny(r, z, 7). For B~ identical
blades the pressure jump repeats at angular intervals of 27/B~ and hence the
pressure jump including all blades is of the form

Ap(x—,7) = ZZZAI)(O) 2, T) (mBﬂrq)é’+j(mB++q)(QﬂrQ*)TJrjnB*é*
(15)

Calculation of the radiated noise requires the time and space variation of the
unsteady force Ap(x,7) acting on the fluid in the stationary reference frame,
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which obtained from Eq. (15) by putting 6 = 6= +Qtr. Collecting terms the
unsteady blade loading responsible for sound radiation is of the form,

Ap(x, 1) ZZZA[)&% 7, 2z, T)elWamnTHil0 (16)

m n

where

Wgmn = (q + mBJr) Q" —nB QF (17)

and

l=q+mB"+nB~ (18)

Tonal sound field

Assuming BT identical blades, the mean velocity variation U(z™) may be
expressed as the Fourier series,

UE) =Y Un(r2)e™? " (19)

The form of the unsteady pressure due to the mean velocity profile U(x™)
then follows exactly the same procedure as for the random component u, (x1),
leading to the same final expression for Ap(x,7) of Eq. (16) and the identical
scattering rules of Egs. (17) and (18) with the important difference that the
scattering index q associated with the turbulence velocity with 27 periodicity
is zero, ¢ = 0 ([48, 36, 2]).

Having established the form of Ap(x,7) the far field radiated pressure can
be calculated from classical rotor theory. Summing over the radiation 0 to B~
blades the radiated acoustic pressure at any observer time t can be obtained
from,.

B~ -
2 o (ApF(x~,t)n.r
p(x, )= 47eg /; ot ( R(1=Mg) /) ,_i gy a5 (20

where n is the unit vector normal to the blade and r is the vector between the
source and receiver point at emission time 7 and R = |r|. Equation (20) may
be evaluated in terms of standard functions for far field observers [48, 36, 2.
Note that an additional complication for the prediction of the broadband noise
is that Ap¥(x,t) is a stochastic quantity and hence the two-point turbulence
velocity statistics E[n(x+)n(x+ + Ax+)] must be determined.
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Frequency Scattering

The frequency scattering rule of Eq. (17), wgmn = (¢ + mBT) Q™ —nB~QF,
highlights the complication with relating the rotor wake turbulence generated
in the rotating reference frame of the upstream rotor to its subsequent noise
generation by the downstream rotor rotating in the opposite direction.

B~ . o0 .
Ap(x,w) = o Z Z Z elt? / Apgr%(n z, 1)l ("W Ramn)T g (21)
q — 00

m n

Ap(x,w) = g—; Z Z Z eijpggz(n z,w— (g+mB")Q~ +nB~ Q%) (22)

m n q

This analysis highlights the difficulty in interpreting aerodynamic and acous-
tic data for a contra-rotating rotor system since the main source of turbulence
is generated in the reference frame rotating with the upstream rotor while the
unsteady blade loading, and hence noise radiation, occurs in the reference frame
rotating with the downstream rotor. To compound the difficulty, aerodynamic
flow measurements are often constrained to be in the stationary reference frame.
A framework is therefore needed to understand the relationship between them.

7. Role of tip vortex interactions on Broadband noise: z/D > zo/D

The effects of frequency scattering of the turbulence velocity on noise, sum-
marised by Eq. (17), can be clearly seen in figures 13a and b which show the
PSD difference in dB due to both hot-wire velocity data and the far-field noise
data respectively relative to their spectra at the optimum separation distance
20/D = 0.25. Results are given for the three values of z/D of 0.5, 0.8 and 1.
The velocity spectra in Figure 13a were computed by integrating the unsteady
velocity spectra measured across the blade radius, with tones removed, and
weighted by U3(r) as indicated above.

The maximum noise increase relative to the optimum noise at zo/D = 0.25
in Figure 13b can be observed at 5" BPF, where increases by about 5 dB, 11
dB and 14 dB are obtained at the three separation distances. Almost the same
increase in acoustically-weighted turbulence velocity spectra can be observed in
Figure 13a but at the much lower frequencies, below 0.5BPF, where the turbu-
lence velocity spectrum is largest (figure 10), Therefore, the increase in noise at
the peak frequency arises from scattering of the low frequency turbulence veloc-
ity into much higher frequencies. We note that both the noise and turbulence
velocity spectra are close to 0 dB at much higher frequencies, suggesting that
frequency scattering effects are likely to be less important in this high frequency
range. This is because frequency scattering occurs at integer multiples of QT
(Egs (17) and (18)), which is relative small at high frequencies but is significant
at much lower frequencies. In general, however, there is no simple relationship
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Figure 13: Change in Integrated PSD of upwash velocity with U3 scaling (left), sound power
level for broadband component (right) over radius on the downstream rotor plotted against
frequency at three different separation distances of z/D =0.5, 0.8 and 1 at a fixed combined
thrust of 10 N.

between the velocity spectrum due to the upstream rotor and the subsequent
far field noise spectrum.

A similar principle also exists to explain the increase in ’tonal’ amplitudes
observed in Figure 7, which we discuss below.

8. Influence of separation distance on tonal noise

8.1. Role of potential field interactions: z/D < zy/D

The amplitude of the tones at the even-harmonic frequencies can be seen
to be significantly greater than those of the odd-harmonics at small separation
distances. Moreover, their amplitudes can be seen to decay with increasing
z/D unlike those of the odd harmonics, which appear insensitive to separa-
tion distance. These dominant even-harmonic interaction tones will be shown
in the next figure to decay exponentially with increasing z/D, which is the
characteristic of potential field decay [48]. This behaviour is therefore strongly
indicative of noise arising from the interaction between the potential field of
each rotor with the neighbouring rotor. The classical frequency scattering rule
Wimn = MBTQT +nB~Q~ suggests that all tonal frequencies due to interaction
must occur at the even harmonics since Q7 ~ Q= and Bt = B~. The tonal
amplitudes at the odd harmonic frequencies must therefore be due to rotor alone
sources, which explains their insensitivity to separation distance.

To investigate in greater detail the decay of the interaction tones at the even-
harmonic frequencies, based on an assumed dependence of e=#"#/P  where 3 is a
constant, the overall total noise is plotted against nz/D in figure 14 for the 229,
40 6t and 8" harmonics, where n is the harmonic frequency. Plotted against
nz/D, the overall sound power level exhibits a close approximation to straight
line decay for separation distance nz/D < 1, suggesting that that the pressure
amplitude due to potential field interactions is proportional to e #"#/P where
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Figure 14: Overall sound power levels for 2nd, 4th, 6th and 8th harmonic tones plotted against
non-dimensional distance z/D and blade passing frequency at a fixed combined thrust of 16
N.

($=2.2. This finding is consistent with the formulations developed in the PhD
thesis of [48]. The noise due to the higher harmonic frequencies therefore has a
higher rate of decay as clearly observed in figure 6. This hypothesis is further
validated by a simple analytical model proposed in section 8.3.

8.2. Role of tip vortex interactions on "Tonal’ noise: z/D > zy/D

8.2.1. Mean flow characteristics

Pure tones (as distinct from the pseudo tones discussed in section 8.2.2) are
radiated by the downstream rotor due to its interaction with the periodically
varying mean flow arising from the tip vortex and wake from the upstream rotor.

Figure 15 shows the ensemble-average velocity due to the upstream rotor
wake plotted against blade angular position for the three values of z/D= 0.15,
0.25 and 0.5. The radial position of the hot wire measurement for the three
cases was adjusted to /R =0.8, 0.75 and 0.75 in order to track the trajectory
of the tip vortex. Also shown in this figure is the mean flow behaviour at (z/D,
r/R)=(0.25,0.5) which corresponds to a location where the mean wake velocity
profile is dominant at the optimum separation distance. From this figure we can
make the following key observations:

1. For the two smallest values of z/D = 0.15,0.25, the tip vortex flow from
each blade is distinct and almost identical. At the largest separation dis-
tance z/D = 0.5 the tip vortices from each blade are observed to merge and
exhibit larger difference. At large z/D therefore, the mean flow repeats
only once every rotation resulting in tonal noise generation at 0.5BPF.
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Figure 15: Wake profiles at three different separation distances of z/D =0.15, 0.25 and 0.5 at
a fixed upstream rotor thrust.

Precisely this behaviour can be observed in figure 10 for the variation
of the velocity spectrum versus z/D in which strong 0.5BPF tones only
appear for z/D > 0.3.

2. The mean wake from the rotor measured in-board of the tip, whose velocity
is about one half of the maximum velocity at the tip, can be seen to vary
very little over one rotation, suggesting that tonal amplitudes generated
from the flow in this region are comparatively small. It is likely, therefore,
that the wake is extremely weak and may be disregarded as an important
source of tonal noise.

3. The tip vortex moves rapidly in board as it propagates downwards due to
the Vena Contracta effect and grows in size. The tip vortex appears to
dissipate rapidly by z/D = 0.5.

8.2.2. Tip-vortex empirical model

Figure 9 has indicated the presence of a strong tip vortex that grows in size
as it convects with the mean flow before dissipating. The variation of noise due
to tip vortex interaction with z/D will therefore depend on the rate of growth of
the tip vortex strength with distance. Majjigi et al. [45] has derived an empirical
expression for the tip vortex circulation as a function of the helical path length
normalised on the blade chord (27 —27)/ cos(a™), where a™ is the blade stagger
angle at the tip of the upstream rotor. The expression was originally expressed
in terms of the vortex circulation and core size, both of which were linked to
the lift coefficient at the tip. The final empirical expression for the circulation
as a function of streamwise distance was derived by curve fitting through the
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measured vortex circulation downstream of a finite span NACAQ012 aerofoil
at various angles of incidence and flow speeds. Predictions of the tip vortex
circulation allow calculation of the upwash velocity u onto the downstream
rotor, which following classical unsteady lift theory [44], can be used to predict
the unsteady loading Ap on the blade. Following this procedure, the variation
in unsteady pressure jump across the downstream blade due to the tip vortex
interaction versus helical path length distance z;, can be expressed in terms of
upwash velocity as,

0.01584(z), /) + 0.0014 1 0.024(zn/¢) + 0.5586]°

0.184(zn/0) 1 | (1% 2n/c)"  0.0504(zp/c) & 1 (23)

where 7 is an empirical constant that depends on whether the rotor is ducted
(n=1/2) or unducted (n= 0).

Upon arriving at the downstream rotor with axial velocity U, the large-scale
tip vortex of size A will be periodically ’chopped’ for a duration L/U,. The
downstream rotor will therefore respond periodically for this duration resulting
in a number of narrow band peaks in the frequency spectrum with a frequency
bandwidth of U,/A. These ’tonal’ components are often referred to as pseudo-
tones as a result of their non-zero frequency bandwidth. This phenomenon was
first described by Ref.[6] in a study of rotor noise due to turbulence ingestion. In
the present example the frequency bandwidth is approximately 50 Hz based on
an estimate of A=0.033 m from hot-wire data and U,=10.5 m/s from figure 8.

8.8. Breakdown of tonal interaction noise sources

Section 8.2.2 has highlighted the role of potential field interactions on tonal
noise at z/D < zy/D and section 8.2.1 has revealed the role of tip vortex
interactions on tonal noise at z/D > zo/D. Another contributor to tonal noise
arises from the periodic wake interaction from the upstream rotor with the
downstream rotor [48].

In this section we compare the variation of the noise versus rotor separa-
tion distance due to these three source contributions against published semi-
empirical expressions.

The upwash velocity v on a downstream blade incident on the downstream
blade row can be expressed as an infinite series of wake profiles, each of which
is of the form [48],

uox (z/c—0.5)7%5 {eiﬁ} (24)

where k is an empirical constant which is a function of drag coefficient C'p and
chord length c.

For the case of potential field interactions, following the work of [48], the
upwash velocity on a downstream blade due to potential field interactions from
an upstream blade is given by,

u o e~ e Fi(aa—an) (25)
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where k,, is the harmonic, «,, and a4 are the pitch of upstream and downstream
rotors respectively. It is clear from Equation (25) that the contribution of the
potential field depends on the pitch angles of individual rotors. However, as
observed previously by [23], the aerodynamic optimum separation distance is
a function of the relative pitch angles between the two rotors. More work is
required to identify the influence of pitch angles on the optimum separation
distance for noise.

We now use the relationships between unsteady upwash velocity on the rotor
and separation distance obtained from Egs (23), (24) and (25) to predict the
overall radiated sound power level by using 201og,,(u)+constant. The constant
is chooses such that the peak sound power level matches with the prediction.
The following assumptions are made in the predictions:

1. The first 5 dominant harmonics of the potential field interactions are con-
sidered and the amplitude of each harmonic is assumed to be identical.

2. Both the upstream and downstream rotors are identical and their respec-
tively blade angles are same i.e. ag = ay,.

3. The chord is assumed to be constant along the span and equal to its value
at r/R=0.75.

4. The predicted variation in overall noise versus z for each source is adjusted
to match the experimental noise level at z/D=0 and z/D=1 since only
the variation with z is of interest here.

Figure 16 shows the comparison between measured and predicted overall
sound power level for tonal noise plotted against separation distance z/D at a
fixed combined thrust of 16N. Three predictions for individual noise sources and
the overall noise predictions are plotted in figure 16. Very good agreement is
observed in the general trends, demonstrating that at the optimum separation
distance of z/D = 0.25 all interaction noise sources contribute almost equally
to the overall noise. The level of agreement is sufficiently close to provide
confidence in the proposed source balance.

9. Influence of diameter mismatch on radiated noise

The value of the optimum separation distance of zg/D, = 0.25 identified in
figure 5 is now investigated for different combinations of upstream and down-
stream rotor diameter D, and D, respectively.

This study will also illustrate that the enhancedd tip vortex interactions are
both broadband and tonal as discussed previously in sections 7 and 8.2.

Figure 17 is a plot of the overall sound power level versus separation distance
2/ D, for the two cases of (D, D;)= (187,18”) and (18”,16”). The comparison
was made at the the same combined thrust of 16 N obtained by the adjusting
the RPM of the downstream rotor. Also shown is the predicted variation in
overall sound power levels for the tip vortex interaction noise based on the
semi-empirical model of the tip vortex velocity of Eq. (23). The RPM of the
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upstream rotor remained fixed at =~ 3011 while the RPM of the 18” and 16”
diameter downstream rotors was 3201 and 4097 respectively.

The absolute predicted tip vortex noise levels for both rotor configura-
tions was adjusted to fit the experimental data by adding to 20log;q(u) of Eq.
(23) a single common offset of 160 dB. The noise predictions for the (18”,16”)
configuration includes an additional factor of 30log,,(U;,6/Ul,s), where Uj is
the relative velocity of the tip vortex interactions with the downstream rotor,
U = Q1 Ry + Q9 Ry, where Ry is the radial position at which the tip vortex in-
teracts with the downstream rotor, obtained from hot wire measurement. This
velocity correction factor was included to take into account the U? velocity
scaling for leading edge interaction noise [44].

Figure 17 clearly indicates the validity of the semi-empirical expression of
Eq. (23) for the tip vortex velocity and the U velocity scaling to account
for the increase in noise due to the increase in velocity of the downstream rotor
necessary to maintain constant thrust. Moreover, it highlights the dominance of
the tip vortex at rotor separation distances greater than the optimum distance
20-

In this figure the optimum separation distance zg/D is observed to reduce
as the RPM of the smaller downstream rotor is increased to maintain constant
thrust. This is due to a reduction in the potential field and an increase in the
tip vortex interaction noise. Secondly, reducing the diameter of the downstream
rotor (cropping) does not necessarily lead to a reduction in the overall noise,
as reported in some studies [34] but depends on the position of the tip vortex
interaction with the downstream rotor and the operating conditions.

Finally, we compare in Figure 18a the sound power spectra at the separation
distances below and equal to the optimum distance, z/D =0.044 and 0.22,
while Figure 18b is a comparison of the spectra at above and equal to the
optimum separation distances, z/D =0.22 and 0.75 respectively, for the (18”,16”)
configuration at a fixed thrust of 16N. As both rotors are rotating at different
RPM their blade passing frequencies now differ allowing the contributions from
the individual rotors to be identified. These rotor-alone tones are additional
to the interaction tonal frequencies leading to a more complex spectrum than
when their RPM’s are identical.

Figure 18a clearly demonstrate that at the separation distance smaller than
the optimum distance, z/D < 0.22, interaction tones are dominant while the
broadband noise at both the separation distances are almost identical. By con-
trast, in Figure 18b, significant increases in both tonal and broadband noise is
observed at the larger separation distances z/D > 0.22. An important finding
in Figure 18b is that this increase in tonal noise only occurs at the harmonic
frequencies of the downstream rotor, which provides direct evidence of an in-
crease in the strength of the tip vortex. This phenomenon has been previously
observed by [49, 6].
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10. Aerodynamics performance

Finally in this section the aerodynamic performance of the (16”,16”) contra-
rotating rotor is investigated. The total electric power to the rotor rig and its
total thrust was determined in order to compute the aerodynamic efficiency.
Figure 19 shows the efficiency in grams per watts versus overall sound power
level at various separation distances z/D between 0.05 to 1 at a fixed combined
thrust of 10N.

A well defined optimum separation distance for minimum noise can be ob-
served at about z/D = 0.25. At this distance the efficiency is 7.32 g/W, which
is only 5% less than of the maximum efficiency of 7.36 g/W, which occurs at
about z/D = 0.5, where noise levels are about 1dB higher. Clearly, therefore,
any separation distance within 0.25 < z/D < 0.5 provides a good balance be-
tween aerodynamic efficiency and low noise. The optimum separation distance
of z/D = 0.25 for aerodynamic performance was identified in previous work by
Refs. [23, 25], attributed to the merging of both the wake trajectories of the
upstream and downstream rotors. The authors demonstrated that the upwash
effect of the contracted upstream rotor wake on the downstream rotor plays a
fundamental role in improving the hover performance of contra-rotating rotors.

Figure 20 shows color maps of overall sound power level plotted against
separation distance z/D and aerodynamic efficiency for varying total thrust
between 2 and 20N. Also shown on this figure as a line graph are the variations
in efficiency versus z/D. Color maps of the variation in noise (normalized by
101log(t%7)) versus efficiency and z/D are also shown in Fig 20 at the varying
thrust settings, whilst maintaining zero net torque. The separation distances
of low noise and maximum efficiency are clearly delineated in the range 0.25 <
z/D < 0.5, whereby by changing the separation distance has relatively little
affect on noise and efficiency.
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11. Conclusion

This paper has investigated experimentally the influence of separation dis-
tance on radiated noise in co-axial contra-rotating rotors. Based on measure-
ments of the overall sound power level for a range of rotor thrusts and diame-
ters, this paper has identified separation distances approximately in the range
0.25 < z/D < 0.5 where the noise radiated is a minimum and the aerody-
namic efficiency is high. This range of separation distances has been shown to
be attributed an optimum balance between the various dominant sources. The
potential field interactions are shown to dominate overall noise at separation
distances smaller than the optimum distance, z/D < zy/D, while the noise due
to tip vortex interaction is dominant for distances greater than the optimum
value, z/D > zy/D. A simple semi-empirical framework has been proposed
to validate this hypothesis. Very good agreements are observed in the general
trends, demonstrating that at the optimum separation distance of z/D =~ 0.25
all interaction noise sources contribute almost equally to the overall noise. The
simple scaling law, N°°D7, has also been found to describe the measured vari-
ation in total radiated sound power versus the rotor RPM N and the rotor
diameter D.

In typical drone contra-rotating drone architectures, we usually have a sin-
gle boom in between the two rotors. However, the conclusion of the study
doesn’t change as the noise generating sources Rotor wake-boom interaction,
boom wake-rotor interaction will be similar for both the configurations. In con-
clusion, this present study will help to design the contra-rotating co-axial ro-
torrotor system for low noise. Future work involves, investigating the optimum
separation distance for various combinations of rotor diameters and number of
blades for co-axial contra-rotating rotors and also looking at non-co-axial rotor
systems.
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